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Preface

Chronic obstructive pulmonary disease (COPD) is a major cause of morbidity and mortality
worldwide and is estimated to become the third most common cause of death over the next
decade. The knowledge of COPD pathogenesis and the disease course has greatly improved
this progression in understanding and continues to have significant implications in the man-
agement of this condition. A more comprehensive awareness of the pathophysiology, un-
derlying inflammatory processes, and multisystem comorbidities has led to advances in care
and development of novel therapeutic agents.

Novel areas of interest in COPD pathogenesis include further development of animal mod-
els to investigate the pathways driving pathogenesis, a better understanding of the genetics
and epigenetics of COPD, the role of the microbiome, and an increasing appreciation of
many comorbidities associated with COPD and their effect on mortality and morbidity.

This book intends to provide the reader with a brief overview of these topics and also pro-
vide an in-depth review of the current nonpharmacological clinical approaches to managing
patients with COPD.

Cormac McCarthy, MD, PhD,

Rare Pulmonary Disease Scholar,

Cincinnati Children's Hospital and University of Cincinnati Medical Center,
Ohio, USA
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Chapter 1

Animal Models of Chronic Obstructive Pulmonary
Disease

Lillian Chow, David Smith, Khushboo Chokshi,
Wendy Ezegbunam, Prangthip Charoenpong,
Kimberly Foley, Adrian Cargill and Patrick Geraghty

Additional information is available at the end of the chapter
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Abstract

Chronic obstructive pulmonary disease (COPD) is the third leading cause of death in the
USA and currently there are minimal therapies specific for the treatment of COPD. To
advance our knowledge on COPD pathogenesis and develop new therapeutics, animal
models are needed that represent key clinical and pathologic features of the human dis-
ease. The primary animal models utilized to study COPD rely on several factors associated
with disease progression, i.e. genetic and epigenetic changes, environmental exposures
and the microbial flora of the lungs. Here, a systematic approach was taken to summa-
rize and evaluate the current animal models employed to study COPD pathogenesis,
comorbidities and exacerbations. The strengths and limitations of these disease models
are also delineated. The rodent COPD models have been extensively utilized but several
studies have highlighted the potential of larger animals as an additional approach. Due
to the inherent heterogeneity of COPD, the usefulness of certain animal models may be
limiting but still represent helpful means to explore gene functional studies, testing new
therapeutics and the exploring the significance of microbial floral changes. Therefore,
interpreting the findings from animal models for the study of COPD represents a critical
approach in deciding possible future human therapeutics.

Keywords: disease models, COPD, animal, cigarette smoke, lung remodeling, comorbidities,
exacerbation

1. Introduction

Chronic obstructive pulmonary disease (COPD) is one of the major cause of morbidity and
mortality worldwide and a significant economic and social burden worldwide [1, 2]. COPD

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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is defined as a disease state characterized by airflow limitation that is not fully reversible,
associated with an abnormal inflammatory response of the lungs to noxious particles or
gases [3]. Airflow is limited by airway inflammation [4], loss of lung elasticity [5], lung tis-
sue destruction [6] and the narrowing of small airways [7, 8]. Most pulmonologists believe
that parenchymal destruction (emphysema) and small-airway obstruction (chronic bron-
chitis) are the most significant phenotypes of COPD, as they both contribute to airflow
limitation [9]. Therefore, when designing models of disease these two phenotypes are cru-
cial when interoperating data to clinical significance. Emphysema is further characterized
by augmented inflammation, irreversible destruction of alveolar walls leading to airspace
enlargement, loss of elastic recoil and hyperinflation [10]. Most COPD models investigate
emphysema characteristics.

Cigarette smoke (CS) inhalation is the primary etiologic risk factor associated with COPD.
The age-adjusted mortality for COPD has increased over the past three decades [11] high-
lighting the need for better therapies [12, 13], increased COPD research and enhanced utili-
zation of research models. In the US, the CS prevalence is estimated to be 15-19% of the US
population (age 18 or older) [14] and smoking will remain a major public health issue in the
coming years. It is estimated that 16% of all 8th graders have tried smoking and 17% of high
school students continue smoking beyond graduation [15]. The smoking prevalence glob-
ally remains high, with CS rates at 28% in China [16], 27% in Germany, and 36% in Russia
[17, 18]. These statistics will ensure that this disease continues to be a major public health
issue for the foreseeable future and CS-induced COPD will likely continue to rise over the
next decades. Projects predict COPD to be the third leading cause of death globally by 2030
[19]. Beyond smoking cessation, very limited options currently exist for therapeutic inter-
vention to halt COPD progression. The mechanistic basis underlying the pathogenesis of
both emphysema and chronic bronchitis is very complex, involving a combination of recur-
rent inflammation, enhanced autophagy, oxidative stress, protease/antiprotease imbalance,
tissue injury, repair and cell death [20]. These changes are all modulated by environmental
exposures and host genetics [21]. Clinical studies demonstrate that all smokers experience
a range of pulmonary inflammation but only 15-20% of smokers develop severe progres-
sive emphysema [22]. This disparity underscores the importance of susceptibility factors,
a subset of which are almost certainly controlled by host genetics in addition to environ-
mental exposures. Chronic bronchitis is almost three times more frequently diagnosed
compared to emphysema in the COPD population in the US but emphysema is associated
with a greater frequency of patient deaths [23]. To this extent, new research approaches
are required to advance our understanding of the key players involved in COPD develop-
ment and to identify new therapeutics for future treatment of both emphysema and chronic
bronchitis.

To better understand this complex disease, multiple research model approaches are need.
Much of our current understanding of the normal functioning of the lung and mechanisms of
lung disease comes from these studies utilizing animals. A model is defined as a simplified
system that is accessible and easily manipulated. The natural course of COPD in humans can
take decades. However, the ideal models of COPD would involve inexpensive species which
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could grow quickly and in which disease induction occurs over a short period of time while
still mimicking the human condition. There are other factors that must be discussed as well
when considering a model of COPD, such as sex, age, animal strain/background, exposure
dosing and frequency which can all significantly impact on data interpretation. In this chapter,
we will outline several animal models that have been used to study the biological processes
believed to play major roles in the pathogenesis of COPD. Currently, the majority of COPD
research is conducted in rodents. We will also discuss whether data obtained from rodents can
shed light on COPD in humans.

2. Models of COPD

While cigarette consumption is the main risk factor for COPD, up to 10-15% of COPD cases
are not related to CS exposure. Therefore, other factors can contribute to COPD initiation and
progression, and multiple models are required to decipher the key mechanisms driving the
disease. At this time, the majority of animal models for COPD research focus on emphysema-
tous characteristics. Three major experimental approaches are commonly employed for the
induction of emphysema-like symptoms in animals: elastase lung instillation, CS exposure
and genetic manipulation. These three approaches are employed because CS is the primary
etiologic risk factor associated with COPD and its comorbidities, an imbalance between elas-
tase and anti-elastase activity results in enzymatic degradation of elastin and emphysema
formation [24], and predisposing genetic factors are associated with COPD initiation and pro-
gression [25-27]. It is also known that CS has a major impact on elastase imbalance [28] and
can also modulate gene expression [29]. Therefore, CS inhalation is the preferred approach
and the following sections will outline these exposure models. Several other models of
chronic bronchitis will also be discussed in addition to the emphysema models. The primary
approaches to establish a model of COPD in animals is summarized in Figure 1.

2.1. Elastase model

In 1963, Laurell and Eriksson reported that patients deficient for al-antitrypsin developed
emphysema at an earlier time in life due to an abundance of elastase [30]. This discovery is
the primary clinical observation that influenced the development of the elastase model of
emphysema. In 1965, Gross et al. [31] developed the first animal model of protease-induced
induction of emphysema in rats by instillation of the plant protease, papain, into the lung.
Subsequently, numerous other proteases have been utilized to induce emphysema [32-35],
including cathepsin B and proteinase 3. The most common protease utilized currently in ani-
mal models is elastase, primarily isolated from porcine. Porcine pancreatic elastase (PPE) is
inexpensive and administration of PPE has been shown to induce features that resemble pan-
acinar emphysema and lung damage throughout the organ. This approach has been utilized
in many species of animals for several decades. The most frequently documented species,
administration routes of PPE and exposure outcomes are summarized in Table 1, and will be
discuss here in depth.
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Figure 1. Typical mouse models for COPD. (A) Mice are administered a single or multiple intratracheal doses of PPE to
induce an emphysema phenotype. One weeks onwards, there is significant evidence for airspace enlargements. Images
show a typical profile following a single 1.2 Unit intranasal dose of PPE or saline and examination of the airways 3-weeks
later by H&E staining. (B) A nose or head only (NHO) cigarette smoke exposure system requires animals to be restrained
while they inhale the cigarette smoke. The whole-body system streams CS into a larger exposure system chamber and
allows animals access to food and water without restraint.

As mentioned already, well-established genetic rodent background strains that utilize PPE-
induced emphysema have been widely used as a model of COPD. Employing these strains/
backgrounds, data from multiple studies are more reproducible and can be compared between
groups. The animal genetic background is also critical for an appropriate control. Each strain
has unique background alleles that may interact with and modify the expression of other
genes upon establishment of a disease model or upon a stimulus, such as CS or elastase.
Mice with different genetic backgrounds show disparate susceptibility to the development of
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Animal

Reference

Strain

Administration

Outcomes

Mouse

Rat

Hamster

Guinea pig

[41, 44-49]

[39, 41, 50]

[51, 52]

[53, 54]

[55, 56]

[57-59]

[60]

[61, 62]
[63-65]

C57BL/6 and
C57BL/6]

BALB/c and
BALB/cJ

Af]

Swiss

FVB/J

Wistar

Sprague-Dawley

Intratracheal PPE

Intratracheal PPE

Endotracheal PPE

Intratracheal PPE

Intratracheal PPE

Intratracheal PPE

Intratracheal PPE

Intratracheal PPE

Intratracheal PPE

Enhanced airspace enlargements, lung
volume and capacity, lung dendritic
cells, MMPs, fibronectin degradation,
epithelial cell apoptosis, alveolar
epithelial damage, macrophages,
neutrophils, lymphocytes, eosinophils,
NK cells, CD8+ cells, A2M, HMOX],
MMP2, TIMP1, TNF-q, IL-16, IL-4,
IL-5, IL-6, IFN-y and TGF-3. Reduced
al-antitrypsin, VEGF and DFCO

Enhanced airspace enlargements, lung
volume and capacity, compliance,
hyperinflation, elastic and collagen
fiber content, BALF hemoglobin
content, M1 macrophages, neutrophils,
lymphocytes, eosinophils, NK and
NKT cells, CD4+ and CD8+ cells, NRF2,
A2M, HMOX1, Argl, Fizzl, MMP12,
MMP2, TIMP1, SLPI, PrxI, HO-1,
GST-Yc, NQO1, TNF-a, IL-1p, IL-4,
IL-5, IL-6, IL-18, iNOS, IL-17A, IFN-y
and TGF-f. Reduced al-antitrypsin,
VEGF and DFCO

Enhanced airspace enlargements and
lesions in the lung parenchyma distal to
the terminal bronchioles

Enhanced airspace enlargements,
hyperinflation of the alveoli, alveolar
collapse, MMP9 and TNF-a. Reduced
VEGF and lung elastance

Enhanced airspace enlargements, lung
volume, BALF hemoglobin content and
alveolar surface area. Increased TGF-(3,
FGF-2 and GAG in BALF

Enhanced airspace enlargements, NO
release and leukocyte infiltration

Enhanced airspace enlargements and
increased dynamic compliance

Increased secretory cell metaplasia

Evidence of interstitial edema,
degradation of fibrous tissue, elastin
degradation and enhanced alveolar
enlargements. Loss of epithelial

cilia and detachment of epithelial
cells from the basement membrane.
Increase tracheal hyperresponses to
histamine, diaphragm fatigue, PMNs
in tracheal submucosa blood vessels
and infiltration of macrophages into the
parenchyma

7
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Animal Reference Strain Administration Outcomes
Rabbit [62, 66, 67] - Intratracheal PPE Enhanced airspace enlargements,
apoptosis and 8-OHdG in lung tissues
and reduced DLCO
[68, 69] New Zealand Endotracheal Enhanced airspace enlargements, static
White aerosolized PPE compliance increase and decrease in

expiratory flow and conductance

Pig [70] Yorkshire PPE instilled into Evidence of early edema, panlobular,
left lower lobe centrilobular and paraseptal
bronchus emphysema

Dog [33, 71] - Endotracheal PPE ~ Enhanced airspace and septal

destruction and enhanced airway
enlargements
[72] Beagle PPE injected Emphysema determined by chest

through bronchi computed tomography and histology

Sheep [73-75] - Endotracheal and Enhanced lung resistance,
intrabronchial PPE  bronchoconstriction and BALF levels
of tissue kallikrein. Decreased tracheal
mucus velocity

Abbreviations: GAG, glycosaminoglycan; NO, nitric oxide; PMNs, polymorphonuclear leukocytes; 8-OHdG, 8-hydroxy-
deoxyguanosine; MMP, matrix metalloproteinases; NK, natural killer; IL, interleukin; TIMP, tissue inhibitor of
metalloproteinases; TNF, tumor necrosis factor; IFN, interferon; TGF, transforming growth factor; NO, nitric oxide;
SLP]I, secretory leukocyte peptidase inhibitor; iNOS, nitric oxide synthases; VEGF, vascular endothelial growth factor;
DLCO, diffusing capacity of the lungs for carbon monoxide; FGF, fibroblast growth factors; GAG, glycosaminoglycans.

Table 1. Animal models of COPD induced by elastase.

emphysema, when utilizing the elastase model of emphysema [36]. Globally, C56BL/6 mice
are the primary background strain used to generate many types of genetically engineered
mice, but they are one of many strains. Other strains, including BALB/c mice, are documented
to be more sensitive to dose and time dependent to PPE injury, as demonstrated by signifi-
cantly greater mortality, weight loss, decline in lung function, immune cell infiltration and
loss of alveolar tissue [36]. This may be due to several genetic differences between strains.
BALB/c and C57BL/6] mice have differing type 1 and type 2 cytokine-mediated inflammation
responses that could play key roles in determining the resistance or susceptibility to many
diseases. Altered allergy responses in subgroups of patients is frequently observed in COPD,
frequently coinciding with eosinophilia and enhanced allergy responses or independent of
allergies [37, 38]. Therefore, it is critical to select the appropriate mouse background when
utilizing mice for COPD studies and the correct controls.

Most PPE-induced emphysema studies highlight the proteolytic activity of elastase on lung
structural changes, such as higher airspace enlargements (measured by mean linear intercept)
both in mice and in rats (Table 1). Furthermore, several studies report changes in extracellular
matrix (ECM) composition, such as disorganized elastin, degradation of proteoglycans, and
abnormal collagen remodeling [39]. However, these effects are dependent on several factors,
including animal strain, PPE dose at each instillation, and number of PPE challenges. Mice sub-
jected to repeat PPE administrations within 1-week developed a more severe phenotype, with
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enhanced alveolar destruction, weight loss, diaphragmatic dysfunction, exercise intolerance,
and pulmonary arterial hypertension observed [40]. The pulmonary changes observed in PPE-
induced emphysema in mice persisted for 6 months after injury induction [40] and therefore
make this exposure model a useful tool in studying lung repair. Limjunyawong and colleagues
[41] performed the most extensive study on PPE-induced emphysema in mice, utilizing two
mouse strains, multiple doses of PPE over several weeks and extensive pulmonary function
analysis. This study found strain, time and dose dependence on PPE-induced mortality, body
weight loss, decline in lung function, lung inflammation and loss of alveolar tissue [41]. They
also found heterogeneity in signaling associated with emphysema in each mouse strain.

Over the past few decades, other rodents have been utilized in models of PPE-induced COPD,
such as rat, guinea pig, and hamster. These and other animal models are utilized as the mouse
lung differs to human lungs in total lung capacity, left lung lobe number, lung pleural thick-
ness, parenchyma percentage of the lung, alveoli size, blood-gas barrier thickness, trachea
cartilage structure, number of respiratory bronchioles and airway generations, epithelium
thickness and airway lumen size [42]. These other rodent models have several phenotypes that
more closely reflect the human lung than the mouse. The lung volume and alveolar size have
a closer resemblance to human lungs [42]. The airway of most rodents (except guinea pig) do
not respond to leukotrienes, important mediators that cause bronchoconstriction in humans
[43]. Depending on the species utilized, several confounding factors may not be functional in
the model. Larger animal models of PPE-induced emphysema, utilizing rabbits, dogs, pigs
and sheep, have observed enhanced airspace and septal destruction, and enhanced airway
enlargements (see Table 1). Despite the many advantages of these larger species as an animal
model of COPD, these species have not been widely used, probably due to limitations in terms
of cost and reagent availability. Larger animal models do offer better understanding of lung
structure than smaller animal models but most PPE-induced studies in these species were
performed over 40 years ago, and the imaging and pulmonary function equipment was lim-
ited to address many parameters. Revisiting this approach in these species may be beneficial.

Overall, the intrapulmonary administration of tissue degrading enzymes, such as elastase,
represents a useful approach to studying emphysema, especially when focusing on mecha-
nisms to repair. PPE-based models are an attractive approach, since it is a simple exposure
protocol with a single (or multiple) lung administration leading to significant and rapid
changes. However, comparing this rapid method to the lifetime development of human
COPD is very difficult since this method bypasses a large number of biological mediators.
Equally, this method may reflect one subtype of emphysema and may not represent other sub
groups of the disease. Therefore, the protease based models encompass several important fea-
tures of human COPD but other methods, such as inhalation exposures, may also be required
to better represent the phenotype of the human disease. The elastase model may be suited to
tissue repair research.

2.2. Smoke exposure models

Like PPE-induced emphysema, a variety of animal species have been exposed to CS to mimic
the human disease. Rodents (mice, rats, guinea pigs and hamsters) are the most commonly uti-
lized species in CS exposure systems, but rabbits, ferrets, pigs, sheep and dogs have also been
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used (see Table 2 for a summary of multiple studies). In parallel to PPE models, the severity of
emphysema induced by the CS exposure model can be influenced by a variety of factors, such
as differences in animal strains, smoke concentration, and duration of exposure, and the sex of
the animal. The background strain of a mouse is an important factor in CS exposure with dif-
fering strains having varying susceptibilities or resistances to the development of CS-induced
emphysema [76]. Smoke concentration measured in total particulate matter (TPM) per liter
can also affect CS-induced emphysema development. Mice exposed to NHO CS inhalation, at
concentrations of 75, 250, and 600 mg of TPM/L, show only a 13% increase in airspace enlarge-
ments (mean linear intercept) in animals exposed to 600 mg TPM/L after 28 weeks of exposure
[77]. The TPM of mainstream CS is comprised of 4-9% of the total weight of cigarette smoke
and is made up of many components, including polycyclic aromatic hydrocarbons, nitrosa-
mines, phenol and nicotine. The TPM measurement excludes the gas and vapors in smoke.
Therefore, regulated smoke concentration and the duration of CS exposure are critical steps in
establishing a CS exposure model in animals. To prevent contrasting results when doing CS
studies, Kentucky reference cigarettes (from the Center for Tobacco Reference Products) are
used by many research groups throughout the world to aid in the standardization of the CS
exposure model. Other species are very susceptible to CS-induced COPD, such as guinea pigs
[78] and ferrets [79]. They develop COPD-like lesions and emphysema-like airspace enlarge-
ment within a few months of active CS exposure. By contrast, rat strains seem to be more
resistant to the induction of emphysema-like lesions [80-83]. Equally, animal sex has been
reported as a confounding factor in COPD susceptibility. One example are female A/] mice
which develop emphysema 6 weeks earlier than their male counterparts [84].

Animal Reference Strain Exposure Outcomes

Mouse [87, 89, 94] C57BL/6 NHO Enhanced lung hyperinflation, total lung capacity,
compliance, alveolar enlargements, systolic blood
pressure, circulating platelets and erythrocyte
numbers, attenuate alveolar macrophage responses
to inflammation, production of reactive oxygen
species in heart and kidney and lipid peroxidation in
heart, liver and kidneys. Decreased total nitric oxide
plasma concentration

[29,109-113]  C57BL/6 Whole-body Enhanced airspace enlargements, lung capacity,
compliance, lung inflammation, serum TNF-a,
vascular and myocyte dysfunction, TLR9 signaling,
protease activity, lung cell apoptosis, and cytokine
production. Reduced weight gain, muscle mass and
type I and IIA oxidative fibers, lung tissue elastance,
lung PTP1B activity, EPASI lung expression

[90, 91] BALB/c NHO Increase in oxidative stress in lung and heart,
mitochondrial respiratory dysfunction, chronic
inflammation, mucus hypersecretion, airway
remodeling and emphysema. Reduced lung function

[114, 115] BALB/c Whole-body Induced lung neutrophilia, IL1e, IL1p3 and CXCL1

[92, 93] Af] NHO Enhanced susceptibility to tumorigenesis,
hyperplasia, metaplasia, and inflammation of the
nose and larynx and proliferative lesions of the
lungs. Delayed cutaneous wound healing
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Animal

Reference

Strain

Exposure

Outcomes

Rat

Hamster

Guinea
pig

Ferret

Rabbit

[29, 116-118]

[115]
[119]

[120]

[76, 121]

[80-83]

[122, 123]

5, 99]

[97-99]

[79]

[101-105]

Al

Swiss

FVB/NJ

FVB

AKR/J

Wistar

Sprague-
Dawley

Hartley

Mustela
putorius furo

New Zealand
White

Whole-body

Whole-body
Whole-body

CSE IP injection

Whole-body

Whole-body

Whole-body

Whole-body

Whole-body

NHO

Whole-body

Enhanced airspace enlargement, right ventricle
heart hypertrophy, lung cell apoptosis, infiltration
of macrophages, neutrophils, lymphocytes, kinase
activity, cytokine and protease expression. Reduced
FEF50%/FVC, EPASI lung expression

Enhanced mast cell recruitment to cutaneous wound

Enhanced airspace enlargements, immune cell
recruitment to the lungs, RSV lung infection,

lung cell apoptosis, BALF protein concentration,
expression of S100A9 and MCP-1. Reduced PTP1B
activity

Enhanced airspace enlargements, prothymosin o
expression, NFxB activity, MMP2 and MMP9

Increased inflammation, Th1 responses,
macrophages, neutrophils, and T cells, oxidative
stress levels in diaphragm and gastrocnemius.
Reduced weight gain

Increased gastric ghrelin, plasma TNF-a. Reduced
food intake, weight gain, abdominal fat, plasma
levels of leptin, insulin-like growth factor-1

Areas of blebbing and microvillus-like projections
from the luminal surface, and micro-thrombi
proximal to intercostal branches. Enhanced lung
parenchymal destruction, pulmonary hypertension
and pulmonary inflammation

Induced elevation of right ventricular systolic
pressures, medial hypertrophy of pulmonary
arterioles, lung chymase activity, Ang II levels
and enhanced TGF-1/Smad signaling. Reduces
production of lysyl oxidase and the resynthesis of
cross-linked elastin

Increased pulmonary artery pressure, right ventricle
hypertrophy, raised respiratory resistance, airspace
enlargement, intrapulmonary vessel remodeling,
immune cell infiltration, CatK and CHOP expression,
ERK and JNK phosphorylation. Decreased elastin
and the loss of type III collagen in the alveolar walls

Increased early-morning spontaneous coughs,
sporadic infectious exacerbations, airway
obstruction, goblet cell metaplasia/hyperplasia and
mucus expression in small airways

Decreased alveolar count, IRAK degradation.
Increased ductal/destructive fraction, lung
destruction, apoptosis, airspace enlargements,
immune cell infiltration, intraparenchymal vascular
congestion and thrombosis, intraparenchymal
hemorrhage, respiratory epithelial proliferation,
alveolar destruction, emphysematous changes

and bronchoalveolar hemorrhage, lung and aorta
expression of MMP1 and lung expression of TLR4

11
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Animal Reference Strain Exposure Outcomes
Pig [124] - Lungs only Enhanced vasodilator response in the bronchial
circulation, bronchodilatation and bronchial
vasodilatation
Dog [125] Greyhounds Whole-body Increased parenchymal damage and inflammation
[126, 127] Beagle Through a Histological evidence of emphysema
tracheostoma
Sheep [128] - Unilateral Increased gas exchange impairment and metabolic
inhalation activity

Abbreviations: ERK, extracellular signal-regulated kinase, JNK, c-Jun N-terminal kinase; TLR, toll-like receptor; EPASI,
endothelial PAS domain protein 1; CXCL, chemokine (C-X-C motif) ligand; NF«B, nuclear factor kappa-light-chain-
enhancer of activated B cells; FEF, forced expiratory flow; FVC, forced vital capacity; MCP1, monocyte chemoattractant
protein-1; Thl, type 1 T helper; Smad, mothers against decapentaplegic homolog; Cat, cathepsin; CHOP, C/-EBP
homologous protein.

Table 2. Animal models of COPD induced by cigarette smoke.

The experimental details of CS smoke and tobacco usage in humans are so varied that, cur-
rently, no single experimental CS exposure system can replicate the diversity of human
smoking patterns. Therefore, CS models probably reflects only facets of COPD but they still
represent the closest model of early human disease. In the following sections, we will outline
the COPD models that utilize CS exposure. There are advantages and disadvantages with
both types of CS exposure approaches, such as animal number, exact quantifiable exposure,
exposure duration and end points of study. Additionally, a detailed breakdown of every pub-
lished CS exposure publication up to 2013 is summarized by Leberl and colleagues [85].

2.2.1. Nose or head only exposure

The nose or head only (NHO) exposure model (sometimes referred to as mainstream CS expo-
sure) was developed for the induction of COPD in animals that allows quantifiable concentra-
tions administered to animals. Several species, including mice, are obligate nose breathers,
which allows direct delivery of CS or aerosolized solutions to be delivered to the lungs. The
NHO system requires restraining the animal so that their nose is inserted into a cone where
they inhale the cigarette smoke [86]. During this exposure time animals are deprived of food
and water. This method generates a uniform exposure that produces the desired emphysema-
tous changes. However, the prolonged periods of restraint are stressful for the mice and the
machine can usually accommodate only a limited number of mice (e.g. the Jaeger system has
eighteen ports which is depicted in Figure 1B). NHO exposures are usually for short exposure
times (30-60 min) and CS exposures are repeated several times daily [87]. The level of expo-
sure can range from 75 to 600 mg TPM/m? [77, 87]. In animal research, TPM concentrations
is typically a defining factor for characterizing whether a study is a passive or secondhand
exposure model, in addition to a NHO or whole-body method. A recent study examining
gene expression profiles in CS exposure models in mice compared to human cohorts dem-
onstrated that low TPM induces genes mainly related to xenobiotic/detoxification responses,
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while higher TPM activated immune/inflammatory and xenobiotic/detoxification responses
[88]. In the same study, one human cohort clustered closer to low TPM but another cohort
clustered closer to a high TPM [88]. Therefore, certain biological features of the CS exposure
model are dose dependent and may represent a critical factor in establishing a model.

There are multiple companies that manufacture NHO exposure systems, e.g. Scireq, CH
Technologies, Buxco Research Systems, In-Tox Products and Promech Lab AB. NHO expo-
sure machines are typically automated for unattended operation (delivery, lighting, position-
ing, and ejection of cigarettes). They control the CS puff volumes and rates, are adjustable for
direct smoke or indirect CS exposures, and contain a sealed chamber that prevents smoke
leakage. The machines are relatively compact in size. Typically, an animal is placed in an
individual exposure tube, with a rubber seal around the animal's neck to minimize exposure
to the head. The tube is mounted onto the exposure tower (see Figure 1B) and CS is applied
to the system. Some exposure models are equipped with a pneumotachograph, to measure
respiratory flow from movement of the animal's chest wall. Alternatively, these models can be
modified to test potential new aerosolized therapies.

Similar to PPE-induced emphysema models, mice are the primary species utilized in CS expo-
sure models. C57BL/6 mice are frequently utilized in NHO exposures [87, 89], but others have
utilized BALB/c [90, 91] and A/] mice [92, 93]. NHO exposure to CS has been documented
to result in increased lung hyperinflation, total lung capacity, compliance, alveolar enlarge-
ments, systolic blood pressure, circulating platelets and erythrocyte numbers. This exposure
model attenuates alveolar macrophage responses to inflammation, production of reactive
oxygen species in heart and kidney and lipid peroxidation in heart, liver and kidneys and
reduced total nitric oxide plasma concentrations in C57BL/6 mice [87, 89, 94].

Gaschler and colleagues [89] report that NHO and whole body CS exposure systems attenu-
ate innate immune responses in a comparable manner. However, some outcomes appear to
be different between both exposures, with NHO smoke exposures failing to produce soleus
muscle weight reduction [87]. TPM concentrations [88] and exposure duration may also be
confounding factors leading to differences in these models. Several larger animal species are
more susceptible to CS exposure and NHO exposure resulting in phenotype changes simi-
lar to the human disease. Ferrets have several similarities to human airway physiology and
submucosal gland distribution. In a recent NHO chronic CS exposure model, ferrets demon-
strated clinical features close to human COPD, such as early-morning spontaneous coughs,
sporadic infectious exacerbations, airway obstruction, goblet cell metaplasia/hyperplasia and
increased mucus expression in small airways [79]. Despite larger animals displaying a lung
morphology closer to human, the mouse model is the favored model of NHO CS exposure
induced COPD. However, new models like the ferret may be a better model to evaluate and
characterize further in future studies.

2.2.2. Whole-body exposure

Whole-body systems (sometimes referred to as side-stream CS exposure) can expose animals
to a mixture of both passive and mainstream smoke, released from the burning cigarette and
puffed through the cigarette [95]. The passive and mainstream smoke streams are mixed and
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then propelled by a fan to a chamber containing the mice that are housed within their cages.
The advantage of this system is that the mice freely move about and have access to food and
water (Figure 1B). Thus, mice in this system can be exposed for longer periods of time daily.
In addition, the whole-body exposure system allows for the exposure of large groups of mice.
Some systems allow the exposure of greater than 120 mice simultaneously, enabling research-
ers to use large numbers of mice and to perform multiple experiments without stressing the
animals beyond the CS exposure. There are several companies that manufacture whole-body
exposure systems, e.g. Scireq and Teague Enterprises. These systems are also automated to
help with ease of use.

Similar to the other COPD models already discussed, rodents are the most common species
used in whole-body CS exposure models due to the wide variety of applicable gene expres-
sion manipulations. Several recent advances in pulmonary function testing in mice [96] will
further enhance the usage of mice in CS exposure models. Other animal models include the
guinea pig model, which has been shown to be susceptible to whole-body CS-exposures. CS
exposure in guinea pigs induces several pulmonary and cardiovascular changes, such as pul-
monary artery pressure, right ventricle hypertrophy, raised respiratory resistance, airspace
enlargement, intrapulmonary vessel remodeling, loss of elastin and type III collagen in the
alveolar walls, immune cell infiltration, protease and kinase activity [97-99]. Measurable
emphysematous changes are also detected in rats following 2-months of whole body CS expo-
sure [100]. Very few larger animals have been utilized in the whole-body exposure system,
perhaps due to insufficient access to chambers large enough to contain these animals. Several
studies have successfully exposed rabbits to whole body CS [101-105]. Mice do not produce
MMP1, the major collagenase associated with COPD [106], but rabbits express MMP1 and its
induction is CS triggered [103]. For the study of proteins not expressed in smaller animals or
expressed at a different frequency to human, several larger animals may represent a better
model option. Rabbits are relatively easy to handle and several transgenic animals are avail-
able [107], making them a good model for investigating lung-related diseases. Rabbits are also
large enough to allow non-lethal monitoring of physiological changes during the course of
the CS exposure but rabbits still have multiple differences in lung physiology to human [108].
Importantly, when deciding on a CS exposure model of emphysema, it must be noted that
both NHO and whole-body exposure methods result in emphysema and other COPD symp-
toms in animals, and both represent good but not perfect models of COPD.

2.3. Genetic models of COPD

Prior to genome-wide association studies (GWAS) on COPD samples, several genes have been
investigated in animals for susceptibility to COPD development and pathogenesis (Table 3 is a
summary from multiple mouse studies). GWAS and other genomic based studies have identified
many further genes that are associated with COPD [26, 29] but functional studies are required
to prove their importance in lung function and disease development. Currently, mice represent
the most favored laboratory animal species to manipulate gene expression. The discovery of
new gene manipulation approaches may alter this view, such as CRISPR-Cas9. CRISPR-Cas9
approaches in larger animals is an exciting new method for future COPD research. Several
existing models will be briefly outlined here that alter susceptibility to environmental exposure
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Reference Mouse Exposure COPD susceptibility Outcomes
[129] Itgb6™" - Increased Spontaneous development of age-
related lung emphysema due to lack of
ITGB6-TGF-B1 regulation of the MMP12
expression
[130] Klotho™ - Increased Increased aging, enlargement of the air
spaces, destruction of the alveolar walls
[131] Human MMP1 - Increased Increased disruption of the alveolar
expression walls and coalescence of the alveolar
spaces
[136] Mmp127+ CS Resistant Reduced smoke induced alveolar
macrophage infiltration and emphysema
[139] Tnfr - cSs Resistant Reduced airspace enlargements and
neutrophil infiltration
[138] iNOS™- CS Resistant Mice protected against emphysema and
pulmonary hypertension
[143] Cds* CS Resistant Blunted inflammatory response and did
not develop emphysema
[111] Tir97" CS Resistant Protected from smoke-induced airspace
enlargements, loss of lung function,
inflammation, protease activity,
apoptosis, and inflammation
[144] SOD1 CSorelastase  Resistant SOD1 prevented smoke or elastase
overexpression induced airspace enlargements,
neutrophil infiltration and lipid
peroxidation product accumulation
[137] Cavl™” Cs Resistant Reduced senescence of lung fibroblasts
and pulmonary emphysema
[140] Mrpl"Mdrla’~ CS Resistant Reduced inflammatory and emphysema
Mdrib-
[145] 1I-18Ra~ cSs Partially protected Decreased inflammation and
emphysema
[144] II-IR™" CS Partially protected No induction of inflammatory cell
infiltration, small airway remodeling or
matrix breakdown
[146] Adiponectin”  CS Partially protected No induction of inflammatory cell
infiltration, airspace enlargements, tissue
elastance or TNFa
[147] SOD3 CSorelastase  Partially protected SOD3 prevented smoke or elastase
overexpression induced airspace enlargement,
impairment of lung function and exercise
capacity
[148, 149] 11-17a7" CS Partially protected Exacerbated macrophage and y0 T cells
frequency, which trigger emphysema
[119] Ptplb- CS Increased Enhanced airspace enlargements,

immune cell recruitment, apoptosis, and
inflammation

15
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Reference Mouse Exposure COPD susceptibility Outcomes

[132] Nrf27+ CS Increased More inflammation, oxidative stress,
apoptosis and reduced antioxidants

[133, 134] Gpx17- CS Increased Enhanced airspace enlargements, BALF
neutrophils, macrophages, proteases,
IL-17A, MIP1a, NFkB and AP1
activation. Reduced PP2A and PTP1B
activity

[135] p537" Elastase Increased Increased emphysema severity,
macrophages, neutrophils, BALF CCL2,
BALF TNF-a and lung oxidative stress

Abbreviations: ITGB6, Integrin Subunit Beta 6; SOD, superoxide dismutase; Cav1, caveolin 1; Mrp1, multi-drug resistance
associated protein 1; Mdr1, multi-drug resistance gene 1; AP1, activator protein 1, CCL, chemokine (C-C motif) ligand.

Table 3. Gene modulated models of COPD in mice.

induced COPD or genetic alterations that result in spontaneous COPD development. There are
two major approaches, i.e. gain-of function or loss-of-function. These gene manipulations can
be targeted within the whole body or within specific tissue or cell types. Gain-of-function is
achieved by gene overexpression in transgenic mice or expressing a human gene or variant of
that gene. Alternatively, loss of function is achieved by specifically targeting loss of expression
of a gene, by direct or chemical mutagenesis. The majority of studies performed in COPD utilize
whole body knockout animals, where the gene was genetically manipulated in the embryo prior
to development. Several genes have been linked with COPD since several knockout animals
develop spontaneous COPD as they age, such as Itgh6™ or klotho” mice [129, 130]. Equally,
introducing a human gene into a mouse can resultin COPD development without environmental
exposures, such as lung expression of human MMP1 in mice [131]. Most genetic manipulations
require a “second-hit” to observe lung changes causing disease. Inducing a COPD phenotype by
CS inhalation or PPE instillation in animals deficient for Nrf2 [132], Ptp1b [119], Gpx1 [133, 134]
or p53 [135] exaggerates COPD-like changes. However, most genetic manipulations have been
associated with protecting against CS or PPE induced COPD, e.g. Mmp127[136], Cav1™ [137],
iNOS™ [138], Tnfr’~ [139] and Mrp17-Mdrla”Mdr1b™ [140] mice. Since COPD is an extremely
complex heterogenous disease, many of these genes and others may all contribute to disease
initiation and progression. The GWAS studies in humans have identified several other possible
targets for future investigation, e.g. HHIP, CHRNA5, HTR4, FAM13A, RIN3, TGFB2, GSTCD-
NPNT, CYP2A6, IL27-CCDC101, ADGRG6-GPR126, THSD4, ADAM19, TET2, CFDP1, AGER,
ARMC2, RARB, EEFSEC, DSP, MTCL1, SFTPD, IREB2, HHIP, and FAM13A [141, 142]. The
mouse model still remains the best species to manipulate gene expression in the lungs but new
techniques will aid in larger animals being utilized in the coming years.

2.4. Models of bronchitis

As mentioned previously, the second phenotype in COPD is an airway model for chronic
bronchitis. Several studies have focused on induction of bronchitis phenotypes in animals
(see Table 4 for a summary of several studies). Bronchitis models utilize noxious inhalants
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Animal

Reference Strain Exposure Outcomes

Mouse

Rat

Ferret

Hamster

Enhanced
neutrophilic
inflammation,
epithelial sloughing,
ET-1 and TGFp
expression

[158] BALB/c SO

2

[154] C57BL/6 NO. Increased airway
(neutrophils and
macrophages),
goblet cell
hyperplasia, collagen
deposition in the
lung parenchyma
and airspace
enlargements

[150, 151] Sprague Dawley SO Increased pulmonary
resistance, airway
responsiveness

to methacholine,
immune cell
infiltration (notably
neutrophils), immune
dysregulation,
oxidative stress,
mucin, accumulation
of surfactant in
lamellar bodies of
alveolar type II cells,
BALF levels of lactate
dehydrogenase

and N-acetyl
glucosaminidase
activity. Reduced
dynamic compliance

[159, 160] Sprague Dawley NO Increased dopamine
D(2) receptor

expression

[152] Mustela putorius furo SO, Observation of
lesions with changes
in ciliated cells,
edema and cell
infiltration. Increased
coughing, nasal
discharge and dried
mucus

[161] Mustela putorius furo  NO, Reduced thoracic
clearance function

Moderate/severe
bronchiolitis and
alveolitis development.
Increased mitosis in
Club cells and BALF
surfactant

[160] DSN NO

2



18 COPD - An Update in Pathogenesis and Clinical Management

Animal Reference Strain Exposure Outcomes

Guinea pig [162] - SO, Increased
hyperresponsiveness
to intravenously
administered
serotonin,
degeneration,
desquamation of
epithelium, and
edema of the lamina
propria of the trachea
and bronchi

[163] Hartley NO, Increased BALF
eosinophils and
neutrophils,
microvascular
leakage in the trachea
and main bronchi.

Rabbit [164] - SO, Increase in sputum
viscosity. Decreased
respiratory rate and

pO2 blood level

[165] - NO, Enhanced
destructive of walls
and abnormal
enlargement of the
distal air spaces

Dog [166] - SO, Significant ciliated
cell damage

[167] - NO Changes in

edema, congestion,
interstitial irritation,
bronchiolitis, and

interstitial fibrosis

Abbreviation: ET-1, endothelin-1.

Table 4. Animal models of bronchitis.

such as sulfur dioxide (SO,), nitrogen dioxide (NO,), or ozone. SO, is a gaseous irritant which
can be used to induce COPD-like lesions in animal models. Exposure to high concentrations
of SO, daily results in chronic injury and repair of epithelial cells in rats [150, 151]. The expo-
sure to high-levels of this gas ranging from 200 to 700 ppm for 4 to 8 weeks has been demon-
strated to lead to neutrophilic inflammation, morphological signs of mucus production and
mucus cell metaplasia and damage of ciliated epithelial in rats [150, 151] and ferrets [152].
Exposure of SO, to capsaicin-treated rats results in increased airway smooth muscle mass
and increased airway responsiveness observed in these animals [153]. NO, is another gas
that induces COPD-like lesions in a concentration, duration of exposure, and species suscep-
tibility dependent manner [154]. Exposure to NO, (50-150 ppm) can reduce animal survival
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due to extensive pulmonary injury, including pulmonary edema, hemorrhage and pleural
effusion. Sub lethal levels of NO, causes damage to cilia, hypertrophy of the bronchiolar epi-
thelium and a type II pneumocyte hyperplasia in rats and hamsters [155, 156]. Mice exhibit
similar lung responses to NO, exposure [154]. The administration of ozone [157] also causes
significant lung injury with several features associated with human COPD. All three of these
exposure models were utilized in several species of animals but are rarely utilized in current
studies of COPD. A recent NHO chronic CS exposure model in ferrets demonstrated clinical
features close to human bronchitis [79] and suggests that the animal species may be a decid-
ing factor in bronchitis research. Overall, new approaches are needed to access bronchitis in
animal models of COPD.

2.5. New models of COPD

Several novel models of COPD have been utilized recently, including investigation of biomass
fuel and individual components of CS, i.e. nicotine. Several of these models will briefly be
discussed in this section. One research group has developed a rapid COPD model in mice
by daily injecting CS extract (CSE) into the abdominal peritoneal cavity [120, 168]. Airway
enlargements and injury of cardiac and skeletal muscles are reported within 6 weeks of initia-
tion [120, 168] but comparative studies to whole-body or NHO systems are required. Recent
genetic analyses have identified a3 and a5 nicotine acetylcholine receptors (nAchR) as sus-
ceptibility loci for COPD [169]. The airway epithelium expresses a3, a4, a5, a7, a9, 32 and p4
subunits for nAchRs [170], and their expression are highest on the apical cell surface, where
exposure to inhaled nicotine occurs [171]. Several animal studies have already utilized nico-
tine in models of COPD, airway lung injury and tumorigenesis. CS from high-dose nicotine
cigarettes induces more emphysematous changes than low-dose nicotine cigarettes in PPE
pre-treated rats [172]. Nicotine enhances airway hyperreactivity in lipopolysaccharides (LPS)-
challenged mice and inflammation in lung epithelial cells [173]. Nicotine also suppresses
apoptosis in lung tumors [174].

These observations are important considering several new approaches for nicotine replace-
ment therapy now being marketed, such as e-cigarettes. E-cigarettes are a relatively new prod-
uct that has grown in popularity over recent years. E-cigarettes are devices that effectively
deliver vaporized liquid nicotine to the lungs. The user can choose the nicotine concentration
and devices can deliver a range of volumes. However, several additional studies have sug-
gested that these products require further testing in animal models and human studies to eval-
uate short and long term effects. Recently, the US Surgeon General concluded that e-cigarette
use among the younger population is now a significant public health concern [175]. The use
of e-cigarettes enhances oxidative stress and inflammation in mice [176] and impairs immune
defense against bacterial and viral infection [177]. Nicotine in e-cigarettes has also been impli-
cated as the driving force of these changes in mice, with long-term inhalation of nicotine-
containing e-cigarettes shown to increase airway hyperreactivity, distal airspace enlargement,
mucin production, cytokine and protease expression [178]. There are some direct human dis-
ease correlations, with normal human bronchial epithelial (NHBE) cells grown at the air lig-
uid interface exposed to nicotine-containing e-cigarette vapor showing impaired ciliary beat
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frequency, airway surface liquid volume, conductance of ion channels, decreased expression
of genes associated with ciliogenesis and increased cytokine production [178]. The animal
models used for these studies use either the e-cigarette device connected to a whole-body CS
exposure model, outlined in section b.ii, or a whole-body nebulizer. Many companies have
modified their NHO or whole-body exposure systems for e-cigarette research, which will
expand on new animal models for lung research. Therefore, these models and others should
be utilized in future studies of COPD and nicotine replacement therapy.

Models of air pollution have been used to examine several phenotypes of COPD, with expo-
sures to diesel exhaust particulates (DEP) and other biomass fuels under scrutiny. Animals
exposed to DEP daily via intratracheal instillation for 3-months have decreased IFN-vy levels
in bronchoalveolar lavage (BAL) but elevated CD3+ T and CD8+ T cells increased in the lung
parenchyma and airway enlargement [179]. Equally, exposure of mice to smoke or particles
generated from dung [180] and wood biomass [181] have been associated with several param-
eters of COPD. These models used modified CS whole-body exposure systems. Studies like
these are important as it is estimated that air pollutants and biomass smoke could contribute
to over 4 million deaths annually in the developing world [182] and contribute to the 10-15%
of COPD cases not related to CS exposure. Therefore, new models or modification of the
current group of COPD models are required to identify new biological targets of COPD and
potential new therapies for treatment.

3. Exacerbation models

Exacerbations are one of the most important outcomes for COPD patients, as they contrib-
ute to decreasing quality of life, loss of lung function, and increasing mortality and health-
care cost [183]. Modeling acute exacerbations of COPD (AECOPD) in animals is challenging
due to the complex clinical manifestations. Most AECOPD are triggered by infection, usually
viral [184] or bacterial [185]. This association of the presence of a microbial pathogen at the
onset of AECOPD is the primary basis for the majority of AECOPD animal models. These
models typically entail exposure of an animal, usually a mouse, to CS followed by infec-
tion with a virus or bacteria. Live pathogens can be difficult to work with and often require
special containment facilities. Therefore, some groups have used purified components of the
pathogen, such as lipopolysaccharides (LPS) [186, 187] or Staphylococcus aureus enterotoxin
B (SEB) [188], or a stimulus that will mimic the immune response upon infection, such as
polyinosinic:polycytidylic acid (poly(i:c)) [189, 190]. Several of these approaches and outcomes
are summarized in Table 5. The most frequently used live pathogens utilized in AECOPD
models are influenza [188, 191], rhinovirus [192], respiratory syncytial virus (RSV) [112, 119],
Streptococcus pneumoniae [193] and non-typeable Haemophilus influenzae (NTHi) [193]. Most
models utilize the CS exposure system, but several have favored the PPE method [192, 193].
The general consensus appears to be that the COPD status enhances the lungs susceptibility
to infection, inflammation and worsens lung function in a similar manner to the human dis-
ease. A study by Foronjy and colleagues [112] infected mice multiple times with RSV during a
chronic CS exposure to mimic repeat viral AECOPD observed in the human disease. Repeated
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Animal Reference Pathogen Exposure Outcomes

Mouse [188, 191] Influenza CS Enhanced
airway damage,
inflammation and
alters IL33 responses

[192] Rhinovirus PPE Increased airway
inflammation,
obstruction, goblet
cell metaplasia,
total lung volume
and alveolar chord
length. Reduced lung
elastance

[112,119] RSV CS Increased airspace
enlargements,
inflammation,
cytokines,
chemokines, protease
activity, apoptosis
and fibrotic areas.

Reduced phosphatase
activity
[118] Modified HIV cs Reduced FEF,,/FVC

and enhanced distal
airspace enlargement,
inflammation,
apoptosis and
protease activity

[189, 190] Poly(i:c) CS Enhanced pulmonary
inflammation, airway
hyper responsiveness,
corticosteroid
resistance,
remodeling,
apoptosis, fibrosis,
TLR3 signaling, type
I1FNs, IL-18, IL-12/
IL-23 p40, IFN-y, PKR
activation and elF2a

[193] Streptococcus PPE Increased mortality,
pneumoniae inflammatory
cells in BALF, and
MMP-12, as well as
enhanced emphysema
progression

[199, 200] NTHi cs Increased pulmonary
inflammation (MCP-1,
-3, and -5, IP-10, and
MIP-1v)

[186] LPS CS Enhanced
susceptibility to
airway lung injury
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Animal Reference Pathogen Exposure Outcomes
[188] SEB CS Increased BALF
lymphocytes and
neutrophils, CD8+
T lymphocytes and

granulocytes in lung
tissue, IL-13, CXCL13,
CCL19 and goblet cell
hyperplasia

Rat [201] NTHi CS Increased airway
bacterial load,
aggravated mucus
hypersecretion and
delayed mucociliary
clearance

Guinea pig [187] LPS cs Enhanced airway
resistance, lung
volume, neutrophils,
epithelial hyperplasia
and emphysema

Abbreviations: elF2a, eukaryotic initiation factor-2alpha; PKR, protein kinase; SEB, Staphylococcus aureus enterotoxin B;
NTHi, non-typeable Haemophilus influenzae.

Table 5. Animal models of COPD exacerbations.

infection heightened airspace enlargements, inflammation, cytokines, chemokines, protease
activity, apoptosis and fibrotic areas, while reducing lung phosphatase activity [112]. The
same group recently infected mice systemically with chimeric HIV-1 virus that is capable of
establishing chronic infection in immunocompetent mice [194] and exposed these mice to CS
[118]. This altered HIV-1 infection enhanced CS-induced COPD features in the lungs of these
mice and this new murine model can be utilized to study HIV-related COPD, which results in
a heightened form of the disease in the HIV+ population [195-198]. Therefore, several animal
models exist that can aid in our understanding of AECOPD.

4. Modeling COPD comorbidities in animals

COPD is frequently observed with comorbidities that directly affect patient’s quality of life,
increase the risk for exacerbations and increase rate of mortality [202]. There are many mani-
festations of COPD comorbidities, such as lung cancer, skeletal muscle wasting (cachexia),
diaphragm muscle dysfunction, cardiovascular disease, osteoporosis and diabetes [202].
Several studies have suggested that a large proportion of COPD-associated deaths are attrib-
uted to comorbidities [203, 204]. Given that comorbidities have a significant impact on COPD
patient survival and quality of life, researchers have utilized animal models to investigate
systemic comorbidities associated with COPD. CS exposure models show extrapulmonary
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manifestations, similar to those frequently observed in COPD. Mice and rats exposed to CS
have reduced body weight, fat mass, hind-limb skeletal muscles mass, grip strength and
aerobic endurance [82, 205]. CS exposure also enhances pulmonary artery wall thickening,
increased contractility and endothelial dysfunction in guinea pigs [99]. Chronic CS exposure
was recently shown to alter several cardiovascular parameters, such as enlarging ventricu-
lar end systolic and diastolic diameters, reducing myocardial and cardiomyocyte contractile
function, and disrupting intracellular Ca** homoeostasis, regulating fibrosis, apoptosis and
mitochondrial damage [206]. Mice and guinea pig exposed to CS, displaying lung inflam-
mation and emphysema, have pulmonary hypertension and significant impairments to right
ventricular diastolic and systolic function and contractility [99, 207]. CS in mice also causes
hypertension, endothelial dysfunction and cardiac remodeling [208]. Chronic CS exposure
have also been documented to increase systolic blood pressure, circulating platelets and
erythrocyte numbers, attenuate alveolar macrophage responses to inflammation, produc-
tion of reactive oxygen species in heart and kidney and lipid peroxidation in heart, liver
and kidneys in mice [94]. Multiple elastase instillations in mice leads to the development
of pulmonary arterial hypertension [209]. Diaphragm muscle dysfunction can contribute to
COPD comorbidity. Diaphragm fatigue and ROS production are observed in guinea pig PPE-
induced emphysema [65] and mouse smoke-induced emphysema [121], which could con-
tribute to this comorbidity. Enhanced susceptibility to tumorigenesis is also demonstrated in
mice exposed to smoke [93]. The hamster inhalation model is the only model in which tumor
induction by CS has been reproducibly achieved [210]. These combined changes would be
predicted to contribute to multiple comorbidities in COPD patients. Research focusing on
models of COPD comorbidities will greatly improve our understanding of key factors in loss
of quality of life and mortality in the COPD patient population, and additional novel animal
models investigating the link between COPD and comorbidities are needed.

5. Animal model limitations and what is missing in these models

Models of disease try to mimic the disease as closely as possible. Despite no disease model
being perfect, many models are helpful tools in deciphering the pathogenesis of the disease.
Regarding COPD and the models outlined here, all models yield several phenotypes of the
disease. Each researcher must evaluate the outcomes they desire to observe and choose the
appropriate model that best suits their needs. For example, most COPD models cannot repro-
duce the features of severe emphysema as observed in humans, i.e. GOLD stages 3 or 4. Most
models, especially the mouse smoke model, only represent early COPD (i.e. similar to human
GOLD stages 1 of COPD) regardless of exposure time. It is estimated that obstruction of
75% of the small airways is required before changes can be detected by routine pulmonary
function tests (e.g. forced expiratory volume in 1 s (FEV1)) in humans [211]. The majority of
morbidity and mortality occurs in COPD patients with severe disease [3]. This is a major chal-
lenge to undertake when developing a reliable model of COPD as this requires a considerable
amount of time and enhances the frequency of animal death prior to testing the conditions
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of the model. If a severe stage of COPD is required for investigation, the PPE model may be
the best model currently available to examine COPD. However, if researchers are examining
disease initiation or progression the PPE model would not be ideal. Another challenge in
animal research is in the measurement of lung function in very small mammals, such as mice.
The use of the enhanced pause (Penh) in conscious mice as an indicator of airflow obstruction
is not ideal and invasive methods remain more reliable. Several new technical advances have
aided in enhancing the pulmonary function readouts in animals but further work is needed
to correlate animal data to the human disease.

The many differences in lung morphology and physiology between humans and the animals
utilized in research will definitely impact on data interpretation, such as mice being obli-
gate nose breathers, having lower numbers of cilia, fewer Club cells, differences in airway
mucus production and reduced submucosal glands in the trachea. However, the experimental
approach must also undergo scrutiny. Studies do not define whether a new therapeutic treat-
ment is started following disease initiation or in parallel with the disease triggering exposure
(i.e. CS or PPE exposure). Many treatments may be useful in preventing disease initiation but
will have little impact on the lungs following disease establishment. Several recent studies
are now addressing this experimental problem but scientific reviewers need to assert this dif-
ference in studies. In mice, lung lesions and inflammation induced by CS inhalation do not
progress after cessation of CS exposure but airway enlargements persist [212]. This may have
a large impact on the methodological design of experiments in mice. Whether other species
recover following CS exposure is unknown. Equally, new genetic targeted approaches should
be employed after disease establishment. Genes associated with disease progression can be
selectively knocked down or enhanced after disease initiation, rather than utilizing whole
body knockout animals that may have lung disease phenotypes due to embryo develop-
ment problems. Modifying current methodology in these ways will further aid in advancing
current animal model data and interpretations. Future animal model COPD studies should
assess the histopathological patterns of COPD and examine functional parameters of human
COPD using imaging, airflow limitation, mucus hypersecretion, corticosteroid resistance,
[-adrenergic bronchodilator responses, chronic cough and exacerbations.

Overall, several major factors limit the interpretation of data from animal models to the
human disease. Many investigators expect the animal model to exactly mirror the human
condition but COPD is a complex and heterogenous disease and the human disease requires
further sub-characterization prior to designing animal models or interpreting current data
from animal models. We must also remember that without disease models, the burden on
patients would be vast to participate in clinical trials and donate samples. Equally, not utiliz-
ing animal models would only allow clinicians to undertake COPD research. Deciphering the
key players of a disease requires multiple approaches from many research fields and animal
models may have a significant impact on COPD treatment in a similar manner to oncology
and cardiovascular research. There are many benefits in development and use of animal mod-
els of COPD, especially the understanding of the fundamentals of immune and inflamma-
tory mechanisms. Clinicians will benefit from the input of animal researchers, immunologists,
microbiologists, bioinformaticians and statisticians.
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6. Conclusion

Current animal model technology allows researchers to investigate the mechanisms of airways
dysfunction, the influence of genetics and the immunological factors that define physiologi-
cal and signaling changes that drive COPD. There are numerous well-established exposure
models of COPD that exhibit several characteristics of the human disease, but no model cap-
tures every phenotype of the human condition. Mice are the most common species utilized
for COPD research as they are small in size, they have a fast gestation period, and cost of
feeding and housing are far less than larger animals. Also, the mouse genome is extensively
characterized and many genetically modifiable mice are available, as well as equipment and
biological reagents designed specifically for mouse anatomy. It is far more cost effective to
generate genetically manipulated mice than it is to do so in other species. Another advantage
to the use of mouse models is that exposure to CS for 1 year represents approximately 50% of
the animal’s lifetime, thereby allowing a better representation of lifetime CS exposure. While
there are many physiological differences between the mouse and human pulmonary systems,
the mouse models of COPD represent good tools to further our understanding of the human
disease.
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Abstract

Genome-wide association studies (GWASs) have successfully identified susceptibil-
ity loci associated with COPD. The genes mapped on these loci, eg The FAM13A gene
(family with sequence similarity 13, member A), provide a new approach to understand
the COPD pathology. Furthermore, heavy smoking is reported to correlate with altered
methylation and epigenetic changes of multiple genes in small airway cells. These
changes have been shown to be associated with the severity of COPD. It is likely that
smoking-induced changes in epigenetic control of gene expression result in genetically
vulnerable individual’s results in reduced tissue repair, tissue damage and persistent
inflammation associated with COPD pathophysiology.

Keywords: microRNA, acetylation, GWAS, bromodomain

1. Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by sustained inflamma-
tion of the airways, leading to destruction of lung tissue and declining pulmonary function.
In COPD the repetitive challenges to the lung, due to external environmental insults, cause
chronic inflammation of the bronchi and small airways leading to destruction of lung tis-
sue (emphysema), as well as scarring (remodeling and fibrosis). The inflammatory process in
COPD is characterized by predominant increase in neutrophils and macrophages in the lung
and an upregulation of proinflammatory cytokines, including TNF-a, IL-1, IL-6, IL-8, IL-18,
IL-17 and IL-32 [1]. Such failure to resolve inflammation and initiate proper repair causes
permanent structural damage and perturbations in tissue cellular composition resulting in
chronic disease [2, 3]. Smoking is the risk factor for COPD but only about 20% of smokers
develop COPD [3], indicating that while smoking is an important cause or initiating factor, it
is not the only driver of disease progression in COPD patients. In this chapter, we explore the
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principles for the interplay between genetics and environmental factors induced epigenetic
changes in the etiology and pathology of COPD pathophysiology.

2. Genetics

SERPINA1 mutation was the first fully defined genetic risk associated with chronic obstruc-
tive pulmonary diseases. SERPINAL1 is the gene encoding alpha-1 antitrypsin (AAT) and
systemic deficiency in AAT (AATD) due to genetic mutations can result in liver failure and
chronic lung disease such as emphysema (4). AAT is the most abundant circulating serine
protease inhibitor (serpin) and an acute phase reactant. The emphysema observed in patients
with AATD, consisting of progressive destruction of the alveoli and small airway structure,
formed the basis of the protease/anti-protease imbalance theory of chronic obstructive pul-
monary disease (COPD).

Alpha-1 antitrypsin deficiency (AATD) is an inherited disorder and its role in lung emphysema
was established by studying the phenotype of the patients [4]. The single candidate gene provides
association for a gene in host physiology, whereas Genome-wide association studies (GWAS)
identifies genome-wide set of genetic variants to a complex disease. Recently, significant prog-
ress is been made to understand the function of the genes associated with the Single nucleotide
polymorphisms (SNP’s) in the susceptible loci for COPD. One such COPD disease susceptibility
locus is in the nicotinic acetylcholine receptor (nAChR) gene cluster CHRNA5-A3-B4 on the long
arm of chromosome 15 (15q24-25.1), indicating a link to COPD is through effects on smoking
behavior. nAChRs provide binding sites for nicotine and regulates nicotine mediated effects in
the brain. For instance, it is been documents that smokers carrying the rs16969968 risk allele in
CHRNADS are likely to smoke more heavily than their counterparts without the risk allele. Due to
increased habit of smoking these individuals run an increased risk of impaired epithelial barrier
function and development of COPD due to increased smoke exposure. The CHRNA3/CHRNAS5
locus has also been identified in genome-wide association studies in lung cancer and other dis-
eases significantly influenced by cigarette smoking behavior and exposure [5, 6, 7].

Another susceptibility locus on chromosome 15 (15q25.1) is in the IREB2 gene, encoding the
protein IRP2 (iron-responsive element-binding proteins), which is involved in maintaining
human cellular iron metabolism. Interestingly, accumulation of iron in the lungs of healthy
smokers and smokers with COPD has been reported [8], and the same has been observed in
people exposed to particulate air pollutions [9]. This may be important as tight regulation of
iron homeostasis is crucial not only to maintain normal cellular function, but also to prevent
iron-mediated oxidative stress and damage [10]. Oxidative stress is suggested to be a key
driver of pathogenesis in COPD [10], and reactive oxygen species (ROS) generated in the pres-
ence of an excess of free iron via the Fenton reaction [10] may be an important cause of cellular
and tissue damage in the COPD lung.

GWAS has also identified COPD susceptibility loci on chromosome 4 in 4q22 (FAM13) and 4q31
(HHIP). FAM13A (also known as FAM13A1) is suggested to have a putative role in signal trans-
duction in response to hypoxia. The most statistically significant SNPs are in an intronic region
downstream of a Rho GTPase-activating protein (RhoGAP) domain [11], COPD risk alleles at
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the FAM13A locus is reported to be associated with increased expression of FAM13A in human
lungs. In a recent publication it was reported that in murine and human lungs, FAM13A is
expressed in airway and alveolar type II epithelial cells and macrophages [12]. Furthermore, the
authors reported that Fam13a null mice (Fam13a2/2) were resistant to chronic cigarette smoke—
induced emphysema compared with Fam13a expressing mice. It was shown that FAM13A
modulates catenin pathway by interacting with protein phosphatase 2A and recruits protein
phosphatase 2A to regulate glycogen synthase kinase 3[3 activity resulting in 3-catenin degrada-
tion. These results indicate that FAM13A could increase the susceptibility of mice to emphysema
development by inhibiting B-catenin signaling. B-catenin signaling activates the expression of
Wnt target genes that promote cell proliferation and limit cell differentiation [11]. In the absence
of FAM13A, (-catenin pathway is restored leading to a more effective lung repair program
in lung alveolar epithelial cells after CS exposure. This hypothesis was further supported by
expression data, indicating increased FAM13A protein levels and decreased (3-catenin protein
levels in human COPD lung tissues compared with ex-smokers without COPD [11, 12].

These observations provide evidence for potential role for these pathways in COPD patients
with emphysema and potential for utilizing SNP’s associated with FAM13A for patient strati-
fication for drugs modulating catenin pathway. Increased levels of FAM13A blocks the path-
ways associated with lung regeneration, therefore inhibition or deletion of FAM13A in COPD
patients with risk allele at the FAM13A locus could be a potential way to induce epithelium
regeneration in emphysematic patients.

In two independent genome-wide association studies, Hedgehog interacting protein (HHIP)
was identified as a COPD susceptibility gene in subjects from the Framingham Heart Study
and a homogenous case control cohort from Norway, respectively [13, 14]. The SNPs map to an
intergenic region upstream of the HHIP gene and regulates HHIP gene expression in carriers.
HHIP is expressed in epithelial cells and considered to modulate epithelial barrier structure as
reported by Zhou et al. [15]. Zhou and workers [15] reported that modulation of HHIP expres-
sion results in differential expression of 296 epithelial genes, most of which associated with ECM
matrix interactions, junctional complexes or cell growth. Analysis of epithelial cells derived from
human lung tissue showed significantly decreased expression of these genes in cells from COPD
patients as compared to cells from healthy controls. These observations indicate loss of HHIP
function in human bronchial epithelial cells may contribute to susceptibility to smoke-induced
COPD by regulating genes important for epithelial barrier integrity and function [15].

In a recent meta-analysis study, Busch and coworkers [16] genotyped 3346 single nucleotide
polymorphisms (SNP) in 2588 cases (1803 severe COPD) and 1782 controls from four cohorts.
They analyzed association testing with COPD, combining their results with existing genotyp-
ing data from 6633 cases (3497 severe COPD) and 5704 controls. In this analysis, authors con-
firmed significance of previously documented SNPs in the Transforming growth factor beta
2 (TGFB2), FAM13A, HHIP, Matrix metalloproteinases 3 (MMP3)/Matrix metalloproteinases
12 (MMP12), and CHRNA3/CHRNAJ5/IREB2 regions with COPD pathophysiology. Authors
identified two SNPs at loci not previously identified. These two loci showed significant asso-
ciations between SNPs near PPIC and PPP4R4/SERPINA1 and severe COPD.

The GWAS analysis has indicated genes associated in COPD pathophysiology. In the
future further investigation of specific pathophysiology regulated by genes associated
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with SNP’s may allow patient stratification based on genetic linkage and development of
drugs to modulate disease phenotype.

3. Epigenetics of COPD

Epigenetics is defined as study of heritable changes in gene expression resulting in change in
cellular phenotype caused by mechanisms that do not alter the Deoxyribonucleic acid (DNA)
sequence. Epigenetic modifications control gene expression by changes to the structure and
function of chromatin. Environmental challenges such as cigarette smoke, can lead to per-
manent changes in epigenetic patterns (epimutations) resulting in development of chronic
disease. Examples of such epigenetic mechanisms include DNA methylation, histone modifi-
cation and RNA interference [17].

DNA methylation is a process resulting in the covalent addition of a methyl group to cyto-
sine residues part of cytosine-guanine (CpG) dinucleotides, and when a gene is methylated on
CpG islands in promoter areas, transcriptional repression is generally the result, representing
an important mechanism for gene silencing. In patients with COPD some loci are identified
as hypermethylated and other hypomethylation [18-20]. The loci identified to be hypermeth-
ylated are reported to be Genes components of the PI3K/Akt and anti-oxidant NFE2-related
factor-2 (Nrf2) pathways [20]. The CpG hypermethylation observed in the PTEN and NFE2L2
(N1f2) genes correlates with reduced expression of their respective gene products. The Nrf2
pathway is anti-inflammatory and protects against oxidative stress, whereas PTEN is a nega-
tive regulator of PI3K/AKT signaling, contributes to inflammation, remodeling, and proteolysis
in COPD. Thus, CpG hypermethylation appears to antagonize protective pathways regulating
pathophysiology of COPD. On the other hand, hypomethylation of the HDAC6 promoter has
been linked to elevated expression of HDAC6 in COPD [21]. HDACS is thought to contribute
to cigarette smoke-mediated epithelial dysfunction in COPD by promoting autophagy [21].

Posttranscriptional modifications to histone ends in the histone H3 and H4 residues define
the accessibility of the chromatin to the different coactivators or corepressors. Histone acety-
lation is regulated by the levels and activities of histone acetyl transferases (HAT) and his-
tone deacetylases (HDAC). Increase in HAT activity results in increased acetylation of lysine
residues in histones and gene transcription, whereas as increase in HDAC activity negatively
regulates gene transcription. Simplistically, chromatin is transcriptionally active when lysines
on histones H3 and H4 are acetylated.

It has been proposed that the inhibition of HDAC2 activity also contributes to the glucocor-
ticoid resistance seen in COPD inflammation [22-24]. In lung biopsies obtained from COPD
patients reduced HDAC2 activity and increased acetylation of histones have been reported
[25]. The reduced HDAC2 expression and activity is shown to be associated with increased
acetylation of histones H2A, H2B, H3, and H4 in the lungs and alveolar macrophages of
COPD patients [26]. Yang et al. [27] reported that chronic cigarette smoke (CS) results epigen-
etic modifications of histone causing abnormal and sustained lung inflammatory response
that occurs in smokers and in patients with COPD. They reported increased levels of KC,
MCP-1, IL-6, and GM-CSF in mouse lung homogenate at both 3 days and 8 weeks of CS
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exposure in mice. Furthermore, they demonstrated using Chromatin immunoprecipitation
(ChIP)-sequencing in CS exposed mouse lung that pro-inflammatory gene expression was
due to the increased phosphorylation/acetylation of specific histone H3 (lys9/ser10) and his-
tone H4 (lys12) in the promoter region of pro-inflammatory gene. Chen et al. [28] reported
that cigarette smoke decreased the levels of HDACI expression and increased H3K9 acetyla-
tion. These modifications were associated with altered expression of pro-inflammatory medi-
ators in CS-induced rat lungs and in macrophages.

These reported altered activity of HDAC’s with increased histone acetylation in preclinical
models and alveolar macrophages from COPD patients points to a potential role for epigen-
etic pathways in chronic lung inflammation in COPD patients.

Taken together these studies indicate that an imbalance between histone acetylases and
deacetylases contributes to disease specific alterations in gene expression.

Sirtuin-1 (SIRT1) expression and deacetylase activity are reduced in peripheral lung tissues
from patients with COPD [29, 30]. Reduced SIRT1 activity correlated with increased expres-
sion of MMP9 and H4 pan-acetylation [29]. Recently, Baker et al. [24] reported that oxida-
tive stress (hydrogen peroxide) induces reduction of SIRT1/-6 in bronchial epithelial cells
(BEAS2B). SIRT1 is reported to inhibits autophagy, cellular senescence, fibrosis, and inflam-
mation by deacetylation of target proteins using NAD" as co-substrate. Similarly SIRT6 have
also been shown to be associated with reduction—oxidation reaction (redox) state and inhibits
cellular senescence and fibrosis [31]. Therefore, pathways associated with activation of SIRT1
and SIRT6 are an attractive approach for novel therapeutic targets for COPD. In the preclini-
cal models efficacy of non-selective activators of SIRT1 using the pharmacological activator
SRT1720 has been demonstrated Activation of SIRT1 via SRT2172 inhibits pulmonary neu-
trophil accumulation, and completely restored exercise tolerance and the fall in oxygen satu-
ration and protects against cigarette smoke (CS) and elastase-induced emphysema in mice
[32]. Furthermore, resveratrol, a substance shown to activate SIRT1 attenuates cigarette smoke
extract (CSE)-mediated glutathione depletion through reversing CSE-mediated NRF2 carbon-
ylation in lung epithelium cell line, A549 cells [31, 32]. Due to a recent study in human airway
smooth muscle cells, resveratrol is suggested as an anti-inflammatory therapy alternative to
corticosteroids in COPD, particularly in COPD exacerbations [33].

The family of acetylation binding module termed as bromodomain recognizes acetylation
sites on chromatin and was identified in the early 1990s in the brahma gene from Drosophila
melanogaster [34]. The human proteome encodes 61 bromodomains, which are present in 46
diverse nuclear and cytoplasmic proteins. The BET (bromodomain and extra-terminal) pro-
teins (BRD2, BRD3, BRDT and BRD4) belong to this family of bromodomain containing pro-
teins. BET proteins bind to acetylated lysines in the histones of nucleosomal chromatin and
function either as co-activators or co-repressor of gene expression [34]. Due to the hyperacety-
lation patterns observed in COPD the modulation of BET (bromodomain and extra-terminal)
proteins are new targets in modulating pathophysiology in patients. Nicodeme et al. [35]
reported that a synthetic compound I-BET, a potent inhibitor of bromodomain-containing BET
proteins to acetylated histones, dissociates the formation of the chromatin complexes essential
for the LPS-induced expression of inflammatory cytokines in a temporal manner (early mid-
dle and late response). Recently, we proposed that inhibition of BET protein interactions with
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hyperacetylated sites in the chromatin will regulate excessive activation of pro-inflammatory
genes and survival of inflammatory cells associated with inflammation in COPD. We demon-
strated for the first time a known BET inhibitor, JQ1, showed a difference potency for inhibi-
tions of IL6 in human peripheral blood mononuclear cells (PBMC) from normal or COPD in
comparison to alveolar macrophages stimulated with LPS [31]. Furthermore, BET inhibitor JQ1
attenuated multiple genes, including pro-inflammatory cytokines and genes regulating innate
and adaptive immune cells. We have used the set of genes modulated by JQ1 to generate a gene
signature defining BET regulated genes [34]. Analysis of the expression of these gene signature
genes,10 genes - CMPK?2, EPSTI1, IF144, IF144L, IFIT1, IFIT3, MX1, OAS2, RSAD2 and XAF1,
in the COPD samples compared to samples from normal controls, a subset of COPD patients
with increased expression of these signature genes were identified. These results indicates that
epigenetic modification associated gene expression could be utilized to do patient stratification
and identify patients likely to show maximum response to given epigenetic modulator.

Nimmo and coworkers [36] have reported the co-localization of differentially methylated CpG
regions and predisposing SNPs identified by GWAS in Crohn’s disease. They observed meth-
ylations within 50 kilobases from several GWAS susceptibility loci, including IL-27, IL-19, TNF,
MST1, and NOD2. A similar analysis in COPD is yet to be conducted. An analysis of epigenetic
modification of genes identified by GWAS in COPD, including low probability associations,
could highlight key pathways and points of regulation involved in the disease pathology,
enabling target identification, patient stratification and prediction of treatment response.

4. MicroRNA-silencing RNA

A microRNA (miRNA) is a small non-coding RNA molecule (containing about 22 nucleotides)
found in plants, animals and some viruses, that regulates the expression of complementary
RNA thus functions in RNA silencing and post-transcriptional regulation of gene expression
[37]. The expression of miRNAs are generally downregulated in smokers compared to non-
smokers in airway epithelium [38], alveolar macrophages [39] and in lung tissue [40]. Dicer is
an enzyme that cleaves pre-microRNA (pre-miRNA) into microRNA [41]. It is proposed that
smoking downmodulated Dicer activity following sumoylation of Dicer resulting in down-
modulation of miRNA in smokers [41]. Microarray-based studies have identified a large num-
ber of differentially expressed miRNAs in primary fibroblasts and lung tissue from patients
with COPD [40-42]. Many of the miRNAs implicated in COPD have also been associated with
various cancers, whereas miRNA that discriminated COPD from lung cancer have also been
identified, including miRNAs 26a, 641, 383, 940, 662, 92a, 369-5p, and 636 [43] and miRNAs
20a, 24, 25, 152, 145, 199a [43]. Reduced expression of miR-199a-5p was reported in regula-
tory T cells from patients with COPD. miR-199a-5p targets genes includes members of the
TGEFf superfamily [44] therefore plays a role in T-regulatory cells (Treg) cell function. Reduced
miR-199a-5p expression in regulatory T cells in COPD may enhance regulatory T cell func-
tion resulting in abnormal bias towards Thl immune responses [44]. Therefore, dysregulated
miRNAs are potential treatment targets in COPD although additional studies are warranted to
help determine whether observed differences in miRNAs are a cause or consequence of COPD.



Genetics Association and Epigenetic Changes in COPD 47
http://dx.doi.org/10.5772/intechopen.72439

5. Conclusion

The chronic exposure to cigarette smoke or other air pollutants possibly induce epigenetic
modifications, changes in lung cellular microenvironment and epithelial dysfunction. This
may pathogens and to drive structural damage and changes in tissue cellular architecture
typical of chronic inflammatory disease. Further research is required to map the specific
epigenetic changes in lung tissue obtained from COPD patients, and combine this data with
a detailed analysis of the disease pathophysiology to identify specific targets and patient
stratification biomarker for modulating symptoms in COPD.
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Abstract

In classical teaching, the lungs were thought of as a sterile environment with the isolation
of bacteria on sputum or bronchoalveolar lavage sampling felt to represent pathogenic
colonisation in disease states. This teaching has been over-turned with the discovery of a
rich microbiome in the respiratory tract. The respiratory microbiome is a huge target for
novel research in many fields, most notable in that of airway diseases such as asthma and
chronic obstructive pulmonary disease (COPD). Next-generation sequencing is a culture-
independent method for microbial sampling which has transformed the accuracy and
speed at which whole microbial communities can be described in studies. This has led
to an explosion of knowledge regarding the human respiratory microbiome. COPD is
a common, chronic disease of the respiratory system involving an irreversible airway
obstruction which places huge burden on patients and healthcare systems alike. The
respiratory microbiome is different in those who suffer from COPD than in those without
the disease, but little is known as to the role of the microbiome in disease pathogenesis
or manifestation. This chapter aims to outline the advances in sequencing methods in
relation to the microbiome and establish a description of the respiratory microbiome in
health and in COPD. We will describe the existing literature on the topic and discuss
potential key areas for future research.

Keywords: microbiome, immune system, infection

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a common, chronic respiratory disorder
which affects millions of people worldwide [1]. It causes significant morbidity and mortal-
ity and poses a huge burden on healthcare systems through recurrent hospital admissions.
Indeed, it was the fifth leading cause of death worldwide in 2002 and is estimated by the WHO
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to become the third leading cause of death internationally by 2030 [2]. In essence, COPD is
characterised by an obstructive ventilatory deficit that is rarely reversible. Pathogenesis of the
disease is most strongly associated with smoking though, certainly, there are other factors
which can contribute to its development. Despite the ever-increasing prevalence of COPD
worldwide, the exact roles of various causative factors and underlying disease mechanisms
are not fully understood.

One such potential causative factor is the human microbiome, the collection of all the
genomes of microorganisms living in association with the human body both in health
and disease. The microbiota is composed of bacteria, fungi, viruses, protozoa and archaea
(single-cell organisms). Microbial cells in humans are estimated to outweigh human cells
by a ratio of 10 to 1, and microbial genes outweigh human genes by a factor of between
100 and 1000 [3]. Therefore, unsurprisingly, the microbiome has been implicated in many
diseases across varied body systems including arthritis, colorectal cancer and inflamma-
tory bowel disease [4, 5]. However, more recently attention has been paid to the role of
the human microbiome in chronic respiratory diseases such as asthma, cystic fibrosis and
COPD.

This chapter aims to explore the meaning of the microbiome and how it came to be such a cur-
rent and relevant topic for high-level investigative research in the area of respiratory disease.
We aim to review the existing literature on the topic and particularly explore the relationship
between the microbiome and COPD exacerbation in terms of both infective and non-infective
events. We will discuss the perceived importance of the gut microbiome with reference to
respiratory health and disease and pay particular attention to the so-called gut-lung axis.
Finally, we will discuss some potential topics for novel research in the field of microbiome
analysis and discuss future directions for research.

2. The human microbiome: technological advances

Recent advances in next-generation sequencing technologies have caused a quantum leap
in the analysis of microbial species in various body systems. The cornerstone of these tech-
nologies involves extraction, replication, and identification of specific highly conserved
genes which are reproducible across a whole host of microbes. Total DNA is extracted
from the given sample type, e.g., bronchoalveolar lavage, tissue biopsy samples, etc., and
specific genes are polymerase chain reaction (PCR)-amplified using universal PCR prim-
ers to create amplicons. For bacteria, DNA coding for the 165 rRNA gene can be amplified
and contains both variable sequence regions V1-V9 and the aforementioned highly con-
served region present in all prokaryotes. 185 rRNA/internal transcribed spacer (ITS) genes
are amplified and assessed for fungi and protozoa. The 185 rRNA gene is the conserved
gene across these species, and analysis can be coupled with variable internal transcribed
spacer (ITS) regions in order to achieve interspecies separation. Amplicons are then ana-
lysed using next-generation sequencing which allows rapid, simultaneous analysis, with
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sequences thus clustered into operational taxonomic units (OTUs). OTUs are then identi-
fied to the level of species, family or genus, by analysis against a reference database. In
this way, microbial species can be rapidly and reliably identified in a culture-independent
manner. Further to this, relative abundance of species in a given sample can be calculated
to establish the richness and evenness of the microbiome in a system. This advance in
technology has been responsible for the identification of the components of the gut micro-
biome in health, and much research on the microbiome of other systems has begun from
this point [6].

There are a few key limitations involved in 16S rRNA and 185 rRNA/ITS gene sequencing
methods for identification of bacterial and fungal species. Both techniques rely on the avail-
ability of highly specific, non-biased PCR primers as well as rich and varied reference librar-
ies. The quality of PCR primers and references is generally held to be very high in the case of
bacterial 16S rRNA sequencing [7] but less so in the case of fungal sequencing. Furthermore,
little information is gained from both these methods about the biological function of these
microbes. Despite this, they are considered to be cost-effective methods for assessing micro-
bial diversity in a given sample.

Whole-genome shotgun sequencing is an advance on the above techniques whereby long
DNA strands can be sequenced and identified rapidly. DNA strands are sheared into ran-
dom fragments and cloned into a vector, historically E. coli. Clones are then sequenced to
produce reads, and reads in turn are assembled into the original sequence using software
programmes. This technique not only identifies microbes but can also infer information
regarding biological function encoded in the whole genome. However, due to the massive
amounts of complex DNA data processed, and the long reads that tend to be generated from
this method, the system is open to errors. This is also a far more expensive method for DNA
sequencing.

Next-generation sequencing employs similar methods to shotgun sequencing but generates
hundreds of thousands of shorter reads in a smaller timeframe. This term is synonymous with
high-throughput sequencing and encompasses multiple fast, effective, accurate sequencing
methods. Some potential limitations include the presence of host DNA in the original sample,
high costs of these methods and some difficulty drawing meaningful conclusions from vast
quantities of extremely complex data.

Both 165 rRNA sequencing and next-generation sequencing are in use in laboratories world-
wide, and both contribute to the advancement of our understanding of the microbiome
through quick and accurate analysis of samples. As these technologies continue to advance
and become more refined, they will become more affordable and sophisticated in coming
years, allowing accessible DNA sequencing to come to the fore. Further analysis of RNA r and
proteins can be achieved through the techniques of metatranscriptomics and metaproteomics,
and this can give us information about genes and pathways in the context of microbiome sam-
pling. See Table 1 for a summary of terms relating to the various DNA sequencing techniques
we have discussed above.
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Term Description

Microbiota The collection of all microorganisms living in association with the human body or
a specific system/environment

Microbiome The genome of the human microbiota

Taxonomy Classification system of organisms

Operational taxonomic unit
Metagenome

Next-generation sequencing

16S ribosomal gene

16SrRNA gene sequencing
Metatranscriptomics
Metaproteomics
Metabolomics

Richness

Evenness

Alpha diversity

Beta diversity

Categorisation of organisms into species by DNA sequence data
The collection of all genes obtained from microorganisms in a habitat

A collective term to describe high-throughput technologies. These allow rapid
parallel DNA sequencing, i.e. Illumina (Solexa) sequencing, SOLiD sequencing

Gene encoding a 16S subunit of bacterial ribosomes that is highly conserved
between different bacterial species

Determining the DNA sequence of a 16S ribosomal gene
Analysis of mRNA transcripts associated with an organism
Analysis of microbial proteins

Analysis of the set of metabolites present within an organism
The number of unique taxonomic units in a sample

The relative number of taxonomic units in a sample

A measure of the richness and evenness in a sample

A measure of the similarity of the bacterial composition between samples

Table 1. Summary of terms relating to DNA sequencing techniques.

3. The respiratory microbiome

For a long time, the respiratory system was thought of as a fully sterile environment. Culture
isolates from sputum and bronchoalveolar lavage samples were felt to exclusively represent
pathogenic colonisation in disease states and exacerbation. However, this classic teaching was
challenged, only in 2009, with the publication of a study undertaken by Hilty et al. [8] which
employed 165 rRNA sequencing techniques to analyse the microbiota of the lower respiratory
tract. Subjects carried either a diagnosis of asthma or COPD or were healthy controls, and all
underwent bronchoscopy to obtain endobronchial brushings from the left upper lobe. The
microbiome of the nasal cavity and oropharynx was also sampled using surface swabs. This
study found a similar abundance of microbes in all groups (with a range of 1-10 million cells
per sample) but with significant differences in microbial composition between the groups
studied. This was the first study of its kind and was understandably met with scepticism as it
challenged the formal teaching on the subject [9]. Critics were quick to point out limitations
of the study design including the fact that lower airway sampling could easily be confounded
by passage of the bronchoscope through the upper airways, the oropharynx having a signifi-
cantly higher bacterial load than the lower respiratory tract in the order of 1-10 billion cells
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per sample. Additionally, it was felt that the relatively new (at the time) process of 165 rRNA
sequencing would identify dead bacteria in most of the samples and that in order to address
this potential confounder, a stronger control group was needed. Nevertheless this was an
interesting and well-designed starting point for the explosion of interest in the area that was
to follow.

A follow-up study which was similar in design and conducted in ‘healthy smokers’, and
patients with COPD confirmed the presence of microbial colonies in the lower respiratory
tract but again was open to the aforementioned potential confounders [10]. These confound-
ers were first addressed by Charlson et al. [9] in 2011 who designed a study using double
bronchoscopy in six healthy individuals. This involved a process of initial bronchoscopy to
anaesthetise the airway and then the use of an uncontaminated bronchoscope to collect sam-
ples by brush and lavage. To further reduce the confounding potential of the environment on
the scope, saline washes were used before the scope was inserted, and this saline was anal-
ysed for bacterial load. Microbiota was found to be present in all lower respiratory samples
from all patients, but unlike the previously mentioned studies, the order of magnitude was far
lower, 100-1000 cells per sample. The investigators performed serial lavage, results of which
showed sequentially diminishing bacterial load. They inferred from this that there is marked
carry-over from the upper to the lower respiratory tracts. An interesting finding was that low
levels of DNA were found in the environmental control samples such as the saline washes
even though these were sterile by culture. Bacterial lines were found to be more abundant
in the lower airway than the upper, though overall microbiome was more rich in the upper
airway.

The Hilty trial found that the bronchial tree consists of a rich and varied microbial commu-
nity in all groups tested and confirmed that the individual components of this community
were different in health and disease [8]. Proteobacteria were found in higher abundance in
diseased individuals (those with asthma and COPD) than in controls, in particular the well-
known respiratory pathogens Haemophilus, Moraxella and Neisseria. In contrast, Bacteroidetes
such as Prevotella were found to be far more abundant in healthy controls. Studies since this
have aimed to further refine our understanding of the now-accepted paradigm of the core
respiratory microbiome. Various studies have identified varying counts of microbes, and
it is generally acknowledged that the respiratory microbiome is composed of Bacteroides,
Proteobacteriae, Firmicutes and Actinobacterige. The bacterial communities of the lung are
almost mirrored in the oral cavity, but not in the nose, and some species that show high
prevalence in the mouth become less abundant lower in the lungs. This has led some to
believe that oral microbes which migrate to the lower respiratory tract can be selectively
eliminated from healthy lungs and that those which are not eliminated may contribute to
low-level inflammatory processes [11].

These studies and numerous similar trials [12, 13] have established the existence of the respi-
ratory microbiome. As technology improves, our ability to sample and analyse these complex
microbial communities will continue to expand until we have a full understanding of not only
the composition but also the function of the human respiratory microbiome.
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4. Establishment of the microbiome and the relationship between
microbiota and the immune system

We have discussed the basis of our understanding thus far of the existence of the microbiome
in the lung and will go on to explore the role of the microbiome in health and disease. However
we must first try to decipher the way in which the microbiome is established in humans in
order to assess whether differences in development may confer lasting effects on the microbi-
ome in later life. It has long been believed that exposure to various bacteria in youth may alter
the way disease manifests in later life. The so-called hygiene hypothesis states that reduced
exposure to microorganisms in infancy increases a person’s likelihood to develop allergic-
type diseases by suppressing the natural development of the immune system, particularly the
innate immune response. It would therefore follow that interruptions in the natural develop-
ment of the microbiome could confer long-lasting differences in the respiratory microbiome
and that this may have knock-on effects to an individual’s immunity and their propensity to
develop certain diseases. Much of what is known about the development of the microbiome
comes from studies of gut microbiota, and we will explore some of this literature in this section
in order to assess potential links between the microbiome and immune system dysfunction.

Gut microbiota has an established role in the development and maturation of the immune
response via the so-called education of mucosal surfaces and systemic immune response sys-
tems. Studies suggest that there is a critical development time between months 12 and 24 in
the relationship between the gut microbiome and the building of the immune system [14].
This is demonstrated by the increased risk of the development of inflammatory autoimmune
disease where dysbiosis is caused by the use of antibiotics at a critical time in infancy. For
example, increased rates of immunologic disorders such as asthma and paediatric irritable
bowel disease are associated with antibiotic use in infancy [15].

Traditionally, the human gut has been assumed to be sterile at birth. However, recent
advances in PCR techniques as outlined above have found evidence of bacteria consistent with
the maternal gut microbiota in meconium. This is believed to have been transferred via the
maternal blood stream [16]. Further exposure is from diet and the surrounding environment,
including the birth canal. Indeed, even the mode of delivery at birth can confer lasting changes
on the developing microbiome, with those born via caesarean section found to have signifi-
cantly lower abundance and diversity of gut Bacteroides and Actinobacteria species in the first
3 months of life [17]. At age 12 and 24 months, the infant gut resembles that of the adult [18].
The gut microbiome is relatively stable until late in life and has the ability to restore itself [19].

Evidence supports reduced childhood morbidity and mortality not only during the period
of lactation but also beyond this period and into adulthood [20]. Facultative anaerobes create
an anaerobic environment where obligate anaerobic bacteria such as Bifidobacterium species
flourish. Bifidobacteria dominate the gut microbiota, and milk oligosaccharides are known to
stimulate their proliferation [16]. Along with lactobacilli they appear to maintain resistance
to pathogenic colonisation, in short acting as so-termed good bugs. Bifidobacteria are rarely
pathogenic and ferment bacteria to produce short-chain fatty acids (SCFA) [16].

SCFAs are thought to have many functions including important interactions with the
immune system. Two mechanisms of action for this relationship have been established to
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date, activation of G-protein-coupled receptors (GPR41 and GPR43) and inhibition of histone
deacetylase (HDAC) via leukocytes and endothelial cell lines. SCFAs also have a regulatory
role over leukocyte functions such as production of cytokines (TNF-a, IL-2, IL-6 and IL-10),
eicosanoids and chemokines. In addition, SCFAs also seem to impact the migratory ability of
leukocytes to travel to points of inflammation and to destroy microbial pathogens [21].

Intestinal epithelial cells are a key component of the symbiotic relationship between gut
microbiota and the host. They provide a physical and chemical barrier system to spatially
separate gut microbiota from the host immune system, preventing unnecessary immune
responses. Immunological mediators such as cytokines and chemokines are secreted from
intestinal epithelial cells which are in turn stimulated by gut microbiota-modulated host
immune responses, maintaining a well-balanced relationship between gut microbes and the
host immune system [22]. Gut microbiota also have a role in the maintenance of innate immu-
nity. For example, murein lipoprotein from selective gut-symbiotic Gram-negative bacteria
results in IgG targeting bacterial antigens for removal by phagocytes [23].

In addition, gut microbiota plays an important role in the development of both local and
remote adaptive immunities as demonstrated by the work with germ-free (GF) mice which
had significantly lower numbers of CD4+ cells. In other animal model research, the spleens and
mesenteric lymph nodes of GF animals were shown to have abnormalities such as absent lym-
phocyte zones. Th1/Th2 imbalances have also been demonstrated in GF animal models [24].

New techniques have allowed even specific bacterial species to be associated with the develop-
ment of particular T-cell subtypes. For example, Bacteroides fragilis is involved in the induction
of the development of a systemic Th1 response via its polysaccharide A (PSA) molecules [21].

There seems to be emerging evidence to suggest a significant relationship between the gut
microbiome and the respiratory microbiome proposing the existence of a ‘lung-gut axis’.
When depletion of gut microbiota is achieved in mouse models, the mice are prone to devel-
oping significant pneumonia, and when the gut microbiome is restored, the severity of pneu-
monia decreases [25]. Additionally, this relationship is strengthened by the observation that
acute changes in the gut microbiota can be achieved by stimulation of the lung with lipopoly-
saccharide [26]. These results indicate the potential for ‘cross-talk” between the gut and the
lung and introduce the concept of a ‘whole body microbiome’, dysregulation of which can
lead to disease in other organ systems.

As we can see, mostly from gut microbiome research trials, there is significant interplay
between the microbial communities in the gut and the immune system, both adaptive and
innate immune responses. The microbiome is established in a well-described manner but can
certainly be greatly influenced by diet, microbial exposures, and even mode of delivery at
birth. It is reasonable to expect the same interplay to be a feature of the respiratory microbi-
ome, but further work is needed to establish this relationship.

5. The microbiome in stable COPD

We have explored the current knowledge of the respiratory microbiome in health and the
role it plays in inflammatory processes; however, we will now discuss what is known about
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the role of the respiratory microbiome in relation to COPD. Haemophilus influenzae, Moraxella
catarrhalis and Streptococcus pneumoniae are known to be the most abundant colonisers in the
lungs of COPD patients [27]. Consequently, they are the most frequently isolated pathogens
in sputum samples and bronchoalveolar lavage in this patient group, both in health and dis-
ease. These microbes remain prominent across multiple studies of the COPD lung and are
implicated in driving multiple inflammatory pathways in the diseased lung [28, 29]. This
certainly has many profound clinical effects on patient groups with COPD. For example, a
recent study found that patients who were chronically colonised with H. influenzae were more
likely to have increased airway inflammation and decreased lung volumes when compared
with those not colonised [30].

In healthy lungs, spatial and temporal microbial diversity in the same lung is less than the
diversity seen between individuals and seems to be mostly a consequence of microbial elimi-
nation and immigration. The reverse is true in diseased lungs meaning there is wide variation
in microbial communities in a given patient’s lungs [31]. This is particularly true of COPD
lungs where very significant temporal and biogeographical variations in diversity and abun-
dance have been seen [32]. Microbial communities are felt to be drastically affected by local
growth conditions in disease Iung. The factors which can affect growth conditions are oxy-
gen tension, pH, relative number of immune cells present in a given area and even blood
perfusion. The microbiome has been linked to the clinical phenotype of COPD by one group
who concluded that greater emphysema and increased immune cell infiltration were found
in those COPD patients who showed decline in the diversity and richness of their respira-
tory microbiome [12]. Indeed more recently, correlation was shown between altered bacterial
communities as seen in COPD with CT-detectable structural changes in lungs of those COPD
patients [33].

Reactive oxygen species are postulated to drive the inflammatory processes which lead to
COPD through activated alveolar macrophages. Bacterial activation of certain NOD-like
receptors can upregulate the production of these reactive oxygen species in alveolar macro-
phages. Bacterial activation such as this is known to occur in the GI tract, and this potentially
implicates the GI microbiota in the development of COPD [34]. If gut microbiome can poten-
tially be implicated in driving respiratory inflammation, it is reasonable to wonder whether
the use of certain probiotic bacterial strains could help to reduced lung-driven inflammatory
processed. One group has shown favourable outcomes with regard to this hypothesis and
has found that when alveolar macrophages phagocytose the well-known probiotic strains
Lactobacillus rhamnosus and Bifidobacterium breve, certain inflammatory pathways are sup-
pressed. In particular their use inhibits cigarette smoke-induced nuclear factor-kB activation
and the inflammation associated with this pathway [35].

6. The impact of the microbiome on infection and exacerbation

As we have discussed, there is an increasing wealth of evidence indicating the vital role that
the lung microbiome plays in chronic obstructive pulmonary disease (COPD); however, our
understanding of the exact role the lung microbiome plays in COPD exacerbation remains in
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its infancy. While our understanding of the microbiome in humans has vastly expanded in
recent years, there is still a significant dearth of certainty regarding the dynamics of the lung
microbiome and its role in disease aetiology. Ambiguity arises from the heterogeneous nature
of COPD coupled with the diversity and structure of the microbiome, the mediation of host
inflammatory response and additional external variables such as involvement of antibiotic
and steroid treatments and environmental factors.

Recent literature contributions have highlighted the central and crucial role of bacteria in
COPD exacerbations with evidence to suggest that during exacerbations there is a shift in
microbial diversity within the ecosystem. [36]. An increase in the relative abundance of
Proteobacteria and a decrease in Firmicutes compared to non-exacerbation samples have been
observed. Interestingly, there is an increase in Moraxella and Haemophilus populations dur-
ing exacerbations with a concurrent decrease in Streptococcus identified. These shifts in taxa
composition are in keeping with the findings of Wang et al. [37] who found an overall reduc-
tion in alpha diversity, the microbial diversity within a sample, during exacerbations when
compared with ‘stable” samples.

Network analysis has revealed potential interactions between bacterial operational taxonomic
units (OTUs). Microbial network examination has revealed that a few ‘hub” OTUs predomi-
nate which are highly connected with multiple other nodes of microbiota. Moreover, many of
the OTUs demonstrate both “coexistence’” and ‘co-exclusion” patterns between bacterial spe-
cies. Most OTUs have numerous negative connections with other members of the microbiota.
In particular, Haemophilus has a disproportionately large number of negative connections with
other OTUs [38]. Consequently, any significant increase in abundance of OTUs is associated
with a decrease in microbial alpha diversity. Conversely many OTUs demonstrate a strong
mutual cooperative relationship in tightly connected groups. Indeed, a ‘Like Will to Like’
relationship of enrichment promotion among organisms of different species in an ecosystem
has been well described for intestinal microbiota [39], whereby closely related phylotypes
display significantly increased abundances or co-occurrences when compared with those less
closely related species.

In the context of the lung microbiome, the keystone species is a topic that warrants further
exploration. This inchoate paradigm, which expounds the concept describing how minimal
fluctuations in the abundances of relatively few bacterial species may profoundly alter the
microbial community dynamic and potentially impact the human disease state [37]. For
example, Actinobacteria, a species whose abundance decreases during COPD exacerbations,
comprises a multitude of metabolically diverse organisms which produce secondary metabo-
lites, including those with antimicrobial activity [40]. Moreover, many Clostridia species are
known activators of anti-inflammatory T-regulatory cells [41].

Following on, it is possible that the overgrowth of certain OTUs may drive dysbiosis of the
respiratory tract through remodelling of the normal lung microbial ecosystem which could
elicit a host pro-inflammatory response [37]. Through dysbiosis of the lung microbiota,
pathogenic members of the genera Haemophilus and Moraxella can indirectly trigger exces-
sive production of chemokine ligand 8/interleukin 8 (CXCLS8/IL-8). This is due to pathogenic
Haemophilus and Moraxella members directly causing inflammation by exposing the host to
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lipopolysaccharides and other pathogen-associated molecular patterns [41]. This is coupled
with depletion of species that might in fact contribute to the maintenance of community and
host immune homeostasis and fight the negative effects of the above pathogenic species.

As a corollary, one potential biomarker for overall microbial lung population is sputum
CXCLS/IL-8, which is directly associated with microbiome community structure and diver-
sity. It has a prominent role in COPD [42] whereby it induces airway inflammation by recruit-
ing neutrophils and upregulating mucin genes, causing mucus production. As such, sputum
CXCIS8/IL-8 levels correlate well with COPD severity [43].

Given the heterogeneous nature of COPD, identification of various phenotypes has helped in
identifying the most suitable and specific treatment for exacerbations. The microbiome exac-
erbation phenotypes have been defined as bacterial, viral, eosinophilic, bacterial/viral combi-
nation, bacterial/eosinophilic combination or pauci-inflammatory [36]. There is a significant
difference in microbiome composition at both the phylum and genus levels between different
phenotypes but particularly between bacterial and eosinophilic exacerbations. Furthermore,
there is a significant decrease in the Proteobacteria/Firmicutes ratio in the eosinophilic subgroup,
compared to the other phenotypes, during exacerbations. This correlates with the hypothesis
that exacerbations involving bacteria and eosinophils reflect fundamental differences in their
immunopathogenesis, while virus-related exacerbations are often associated with both bacte-
rial infections and an increase of eosinophils [36]. Consequently, the presence or absence of
eosinophilic inflammation could therefore potentially be used as a biomarker for stratification
of the underlying associated microbiome and subsequent treatment strategies.

With regard to COPD exacerbation treatment strategies, it has become apparent that ‘stan-
dard-of-care’ therapy involving antibiotics and steroids has a significant effect on the phylo-
genetic composition of the community. Alterations in the abundance of individual taxa are
directly linked to the use of steroids and/or antibiotics. Indeed, the use of oral corticoste-
roids has been found to decrease microbial alpha diversity, with an enrichment of some taxa,
mainly Proteobacteria, and an increase in the Proteobacteria/Firmicutes ratio has been identified.
In contrast, a reversal of this trend, i.e. an increase in microbial alpha diversity and micro-
bial composition changes, has been observed when treatment of COPD exacerbation involves
antibiotics (with or without steroids) [37, 43]. Furthermore, this effect of antibiotic and steroid
treatment on the microbiome structure appears to be prolonged, emphasising the importance
of patient phenotype stratification.

7. A functional analysis of COPD airway microbiome

A recently developed bioinformatics tool, PICRUSt [41, 44], has enabled researchers to explore
the predicted functional capacity of the microbiota involved in the changes observed dur-
ing exacerbation and response to treatment. Hitherto, high-resolution metagenomic profiling
has been almost prohibitively expensive and intensive computationally. PICRUSt can predict
the presence and relative abundance of gene families within the microbiome. This predic-
tion is based on 165 rRNA data and can be used at any time point or, in this case, during an
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exacerbation. The intention is to identify and characterise variations in microbiome differ-
ential associated with features of exacerbations. Predicted functions that are enriched dur-
ing exacerbation include pathways involved in apoptosis, p53 signalling, along with those
involved in bacterial and viral infection, e.g. Influenza A virus and Staphylococcus aureus. On
the other hand, depleted predicted functions include those pathways involved in the response
to viral infection, e.g. RIG-I-like receptor signalling. Other known pathways depleted during
COPD exacerbation include those involved in the production of betalain and indole alka-
loid —known for their antimicrobial properties—and those involved in flavonoid and steroid
biosynthesis, known anti-inflammatory mediators [41]. In keeping with this hypothesis, a
reversal of the above compositional shifts in the microbiome can be observed during treat-
ment and indeed may play a role in the recovery from exacerbation.

Observations suggest that while variation between test subjects in microbial community
dynamics at exacerbation is seen, the compositional shifts overall for a particular microbiome
are not very large. These finding suggests that exacerbations of COPD could result from the
cumulative effects of many small-scale changes in the community composition. Hence, these
functional predictions may describe not only an increase in pathogen-elicited inflammation
but also the loss of crucial protective functions in the microbiome.

8. Conclusions and areas for future research

Throughout this chapter, we have outlined the relatively new field of microbiome analysis
in respiratory disease. The lungs were once thought to be sterile, and since this presumption
was first over-turned in 2009, there has been a veritable explosion in the wealth of knowledge
surrounding the topic. We are now beginning to understand the vital role which the micro-
biome plays in the development and propagation of many major respiratory diseases. This
increased knowledge has been made possible by significant advances in culture-independent
sequencing methods which we have outlined. As these intricate systems continue to develop
and improve, our ability to analyse microbial samples will continue to strengthen with these
techniques becoming more and more widespread and accessible.

Much is known about the gut microbiome, with respiratory microbiome research also on
the increase. We have outlined some emerging evidence to suggest interplay between these
two large micro-systems, and the hypothesis that they can mutually influence each other in
health and disease is a fascinating concept. Certainly, more work needs to be done in this area
through observational human research, as most of the literature involves animal models.

We now are in the position to not only name the components of a given microbiome but also
to analyse their functions through next-generation metagenomics sequencing. It is not enough
to know that the microbiome of the lung is altered in COPD; we must follow on to assess the
function of these different bacteria and viruses in causing or preventing disease. If we can
manage to do this in a meaningful and reproducible way for certain diseases such as asthma
and COPD, then it is reasonable to assume that we can develop novel therapeutic targets for
these chronic disease states which may alleviate the treatment burden for our patients.
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Abstract

Mild cognitive impairment (MCI), also known as incipient dementia, is characterized
by the decline of cognitive function greater than expected for a certain age and educa-
tional level of the individual but not severe enough to interfere with their daily activi-
ties. However, this mild cognitive impairment affects several areas: visuospatial, memory,
attention and fluency and it is a significant concern because it decreases the quality of
life and treatment adherence of these patients. On the other hand, evidence suggests that
individuals with Chronic obstructive pulmonary disease (COPD) also present an impor-
tant risk of falls: 46% of these patients experience a fall/year, sometimes with fatal conse-
quences. Standard clinical balance measures can predict the risk of falls in this population.
Moreover, increased inflammatory biomarkers are associated with the decrease of cogni-
tive functions and a higher risk of falls in this population. Patients with COPD have a
higher balance and cognitive impairment than their healthy peers Therefore, it is impor-
tant to identify, assess and understand the relevance of these comorbidities in order to
characterize the full clinical spectrum of COPD and adjust prevention strategies, given the
devastating consequences of these problems.

Keywords: balance, falls, dementia, cognition, COPD

1. Introduction

COPD is recognized as a disease with many systemic components [1]. Among them, the
neuro-psychical component (anxiety/depression), has already been recognized. Besides
this, in the last decade, research has been initiated on the neuromorphological substrate to
explain whether certain manifestations such as cognition alteration, the occurrence of balance
disorders, etc. could also be due to the impact of COPD, or would only be manifestations
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related to age and/or other comorbidities. This paper presents an overview of the state of
knowledge in this last field.

1.1. Summary

¢ Cognition — domain and modulating factors.

¢ Balance disorders: nosology, prevalence, clinical consequences.

¢ COPD: fundamental pathophysiological mechanisms susceptible to alter cerebral function.
* Clinical consequences of affected cognition; measure methods.

* Therapeutic implications; preventive strategies.

2. Cognition: domain and modulating factors

There are multiple classifications of cognition, of which that proposed by Dal Negro seems
the most appropriate for the purpose of this chapter. According to that, its domains and sub-
domains are: (a) executional function with the subdomains: attention, problem solving, plan-
ning and reasoning; (b) language, with the subdomains: comprehension and verbal fluency;
(c) memory, with the subdomains: memory-based tagging and work memory; (d) praxis, with
the subdomains: motor-ideative, ideative and visual constructive [2].

The distinction between any cognitive impairment and mild cognitive impairment (MCI)
should be clarified. The latter refers to a brain function syndrome involving the onset and
evolution of cognitive impairments other than those age and education related, but that are
not significant enough to interfere with daily activities [3]. To date (2017), one of the most
comprehensive meta-analyses that have specifically investigated prevalence MCI in the con-
text of COPD, included 23,116 people with COPD, and showed MCI prevalence of 25%, rais-
ing up to 32% if any cognitive impairment is assessed [4].

Compared to the prevalence of MCl in the general population, which is in the range of 10-20%
in older adults, a rate of 25-32% present in patients with COPD is more than worrying [5].

But equally important is the relationship between the various cognitive domains affected in
COPD patients and the disease itself. This is because the prevalence of impairment varies
among the different cognitive domains. What is more, the psychometric profile impairment
would be associated with the variable components of COPD such as hypoxemia, hypercap-
nia, lung function, exacerbations or disease severity.

Although one cannot speak about a specific profile encountered in “pure” COPD, that is, the
one without comorbidities, the most frequently affected subdomains are attention, naming,
visuospatial, memory, motor and executive function and mood decrements (fear and antino-
ciception) [6-10].
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We must be aware that COPD severity (hypoxemia/hypercapnia, pulmonary obstruction and
exacerbations), factors typically present (age and smoking) as well as various combinations
(comorbidities, education level, physical activity, nutritional status, etc.) make up in a com-
plex mosaic. Assigning cognition alterations to the underlying disease (COPD), implies for
this reason, an extremely laborious and unlikely effort to distinguish among these factors.
An example, in a prospective study of 62 patients with COPD, it was possible to see how
cognitive impairment varied depending on the stage of the disease: exacerbation, at discharge
or when the stable phase was reached; unlike other studies, this research followed the same
patient at all 3 different stages of his disease. Cognitive assessment was measured by Montreal
cognitive assessment (MoCA) test. From exacerbation to stable COPD, all the clinical variables
improved step-by-step: visual-constructional, attention, language, abstraction, delayed recall
and orientation (from exacerbation to discharge), visual-constructional and naming (from
discharge to stable phase) and taken as a whole, from exacerbation to stable COPD: naming,
attention, language, abstraction and delayed recall [11].

Thus, differences in studies such as (a) various study designs and methodological limita-
tions: lack of clinical assessment of airflow impairment, severity of COPD, heterogeneity of
assessment moment (stable phase, exacerbation and long-term oxygen therapy [LTOT]), small
sample size, lack of appropriate referent group, diagnostic criteria for cognitive impairment
(psychometric tools and neuroimaging), (b) the use of different definition, (c) lack confounder
adjustment procedures: comorbidities, age, active smokers, level of education, etc., may
explain the wide range of prevalence rates of cognitive impairment in COPD from 5.5% up to
77% [12, 13].

2.1. Balance disorders: nosology, prevalence, clinical consequences

Chronic illnesses in general as the disease progresses develop debilitating features, and
COPD is no exception. Age and other features may include lower limb muscle weakness,
overall fatigue, dizziness, different functional impairment, body imbalance and others [14].

Among them we will refer to balance impairment, which can lead to the loss of coordination
and implicitly to falls.

Involuntary falls are incidents that can occur at any age, more frequently in the elderly, with
possible devastating consequences. Individuals aged over 65 would experience at least one
fall per year [15]. In a prospective study, the incidence of falls was more than four times higher
in patients with COPD, than in healthy individuals with respect to gender and age [16].

Due to comorbidities, elderly patients are often polymedicated: anxiolytics/sedatives, anti-
hypertensives, corticosteroids, etc., medications that can be responsible for balance distur-
bances. According to a research conducted by Roig, the use of corticosteroid therapy in COPD
population has been estimated to be ~61.5% for inhaled and ~8.3% for oral corticosteroids
[17]. Corticosteroid therapy interferes with the production of contractile proteins (increase
intracellular proteolysis) resulting in muscle weakness conducing to falls. Thus, in order to
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relate falls to COPD we must exclude other confounders: polypharmacy, decreased vision,
impaired mobility (arthrosis) and multiple other comorbidities.

Two other factors, such as sedentary life style and systemic inflammation, should not be neglected
either: the former is almost constantly encountered and the latter in about 30% of cases [18].

Severe COPD stages as well as exacerbations are accompanied by an increased risk of falls [19].

Dispnoea, muscle mass loss (especially in the thighs) and decreased exercise endurance will
reduce the ability of COPD patients to perform daily activities and limit their exercise toler-
ance, creating a downward spiral that will lead to generalized immobility [20].

Difficulties in achieving day-to-day activities and related instrumental activities contribute
to a reduced quality of life, but in the event of falls, devastating effects may arise on global
function and even on life expectancy. Except for a major physical trauma event, the disorder
is resulting in loss of functional independence and social interaction.

Several studies have shown that the history of falls in the previous year is predictive of relapse [21].

Repeated falls will lead to insecurity, fear and lack of confidence in performing daily domestic
activities. In a recent study, that included 93 patients with COPD, 32% had a degree of body
balance impairment during the performance of dynamic activities, compared to 5% in the
control group (p =.0005) [22].

Fear and lack of confidence in performing everyday domestic activities will develop a chronic
status of loss of movement autonomy which can lead to muscle deconditioning, higher global
fatigue and greater loss of body balance. As a consequence, the adherence to treatment will
decrease, especially to rehabilitation programs [19].

The most common used tests are: the Berg Balance Scale (BBS), Falls Efficacy Scale-
International (FES-I), Timed Up and Go (TUG), single-leg stance test (SLS) and activities bal-
ance confidence (ABC).

Studies that tried to ascertain whether there is a correlation between COPD phenotypes
and nutritional status have generated contradictory results. Some of them have found that
the cachectic/emphysematous phenotype would be more prone to falls, considering that
loss of skeletal muscle and weakness would be the main cause [23]. Others, by contrast,
mention that the bronchitis/obese phenotype would have a higher risk of falls, due to
the fact that the obese patients would record the intensity of fear more than the cachectic
phenotype [24].

The overall conclusion is that patients with COPD have greater balance impairment than their

healthy peers.

2.2. COPD: fundamental pathophysiological mechanisms susceptible to alter cerebral
function

Cognitive impairment is multifactorial, but a history of cigarette smoking, aging and educa-
tional level are recognized as major determinants [25, 26]. The origin of the cerebral dysfunction
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in patients with COPD is still unknown, assuming the interference of several pathological
relays: hypoxemia, oxidative stress, systemic inflammation, smoking, comorbidities, vascular-
mediated brain pathology, neurotransmitter metabolism in the central nervous system (CNS),
a decrease in physical functioning, genetic and epigenetic factors.

Hypoxia. In 1919, Haldane had a deep insight: “partial anoxia means not an appreciable slowing
of life, but progressive, and perhaps irreparable damage to human structure.” This “irreparable
damage to human structure” can also include brain damage [27]. After half a century, Krop and
colleagues observed the neuropsychological benefits of continuous oxygen therapy in COPD [28].
However, the first major randomized clinical trial (Nocturnal Oxygen Therapy Trials - NOTT),
appeared in 1980, when the effects of continuous or nocturnal oxygen therapy on hypoxemic
in COPD were investigated [29]. After the re-examination of the NOTT, it was possible to see
that 42% of patients with COPD had moderate-to-severe cognitive impairment compared to 14%
among controls [30]. In a follow-up of the NOTT cohort, it was observed that the neuropsycho-
logical deficit parallels the degree of hypoxia: 27% of those with mild hypoxemia to 62% in those
with severe hypoxemia [31].

It is worthwhile discussing the mechanisms of response of the brain to hypoxemia. There is
a very interesting mechanism for counteracting cerebral hypoxemia, the so-called cerebro-
vascular oxygen reactivity, which ensures blood flow up to 200% in the conditions of oxygen
desaturation produced by chronic hypoxemia, nocturnal or exercise induced. For this reason,
cerebral blood flow is much higher in hypoxemic than in non-hypoxemic COPD patients and
even healthy controls [32, 33]. The same mechanism also explains that during rapid eye move-
ment (REM) sleep, which accounts for about 13% of total sleep time in COPD patients, there is
no cerebral hypoxemia. Surprisingly, during nonrapid eye movement (NREM) sleep, it is not
known why, cerebrovascular oxygen reactivity is missing [34].

Nocturnal desaturation events are commonly met in 38-70% non-hypoxemic COPD patients
[35]. Under these conditions, when the cerebrovascular oxygen reactivity mechanism is inop-
erative, the effect of night-time desaturation should injure the central nervous system (CNS).
This was also the goal of a study of 115 non-hypoxemic COPD patients grades 2 and 3, with-
out sleep apnoea, to which it was dosed a serum surrogate marker, namely S100B (a calcium
binding protein produced in brain damage), and at the same time neuromuscular function via
motor cortex activation and excitability and maximal voluntary quadriceps strength measure-
ment was assessed. Absence of cerebrovascular reactivity would be the mechanism leading to
brain injury formation during NREM sleep desaturations, which was found in approximately
50% of non-hypoxemic COPD patients [36].

The effort in daily activities would be likely to cause brain damage in severe COPD
hypoxemic patients; emphasizing desaturations, inducing increase of frontal lobes choline
(which is a reliable marker of myelin destruction with alteration of neuronal membrane
turnover) corresponding to white matter hyperintensities on magnetic resonance imaging
(MRI) [7].

In a study that enrolled younger patients (4565 years) with COPD, low baseline oxygen satura-
tion (<88%) was strongly related to cognitive impairment (adjusted OR = 5.45). But what is more
relevant is that in the same study, regular use of supplemental oxygen therapy in home setting
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decreased the risk for cognitive impairment (OR = 0.14; P < 0.0001) [37]. It is a recognized fact
that long-term oxygen therapy (LTOT) is able to protect significantly (p < 0.022) the cognitive
functions from COPD-induced deterioration. Another fact is that the patients with mild cogni-
tive impairment COPD induced are unaware of the risk that involves repetitive desaturations
to produce conversion from mild cognitive impairment to dementia, if nothing is done with
LTOT [38, 39].

Therefore, continuous or even intermittent hypoxia (efforts, daily activities and sleep) may
cause changes in brain perfusion, transient deficits in neurotransmitter metabolism in the
central nervous system with changes in brain neurochemistry and structure [7, 36, 40-42].

Although hypoxia is per se a damaging factor, it mostly acts in an additive manner in the
development of structural abnormalities in the brain [43].

Chronic systemic inflammation. Inflammation as a driving force to the central pathology of
the disease, in very recent years has been subjected to doubts and contestations [44]. Even in
the definition of COPD, GOLD 2017 no longer mentions the contribution of chronic inflam-
mation to the pathophysiological process [1].

However, patients with COPD, particularly when the disease is severe and during exacerba-
tions have evidence of systemic inflammation: increased circulating cytokine, chemokine, and
acute-phase protein levels or abnormalities in circulating cells. These mediators are derived
from inflammatory and structural cells in the lung and interact with each other in a complex
manner. Similar mediators that are found in the lungs of patients with COPD might also be
increased in the circulation, presumed reached here through translocation or “spill-over”;
this chronic low-grade systemic inflammation could underlie and potentiate comorbidities
(muscle wasting/cachexia, cardiovascular diseases, osteoporosis, etc.) including central ner-
vous system impairment [45, 46]. The chronic inflammatory status may contribute to vessel
wall changes (endothelial dysfunction, stiffening of arteries and arterioles and impaired vas-
cular reactivity) and may also have neurotoxic effects: synaptic dysfunction and neural cell
apoptosis [46-49].

The inflammed endothelium overexpresses surface adhesion molecules, such as vascular cell
adhesion molecule-1 (VCAM-1), facilitating the adherence of white blood cells to damaged
endothelial surfaces. Interleukin 6 (IL-6) can stimulate the release of acute-phase proteins by
hepatocytes, including C-reactive protein (CRP), serum amyloid A, fibrinogen and procoagu-
lant factors, which further promote or amplify the inflammatory process [50]. Moreover, CRP
fosters the uptake of low-density lipoproteins (LDL) by macrophages, which contribute to the
increased prevalence of arterial plaques containing a lipid core in patients with COPD [51].
Accelerated atherogenesis and impaired endothelial function, caused by a vascular inflamma-
tion status is assumed to lead to microvascular dysfunction and cerebral small vessel disease
(microbleeds and lacunar infarcts) having as a consequence cognitive and functional impair-
ment [52].

On the other hand, COPD is frequently associated with cardiovascular diseases, obesity or
metabolic syndrome, the contribution of comorbidities into the systemic elevation of IL-6
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levels is difficult to disentangle. Some authors described an inflammatory-prone COPD
phenotype, patients with an increased risk of exacerbations (OR = 3.7) and simultaneously
more severe cardiovascular and cerebral abnormalities [53, 54].

Acute exacerbations of COPD. These patients had significantly poorer cognitive function
compared with control participants 3 months after discharge from hospital [55]. During a
severe exacerbation, in the context of hypoxemia, paroxysmal inflammation (increased plate-
let activity and coagulation) and a pre-existing endothelial dysfunction, plaque rupture can
occur and consequences will be coronary obstruction and stroke. However, other studies have
shown that cognitive impairment during the exacerbation period recovers during periods of
stability [56].

Smoking. Smoking has pleiotropic disastrous effects: promotes atherosclerosis (endo-
thelial changes), direct effect of neurotoxicity (heavy metal, nicotine and constituents of
smoke), exacerbates hypoxia brain due to chronically elevated carbon monoxide causing
a left shift of the oxyhaemoglobin dissociation curve, deteriorates lung function, favors
the development of comorbidities which have a negative effect on cognitive processes.
Chronic smoking is also involved in the production of pathogenic changes (decrease in
the gray matter density) in areas where Alzheimer’s disease develops (inferior parietal
lobule and precuneus). Moreover, its deleterious action can continue even after smoking
cessation [57-59].

Comorbidities. It is a recognized fact that general morbidity and the burden of disease
increases with both age and cumulative pathology, and COPD is no exception.

In a study of 52 stable non-hypoxic COPD patients, Ersel Dag et al., found that subjects with
better functional capacity and lower comorbidity had better cognitive function; according to
this study, the MoCA would be superior to Mini Mental Status Examination (MMSE) in detect-
ing cognitive decline [60]. A higher Charlson Comorbidity Index and a reduced functional
level have induced cognitive decline; this is also the conclusion of another similar study with
1 year follow-up of patients with COPD, which at baseline hospitalization lacked cognitive
impairment [61]. Cleutjens et al. in a cross-sectional observational study on 90 stable COPD
patients compared to 90 matched non-COPD controls, analyzed general cognitive impairment
and domain-specific cognitive impairment using a complex battery of 6 psychometric tests,
after correction for comorbidities using multivariate linear and logistic regression models. They
found a prevalence rate of 56.7% for general cognitive impairment, which meant four times
higher compared to matched non-COPD controls. The most prevalent affected domains were
planning and cognitive flexibility, where abnormal planning was observed in 16.7% of patients
without comorbidities but in none of the controls without comorbidities, and abnormal cogni-
tive flexibility was observed in 44.4 and 11.6% of patients and controls without comorbidities,
respectively [9].

Diseases accompanied by hypoxemia and vascular damage (coronary heart disease, cardiac
failure, hypertension and stroke) have a proven risk of developing neural damage that is
amplified if active smoking is also associated [4].
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Another comorbidity present in over 20% of COPD cases is Obstructive Sleep Apnoea
Syndrome (OSAS), a disease that underlies many common pathological pathways.
Through recurrent hypoxia, moderate-severe forms of OSAS are able to affect cogni-
tive performance, especially by focusing on attention, complex thinking, learning and
memory [62, 63].

Depression and anxiety are among the most common comorbidities of COPD, reaching over
70% in oxygen-dependent cases, and much more important is that onset of depression was
predictive of cognitive decline among COPD patients [64].

COPD was associated with baseline and incident disability which progresses over time and
cognitive impairment was found to have an additive effect on this disability [64-66].

Therefore, cognitive comorbidities may contribute to a substantial burden of COPD-related
morbidity, especially by impairing quality of life, reducing physical activity, reducing adher-
ence to treatment and increasing the frequency of hospital admission.

Oxidative stress. An increase in the level of reactive oxygen species (oxygen ions, free radicals
and peroxides) leads to oxidative stress, which would alter the neuronal signals that produce
neuro-inflammation with neuro-degeneration and implicitly with cognitive impairment [67].
The most important triggers for the development of oxidative stress in patients with COPD
are cigarette smoke and systemic inflammation.

Other possible mechanisms. In a highly laborious study in 55 patients with moderate-severe
COPD in stable period were determined: (i) cognitive ability (through a battery of 6 psycho-
metric tests), (ii) structural brain abnormalities using 3T MRI to seek signs of small vessels
disease (white matter hyperintensities, lacunes, cerebral microbleeds and enlarged perivas-
cular spaces) and (iii) hippocampal volume as an area involved in memory process. The 55
patients were divided into 2 subgroups, cognitively high (25 patients) and low-performing
(30 patients), having comparable demographics, clinical characteristics and comorbidities. No
structural changes were found between COPD patients with low or high cognitive perfor-
mance, demonstrating that small vessels disease would not represent a pathological pathway
[68]. On the contrary, other authors provided evidence of significant white and gray matter
abnormalities associated with cognitive dysfunction in patients with COPD without arterial
hypoxemia or hypercapnia. Given the paucity in current evidence, more research is needed
to evaluate the impact of cerebral small vessel disease on stroke and cognitive functioning in
patients with COPD [69, 70].

Mitochondria are the intracellular organelles that provide aerobic respiration and cellular
energy. As a result, mitochondrial diseases have as expression and localization the most
oxygen-consuming tissues: skeletal muscles, central nervous system and heart. Depending
on the load of mutant mitochondrial genomes, neurological expression ranges from mild
cognitive impairment to dementia, or epilepsy, stroke-like episodes, ataxia, etc. In COPD,
there are approximately 20% of cachexia cases in which a mitochondrial component might
be involved [71, 72].
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Figure 1. Potential mechanisms contributing to brain dysfunction and/or damage in elderly subjects with COPD. HDAC:
histone deacetylase, MMP9: matrix metalloproteinase 9, IL-6: interleukin 6, CRP: C-reactive protein, TNF-a: tumor
necrosis factor, VCAM-1: vascular cell adhesion molecule-1.

Many factors, generated by, or interconnected with COPD, could contribute to brain dysfunc-
tion and/or damage (Figure 1).

2.3. Clinical consequences of an affected cognition; measure methods

In order to diagnose MCI, besides the clinical and anamnestic examination, psychometric
tests as well as neurochemistry and neuroimaging assessment are available.

Torres-Sanchez et al.,, in their meta-analysis listed more than 40 psychometric tests that
were used [73]. The most used psychometric questionnaires are: the Mini Mental Status
Examination (MMSE), the Clock Drawing test, the Trail Making test (TMT) A, the TMT B,
Memory Impairment Screen (MIS); Montreal Cognitive Assessment test (MoCA) [74]. It is
advisable to use a battery of tests, not a single one, to improve the result accuracy [75, 76].

Neuroimaging studies showed there are significantly lowered gray matter volumes in
several brain regions as hippocamp [7], limbic and paralimbic structures [77], precuneus,
bilateral calcarine, right superior temporal gyrus/middle temporal gyrus, bilateral fusiform,
right inferior parietal lobule [78], cingulate and amygdala [8], dorsolateral prefrontal cor-
tex [77] etc., evidenced by different neuroimaging techniques based on magnetic resonance
imaging (MRI). Performance accuracy has increased by introducing voxel-based morphom-
etry analysis also based on MRI. Using this technique, it was possible to show for the first
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time gray matter volume alterations in stable COPD patients, even to those with subclinical
cognitive impairment [79].

Passing over the slight contradictions or discrepancies between the results offered by these
and other neuroimaging studies, what is common is heterogeneity and broad distribution of
the lesions. Another important finding of neuroimaging studies is inferior parietal lobule and
precuneus that are two regions altered also in COPD and Alzheimer disease.

Chronic airway involvement can be perceived as a strong aging factor leading to an early
deterioration of cognition with a 10-15 years advanced age [2]. In a study on 301 stable mod-
erate-severe COPD patients conducted by Schure et al. showed that cognitive functioning
(especially, psychomotor speed and executive control) present in approximately 30% of cases
would be associated with greater disease severity and poorer physical functioning (as mea-
sured by the six-minute walk test, total steps per day and grip strength). And these results are
more relevant as patients were “healthier” COPD, namely the patients without comorbidities
known underlying inflammation (Charlson Index = 0.9-1.2) [80].

Due to the non-homogeneous distribution on the brain mapping, patients will experience var-
ious and multiple disorders, most of which are reflected by difficulties in naming, memory,
visuospatial, executive function and mood decrements.

COPD-related dyspnoea is a strong driver to anxiety, panic or/and depression and reduced
quality of life. But, development of a secondary cognitive impairment component may con-
tribute to increased behavioral disturbances; these may distress much more the family care-
givers which need to cope with behavioral changes.

In a study on 88 patients with COPD, Turan et al. showed a positive correlation between declin-
ing of cognitive function, assessed by MMSE questionnaire, and suboptimal inhalation adher-
ence, increasing hospitalizations and emergency visits [81]. In another study of 265 patients
with COPD, adherence was measured using a tool incorporating sophisticated electronic
devices to mark time and correctness of the technique; adherence over the study was 22.9% of
what would be expected if all the doses had been taken correctly and on time, but more impor-
tant adherence was negatively influenced by impairment in cognitive function [82].

According to statistics, 41% of patients with stable COPD who undergo rehabilitation would
suffer from any cognitive impairment. Inclusion and completion of a pulmonary rehabilitation
program is however affected by the presence of cognitive impairment, the drop-out number
being higher in those with cognitive impairment. However, the comparison of the different
parameters (functional status, health status and psychological well-being) to the patients able
to complete the program does not differ between cognitive impairment patients and those
with no cognitive impairment, this being an argument that patients suffering from cognitive
impairment can benefit from the programs rehabilitation [83]. Do not forget to investigate
factors related to balance changes in patients with COPD. Although the risk of falls may seem
less important than the consequences of COPD itself, falls are associated with increased mor-
tality, reduced independence, poorer quality of life and lower level of physical activity.
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Depression and anxiety are found in high proportions (30-70%) and identifying the coping styles
in patients with COPD represent an important aspect of the individualized treatment of the
patient, because the coping style can be both adaptive, implying the stress reduction and maladap-
tive, situation in which the maintenance and the amplification of the current symptomatology are
present or can determine the appearance of some new symptomatic elements and behaviors [84].

The fact that cognitive impairment would occur at younger age [2], would cross a subclinical
period [79] and would present at least 30% of cases [80], all of which signals us that cognitive
impairment may be an early indicator of emerging risk of frailty and poor overall mental
functioning among COPD patients.

Cognitive impairment has also been reported to worsen over time due to both the aggravation
of COPD and the increase in burden represented by the progression and/or complications
of comorbidities [85]. Chang et al. reported that the co-occurrence of COPD and cognitive
impairment in a 3-year prospective study was associated with increased rate of disability,
hospital admission and mortality [86].

3. Therapeutic implications; preventive strategies

How to deal with a COPD patient who might be suffering from cognitive impairment? Based
on growing evidence in recent years, it is reasonable that cognitive assessment in subjects suf-
fering from chronic obstructive disease should enter the routine of diagnostic procedures to
grade the overall impact of patients’ respiratory condition. Multiple areas of cognition being
altered in varying degrees, may explain a poor awareness of the disease and may compromise
the individual’s ability to manage his or her own care and adherence to treatment. The clini-
cian, who observes signs of forgetfulness, disorientation or balance trouble and/or even poor
adherence to medical treatment, should prompt to conduct further assessments using screen-
ing tools (e.g. MMSE score).

Addressing comorbidities. The number of comorbidities increases with age progression.
Specific attention must be focused on so-called cognitive comorbidities. They relate in partic-
ular to cardiovascular diseases, cerebrovascular diseases, diabetes mellitus and OSAS. These
should be treated according to current guidelines.

Pulmonary rehabilitation. Balance training and fall prevention strategies are not included in
international guidelines for PR, and very few programs include standardized balance assess-
ment. Although exercise can improve balance and decrease fall risk in older adults, interven-
tions that include exercise to challenge balance have greater effects on fall risk and balance.
Physical exercise training involving balance, strength training, movement speed and coordi-
nation has improved balance and frailty markers in multiple randomized and nonrandom-
ized studies [87, 88]. Past cross-sectional research has provided support for the hypothesis
that greater levels of aerobic fitness may be associated with a lessening of the normal age-
related declines in cognitive functioning [89, 90]. It is conceivable that improvements in
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cognitive functions such as executive function might help to improve self-management skills
and potentially assist in sustaining the other substantial benefits of pulmonary rehabilitation.

Cognitive training. Given the increased prevalence of cognitive impairment in COPD and
potentially devastating effects, a structured assessment of cognitive function should be imple-
mented as a routine component of the evaluation of COPD patients. Those identified with a
screening tool as possibly having MCI should be referred for further assessment to a psychia-
trist. Identifying the coping styles in patients with COPD represents an important aspect of
the individualized treatment of the patient. Interventions aiming at enhancing the problem-
or emotion-focused coping may improve COPD prognosis [91].

Oxygen therapy: to whom? when? There is debate whether screening for cognitive impair-
ment should be routinely applied. From the point of view of the hypoxemia approach, the
answer to this debate will have to consider the evidence: (1) one in four people with COPD
have cognitive impairment and over time, cognitive decline will deepen (risking an evolution
toward multi-infarct dementia or Alzheimer disease) [92-94]. (2) It is now recognized that not
only continuous, but also intermittent hypoxia (efforts, daily activities and sleep) can by rep-
etition cause changes in brain neurochemistry and structure [7, 36]. (3) Cognitive impairment
goes along with the severity of COPD, age and type/number of cognitive comorbidities. (4)
Regular use of supplemental oxygen therapy has been shown to decrease the risk for cogni-
tive impairment in patients with COPD [37, 38, 95].

Therefore, even the detection of intermittent desaturation (effort, daily activity and sleep),
will have to lead to establishing earlier oxygen supplementation in order to prevent irrevers-
ible brain damage.

4. Conclusions

At least 40% of COPD patients present irreversible neuronal damage or dysfunction that is
separate from other comorbidities. That is why cognitive impairment has to be listed in the
first line of extrathoracic manifestations. Not identifying cognitive impairment we miss the
fact that this condition may be a precursor to develop dementia in about a third of cases, or
even higher in the context of COPD associated with other comorbidities. Cognitive impair-
ment has been shown to increase the risk of hospitalization, disability and death. Hypoxemia
is a serious problem that, even under the conditions of intermittent occurrence, should be
sanctioned as early as possible by establishing LTOT. Besides oxygen therapy, the most effec-
tive therapeutic actions and strategies to these particular populations include: addressing
comorbidities, pulmonary rehabilitation and cognitive training.
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Abstract

Smoking cessation is essential for COPD patients. It mitigates the progression of the disease
and the loss of ventilatory capacity, thus improving the overall prognosis. Overall mortality
can be reduced effectively including mortality from respiratory diseases as well as lung can-
cer and cardiovascular diseases. Its main goal must be to initiate tobacco cessation as early
as possible after diagnosing COPD so as to enable the patient to influence the course of this
disease in the most effective way possible. Depending on the degree of tobacco addiction,
the application of behavioural therapy combined with pharmaceutical support has shown
to be the most reliable therapy with highest long-term abstinence rates. Particular consid-
eration is needed for patients with psychiatric comorbidity mainly represented by depres-
sion. The setting of tobacco cessation measures in outpatient clinics or practices embedded
in long-term therapy of the underlying respiratory disease appears to be crucial for long-
time abstinence.

Keywords: smoking cessation, behavioural therapy, nicotine replacement, varenicline,
bupropione, abstinence rates, e-cigarette

1. Introduction

In continuous long-term smokers, the exposition of the bronchial mucosa to the toxic compo-
nents of cigarette smoke results in a progressive inflammatory process with the consequence
of functional and structural destruction of the airways. Thus, the ventilatory capacity in
terms of respiratory volumes FEV1 and VC is reduced and hyperinflation/development of
emphysema is increased in accelerated speed and patients face respiratory failure with step-
wise progression of the disease [1-3]. After progression of lung function loss, gas exchange
for oxygen and carbon dioxide is compromised resulting in hypoxaemia and hypercapnia.
The patient’s exercise ability is reduced to a minimum bringing him into the position that
he needs help in even basic daily activities. Pharmaceutical therapy to relieve—mostly

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN



90 COPD - An Update in Pathogenesis and Clinical Management

inhalation therapy—will not be a sufficient intervention and long-term oxygen therapy,
nocturnal ventilation therapy, volume reduction measures up to lung transplantation may
be considered. In addition as a consequence of the mucosa destruction, the bronchial sys-
tem progressively loses the ability of mucociliary clearance resulting in higher deposition
rates of the toxic components of smoke, thus enabling these substances to act carcinogenic.
Consequently, continuous smokers with COPD show higher lung cancer rates compared to
non-COPD individuals [4-6]. Smoking cessation, thus, must be the first measure to be taken
in the treatment of COPD patients at the earliest possible time. Yet, in spite of this knowledge,
a great proportion continues smoking due to various barriers among which the high degree
of addiction is to be mentioned in the first place. Moreover, physicians sometimes consider
smoking cessation therapy as addiction therapy as not their business or state that the major-
ity of and former smokers had stopped on their own and by pure willpower [7], or out of sec-
tion non-predictable “catastrophic” decision [8], thus neglecting the urgent need to stop the
toxic smoke exposition of the bronchi as early as possible. The earlier tobacco consumption is
stopped, the less the disease will develop and compromise the patient’s prognosis.

2. Evidence and rationale of smoking cessation in COPD patients

Smoking is the main cause of COPD. Close to 90% of patients with COPD have a continuous
smoking history. One of three continuous smokers develops COPD disease [9-12].

Susceptibility to smoke differs in gender and races. Women have a higher susceptibility to
smoke compared to men, the same applies to African-American people compared to Caucasians
[13-16].

Smoking and COPD represent a maximal risk for lung cancer. COPD increases the risk of
developing lung cancer possibly due to the loss of the clearing capacity of the mucociliary sys-
tem as a result of toxic impact of tobacco smoke. The underlying mechanisms of cellular and
molecular transformation and alteration are subjects of further research, whereas the close
relationship of the exceeding probability of lung cancer in COPD patients is clear [4, 17-21].

Smoking cessation allows increase of lung function in patients with COPD. A 1-year follow-
up after smoking cessation shows a limited increase in lung function in COPD patients [3].

Smoking cessation allows optimal preservation of remaining ventilatory capacity in patients
with COPD. Long-term observation of the course of lung function shows a lower year by year
decrease after smoking cessation compared to continuous smokers who failed to stop [3, 22].

Only smoking cessation effectively leads to longer survival in COPD patients by the preven-
tion of progression towards respiratory impairment and failure. One of the main results of the
lung health study is the evidence for longer survival in COPD patients after 14.5 years [23].

Smoking cessation allows the improvement of coughing, shortness of breath and bronchitis
within weeks. Within only 4 weeks, a marked decrease of coughing and bronchitis symptoms
as well as shortness of breath is observed after smoking cessation [24].
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3. Smoking cessation: motivation, methods and techniques

Smoking cessation as the main measure for treating COPD patients who still smoke is very well
established in guidelines on an international and national basis an in Cochrane Reviews [25, 26].

3.1. Motivational interviewing strategy

Motivational interviewing (MI) technique [27] is a fundamental tool for initial motivation.

Primary motivation towards tobacco cessation is essential to start patient’s action. Motivational
interviewing technique has showed to be most effective and time effective at this end. The
technique consists, in short, in interviewing the patient himself on his own attitudes towards
his smoking while respecting his autonomy. While doing so, the patient will produce his
main possible reasons in favour of smoking cessation like health concerns, financial issues,
aspects of beauty/concerns of premature ageing, being a good example for the children etc.
While explaining these reasons to the interviewer, the patient will influence his own tendency
to move towards cessation and thus increasing the level of his own motivation for action.

3.2. The 5A-strategy and the 5R-strategy

The therapists duty is to increase the patient’s understanding and motivation. Clinicians can
make a difference with even a minimal (less than 3 minutes) intervention. A relation exists
between the intensity of intervention and tobacco cessation outcome. Even when patients are not
willing to make a quit attempt at this time, clinician-delivered brief interventions enhance moti-
vation and increase the likelihood of future quit attempts [28]. Tobacco users are being primed
to consider quitting by a wide range of societal and environmental factors (e.g., public health
messages, policy changes, cessation marketing messages, family members). There is an evidence
that smokers who receive clinician advice and assistance with quitting report greater satisfac-
tion with their health care than those who do not [29, 30]. The goal of these strategies is clear:
to change clinical culture and practice patterns to ensure that every patient who uses tobacco is
identified. Several observations are relevant to this theme. Although many smokers are reluctant
to seek intensive treatments, they nevertheless can receive a brief intervention every time they
visit. The time limits on physicians as well as reimbursement restrictions, often limit providers
to brief interventions, although more intensive interventions would produce greater success.

The 5A technique (see Table 1) includes to “ask, advise, assess, assist, arrange...” [25].

Ask: at every single encounter, the patient is asked whether he is a smoker and how much
the consumption is.

Advise: smokers will be given the clear advice to stop smoking for health considerations.
Assess: the smoker's willingness to take action for smoking cessation is to be assessed.
Assist: in case of the smokers willingness to quit she/he shall be given assistance to do so.

Arrange: follow-up is to be arranged to support success.
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Ask At every single encounter, the patient is asked whether he is a smoker and how much the
consumption is. Patients who are most repeatedly will expect the question in subsequent meetings.
This by itself increases the ambivalence towards the individual smoking behaviour.

Advise Smokers will be given the clear advice to stop smoking for health considerations. The advice must
be clear without possible evasions as to the “if” and “when.” If this advice is not been given by the
physician, the patient will interpret it as active permission to continue smoking.

Assess The smoker's willingness to take action for smoking cessation is to be assessed. If there is a
substantial willingness to quit, the patient must be given a detailed possible instruction to proceed.
Often, the first hint may be the patient asking for more information on how to proceed. Detailed
information then shall be given in a neutral way respecting the patient’s autonomy regarding his
decision for the next step.

Assist In case of the smokers willingness to quit she/he shall be given assistance to do so. It is crucial that
any major delay for the realisation is avoided as with time the motivational state of the patient is at
risk.

Arrange Follow-up is to be arranged to support success. The main goal is to avoid the risk of relapse and if

relapse happens to help the patient to resume abstinence and stabilise it. Follow-up intervals must
be adapted individually.

Table 1. Assessment of motivation and steps towards smoking cessation: The 5A-strategy [21].

Usually the first three steps ask/advise/assess are being applied repeatedly until finally the
smoker might feel that his willingness to start action has reached the point.

The 5R-strategy for patients unwilling to quit—"relevance, risk, rewards, roadblocks, repetition” (see
Table 2) has shown to be helpful [25]. Using this, the 5R technique allows advancing an individ-
ual’s state of readiness in quitting smoking, and strengthening their motivation to quit smoking.

Relevance: the relevance of quitting is discussed with the patient taking into account the indi-
vidual health condition of the person.

Risk: the individual risk of the patient if continuing smoking is being made clear.

Rewards: the improvements of health conditions the patient can expect after quitting are
discussed.

Roadblocks: barriers that hinder the smoker to take action are discussed in detail, for exam-
ple, fear of withdrawal symptoms, fear of weight gaining etc.

Repetition: the strategy is to be performed repeatedly at every encounter with a smoker.

It has to be underlined that the main principles of the motivational interviewing technique
shall be applied in the 5R-strategy. Among them, maintaining the smoker’s autonomy may
be the most important: pushing the patient towards any action must be avoided. Instead, all
discussions shall be led following a pattern like “... if you as a smoker decided to quit: what
might be the biggest advantage for you motivating you to do so ...?”

3.3. Behavioural therapy

Behavioural therapy in various strategies is outlined as the main element of effective smoking
cessation therapy [31, 32]. There is a strong dose-response relationship between the intensity of
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Relevance The relevance of quitting is discussed with the patient taking into account the individual
health condition of the person. This means that the patient must be enabled to develop a clear
understanding of his personal risks concerning his disease status which she/he shall understand
clearly. Instruction must follow the intellectual capabilities of the patient.

Risk The individual risk of the patient if continuing smoking is being made clear. Particularly for
COPD patient, the course of her/his lung function loss with and without smoking respectively
shall be made understood so the patient can understand how much her/his prognosis depends
on successful quitting.

Rewards The improvements of health conditions and life conditions the patient can expect after quitting
are discussed. This includes short-term advantages like better exercise capabilities and less
bronchitis symptoms within weeks as well as long-term rewards like longevity and overall
performance improvement in later years. It also includes non-health advantages like saved
money, better cosmetic appearance, being a better example for own children, gaining autonomy
while losing dependence on nicotine etc.

Roadblocks Barriers that hinder the smoker to take action are discussed in detail, for example, fear of
withdrawal symptoms, fear of weight gaining etc. The therapist will ask the patient to find her/
his own strategies to overcome the individual roadblocks of the particular patient by asking him
to develop own personal solutions.

Repetition The strategy is to be performed repeatedly at every encounter with a smoker. It is essential
to focus on the necessity of abstinence at every meeting with the patient. Failure to bring
the patient to action in one meeting is not a failure of the strategy. The repeated focusing on
quitting by itself increases the patient ambivalence thus facilitating the development of eventual
motivation towards action.

Table 2. The 5R-strategy for patients unwilling to quit [25].

tobacco dependence counselling and its effectiveness [33]. Interventions are designed to meet the
smoker’s limited willingness to take part in specific interventions on one hand and the knowl-
edge that “the more the better” intervention should be intense with frequent days and long
follow-up on the other hand. Successful interventions for smoking cessation group therapy are
mostly restricted to 3-6 dates within 2-6 weeks with a total duration of about 10 hours. Programs
following similar conception achieve abstinence rates of 30—-45% after 12 months [34-37].
Behavioural therapy for smoking cessation includes psychoeducation aiming to establish a clear
understanding of the necessity of quitting to stop negative effects mainly on health. Participants
are being enabled to identify their personal smoking trigger situations and to develop alternative
strategies to avoid smoking. This is done by explicitly increasing the ambivalence of the addicted
smoker as to short-term smoking associated advantages in contrast to long-term disadvantages
and risks. Participants receive support for preparation of their smoke stop day with detailed
planning of the individual realisation. Participants receive detailed preparation for management
of relapse risk situations and are being enabled for alternative strategies to avoid relapse. While
there is a correlation of abstinence rates and intensity/duration of behavioural intervention,
patients frequently are reluctant to accept longer behavioural interventions with multiple dates
due to limitations from their daily life [38].

3.4. Pharmacotherapy

Pharmacotherapy can support smoking cessation therapy in patients with higher degrees of
nicotine addiction and thus increase abstinence rates [39]. To measure total nicotine withdrawal
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discomfort or craving, various scales may be used [40]. The major underlying mechanism for
increased abstinence rates with pharmacotherapy support consists in the continued partial sat-
uration of nicotine specific receptors (a4[32 receptors) in the ventral tegmental area of the brain
allowing to maintain dopaminergic activity. Under this protection regarding the direct nicotine
addiction proportion of tobacco dependence, the behavioural changes towards abstinence are
facilitated while the exposition to toxic components of cigarette smoke is ended.

3.5. Nicotine replacement therapy

Nicotine replacement therapy [41] is longest established in support of smoking cessation
therapy. Various OTC applications are available. Dosage should be planned following the
smoking consumption amount at the time of the smoke stop. Roughly, smoking one cig-
arette results in the uptake of about 2 mg of nicotine for the smoker. Given, a smoker’s
consumption is 20 cigarettes a day, the replacement at the start of the measure should be
roughly 40 mg. The composition of replacement products may be a basic application of a
patch and addition of gums, lozenges or parts of oral nicotine spray to reach the amount.
Side effects of nicotine replacement therapy are mostly restricted to irritability/impairment
of sleep and sometimes local skin irritation (patches). Due to impaired teeth conditions,
gums may not be applied properly. There is no evidence that NRT increases the risk of heart
attacks [42, 43]. The toxic lethal dose of nicotine will not be reached by far due to the short
half-time of nicotine.

3.6. Varenicline

Varenicline as a partial agonist and partial antagonist of the nicotine receptor was introduced
for tobacco cessation therapy ever since 2006 first in the USA and then stepwise worldwide.
The substance was suspected to cause depression and suicidal thinking and irritability as a side
effect. Eventually studies could show, but those effects appeared due to withdrawal symptoms
and could not be attributed to varenicline. The substance has turned out to be the most effective
and save support of smoking cessation in various studies [44—46]. Varenicline is applied as tab-
lets to be taken twice daily. Due to nausea as a possible side effect dosage is started with 0.5 mg
twice daily to be continued with 1 mg twice daily over 3 months. Varenicline is to be started
about 1 week before the planned quit day. Abnormal dreams and disturbed sleep are the main
reported side effects both disappearing after the end of the application [47]. While varenicline
was suspected to cause psychiatric side effects like irritability, depression and suicidal tenden-
cies in the past, recent studies could show those effects as withdrawal effects. Former possible
contraindication in psychiatric/schizophrenic patients are not maintained [46].

3.7. Bupropione

Bupropione was originally developed as an antidepressant but showed effects in support-
ing smoking cessation therapy. Due to possible side effects (lowered seizure threshold) and
lower effectivity compared to other substances (varenicline etc.), it has now a minor role rather
restricted to patients with depression in smoking cessation but may be taken into consideration
for patients with depression [48].
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4. Challenges to smoking cessation in COPD

4.1. Abstinence rates

Depending on the measures taken in tobacco cessation therapy, abstinence rates after 12 months
can vary from about 3% over baseline after short advice to stop smoking up to nearly 50% fol-
lowing combined behavioural therapy and pharmacotherapy in an intensive setting [49-54].

4.2. Degree of addiction

COPD patients have higher dependence on tobacco [55, 56]. Higher dependence scores
require not only a more intense behavioural therapy with more face-to-face contacts [38] and
the possibility of individual psychotherapy if needed but also longer and more consequent
application of pharmaceutical support. For example, the application duration of varenicline
may be prolonged in patients with late relapse [57].

4.3. Role of depression

COPD patients have a higher depression rate [56, 58-63] COPD patients with depression
require special treatment which takes specific depressed condition and consideration. In
patients with a non-controlled depression, treatment of the depression is ranking before
smoking cessation. Only after successful re-compensation of the psychiatric disease, the start
of the cessation therapy should be undertaken [64-68].

4.4. Role of reimbursement

Reimbursement of tobacco cessation measures-regardless of the fact that a smoker who quits
will save considerable sums of money and thus might pay for the cessation intervention—
has shown to increase willingness to take part and to increase abstinence rates. It has to be
accepted that addicted smokers have a different perception on spending considerable propor-
tions of their income on tobacco products. Also, the major proportion of addicted smokers is
a part of the less affluent and often has difficulties to pay for smoking cessation measures/
medication at the given time when saving money with abstinence later [64, 65, 68].

4.5. Weight gain concerns

Minor weight gain after quitting average tobacco consumption is to be expected but can be
avoided with higher physical activity [69-73]. Smoking one cigarette induces a loss of meta-
bolic energy of about 10 kcal. Thus, a person who formerly smoked 20 cigarettes per day and
who continues usual diet as before will have an increase of available energy of about 200 kcal
per day after quitting. This results in a weight gain of about 5-7%. The person should be
encouraged to accept this weight gain for a limited period of time until she/he will be a well-
established secure ex-smoker with minimised relapse risk. It should be avoided to perform a
weight control strategy while quitting as the success of the final abstinence, would be at risk
with a double stress of smoking cessation and weight control efforts [70-72, 74].
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4.6. Professional setting

The professional frame of tobacco cessation measures like behavioural therapy and pharmaco-
therapy counselling has a marked influence on long-time abstinence rates. Performing tobacco
cessation therapy in physician practices as an integrated part of continuous therapy of their
underlying disease appears to have a positive effect on long-time abstinence. This may be attrib-
uted to the fact that in the practice or outpatient ambulance, the patient will be seen after ending
cessation therapy and continuously be monitored for maintaining abstinence, thus expecting spe-
cific questions from the physician who treats him. This may reduce relapse probability [54, 75, 76].

5. Role of e-cigarette

The e-cigarette is being introduced progressively as a possible instrument on the way to tobacco
cessation and/or a measure of harm reduction respectively [77-79]. Increasing evidence appears
to show that the e-cigarette may be helpful in smoking cessation particularly if containing a
sufficient amount of nicotine which by itself does no harm to the respiratory system [78, 80].

Cell culture and experimental animal data indicate that e-cigs have the potential for induc-
ing inflammation, albeit much less than smoking [81]. Evidence on possible hazards from
e-cigarettes show increasingly clear that compared to tobacco cigarettes the risk of consump-
tion of e-cigarettes is much less [82], while further research on the subject is on-going and
necessary [83]. Recent research could show exposure to toxic and carcinogenic substances
significantly lower in users of e-cigarettes as compared to cigarette smokers [77]. The FDA
now has regulatory authority over e-cigs and can regulate product and e-liquid design fea-
tures, such as nicotine content and delivery, voltage, e-liquid formulations and flavours. For
patients who show no realistic willingness or ability of quitting and who in particular are not
willing to apply nicotine replacement therapy products, the alternative of using E-cigarettes
can be taken into consideration. Mainly two major potential risks of e-cigarette are being dis-
cussed at present. E-cigarettes might lead the consumer—mostly adolescents—into a tobacco
cigarette consumer career, thus inducing possible lifelong addiction. E-cigarettes might con-
tain compounds that might cause lung cancer although at a lower risk than tobacco cigarettes
do. Both concerns hardly apply for COPD patients in far progressed stages of the disease
where respiratory function by itself is acutely at risk. In particular for these COPD patients
with highest degree of loss of lung function, the main goal must be to urgently avoid any fur-
ther contact of toxic tobacco smoke with the bronchi. However, a great proportion of COPD
patients in this situation due to their mental capacities and their addiction are not willing or
able to avoid cigarette smoke by simply applying nicotine replacement as they will not be
able to change their smoking habits which they feel can be preserved by using the e-cigarette.
Thus, the goal of avoiding toxic smoke may be achieved by the application of e-cigarette
vapour instead of tobacco smoke with high content of toxic and carcinogenic components.
With more legal regulations on e-cigarette products worldwide and with a growing body of
evidence on the toxic and carcinogenic potential, the role in smoking cessation/harm reduc-
tion will become clearer.
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6. Summary

Smoking is the major cause of COPD resulting in respiratory impairment and increased mor-
tality. Smoking cessation is the single effective intervention to mitigate the development of
COPD. Most smokers are addicted to cigarettes, thus lacking control of consumption and abil-
ity to quit. Standardised motivation strategies in use elevated rates of willingness for smokers
to consider quitting. High abstinence rates can be achieved by combination of behavioural
therapy and pharmaceutical support. Medications to support behavioural therapy are effec-
tive and safe. Reimbursement of smoking cessation measures increases willingness and absti-
nence rates, where smoking cessation is not a realistic option patient with end-stage COPD,
may benefit from the use of e-cigarette.

Author details

Thomas Hering!****

*Address all correspondence to: hering@lungenarztpraxis-tegel.de
1 Lungenarztpraxis Tegel, Berlin, Germany

2 German Society for Pulmonology (DGP), Germany

3 Scientific Action Group for Tobacco Cessation (WAT), Germany

4 Federal Association of Pulmonologists (BDP), Germany

References

[1] Brody]S, Spira A. State of the art. Chronic obstructive pulmonary disease, inflammation,
and lung cancer. Proceedings of the American Thoracic Society. 2006;3(6):535-537

[2] Saetta M. Airway inflammation in chronic obstructive pulmonary disease. American
Journal of Respiratory and Critical Care Medicine. 1999;160(5 Pt 2):517-S20

[3] Anthonisen NR, Connett JE, Murray RP. Smoking and lung function of lung health study
participants after 11 years. American Journal of Respiratory and Critical Care Medicine.
2002,166(5):675-679

[4] de-Torres JP et al. Lung cancer in patients with chronic obstructive pulmonary disease.
Development and validation of the COPD Lung Cancer Screening Score. American
Journal of Respiratory and Critical Care Medicine. 2015;191(3):285-291

[5] Young RP et al. COPD prevalence is increased in lung cancer, independent of age, sex
and smoking history. The European Respiratory Journal. 2009;34(2):380-386

97



98 COPD - An Update in Pathogenesis and Clinical Management

(%]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

Habraken JM et al. Health-related quality of life in end-stage COPD and lung cancer
patients. Journal of Pain and Symptom Management. 2009;37(6):973-981

Chapman S, MacKenzie R. The global research neglect of unassisted smoking cessation:
Causes and consequences. PLoS Medicine. 2010;7(2):e1000216

West R, Sohal T. “Catastrophic” pathways to smoking cessation: Findings from national
survey. BMJ. 2006,332(7539):458-460

Lozano R et al. Global and regional mortality from 235 causes of death for 20 age groups
in 1990 and 2010: A systematic analysis for the Global Burden of Disease Study 2010.
Lancet. 2012;380(9859):2095-2128

Vos T et al. Years lived with disability (YLDs) for 1160 sequelae of 289 diseases and
injuries 1990-2010: A systematic analysis for the Global Burden of Disease Study 2010.
Lancet. 2012;380(9859):2163-2196

Tockman MS, Comstock GW. Respiratory risk factors and mortality: Longitudinal stud-
ies in Washington County, Maryland. The American Review of Respiratory Disease.
1989;140(3 Pt 2):556-563

Burrows B et al. Quantitative relationships between cigarette smoking and ventilatory
function. The American Review of Respiratory Disease. 1977;115(2):195-205

Dransfield MT et al. Racial and gender differences in susceptibility to tobacco smoke

among patients with chronic obstructive pulmonary disease. Respiratory Medicine.
2006;100(6, 6):1110

Prescott E et al. Gender difference in smoking effects on lung function and risk of
hospitalization for COPD: Results from a Danish longitudinal population study. The
European Respiratory Journal. 1997;10(4):822-827

Burney P, Jarvis D, Perez-Padilla R. The global burden of chronic respiratory disease
in adults. The International Journal of Tuberculosis and Lung Disease. 2015;19(1):10-20

Croghan IT et al. Gender differences among smokers receiving interventions for tobacco
dependence in a medical setting. Addict Behav. 2009;34(1):61-67

Mannino DM et al. Low lung function and incident lung cancer in the United States: Data
from the first National Health and Nutrition Examination Survey follow-up. Archives of
Internal Medicine. 2003;163(12):1475-1480

Tockman MS et al. Airways obstruction and the risk for lung cancer. Annals of Internal
Medicine. 1987;106(4):512-518

Hopkins R] et al. Reduced expiratory flow rate among heavy smokers increases lung can-
cer risk. Results from the National Lung Screening Trial-American College of Radiology
Imaging Network Cohort. Annals of the American Thoracic Society. 2017;14(3):392-402

Bae K et al. Severity of pulmonary emphysema and lung cancer: Analysis using quanti-
tative lobar emphysema scoring. Medicine (Baltimore). 2016;95(48):e5494



[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]
[29]

(30]

[31]

(32]

(33]

[34]

[35]

[36]

[37]

Tobacco and Smoking Cessation
http://dx.doi.org/10.5772/intechopen.70565

Zhong Y et al. Immediate consequences of cigarette smoking: rapid formation of polycy-
clic aromatic hydrocarbon diol epoxides. Chem Res Toxicol. 2011;24(2):246-252

Hering T. Smoking cessation with COPD — Which effects are to be expected? Atemw.-
Lungenkrkh. 2010;Jahrgang 36(Nr. 11/2010):454-459

Anthonisen NR et al. The effects of a smoking cessation intervention on 14.5-year mor-
tality: A randomized clinical trial. Annals of Internal Medicine. 2005;142(4):233-239

Etter JE. Short-term change in self-reported COPD symptoms after smoking cessation in
an internet sample. The European Respiratory Journal. 2010;35(6):1249-1255

Clinical Practice Guideline Treating Tobacco U et al. A clinical practice guideline for
treating tobacco use and dependence: 2008 update. A U.S. Public Health Service report.
Am ] Prev Med. 2008;35(2):158-176

van Eerd EA et al. Smoking cessation for people with chronic obstructive pulmonary
disease. Cochrane Database of Systematic Reviews. 2016;(8):CD010744.

Lai DT et al. Motivational interviewing for smoking cessation. Cochrane Database of
Systematic Reviews. 2010;(1):CD006936

Rennard SI, Daughton DM. Smoking cessation. Chest. 2000;117(5 Suppl 2):3605-3645

Solberg LI et al. Patient satisfaction and discussion of smoking cessation during clinical
visits. Mayo Clinic Proceedings. 2001;76(2):138-143

Barzilai DA et al. Does health habit counseling affect patient satisfaction? Preventive
Medicine. 2001;33(6):595-599

Ramon JM, Bruguera E. Real world study to evaluate the effectiveness of varenicline
and cognitive-behavioural interventions for smoking cessation. International Journal of
Environmental Research and Public Health. 2009;6(4):1530-1538

Lancaster T, Stead LF. Individual behavioural counselling for smoking cessation.
Cochrane Database of Systematic Reviews. 2005;(2):CD001292

Fiore M, Jaén CR, et al. A clinical practice guideline for treating tobacco use and dependence:
A US Public Health Service report. The Tobacco Use and Dependence Clinical Practice
Guideline Panel, Staff, and Consortium Representatives. JAMA. 2000;283(24):3244-3254

Batra A, Buchkremer G. Nichtrauchen! Erfolgreich aussteigen in sechs Schritten. 3.
Auflage ed. Stuttgart: Kohlhammer; 2011

Nowak M, C. Kroger. Das Rauchfrei Programm-Jahresevaluation. 2010. www.rauchfrei-
programm.de, 2011.

Hering T et al. Real-Life Evaluation of the Compact Program for Smoking Cessation.
Pneumologie 2015;69(10):577-582

Hering T et al. Real-Life-Evaluation des Kompakt-Programmes zur Tabakentwohnung.
Pneumologie. 2015;69(10):577-582

99



100 COPD - An Update in Pathogenesis and Clinical Management

[38]

[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

Mottillo S et al. Behavioural interventions for smoking cessation: A meta-analysis of ran-
domized controlled trials. European Heart Journal. 2008

Hering T. Modern medical support for smoking cessation. Internist (Berl). 2008

West R et al. Assessing DSM-IV nicotine withdrawal symptoms: A comparison and eval-
uation of five different scales. Psychopharmacology. 2006,184(3-4):619-627

Moore D et al. Effectiveness and safety of nicotine replacement therapy assisted reduc-
tion to stop smoking: Systematic review and meta-analysis. BMJ. 2009;338:b1024

Stead LF et al. Nicotine replacement therapy for smoking cessation. Cochrane Database
of Systematic Reviews. 2012,11:CD000146

Benowitz NL, Gourlay SG. Cardiovascular toxicity of nicotine: Implications for nicotine
replacement therapy. Journal of the American College of Cardiology. 1997,29(7):1422-1431

Cahill K et al. Nicotine receptor partial agonists for smoking cessation. Cochrane
Database of Systematic Reviews. 2016;5:CD006103

Jimenez-Ruiz C, Berlin I, Hering T. Varenicline: A novel pharmacotherapy for smoking
cessation. Drugs. 2009;69(10):1319-1338

Anthenelli RM et al. Neuropsychiatric safety and efficacy of varenicline, bupropion, and
nicotine patch in smokers with and without psychiatric disorders (EAGLES): A double-
blind, randomised, placebo-controlled clinical trial. Lancet. 2016;387(10037):2507-2520

Jimenez-Ruiz C, Hering T, Berlin I. Varenicline: A novel pharmacotherapy for smoking
cessation. Drugs. 2009;69(10):1319-1338

Hughes JR, Stead LF, Lancaster T. Antidepressants for smoking cessation. Cochrane
Database of Systematic Reviews. 2007,1:CD000031

Hughes JR, Keely J, Naud S. Shape of the relapse curve and long-term abstinence among
untreated smokers. Addiction. 2004;99(1):29-38

Piper ME et al. Gender, race, and education differences in abstinence rates among par-
ticipants in two randomized smoking cessation trials. Nicotine & Tobacco Research.
2010;12(6):647-657

Chatkin JM et al. Abstinence rates and predictors of outcome for smoking cessation: Do
Brazilian smokers need special strategies? Addiction. 2004;99(6):778-784

Murphy DB et al. Short-term and long-term abstinence rates associated with a hospital-
based behavioral approach to smoking cessation. American Journal of Health Promotion.
1994;8(6):420-1, 424

Manchon Walsh P et al. Effects of partner smoking status and gender on long term absti-
nence rates of patients receiving smoking cessation treatment. Addictive Behaviors.
2007;32(1):128-136



[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Tobacco and Smoking Cessation
http://dx.doi.org/10.5772/intechopen.70565

Hering T et al. Real-Life Evaluation of the Compact Program for Smoking Cessation.
Pneumologie. 2015;69(10):577-582

Thabane M, C.W. Group. Smoking cessation for patients with chronic obstructive
pulmonary disease (COPD): An evidence-based analysis. Ontario Health Technology
Assessment Series. 2012;12(4):1-50

Hill K et al. Anxiety and depression in end-stage COPD. The European Respiratory
Journal. 2008;31(3):667-677

Tonstad S et al. Effect of maintenance therapy with varenicline on smoking cessation: A
randomized controlled trial. JAMA. 2006;296(1):64-71

Ng TP et al. Co-morbid association of depression and COPD: A population-based study.
Respiratory Medicine. 2009;103(6):895-901

Korhonen T et al. Smoking behaviour as a predictor of depression among Finnish men
and women: A prospective cohort study of adult twins. Psychological Medicine. 2006;1-11

Hughes]R. Depression during tobacco abstinence. Nicotine & TobaccoResearch.2007;9(4):
443-446

Wilson I. Depression in the patient with COPD. International Journal of Chronic
Obstructive Pulmonary Disease. 2006;1(1):61-64

Stage KB et al. Depression in COPD--management and quality of life considerations.
International Journal of Chronic Obstructive Pulmonary Disease. 2006,1(3):315-320

Schneider C et al. COPD and the risk of depression. Chest. 2010;137(2):341-347

Tremblay M, Payette Y, Montreuil A. Use and reimbursement costs of smoking cessation
medication under the Quebec public drug insurance plan. Canadian Journal of Public
Health. 2009;100(6):417-420

Twardella D, Brenner H. Effects of practitioner education, practitioner payment and
reimbursement of patients' drug costs on smoking cessation in primary care: A cluster
randomised trial. Tobacco Control. 2007;16(1):15-21

Bertram MY et al. Costs and benefits of smoking cessation aids: Making a case for
public reimbursement of nicotine replacement therapy in Australia. Tobacco Control.
2007;16(4):255-260

Petersen R et al. Medicaid reimbursement for prenatal smoking intervention influences
quitting and cessation. Tobacco Control. 2006;15(1):30-34

Kaper ] et al. Reimbursement for smoking cessation treatment may double the absti-
nence rate: Results of a randomized trial. Addiction. 2005;100(7):1012-1020

Parsons AC et al. Interventions for preventing weight gain after smoking cessation.
Cochrane Database of Systematic Reviews. 2009;1:CD006219

101



102 COPD - An Update in Pathogenesis and Clinical Management

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

[81]

(82]

(83]

O'Hara P et al. Early and late weight gain following smoking cessation in the Lung
Health Study. American Journal of Epidemiology. 1998;148(9):821-830

Hall SM et al. Weight gain prevention and smoking cessation: Cautionary findings.
American Journal of Public Health. 1992;82(6):799-803

Williamson DF et al. Smoking cessation and severity of weight gain in a national cohort.
The New England Journal of Medicine. 1991;324(11):739-745

Williamson DF et al. The 10-year incidence of overweight and major weight gain in US
adults. Archives of Internal Medicine. 1990;150(3):665-672

Swan GE, Carmelli D. Characteristics associated with excessive weight gain after smok-
ing cessation in men. American Journal of Public Health. 1995;85(1):73-77

Tottenborg SS et al. Determinants of smoking cessation in patients with COPD treated in
the outpatient setting. Chest. 2016;150(3):554-562

Hering T et al. Smoking cessation in pneumological routine care. Pneumologie. 2011;65(11):
692-696

Shahab L et al. Nicotine, Carcinogen, and Toxin Exposure in Long-Term E-Cigarette
and Nicotine Replacement Therapy Users: A Cross-sectional Study. Ann Intern Med.
2017;166(6):390-400

Hajek P et al. Nicotine delivery to users from cigarettes and from different types of
e-cigarettes. Psychopharmacology (Berl). 2017;234(5):773-779

McNeill A et al. E-cigarettes: An Evidence Update—A Report Commissioned by Public
Health England. 2015

Hartmann-Boyce J et al. Electronic cigarettes for smoking cessation. Cochrane Database
of Systematic Reviews. 2016;9:CD010216

Shields PG et al. A Review of Pulmonary Toxicity of Electronic Cigarettes in the
Context of Smoking: A Focus on Inflammation. Cancer Epidemiol Biomarkers Prev.
2017;26(8):1175-1191

Royal_College_of_Physicians. Nicotine Without Smoke: Tobacco Harm Reduction. 2016.
www.rcplondon.ac.uk

El Dib R et al. Electronic nicotine delivery systems and/or electronic non-nicotine deliv-
ery systems for tobacco smoking cessation or reduction: A systematic review and meta-
analysis. BMJ Open. 2017;7(2):e012680



Chapter 6

Pulmonary Rehabilitation in COPD: Current Practice
and Future Directions

Michelle Casey, Amy Mulkerns,
Cliona O'Donnell and Tim McDonnell

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.71218

Abstract

This chapter will review the rationale for and the need for pulmonary rehabilitation in
patients with Chronic Obstructive Pulmonary Disease (COPD). Its clinical effectiveness
will be considered, including the evidence supporting a role for rehabilitation in improv-
ing exercise tolerance in COPD as measured. While the influence of pulmonary reha-
bilitation on dyspnoea, exercise tolerance and quality-of-life is clear, evidence for the
benefits of rehabilitation on reducing healthcare utilisation such as admission to hospital
or attendance at out-of-hours services is limited. The chapter will provide guidance on
the setting up of a pulmonary rehabilitation programme and clinical staff required and
the suitability of patients to enter such programmes will be outlined. There will be dis-
cussion on the key components of a programme including education, nutritional advice
and the management of dyspnoea. Exercise is the central component of pulmonary reha-
bilitation. Assessment of the patient and prescription of an exercise programme will be
outlined as will assessing a patient’s improvement. One key goal of pulmonary rehabili-
tation is ongoing lifestyle modification to encourage patients to undertake a more active
lifestyle in the future. Ways of activating patients to do this will be discussed and the
evidence for the use of telehealth in this area will be reviewed.

Keywords: pulmonary rehabilitation, COPD, exercise, physical activity

1. Introduction

COPD is a systemic disease associated with extra pulmonary effects such as osteopaenia,
muscle wasting, cardiovascular disease and depression [1]. The symptoms of COPD make
engagement in physical activity unpleasant. Air trapping and hyperinflation of the lungs

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN



104 COPD - An Update in Pathogenesis and Clinical Management

cause increased breathlessness due to the resultant inefficient breathing. The breathlessness
itself provokes anxiety, which in turn leads to further breathlessness, exacerbations of COPD
and episodes of panic. Due to this, activities that involve physical exertion are avoided, lead-
ing to muscle deconditioning and a further reduced capacity to engage in physical activity.
Pulmonary rehabilitation improves symptoms, quality of life and health-care utilisation in
patients with COPD [1, 2].

Pulmonary rehabilitation is defined as “an interdisciplinary programme of care for
patients with chronic respiratory impairment that is individually tailored and designed
to optimise each patient’s physical and social performance and autonomy. Programmes
comprise individualised exercise programmes and education” [3]. Physical inactivity is
a key predictor of mortality in COPD and consequently all major guidelines highlight
the importance of exercise in the treatment and management of COPD. There is now
high quality evidence for improved exercise capacity, health-related quality of life and
decreased breathlessness, fatigue and health-care utilisation following pulmonary reha-
bilitation [1].

Pulmonary rehabilitation is focussed on an interdisciplinary and holistic approach to the
management of COPD, emphasising behavioural change as a key component. It fits very
well with the concept of integrated care, with its cornerstone being individually tailored
exercise training. Patient assessment, education, psychosocial support and nutritional
counselling are also included in the standard pulmonary rehabilitation programme.
Overall, the focus of a pulmonary rehabilitation programme is to alleviate the physiologi-
cal effects of the disease process and decrease the psychosocial effects of the illness on the
individual.

2. Historical development

The effects of exercise in patients with chronic respiratory diseases have been a subject for
study for some time. By the middle of the 20th century, accepted wisdom was that dyspnoea
on exertion should be avoided [4]. Dr. Alvan Barach was the first to offer a contrary opinion
in the 1950s, with his advice to “remember to cure the patient as well as the disease”. Thomas
L. Petty was the first to establish an out-patient programme of pulmonary rehabilitation in
the 1960s, despite the conventional wisdom of not exerting patients with respiratory limi-
tations. This programme included individualised instruction, bronchial hygiene, breathing
retraining, physical reconditioning and individualised pharmacologic therapy. Rehabilitation
programmes were set up throughout the USA, and Petty noted improved exercise tolerance,
reduced hospitalisations and a return to gainful employment in the majority of his patients
[4]. Subsequently, in the 1980s a view became prevalent that as exercise conditioning did not
improve lung function, pulmonary rehabilitation was unlikely to provide physiological ben-
efit to patients. It was felt that if physiological benefit was not demonstrated, the programme
design was not particularly important. Finally, in the 1990s, physiologic benefit was proven
by using exercise at a higher intensity and the concept of pulmonary rehabilitation was rein-
vigorated [4, 5].
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3. Rationale for pulmonary rehabilitation

Pulmonary rehabilitation is designed to reduce the symptoms of COPD, improve health
related quality of life (HRQoL), improve and re-establish functional ability, enhance partici-
pation in everyday life and promote patient autonomy. The exercise component of pulmo-
nary rehabilitation increases inspiratory volume and reduces dynamic hyperinflation, both
of which reduce dyspnoea when a person is performing tasks. Exercise also increases muscle
function, which delays fatigue and results in increased exercise tolerance. The educational
component focuses on self-management and behaviour change. Providing information and
knowledge, skills such as goal setting, problem solving and decision making, along with
action plans to better recognise and manage their disease are all integral parts of the pro-
gramme. Modifying nutritional intake and smoking patterns, medication adherence and
utilising effective energy-saving strategies and breathing techniques are part of the educa-
tion component [1].

The exercise capacity of patients with COPD is often impaired and limited by dyspnoea.
The reasons for this are complex and multifactorial, including defective gas exchange,
dynamic hyperinflation, peripheral muscle dysfunction, respiratory muscle dysfunction,
the effects of physical deconditioning, the presence of co-morbidities and the natural age-
related decline in exercise capacity [6]. Physical exercise in pulmonary rehabilitation is
the best method of improving muscle function and skeletal muscle adaption in patients
with COPD [5, 7-10]. The benefits pulmonary rehabilitation produces are explained
by improvements in muscle function and the oxidative capacity and efficiency of skel-
etal muscles, despite the absence of any changes in lung function [11, 12]. Other related
improvements include increased motivation, improved mood and improved cardiovascu-
lar functioning, which result in ongoing participation in exercise beyond the rehabilitation
programme [13].

Even those patients with severe chronic respiratory disease can often sustain the necessary
training intensity and duration for skeletal muscle adaptation. Skeletal muscle adaptation fol-
lowing exercise training leads to gains in exercise capacity despite the absence of changes in
lung function. In addition, the improved oxidative capacity and efficiency of the skeletal mus-
cles leads to a reduced ventilator requirement for a given submaximal work rate. This could
reduce dynamic hyperinflation, adding to the reduction in exertional dyspnoea [6]. Medical
therapy should be optimised prior to exercise training beginning and a patient assessment is
required prior to beginning an exercise programme.

4. The clinical effectiveness of pulmonary rehabilitation

4.1. Physiological

One of the first studies to show an improvement in exercise tolerance following exercise
training in COPD was Casaburi et al. in 1991 [14]. They showed a statistically significant
improvement in exercise tolerance and reduced blood lactate and ventilatory requirement
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post exercise. These findings have been supported by others [5] and a Cochrane review in
2009 [2] showed a statistically significant improvement in exercise capacity in people who
underwent a pulmonary rehabilitation programme. Results of a further Cochrane review in
2015 strongly supported the benefits of pulmonary rehabilitation [1]. They found clinically
and statistically significant improvements in important domains of health-related quality of
life, including dyspnoea, fatigue, emotional function and mastery, as well as the 6 minute
walk test: a measure of functional exercise [1]. Also noted was a small but statistically signifi-
cant improvement in physical activity levels. Physical activity has become more important
in COPD management as it has been shown that inactivity is linked with reduced survival,
poorer quality of life and increased healthcare utilisation [15].

4.2. Quality of life

The benefits of pulmonary rehabilitation on dyspnoea and health status have been supported
by a Cochrane review [1]. The Chronic Respiratory Questionnaire was used in a number of
studies and showed an improvement in dyspnoea that was statistically significant and clini-
cally relevant. Improvement was also noted in the other CRQ domains of fatigue, emotional
function and patient’s sense of control. The St. Georges Respiratory Questionnaire Scores
were also subject to a meta-analysis in the same Cochrane review and found to show signifi-
cant improvement following pulmonary rehabilitation [16].

4.3. Reduction of healthcare utilisation

Several studies have investigated whether pulmonary rehabilitation leads to a decrease in the
number of caregiver or physician visits, hospital days, and medication use [3, 6]. In general,
some benefit is shown in this important area. Several randomised studies comparing pulmo-
nary rehabilitation with usual care found a trend towards reduced hospital admissions and
hospital days. Studies comparing healthcare use before and after pulmonary rehabilitation
show that pulmonary rehabilitation significantly reduced emergency room visits and physi-
cian visits [3, 6].

4.4, Psychosocial

In a Cochrane review published in 2015, participants allocated to rehabilitation had signifi-
cantly greater changes in HRQoL [17]. A Cochrane review in 2009 had previously shown
moderate to large effects of rehabilitation on health-related quality of life and exercise

capacity [2].

4.5. Self-efficacy

Self-efficacy refers to the level of belief someone has in their ability to complete a chosen task
or goal. Overall, self-efficacy scores improve with pulmonary rehabilitation [1].
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4.6. Survival

There is limited evidence for increased survival to date, however only one randomised con-
trolled trial has looked at survival: the control group received education and the interven-
tion group received rehabilitation and education. The study was unlikely to be powered to
detect mortality [18]. A prospective observational study of 1218 patients showed no mortal-
ity benefit from pulmonary rehabilitation [19]; however, another study did show improved
mortality in patients where exercise capacity and dyspnoea improved after rehabilitation

only [9].

4.7. Nutrition

In an underweight population, some small weight gain was noted following exercise train-
ing; however, in general the effect of pulmonary rehabilitation on nutritional status does not
appear to be significant. Nutritional outcomes at the start of a rehabilitation programme do
not affect outcomes such as exercise capacity or health status [6].

5. Setting up a pulmonary rehabilitation Programme

5.1. Duration

There remains no consensus internationally on the optimum duration of a pulmonary reha-
bilitation programme. However, pulmonary rehabilitation programmes of 6-12 weeks are
recommended and demonstrate a significant benefit in health status, dyspnoea and exercise
in patients with chronic respiratory diseases limited by breathlessness. An attendance at a
minimum of 12 exercise sessions is recommended to successfully complete the programme.
Programmes of less than 6 weeks have been shown to provide some benefits in health sta-
tus and exercise capacity in individuals with COPD; however, these programmes should be
individualised and measures of benefit should be in place prior to the patient concluding the
programme. The ongoing benefits of a pulmonary rehabilitation programme of longer than
3 months duration has been shown, including changes in daily physical activity levels, but the
cost benefit of these remains unclear [3, 6, 20-22].

5.2. Frequency

The recommended frequency of exercise classes also differs internationally. The general
consensus supports a minimum of two supervised exercise sessions per week, and either
a third supervised session or formalised unsupervised session depending on the resources
available. This is in contrast with the WHO recommendation of 5 sessions of 30 minutes
exercise per week. However, to date the key improvement outcomes in pulmonary reha-
bilitation are based on at least two supervised sessions per week. Pulmonary rehabilitation
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programmes should therefore encompass a minimum of twice weekly supervised exercise
sessions, a third session of prescribed unsupervised exercise and encouragement of regular
physical activity for 30 minutes five days per week in line with standard healthy living
advice [3, 6, 20-22].

5.3. Staffing

There is no consensus on staffing levels for a pulmonary rehabilitation programme. The staff-
ing of the programmes varies globally, with physical therapists coordinating programmes in
Australia, South America and Europe, while respiratory therapists coordinate programmes in
the United States. There is no one best staffing structure. Optimal staff-patient ratios also dif-
fer: the American Association of Cardiovascular and Pulmonary Rehabilitation recommends
ratios of 1:4 for exercise training, 1:8 for educational sessions and 1:1 for complex patients;
the British Thoracic Society recommends ratios of 1:8 for exercise training and 1:16 for edu-
cational sessions. These ratios are not evidence based and are designed based on experience
and opinion [3, 6, 20-22].

It is recommended and accepted that for patients to gain optimum benefit from a pulmonary
rehabilitation programme, a multidisciplinary approach should be taken [13, 23]. Availability
of resources and staff will dictate the level of input the Multidisciplinary team will have but
each member plays an important role in the rehabilitation programme:

* Respiratory physician: medical assessment; pharmacological management; referral; screen-
ing for oxygen and oxygen prescription.

* Physiotherapist: exercise testing, prescription and training; musculoskeletal assessment,
treatment and advice; airway clearance education; strategies for the management of dys-
pnoea; inspiratory muscle training; assessment for ambulatory oxygen requirements.

* Respiratory nurse: Disease specific education; development of action plans; inhaler tech-
nique training.

e Dietician: Nutritional assessment and advice.

* Occupational therapist: Assessment and modification of home environment; energy conser-
vation advice.

* Pharmacist: advice and education on respiratory education and inhaler use.
* Social worker: information and access to support services.
* Psychologist: psychosocial assessment and treatment for conditions including panic, anxiety

and depression.

5.4. Rolling or cohort programme

Deciding on whether to administer a rolling or a cohort programme is dependent on local
considerations, as there is no high-quality evidence to suggest the benefit of one over the
other. The characteristics of a rolling and a cohort programme are outlined in Table 1 [3]:
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Rolling

Cohort

Nature of programme

Waiting list

Rehabilitation delivered at
different locations by the same
team

Education programme

Group dynamics

Assessments

Duration of programme

Continual cycle of sessions, where patients
join when there is a space available and
leave after completing the programme of
sessions

Patients enter the programme when a
space arises, permits fast track access,
potentially allows better capacity

Not possible as the programme always
runs in the same venue

The order of the talk is individual and
governed by the point of entry

A new patient may be the sole new
participant which may be a beneficial or a
challenge

Must perform pre and post assessments in
parallel to the course

Allows lengthening the programme or
early graduation as required

All patients start and finish the
programme at the same time

An accumulative number of patients
wait to start the programme, the
waiting list may be distorted

Suitable

Can ‘flow’ in a logical order

Patients all start together which
permits group leaning of lifestyle
changes

Dedicated assessment slots can be
programmed for all subjects pre and
post rehabilitation

Fixed length for each programme

Table 1. Characteristics of Rolling and Cohort programmes.

5.5. Selection criteria for pulmonary rehabilitation programmes

Any person with a chronic lung condition who continues to be limited by breathlessness despite
optimal medical management should be considered for a pulmonary rehabilitation programme
[22]. Improvements following a pulmonary rehabilitation programme have been shown in
patients with COPD irrespective of their age or gender [24-26] level of functional impairment
[27-29] or disease severity [30, 31]. By promoting self-efficacy and behaviour change, improv-
ing exercise tolerance and physical activity and reducing exacerbations, pulmonary rehabilita-
tion at an earlier stage of disease has the potential to markedly change the course of the disease
[6]. Frequent reasons for referral to a pulmonary rehabilitation programme include:

* Dyspnoea/fatigue and chronic respiratory symptoms.

* Impaired health-related quality of life.

e Decreased functional status.

¢ Difficulty performing activities of daily living.

* Increased use of medical resources (e.g., frequent exacerbations, hospitalizations, emer-

gency room visits).

* One of the primary indicators for referral to pulmonary rehabilitation is based on the modi-
fied Medical Research Council Breathlessness (mMRC) score (see Table 2) [3]. This scale
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measures perceived respiratory disability, and allows patients to indicate the extent to
which their breathlessness impacts their mobility. It is a 0—4 grade scale used to establish
levels of perceived breathlessness [3, 6].

There is very strong evidence that patients with an mMRC dyspnoea score of 2-4 who are
functionally limited by breathlessness should be referred for pulmonary rehabilitation.
However, patients with an mMRC dyspnoea score of 1 who are functionally limited by
breathlessness should also be referred for pulmonary rehabilitation. Patients with COPD who
have an mMRC score of 4 but who are able to attend an outpatient pulmonary rehabilitation
programme achieve similar benefits from the programme as those with a lower breathless-
ness score [28].

5.6. Exclusion criteria

The exclusion criteria for enrolment into a pulmonary rehabilitation programme are mini-
mal, and in some cases participation in the programme by a patient can be facilitated by the
attendance and support of a carer or relative. However, general exclusion guidelines would
include [3, 6]:

¢ Patients with unstable cardiovascular disease or mobility problems which make exercising
safely impossible (for example, severe arthritis, severe peripheral vascular disease, severe
orthopaedic conditions).

* Patients with significant psychiatric or cognitive impairment who are unable to follow
simple instructions safely in a group setting.

* Any further excluding factors are based on the assessor’s own objective judgement or with
a discussion with the referring physician, for example, a perceived lack of motivation to
participate in the programme.

5.7. Referral process

Once a patient has been deemed suitable to attend a pulmonary rehabilitation programme
by the healthcare professional, the referral should be used as an opportunity to educate the
patient about the benefits of the programme, to explore their understanding of the programme

Grade Degree of breathlessness related to activities

0 Not troubled by breathless except on strenuous exercise
1 Short of breath when hurrying or walking up a slight hill
2 Walks slower than contemporaries on level ground because of breathlessness or has to stop for breath when

walking at own pace
3 Stops for breath after walking 100 metres or after a few minutes on level ground

4 Too breathless to leave the house, or breathless when dressing or undressing

Table 2. The modified Medical Research Council Breathlessness (mMRC) score.
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and to address the patients” concerns [3]. The programme should be presented to the patient
as a core treatment for the management of their condition as opposed to an optional adjunct.
Patients should be referred to the programme under the care of a respiratory physician, who
should be available to the staff co-ordinating the programme to discuss any medical problems
which may arise during the programme and to ensure that potential participants have been
medically assessed for suitability for the programme and that their pharmacological manage-
ment has been optimised [22].

5.8. Pulmonary rehabilitation post exacerbations of COPD

Exacerbations of COPD result in increased mortality and healthcare use, worsening symptoms
and health-related quality of life, as well as impaired exercise capacity, reduced skeletal muscle
function of the lower limbs and reduced physical activity levels [3, 6]. Studies have therefore
been conducted to explore the merits and the safety of ‘early’ pulmonary rehabilitation both
during a hospital admission and within 1 month of hospital discharge for an acute exacerba-
tion of COPD. It is now known that early pulmonary rehabilitation post exacerbation [2]:

* Is not associated with any adverse events or increased mortality
* Reduces risk of hospital readmissions

¢ Improves health related quality of life

¢ Improves exercise capacity

It is therefore recommended unequivocally that patients with COPD who are hospitalised
for an acute exacerbation should be referred for pulmonary rehabilitation at discharge, and
should be enrolled into the pulmonary rehabilitation programme within 1 month of leaving
the hospital.

6. Patient assessment

The initial assessment for the programme is an opportunity to outline a detailed description
of the programme to the patient, to assess for co-morbidities, risk factors and contraindica-
tions for the programme, and to consider any appropriate onward referrals to maximise the
benefit the patient will receive from the programme [3]. The essential information required
for pulmonary rehabilitation includes:

* Known communication/language barriers.

¢ Current activity levels.

* Respiratory diagnosis: spirometry for those with COPD.

* Height, weight, BP and oxygen saturations at rest are desirable.

¢ Modified Medical Research Council breathlessness score.
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¢ Smoking status (for those who continue to smoke, document details of previous attempts
to quit; recent quitters may require support and/or counselling).

¢ Therapies: current list of medication.

* Use of oxygen: long-term oxygen therapy, short-burst oxygen therapy, ambulatory; oxy-
gen saturations, use of domiciliary Positive Pressure Ventilation.

* Significant and relevant comorbidities (which may affect their ability to participate in the
exercise programme or education sessions, including adequacy of literacy and vision).

* Transport needs: if applicable to that rehabilitation provider.

¢ Health care utilisation: including number of hospital admissions and length of stay in the
previous 12 months.

6.1. Specific situations at assessment

When deciding on a patient’s suitability for pulmonary rehabilitation, there are certain
groups of patient characteristics which need further consideration during assessment for the
programme including [3]:

6.1.1. Smoking status

There is currently no evidence that smokers benefit any less from pulmonary rehabilitation
than non-smokers, and the rehabilitation programme can be an ideal opportunity to support
and facilitate these patients in smoking cessation. Smokers should be offered smoking cessa-
tion advice and should be referred to smoking cessation programmes.

6.1.2. Chronic respiratory failure

Patients with chronic respiratory failure (PaO2 < 8 kPa, PO2 > 6 kPa or both) gain much ben-
efit from pulmonary rehabilitation and should not be excluded from the programme for this
reason alone. The use of oxygen and non-invasive ventilation for these patients during the
programme should be discussed with the referring physician, and the safety of the patient
with consideration to the skill mix of the staff in the programme and the programme setting
should also be considered when accepting these patients onto the programme.

6.1.3. Cardiovascular disease

From a safety perspective, patients with unstable cardiovascular disease (e.g. unstable angina,
unstable arrhythmias) should not commence a pulmonary rehabilitation programme until
their cardiac condition is stabilised. However, patients with stable cardiovascular disease as
well as a chronic respiratory disease do benefit from the programme, and should be referred
if pulmonary rehabilitation is indicated. Patients with aortic aneurysms <5.5 cm can partici-
pate safely in moderate intensity aerobic exercise training as long as their blood pressure is
monitored and controlled.
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6.1.4. Anxiety and depression

Patients with symptoms of anxiety and depression also benefit from the pulmonary reha-
bilitation programme, and should not be excluded from referral to the programme. The pul-
monary rehabilitation programme allows an opportunity to detect these conditions and to
consider onward referral for optimal management.

6.1.5. Obese subjects

Pulmonary rehabilitation may be an ideal setting in which to address the needs of obese
patients with associated respiratory symptoms, including exercise training, nutritional edu-
cation, psychological support and onward referral to specialists as required. Obese patients
should not be excluded from the pulmonary rehabilitation programme; however, assess-
ments for other cardiac and pulmonary comorbidities may need to be considered prior to
commencing the pulmonary rehabilitation programme. Weight limits of equipment should be
considered, low impact exercises may be more appropriate and specialised equipment may
be required to accommodate these patients [6].

6.1.6. Co-morbidities

COPD is commonly associated with other medical co-morbidities, which may result from
the common risk factors for COPD such as smoking as well as systemic inflammation. These
can further impact on the patient’s management, and can include cardiovascular disease
(arrhythmias, congestive heart failure, hypertension, and coronary disease), metabolic condi-
tions (diabetes mellitus, osteoarthritis, and hyperlipidaemia), infections, lung cancer, obstruc-
tive sleep apnoea, cognitive dysfunction, depression or anxiety. These co-morbidities must
be considered in the assessment and management of COPD patients enrolled in a pulmonary
rehabilitation programme, as early intervention may influence the course and prognosis of
the disease and can have a beneficial effect on both COPD and the relevant co-morbidity.
Pulmonary rehabilitation is very important for patients with COPD and co-morbidities as
physical activity is well documented to not only benefit COPD but also many other chronic
conditions including obesity, diabetes, cardiovascular disease, musculoskeletal disease and
peripheral vascular disease [32-36].

The presence of co-morbidities does not preclude pulmonary rehabilitation in patients
with COPD but they should be considered thoroughly when monitoring and prescribing
exercise to allow these individuals to exercise safely. For patients with cardiac conditions,
the need for pre-rehabilitation investigations (for example, echocardiography or stress
testing) should be discussed with the referring physician to define safe exercise param-
eters. Anaemia, orthopaedic and neurological issues require further consideration of a
safe exercise plan and the need for specialised equipment. The patient may also require
further onward referrals (for example, dual energy X-ray absorptiometry (DEXA) scan,
psychological review, and nutritional review) based on observations during the exercise
programme.
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6.2. Exercise testing

Prior to commencing the rehabilitation programme, an exercise assessment is essential to [6]:
* Ensure the patient is safe to participate

¢ Rule out cardiovascular morbidities

* Assess baseline capacity

¢ Individualise exercise prescription

* Assess for the need for supplementary oxygen

¢ Define the factors contributing to exercise limitation

¢ Evaluate the effectiveness of the intervention

Exercise tests can include field walking tests, or laboratory cycle ergometer or treadmill tests.
Field walking tests are most commonly used, and are considered more reflective of daily liv-
ing; they are low cost and are convenient in most settings. These include the 6-minute walk
test (6MWT) and the incremental shuttle walk test (ISWT). The 6MWT is a valid, reliable
and reproducible self-paced walk test once the established, recommended and standardised
protocol is used. Performed over a minimum of 30 metres, patients are asked to walk as far
as possible in 6 minutes along a flat corridor [37]. The ISWT is a symptom limited maximal
exercise capacity, externally paced walk test performed over a 10-metre course. It is also valid
and reliable. The walk speed continues until the participant can no longer continue, with a
maximum duration of 20 minutes. The endurance shuttle walks test (ESWT) is a constant
walking speed test performed at a set speed based on the ISWT [6].

The choice of test is usually decided based on objectives, time, cost and availability.

7. Exercise training in pulmonary rehabilitation

Lower limb weakness is commonly seen in patients with COPD, and is a poor prognostic
indicator [12]. The exercise component of pulmonary rehabilitation therefore should primar-
ily be delivered reflecting aerobic exercise and on lower limb endurance and resistance train-
ing. The general principles of exercise in COPD are no different than in exercising a healthy
population: it must reflect the individuals own capacity, progress as improvement occurs
and exceed normal loads encountered in daily life to improve aerobic capacity and muscle
strength.

7.1. Aerobic/endurance training

A target intensity of 60% peak work rate, aiming for an accumulative time of 30-60 min-
utes of aerobic training per session is recommended, with 30 minutes of continuous aerobic
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activity [3]. However, both interval and continuous training have been shown to be effective
in patients with COPD, and should be selected based on both therapist and patient prefer-
ence. Endurance exercise, most commonly delivered in the form of walking (treadmill or
ground walking) or cycling, three to five times per week at a Borg dyspnoea or fatigue score
of 4-6 (moderate to severe) is the recommended target training intensity [6].

7.2. Resistance training of the lower limbs

Resistance training of all major muscle groups, but particularly the quadriceps, should also
be incorporated, not only for the improvements that are well documented for COPD symp-
toms, but also to reduce falls and to improve or maintain bone mineral density [6]. Resistance
training should aim for 2—4 sets of 10-15 repetitions of each exercise, on 2-3 days of the week.
The selected weight should be individualised for each patient, aiming for a prescribed weight
of 60-70% of 1 repetition maximum for each individual patient. The weight should only
have progressed once all sets can be completed with the selected weight [6]. Based on local
resources, weight machines, elastic bands or free weights are all acceptable forms of resistance
training.

7.3. Resistance training of the upper limbs

While it is suggested that upper limb training can improve upper limb function in patients
with COPD, the optimal prescription of this training remains unclear, as do the improve-
ments gained in broader outcomes for COPD patients. However, upper limb training may
be incorporated based on individual needs to improve functional living. It could be assumed
that starting loads and progression may follow the same prescription as for lower limb train-
ing [20].

7.4. Flexibility training

While minimal research has been done on flexibility training as part of the pulmonary rehabil-
itation programme or the optimal duration and intensity of stretching exercises, flexibility of
the major upper and lower limb muscle groups on 2-3 days a week can be recommended [38].
Also, improved thoracic mobility and posture may improve vital capacity in COPD patients,
and should be assessed and addressed in all COPD patients [6].

7.5. Generic vs. individualised exercise programmes

Generic exercise training is recommended for the pulmonary rehabilitation classes: all patients
in the class should do all the same exercises as opposed to an individualised exercise pro-
gramme for each patient. However, the prescription of exercise should be individualised to
each patient to ensure the correct intensity for that patient. Goal setting should be addressed
with each patient on the initial assessment to address any hurdles to exercise and to further
address each patient’s specific needs [3].
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8. Education in pulmonary rehabilitation

Education on COPD and its management to both patient and family is an integral component
of pulmonary rehabilitation programmes. Several studies show that patients instructed about
the nature of their disease and the implications of therapy can better understand, recognise,
and treat the symptoms of their disease [39]. The educational component acts as a support to
lifestyle and behavioural change, and assists in the development of self-management skills.
Patients are empowered to actively participate in their own healthcare, which can promote
adherence to therapy and self-efficacy (i.e., the confidence in successfully managing one’s
health). The educational needs of each patient should be individualised and identified at the
initial assessment and reassessed over the course of the programme. The style of teaching
used in pulmonary rehabilitation is changing from traditional didactic lectures to a collabora-
tive self-management approach, which may be more effective [6]. Education should run in
conjunction with an exercise programme and should cover relevant topics associated with
chronic lung disease. Different aspects should be delivered by different healthcare profession-
als involved in the programme, with the relevant expertise in that area.

Self-management includes core generic strategies, such as goal setting, problem solving,
decision making, adherence to medication, maintaining regular exercise, nutritional advice,
breathing techniques, bronchial hygiene and smoking cessation [40, 41]. Behavioural change
strategies including the prevention, early recognition and treatment of exacerbations and
advanced care directives are additional core educational issues incorporated in collabora-
tive self-management programmes. The development of a patient-specific, collaborative
self-management plan for COPD exacerbations including the recognition of symptoms, a
personalised action plan and communication with a healthcare provider has been shown to
be beneficial [41, 42].

8.1. Breathing strategies

Breathing strategies encompasses a range of breathing techniques, including active expira-
tion, pursed lip breathing, diaphragmatic breathing, adapting certain body positions and co-
ordinating paced breathing with activities. The aim of these techniques is to improve regional
ventilation, gas exchange, respiratory muscle function, dyspnoea, exercise tolerance and
quality of life [43].

The breathing strategies are tailored to the individual, with patients adopting the technique
most effective in reducing symptoms [44].

8.2. Bronchial hygiene techniques

Excessive airway secretions secondary to mucus hypersecretion and impaired mucocili-
ary clearance are distinctive features for some patients. Chest physiotherapy is used to aid
removal of airway secretions, which involves teaching on importance of daily clearance and
training in drainage techniques [45].
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8.3. Smoking cessation

In approximately 90% of cases of COPD, cigarette smoking is the direct cause. The single most
important intervention to retard the progression of air-flow limitation and improve survival
is smoking cessation. For many patients smoking cessation may be difficult due to strong
physiologic and psychological dependence. Long-term quit success rates of up to 25% can be
achieved when sufficient reserves and time are dedicated to smoking cessation programmes
[46]. The rehabilitation programme provides a forum for education and continued reinforce-
ment, on risks of continued smoking, advice on nicotine replacement therapy and other phar-
macotherapy, along with referral to smoking cessation programmes.

8.4. Advance care planning

The process of advance care planning is often inadequate in chronic respiratory diseases [47].
Anxiety and fear of death is well described in individuals with advanced COPD along with
reluctance to discuss it with their treating physician [48]. The pulmonary rehabilitation pro-
gramme has been identified as an appropriate setting for discussion on advance care planning
and end of life care [49].

The idea is to allow both patient and family a unique opportunity to communicate goals
of treatment and preferences regarding the use of life-sustaining treatments, such as car-
diopulmonary resuscitation, mechanical ventilation, dialysis and feeding tubes, with the
health care provider. Ideally, the discussion will facilitate better understanding of cer-
tain topics, such as the disease itself and prognosis, process of dying and end-of life care,
advance directive documents (e.g. designating a health care proxy or enduring power of
attorney).

8.5. Psychosocial support

Severe COPD is associated with increased risk for anxiety and depression, which can affect
motivation levels and result in decreased participation in social activities [6, 46]. Episodes of
dyspnoea often trigger fear and anxiety in patients with COPD and result in further anxiety
in anticipation of repeat episodes [50]. Depression, feelings of hopelessness and an inability
to cope are common in patients with COPD, with an approximate prevalence rate of 45% in
patients with moderate to severe disease [51, 52]. Patients with depression have the tendency
to withdraw from social interactions which can worsen feelings of isolation and loneliness.
Sexual activity can be affected by depression and also the physical restrictions imposed by
COPD itself, sexuality should be raised and discussed when necessary and appropriate coun-
selling initiated.

Screening for anxiety and depression should be included at the initial assessment in a pul-
monary rehabilitation programme. If possible interviewing and involving the caregiver is
beneficial. Promotion of an adequate patient support system is an important component of
pulmonary rehabilitation [53]. Psychological and social support provided within the pulmo-
nary rehabilitation setting can facilitate adjustment the physiological impact of the disease by
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encouraging adaptive thoughts and behaviours. These aid patients in diminishing negative
emotions, provides a socially supportive environment and may improve compliance with
rehabilitation. Multidisciplinary team members with the appropriate expertise to address
these issues are most useful and referral to appropriate professional care may be necessary.

8.6. Nutrition

Nutrition counselling and education on weight management are particularly important in
lung disease. Up to 20-30% of normal weight individuals with COPD show a shift in body
composition to muscle wasting and relative increased fat mass, independent of spirometric
severity [53]. Typically, underweight status and weight loss are more prevalent in advanced
disease and emphysematous phenotype [54], while obesity is more prevalent in mild dis-
ease [53]. Patients with COPD are at risk of obesity and muscle wastage due to limitations in
physical activity and adverse effects of glucocorticoids given for exacerbations. For patients
with COPD there is an association between underweight status and lean muscle loss and
increased mortality, again independent of FEV1 [55, 56], in addition underweight patients
report a lower HRQoL status then normal weight patients with COPD [57].

Changes in body weight or BMI do not accurately reflect all the changes in body composi-
tion that occur in patients with COPD. Body weight is made up of fat mass and fat free mass
(FFM), fat free mass consists of water and body cell mass (organ, muscles, bone). Muscle mass
constitutes a major part of fat free mass. The loss of FFM is characteristic of chronic lung dis-
eases such as COPD and in severe COPD low FFM and mid-thigh cross sectional area have
been shown to be a better predictor of prognosis than BMI [58]. Patients with COPD and low
FFM have a lower exercise tolerance and impaired respiratory muscle strength than patients
with maintained FFM [59-61]. FFM can be estimated using skinfold anthrometry, bioimped-
ance analysis or dual energy X-ray absorptiometry (DEXA).

A comprehensive pulmonary rehabilitation programme should at a minimum include a sim-
ple nutritional screening, such as calculating patient’s body mass index or BML The aetiology
of weight loss and muscle wasting in COPD is complex and a number of different physiologic
and pharmacologic interventions have been used to stop or even reverse the process. This
includes simple nutritional supplementation with an emphasis on adequate protein intake in
order to stimulate protein synthesis to maintain or restore FFM. The increased energy require-
ments during activity in pulmonary rehabilitation must also be met in both underweight and
normal weight individuals. Nutritional supplementation alone has not been successful in
achieving significant weight gain. However, a 6 month intervention of dietary counselling
along with nutritional supplementation resulted in significant weight gain and maintenance
of FFM compared with control group [62].

9. Post rehabilitation assessment

9.1. Patient-centred outcomes

Patient-centred outcomes are used as outcome measures in pulmonary rehabilitation to mea-
sure the change or impact the pulmonary rehabilitation programme has had on the patient’s
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symptoms and quality of life [6]. Outcomes used during the programme should be valid, reli-
able and sensitive to change and have descriptions of relevant change, such as the minimally
clinical important difference, which indicate a meaningful change of the condition for better
or for worse.

Outcome measures used are generally generic or disease specific, and should assess quality
of life (health related quality of life, symptoms and functional impairment), depression and
anxiety, functional status and breathlessness.

Exacerbation history should also be documented as an outcome measure. The same exercise
test used in the pre-rehabilitation assessment (6MWT or ISWT) should also be reassessed on
completion of the programme to assess for improvements in exercise capacity. Quality of life
measures are used to assess symptoms, physiological functioning, functional impairment
and health related quality of life [55, 63, 64]. At least one of these questionnaires is advised
and may include, for example, the Chronic Respiratory Disease Questionnaire [65, 66], the St.
Georges Respiratory Questionnaire [16], or the COPD Assessment Test [67]. As outlined previ-
ously, up to 40% of COPD patients have symptoms of depression and anxiety [68]. All patients
should be assessed both before and after the rehabilitation programme using, for example,
the Hospital Anxiety and Depression Scale [68, 69], and an onward referral to a mental health
professional considered if symptoms persist significantly on completion of the programme.

Patients who are attending pulmonary rehabilitation should have the outcome of their treat-
ment in terms of dyspnoea, health status and exercise capacity measured. Objective measure-
ments of a patient’s baseline function and post-rehabilitation function, and reassessments in
the months following completion of the rehabilitation programme allows the co-ordinator
to assess the benefit obtained by the individual during the programme, to provide quality
assurance for the rehabilitation services and to facilitate ongoing referrals if required. Other
measures of outcome, such as muscle strength, nutritional status, physical activity levels and
self-efficacy measures) may also be beneficial.

10. Unanswered questions in pulmonary rehabilitation

10.1. Where is the ideal location to carry out rehabilitation?

The ideal location to carry out rehabilitation is currently unclear. The settings for pulmo-
nary rehabilitation programmes vary; most of the research to date has involved outpatient
programmes; however pulmonary rehabilitation programmes may also be conducted in an
inpatient hospital or home setting. In a recent international survey involving 400 centres in 40
countries, 85% of pulmonary rehabilitation programmes in Europe and North America were
using an outpatient model [70]. Outpatient settings include hospital outpatient departments,
community facilities and physiotherapy clinics.

Inpatient rehabilitation is offered in hospitals and can provide specialised rehabilitation care
for individuals in a stable pulmonary state or after an exacerbation. It certain cases it can
be initiated during inpatient acute care including the intensive care unit where ventilator
limitations may limit aerobic exercise, but resistive muscle training can be well tolerated and
is associated with improved 6-minute walk distance and muscle strength [6, 71]. Potential
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disadvantages with inpatient rehabilitation include higher costs and lack of coverage by
health insurance in certain countries.

Home based rehabilitation is an alternative model, which involves transferring the site of
exercise training to the home. This could make the course more convenient and broaden the
availability of the service. There is increasing evidence comparing home- and hospital-based
programmes, including a recent large randomised equivalence study of home vs. outpatient
rehabilitation. This demonstrated that important outcomes such as functional exercise capac-
ity and health related quality of life were equivalent between both groups [72]. Fernandez and
colleagues demonstrated that a home-based programme was safe and effective in a group of
50 patients with severe COPD on long-term supplemental oxygen [73]. There has been little
uptake in clinical practice, with less than 5% of centres worldwide providing home based
rehabilitation [70]. This is likely a result of limitations in some of the current studies, with
many being underpowered or failing to provide all of the essential components of pulmonary
rehabilitation.

The American Thoracic Society (ATS)/European Respiratory Society (ERS) Policy Statement
on Pulmonary Rehabilitation identified the need to increase accessibility of pulmonary reha-
bilitation as a key priority, which includes investigating novel PR programme models that
are more accessible and acceptable to patients [74]. Thus, when choosing a rehabilitation set-
ting characteristics of both a particular healthcare system or setting and the patient as an
individual need to be considered. Factors such as transportation, availability of various pro-
gramme settings as described above and in certain countries, payment considerations and
health insurance need also to be considered. In relation to patient specific factors, the severity
of their disease is important, as is the haemodynamic stability of a patient often in the con-
text of recent exacerbation, co-morbidities and extent of disability if any. These factors can
influence the most appropriate setting and level of supervision a patient needs enrolling in a
pulmonary rehabilitation programme.

10.2. What are the barriers to the uptake of pulmonary rehabilitation?

One key goal of pulmonary rehabilitation is ongoing lifestyle modification to encourage
patients to undertake a more active lifestyle in the future. Despite the extensive evidence
for its benefits, pulmonary rehabilitation is delivered to fewer than 10% with those with
COPD who would benefit [52]. Accessibility is a major factor particularly in rural settings
where programmes are not available or appropriate infrastructure to provide them does not
exist. However, it has also been shown in metropolitan areas that up to 50% of those who are
referred will never attend and of those who do present, up to a third will not complete the
programme [75].

A systematic review in 2011 was carried out to identify barriers to uptake and factors affect-
ing pulmonary rehabilitation adherence. The factors that influence whether people choose to
attend their initial appointment can be different to the factors that influence programme com-
pletion [75]. A number of barriers to enrolment following referral were identified, including:
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¢ Disruption to established routine, varying from concerns over missing social activities to
work commitments or carer demands such as caring for other family members.

* Travel, transport and location, including distance to travel, available transportation or in-
ability to travel independently.

* Influence of the referring physician — some patients declined to attend following referral by
a doctor they did not know or if the perceived that their doctor did not think the rehabilita-
tion programme would benefit them.

* Lack of perceived benefit, as some studies report patients perceiving their disease to be too
severe to gain improvement or that the programme lacks guaranteed benefits.

* Inconvenient timing of the programme — patient preference on timing of rehabilitation ses-
sions can vary between morning and afternoon, and given the limited capacity and avail-
ability not everyone’s preference can be accommodated.

The definition of programme non-adherence varies in the literature from declining to par-
ticipate in the programme to attending at least one session. A non-adherence rate ranging
from 10 to 32% has been described and varies considerably from study to study [75]. Factors
associated with non-adherence include illness and co-morbidities, travel, transportation, lack
of perceived benefits, smoking, depressive symptoms and lack of support [27, 76]. Cigarette
smoking at enrolment was the sole independent risk factor for non-completion of pulmonary
rehabilitation, in the systematic review described above [75]. This highlights the importance
of the educational component and facilitating behaviour change including programmes for
strategies for smoking cessation.

10.3. How can the benefits of pulmonary rehabilitation be maintained?

Given the nature of COPD as a progressive chronic disease, it frequently results in a progres-
sive loss of function over time. It is therefore reasonable that any benefits obtained from an
initial programme are likely to regress over time [3]. The benefits of an initial pulmonary reha-
bilitation programme have been shown to persist to some degree for at least 12 months, with
quality of life maintained better than the increased exercise capacity. Developing strategies
to extend the effects of the rehabilitation programme is extremely important. The benefits of
ongoing supervised maintenance exercise programmes beyond the completion of the initial
cycle remains uncertain [6].

A repeat programme in those whose condition has deteriorated more than 1 year since com-
pleting the programme should be considered, and an earlier repeat programme may be war-
ranted in those patients with a profound physiological decline within the initial 12 months
of completing the programme. The benefits of a repeat programme of a patient who failed to
benefit from the original programme are questionable. Ongoing exercise upon completing
the programme should be encouraged in all patients, and opportunities for exercise upon
completion of the programme should be provided to all patients.
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Implementation of a home exercise programme at least twice a week at an early stage dur-
ing the rehabilitation programme encourages the participant to exercise independently dur-
ing the programme, but also improves adherence to regular exercise once the programme
has been completed. Written material with an individualised description and prescription
of each exercise, resembling those undertaken in the supervised classes should be provided
to each participant. The programme coordinator should monitor the patients home exercise
diary throughout the programme, and any barriers to exercise that the patient is experiencing
should be addressed. Precautions and advice on exercise should also be addressed [20].

On completion of the programme, patients should be provided with a written, individual-
ised, structured plan for ongoing exercise maintenance to encourage ongoing exercise. It
should include aerobic and strength exercises, and information on local exercise amenities.
Patients should be asked to reflect on the effect the programme has had on their daily physi-
cal activity and on their symptoms. Strategies to maintain their improvements and adher-
ence to an ongoing exercise programme should be discussed. Regular assessments following
completion of the initial programme can assist in maintaining the gains achieved during the
programme [22].

10.4. Is there a role for new technology?

Pulmonary rehabilitation has rapidly established itself as a cornerstone in the comprehensive
management of patients with COPD. As previously stated, a recent joint policy statement by
the ATS and ERS has identified improved access and delivery of pulmonary rehabilitation
to suitable patients as a priority in need of further research and development. As popularity
and lack of capacity increase demand, other settings for effective rehabilitation will need to
be found. These new settings would ideally maintain the quality and effectiveness of conven-
tional programmes but be more convenient to patients [6].

New technology may play a part in improving services by telemonitoring or provision of
remote rehabilitation to inaccessible regions. Telemedicine is the use of telecommunication
and information technology to provide clinical health care from a distance. Telerehabilitation
is the delivery of rehabilitation services over telecommunication networks and the internet,
allowing point-to-point video conferencing between a central control unit and a patient at
home. This is a promising way of delivering health services to individuals who may live in
isolated areas without adequate access to transportation or have a level of disability which
limits their ability to travel. A study carried out in 2008 used mobile phone based systems to
remotely monitor an endurance exercise programme at home [77]. This programme provided
a music component with an appropriate tempo to facilitate the correct intensity of training;
adherence could also be monitored and appropriate feedback and support delivered. The
study demonstrated good compliance and significant improvement, and was also associated
with fewer exacerbations and hospitalisations [78].

There has also been evidence to support the delivery of a pulmonary rehabilitation pro-
gramme from a large expert centre to smaller regional centres via videoconferencing [78]. In a
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controlled trial, there were equivalent outcomes for exercise capacity and quality of life. One
other small trial in individuals with moderate to severe COPD, who had completed at least
12 sessions of outpatient pulmonary rehabilitation, found that telemonitoring by health care
professionals reduced primary care contacts for respiratory issues compared with usual care
[79]. Neither demonstrated any differences between groups and hospital admissions, days in
hospital or contact with COPD nurse specialists in the community.

Education, psychosocial support and counselling are components of a pulmonary rehabilita-
tion programme which are critical to its success. A study in 2006 demonstrated that the com-
bination of exercise counselling, stimulation of lifestyle change or adaption and the use of a
pedometer is feasible and may improve outcome and maintenance of rehabilitation results
[80]. Results of a systematic review comparing home telemonitoring with usual care showed
that home telehealth (home telemonitoring and telephone support) decreased rates of hospi-
talisation and emergency department visits, whereas findings for hospital days varied between
studies. There is a great deal of variability between studies in terms of interventions and
approach [81].

11. Conclusion

Pulmonary rehabilitation is one of the most cost-effective therapies for individuals with chronic
respiratory disease. Despite this, many programmes are not funded adequately due to a lack of
knowledge and awareness of the benefits of pulmonary rehabilitation. Healthcare profession-
als in clinical practice are often not familiar with the benefits, science and process of pulmo-
nary rehabilitation, and therefore do not offer it to suitable patients. The need for standardised
formal training in pulmonary rehabilitation is clear. Interestingly, even when referred, uptake
of pulmonary rehabilitation by suitable patients remains poor. This may be due to a perception
of pulmonary rehabilitation as being difficult or frightening. Therefore, equally important is
patient education regarding the proven benefits of pulmonary rehabilitation and the processes
by which those benefits are attained. Given that pulmonary rehabilitation is an evidence-
based, widely-accepted gold standard treatment for many respiratory patients, the disparity
in access and availability results in unacceptable inequality of healthcare [82].

Author details

Michelle Casey’, Amy Mulkerns’, Cliona O’'Donnell* and Tim McDonnell*
*Address all correspondence to: timothymcdonnell@icloud.com

Department of Respiratory Medicine, St. Michaels Hospital and St. Vincent’s University
Hospital, Dublin, Ireland

tThese authors contributed equally

123



124  COPD - An Update in Pathogenesis and Clinical Management

References

(1]

[13]

[14]

McCarthy B, et al. Pulmonary rehabilitation for chronic obstructive pulmonary disease.
Cochrane Database of Systematic Reviews. 2015 Feb 23;(2):CD003793. DOI: 10.1002/
14651858.CD003793.pub3

Puhan M, et al. Pulmonary rehabilitation following exacerbations of chronic obstructive
pulmonary disease. Cochrane Database of Systematic Reviews. 2009 Jan 21;(1):CD005305.
DOI: 10.1002/14651858.CD005305.pub2

Bolton CE, et al. British Thoracic Society guideline on pulmonary rehabilitation in adults.
Thorax. 2013;68(Suppl 2):ii1-ii30

Casaburi R. A brief history of pulmonary rehabilitation. Respiratory Care. 2008;53(9):
1185-1189

Maltais F, et al. Skeletal muscle adaptation to endurancetraining in patients with chronic
obstructive pulmonary disease. American Journal of Respiratory and Critical Care
Medicine. 1996;154(2 Pt 1):442-447

Spruit MA, et al. An official American Thoracic Society/European Respiratory Society
statement: Key concepts and advances in pulmonary rehabilitation. American Journal of
Respiratory and Critical Care Medicine. 2013;188(8):e13-e64

Bernard S, et al. Aerobic and strength training in patients with chronic obstructive
pulmonary disease. American Journal of Respiratory and Critical Care Medicine.
1999;159(3):896-901

Griffiths TL, et al. Results at 1 year of outpatient multidisciplinary pulmonary rehabilita-
tion: A randomised controlled trial. Lancet. 2000;355(9201):362-368

Ries AL, et al. Effects of pulmonary rehabilitation on physiologic and psychosocial
outcomes in patients with chronic obstructive pulmonary disease. Annals of Internal
Medicine. 1995;122(11):823-832

Franssen FM, et al. Effects of whole-body exercise training on body composition and
functional capacity in normal-weight patients with COPD. Chest. 2004;125(6):2021-2028

Spruit MA, et al. Resistance versus endurance training in patients with COPD and
peripheral muscle weakness. The European Respiratory Journal. 2002;19(6):1072-1078

Swallow EB, et al. Quadriceps strength predicts mortality in patients with moderate to
severe chronic obstructive pulmonary disease. Thorax. 2007;62(2):115-120

Ries AL, et al. Pulmonary rehabilitation: Joint ACCP/AACVPR evidence-based clinical
practice guidelines. Chest. 2007;131(5 Suppl):4s-42s

Casaburi R, et al. Reductions in exercise lactic acidosis and ventilation as a result of
exercise training in patients with obstructive lung disease. The American Review of
Respiratory Disease. 1991;143(1):9-18



[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Pulmonary Rehabilitation in COPD: Current Practice and Future Directions
http://dx.doi.org/10.5772/intechopen.71218

Polkey MI, Rabe KF. Chicken or egg: Physical activity in COPD revisited. European
Respiratory Journal. 2009;33(2):227-229

Jones PW, et al. A self-complete measure of health status for chronic airflow limitation:
The St. George's respiratory questionnaire. American Review of Respiratory Disease.
1992;145(6):1321-1327

Kirshner B, Guyatt G. A methodological framework for assessing health indices. Journal
of Chronic Diseases. 1985;38(1):27-36

D-C Man W, et al. Community pulmonary rehabilitation after hospitalisation for acute
exacerbations of chronic obstructive pulmonary disease: Randomised controlled study.
British Medical Journal. 2004;329(7476):1209

Ries AL, et al. The effects of pulmonary rehabilitation in the national emphysema treat-
ment trial. Chest. 2005;128(6):3799-3809

Garvey C, et al. Pulmonary rehabilitation exercise prescription in chronic obstruc-
tive pulmonary disease: Review of selected guidelines: An official statement from The
American Association of Cardiovascular and Pulmonary Rehabilitation. Journal of
Cardiopulmonary Rehabilitation and Prevention. 2016;36(2):75-83

Medicine, A.C.0.5. ACSM's Guidelines for Exercise Testing and Prescription. Philadelphia
PA: Lippincott Williams & Wilkins; 2013

Jenkins S, Hill K, Cecins NM. State of the art: How to set up a pulmonary rehabilitation
program. Respirology. 2010;15(8):1157-1173

Nici L, et al. American Thoracic Society/European Respiratory Society statement on
pulmonary rehabilitation. American Journal of Respiratory and Critical Care Medicine.
2006;173(12):1390-1413

Trappenburg JC, et al. Psychosocial conditions do not affect short-term outcome of
multidisciplinary rehabilitation in chronic obstructive pulmonary disease. Archives of
Physical Medicine and Rehabilitation. 2005;86(9):1788-1792

Haave E, Skumlien S, Hyland ME. Gender considerations in pulmonary rehabilitation.
Journal of Cardiopulmonary Rehabilitation and Prevention. 2008;28(3):215-219

DiMeoF, et al. Age does not hamper the response to pulmonary rehabilitation of COPD
patients. Age and Ageing. 2008;37(5):530-535

Garrod R, et al. Predictors of success and failure in pulmonary rehabilitation. European
Respiratory Journal. 2006;27(4):788

Evans RA, et al. Pulmonary rehabilitation is successful for COPD irrespective of MRC
dyspnoea grade. Respiratory Medicine. 2009;103(7):1070-1075

Sabit R, et al. Predictors of poor attendance at an outpatient pulmonary rehabilitation
programme. Respiratory Medicine. 2008;102(6):819-824

125



126  COPD - An Update in Pathogenesis and Clinical Management

[30]

[31]

[32]

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[46]

Berry MJ, et al. Exercise rehabilitation and chronic obstructive pulmonary disease stage.
American Journal of Respiratory and Critical Care Medicine. 1999;160(4):1248-1253

Chavannes N, et al. Effects of physical activity in mild to moderate COPD: A systematic
review. The British Journal of General Practice. 2002;52(480):574-578

Spruit MA, et al. Effects of moderate-to-high intensity resistance training in patients
with chronic heart failure. Heart. 2009;95(17):1399-1408

Tan KH, De Cossart L, Edwards PR. Exercise training and peripheral vascular disease.
The British Journal of Surgery. 2000;87(5):553-562

Bennell KL, Hinman RS. A review of the clinical evidence for exercise in osteoarthritis of
the hip and knee. Journal of Science and Medicine in Sport. 2011;14(1):4-9

O'Gorman DJ, Krook A. Exercise and the treatment of diabetes and obesity. Medical
Clinics of North America. 2011;95(5):953-969

Rees K, et al. Exercise based rehabilitation for heart failure. Cochrane Database of
Systematic Reviews. 2010 Apr 14;(4):CD003331. DOI: 10.1002/14651858.CD003331.pub3

Redelmeier DA, et al. Interpreting small differences in functional status: The six minute
walk test in chronic lung disease patients. American Journal of Respiratory and Critical
Care Medicine. 1997;155(4):1278-1282

MunroPE, etal. Pulmonary rehabilitation following lung transplantation. Transplantation
Proceedings. 2009;41(1):292-295

Make B. Collaborative self-management strategies for patients with respiratory disease.
Respiratory Care. 1994;39(5):566-579 discussion 579-83

Bourbeau ], Nault D, Dang-Tan T. Self-management and behaviour modification in
COPD. Patient Education and Counseling. 2004;52(3):271-277

Rice KL, et al. Disease management program for chronic obstructive pulmonary dis-
ease: A randomized controlled trial. American Journal of Respiratory and Critical Care
Medicine. 2010;182(7):890-896

Bischoff EW, et al. Effects of written action plan adherence on COPD exacerbation recov-
ery. Thorax. 2011;66(1):26-31

Gosselink R. Breathing techniques in patients with chronic obstructive pulmonary dis-
ease (COPD). Chronic Respiratory Disease. 2004;1(3):163-172

Lareau S, Larson JL. Ineffective breathing pattern related to airflow limitation. The
Nursing Clinics of North America. 1987;22(1):179-191

Jones AP, Rowe BH. Bronchopulmonary hygiene physical therapy for chronic obstruc-
tive pulmonary disease and bronchiectasis. Cochrane Database of Systematic Reviews.
2000;(2):CD000045

From the Global Strategy for the Diagnosis, Management and Prevention of COPD,
Global Initiative for Chronic Obstructive Lung Disease (GOLD) 2017. www.goldcopd.
org (cited July 2017)



[47]

(48]

[49]

(50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Pulmonary Rehabilitation in COPD: Current Practice and Future Directions
http://dx.doi.org/10.5772/intechopen.71218

Spruit MA, et al. Rehabilitation and palliative care in lung fibrosis. Respirology.
2009;14(6):781-787

Janssen DJA, et al. A call for high-quality advance care planning in outpatients with
severe COPD or chronic heart failure. Chest. 2011;139(5):1081-1088

Heffner JE. Advance care planning in chronic obstructive pulmonary disease: Barriers
and opportunities. Current Opinion in Pulmonary Medicine. 2011;17(2):103-109

Heim E, Blaser A, Waidelich E. Dyspnea: Psychophysiologicrelationships. Psychosomatic
Medicine. 1972;34(5):405-423

Mills TL. Comorbid depressive symptomatology: Isolating the effects of chronic medi-
cal conditions on self-reported depressive symptoms among community-dwelling older
adults. Social Science & Medicine. 2001;53(5):569-578

Yohannes AM, Connolly MJ. Pulmonary rehabilitation programmes in the UK: A
national representative survey. Clinical Rehabilitation. 2004;18(4):444-449

Emery CF, et al. Psychological and cognitive outcomes of a randomized trial of exer-
cise among patients with chronic obstructive pulmonary disease. Health Psychology.
1998;17(3):232-240

Engelen MP, et al. Different patterns of chronic tissue wasting among patients with
chronic obstructive pulmonary disease. Clinical Nutrition. 1999;18(5):275-280

Schols AM, et al. Weight loss is a reversible factor in the prognosis of chronic obstruc-
tive pulmonary disease. American Journal of Respiratory and Critical Care Medicine.
1998;157(6 Pt 1):1791-1797

Prescott E, et al. Prognostic value of weight change in chronic obstructive pulmonary
disease: Results from the Copenhagen City heart study. The European Respiratory
Journal. 2002;20(3):539-544

Shoup R, et al. Body composition and health-related quality of life in patients with
obstructive airways disease. European Respiratory Journal. 1997;10(7):1576-1580

Marquis K, et al. Midthigh muscle cross-sectional area is a better predictor of mortality
than body mass index in patients with chronic obstructive pulmonary disease. American
Journal of Respiratory and Critical Care Medicine. 2002;166(6):809-813

Mostert R, et al. Tissue depletion and health related quality of life in patients with
chronic obstructive pulmonary disease. Respiratory Medicine. 2000;94(9):859-867

Kobayashi A, et al. The relation of fat-free mass to maximum exercise performance in
patients with chronic obstructive pulmonary disease. Lung. 2000;178(2):119-127

Nishimura Y, et al. Relationship between respiratory muscle strength and lean body
mass in men with COPD. Chest. 1995;107(5):1232-1236

Weekes CE, Emery PW, Elia M. Dietary counselling and food fortification in stable
COPD: A randomised trial. Thorax. 2009;64(4):326-331

127



128 COPD - An Update in Pathogenesis and Clinical Management

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

Taillefer M-C, et al. Health-related quality of life models: Systematic review of the litera-
ture. Social Indicators Research. 2003;64(2):293-323

Wilson IB, Cleary PD. Linking clinical variables with health-related quality of life. A
conceptual model of patient outcomes. Journal of the American Medical Association.
1995;273(1):59-65

Guyatt GH, et al. A measure of quality of life for clinical trials in chronic lung disease.
Thorax. 1987;42(10):773-778

Williams JEA, et al. Health status measurement: Sensitivity of the self-reported chronic
respiratory questionnaire (CRQ-SR) in pulmonary rehabilitation. Thorax. 2003;58(6):515

Jones PW, et al. Development and first validation of the COPD assessment test. European
Respiratory Journal. 2009;34(3):648

Coventry PA. Does pulmonary rehabilitation reduce anxiety and depression in chronic
obstructive pulmonary disease? Current Opinion in Pulmonary Medicine. 2009;15(2):
143-149

Zigmond AS, Snaith RP. The hospital anxiety and depression scale. Acta Psychiatrica
Scandinavica. 1983;67(6):361-370

Spruit MA, et al. Differences in content and organisational aspects of pulmonary reha-
bilitation programmes. European Respiratory Journal. 2014;43(5):1326-1337

Troosters T, et al. Resistance training prevents deterioration in quadriceps muscle func-
tion during acute exacerbations of chronic obstructive pulmonary disease. American
Journal of Respiratory and Critical Care Medicine. 2010;181(10):1072-1077

Holland AE, et al. Home-based rehabilitation for COPD using minimal resources: A ran-
domised, controlled equivalence trial. Thorax. 2016

Fernandez AM, et al. Home-based pulmonary rehabilitation in very severe COPD:
Is it safe and useful? Journal of Cardiopulmonary Rehabilitation and Prevention.
2009;29(5):325-331

Rochester CL. An official American Thoracic Society/European Respiratory Society
policy statement: Enhancing implementation, use, and delivery of pulmonary rehabili-
tation. Am ] Respir Crit Care Med. 2015;192(11):1373-1386

Keating A, Lee A, Holland AE. What prevents people with chronic obstructive pulmo-
nary disease from attending pulmonary rehabilitation? A systematic review. Chronic
Respiratory Disease. 2011;8(2):89-99

Hogg L, et al. Effectiveness, attendance, and completion of an integrated, system-wide
pulmonary rehabilitation service for COPD: Prospective observational study. Chronic
Obstructive Pulmonary Disease. 2012;9(5):546-554

Liu WT, et al. Efficacy of a cell phone-based exercise programme for COPD. The
European Respiratory Journal. 2008;32(3):651-659



Pulmonary Rehabilitation in COPD: Current Practice and Future Directions
http://dx.doi.org/10.5772/intechopen.71218

[78] Stickland M, et al. Using Telehealth technology to deliver pulmonary rehabilitation
in chronic obstructive pulmonary disease patients. Canadian Respiratory Journal.
2011;18(4):216-220

[79] Lewis KE, et al. Does home telemonitoring after pulmonary rehabilitation reduce health-
care use in optimized COPD? A pilot randomized trial. Chronic Obstructive Pulmonary
Disease. 2010;7(1):44-50

[80] de Blok BM, et al. The effects of a lifestyle physical activity counseling program with
feedback of a pedometer during pulmonary rehabilitation in patients with COPD: A
pilot study. Patient Education and Counseling. 2006;61(1):48-55

[81] Polisena J, et al. Home telehealth for chronic obstructive pulmonary disease: A system-
atic review and meta-analysis. Journal of Telemedicine and Telecare. 2010;16(3):120-127

[82] Vogiatzis I, et al. American Journal of Respiratory and Critical Care Medicine

129






Chapter 7

Advances in Pulmonary Rehabilitation for Chronic
Obstructive Pulmonary Disease and Associated
Conditions

lpek Candemir

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.70920

Abstract

Pulmonary rehabilitation (PR) is an evidenced-based, proven treatment as mentioned
recent guidelines in patients with chronic obstructive pulmonary disease (COPD).
Exercise training is a cornerstone of PR programs, Inspiratory muscle training, neuro-
muscular electrical stimulation (NMES) are effective in selected patients. Water-based
rehabilitation and tai chi are well tolerated recent modalities. Although there is an absence
of a specific PR protocol for special conditions, PR is recommended before and also after
endobronchial volume reduction (EBVR), lung volume reduction surgery (LVRS), both
before and after lung transplantation periods, before, after surgery, during the inten-
sive care unit (ICU) period, the chemotherapy period and as a component of palliative
care. After COPD exacerbation, it is recommended within 3 weeks of hospital discharge.
Modifying PR programs while considering comorbidities might lead to greater improve-
ment in outcomes. After PR, the important points are to follow prescribed home exercise
programs, control programs in the PR center/unit, and being more active in daily living
life for the purpose of preserving improvements. Tele-PR is an alternative to conven-
tional modalities due to similar improvements. Although PR is effective, it is an under-
utilized resource. The awareness of PR should be increased in patients and among health
professionals.

Keywords: PR, exercise capacity, quality of life, perioperative lung transplantation,
EBVR

1. Introduction

Chronic obstructive pulmonary disease (COPD), a systemic progressive disease that results
in reduced exercise capacity and quality of life, progressive dyspnea, and mortality. It causes
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health and economic burdens unless pharmacologic and nonpharmacologic treatments are
optimized. One of the most important interventions is pulmonary rehabilitation (PR). It is a
proven modality and is included in COPD treatment guidelines. The evidence-based benefits
are improvement in exercise capacity and quality of life, recovery time after hospitalization, and
survival; and reduction in perceived intensity of breathlessness, number of hospitalizations,
and days in hospital; and enhancement of the effect of long-acting bronchodilators. Although
most studies included patients with moderate-to-severe COPD and demonstrated evidence for
these patients, PR is recommended for all patients who are symptomatic with reduced exercise
capacity and quality of life, regardless of disease severity. PR is also an effective, feasible modal-
ity during the intensive care unit (ICU) period and early periods after exacerbation. The recom-
mended time for PR is during the perioperative period in lung transplantation. Additionally,
PR is required before endobronchial volume reduction (EBVR) and has shown to be beneficial
before and after lung cancer surgery. This chapter outlines the pathophysiologies that give rise
to indications for PR, the latest developments in PR, and PR modalities associated with COPD.

2. The definition of PR

PR is described as “a comprehensive intervention based on a thorough patient assessment
followed by patient-tailored therapies that include, but are not limited to, exercise training,
education, and behavior changes, that is designed to improve the physical and psychological
conditions of people with chronic respiratory disease, and to promote the long-term adher-
ence to health-enhancing behaviors [1].”

3. Pathophysiologies indicated for PR

3.1. Exercise limitation

Exercise intolarence is one of the most important and common symptoms experienced by
patients with mild-to-severe COPD and are related to reduced health-related quality of life.
Exercise intolerance in patients with COPD is primarily due to impaired ventilatory mechan-
ics, but it is also associated with gas exchange limitation, cardiovascular factors, peripheral
skeletal muscle dysfunction and a combination of these [2, 3]. Additionally, anxiety and poor
motivation are other factors of exercise intolerance. Although the exact association has yet to
be found, it is thought that anxiety and depression contribute to exercise intolerance [4], due
to the effect that these have on increased symptom perception [5, 6].

Ventilatory limitation: Multiple factors determine ventilatory limitation, which consists of
abnormalities in ventilatory mechanics and ventilatory muscle function. Other reasons
for ventilatory limitation are increased ventilatory demands as a result of changes in gas
exchange, and discordance in the neuroregulatory control of breathing. The most impor-
tant pathophysiology in patients with COPD is expiratory flow limitation. During exercise,
air becomes trapped, which results in dynamic lung hyperinflation (DH) above the already
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increased resting volumes. Additionally, DH inhibits tidal volume expansion during exer-
cise and contributes to cardiac dysfunction by increasing the positive intrathoracic pressures,
which likely contribute to cardiac impairment [7].

Gas exchange limitation: Hypoxia is likely to limit exercise tolerance. Hypoxia increases pul-
monary ventilation by enhancing output of peripheral chemoreceptors and production of lac-
tic acid. Lactic acidemia results in increased pulmonary ventilation because of an increase in
carbon dioxide production due to buffered lactic acid [8]. Above the lactic threshold, severe
dyspnea correlates with increased work rates. Dyspnea may quickly increase. Furthermore,
plasma norepinephrine and epinephrine also increase during exercise [9, 10].

Cardiovascular factors: In patients with COPD, the cardiovascular system is influenced by vari-
ous mechanisms. The most important is an increase in right ventricular afterload through
elevated pulmonary vascular resistance from direct vascular injury [11, 12], hypoxic vaso-
constriction [13], and/or increases in effective pulmonary vascular resistance due to eryth-
rocytosis [14]. In the course of time, the overloaded right ventricle leads to right ventricular
hypertrophy, which could result in right ventricular failure [15]. During exercise, pulmonary
vascular resistance is rapidly increased due to breathing at lung volumes close to total lung
capacity [16, 17]. Lung hyperinflation and excessive expiratory muscle recruitment are likely
to reduce venous return and right ventricular preload in COPD [18, 19]. Moreover, during
exercise, large intrathoracic pressure swings for the purpose of overcoming the increased elas-
tic and resistive loads, may result in left ventricular dysfunction by increasing left ventricular
afterload [20, 21]. These right ventricular effects can also compromise left ventricular filling
through septal shifts that further reduce the ability of the heart to meet exercise demands [22].

Peripheral skeletal muscle dysfunction: Skeletal muscle dysfunction in patients with COPD is
characterized by remarkably decreased muscle strength and endurance. The mechanisms are
reduction in muscle mass and proportion of oxidative fibers, increases in the proportion of gly-
colytic fibers and muscle atrophy, and also a detoriation of oxidative metabolic capacity due
to reductions in mitochondrial enzyme activities and capillary density. Additionally, systemic
inflammation; malnutrition; corticosteroid use; hypoxemia; aging; smoking; the production
of reactive oxygen and nitrogen species; enhanced protein degradation inside muscle fibers;
increased activities of the proteasomal and lysosomal pathways; and activation of calpains
and caspases contribute to muscle dysfunction. Therefore, patients with COPD enter into a
vicious circle owing to disuse and inactivity due to the aforementioned mechanisms [23].

3.2. Body composition disorders

Unexplained weight loss occurs in about 50% of patients with severe COPD and 15% of patients
with mild-to-moderate COPD [24, 25]. The main cause of weight loss in COPD is the reduc-
tion in skeletal muscle mass rather than loss of fat mass. Based on the reduction of fat mass or
fat-free mass index (FFMI), nutritional abnormalities in COPD have been categorized into four
types. Normal body mass index (BMI) with normal FFMI is normal, low BMI with normal or
above-normal FFMI is defined as semistarvation, normal or above-normal BMI with low FFMI
is defined as muscle atrophy, and low BMI with low FFMI as cachexia [26]. There are several
reasons for weight loss in patients with COPD, even if during a stable period. In patients
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with stable COPD, there is an increased metabolic rate due to abnormal respiratory dynam-
ics, chronic systemic inflammation, and drugs [27-31]. In malnourished mobile patients with
COPD, although the basal metabolic rate is reduced, the resting energy expenditure is high.
During exercise, inefficient muscle contractions due to increased consumption of adenosine
triphosphate are added on. Also, there is an increase in the levels of inflammatory cytokines
such as tumor necrosis factor-alpha (TNF-a) and interleukin (IL) 1 in circulation. TNF-a and
IL1 have been shown to contribute to weight loss even in healthy individuals [32].

3.3. Psychological status

Patients with COPD have a higher prevalence of depression and anxiety than the general popula-
tion [33] and a higher risk for developing depression [34]. The etiology of the association between
depression and COPD has not been revealed clearly. The most important risk factor for COPD
is smoking. Depressed individuals are more likely to smoke [35], have a tendency to smoking
[36, 37], and find smoking cessation more difficult [35, 38]. Conversely, smokers are more likely
to be depressed [39], which could be caused by activation of nicotinic acetylcholine receptors
[40], and the inflammatory effects of smoking [41]. Soluble tumor necrosis factor receptor-1 has
shown to be associated with rates of depression in patients with COPD [42], but there is not exact
relationship between TNF-a and COPD [43, 44]. Hypoxia is thought be an additional factor in the
development of depression in COPD. Low arterial oxygen saturation has been shown to be asso-
ciated with periventricular white matter lesions [45], which are found in patients with depression
[46]. Other important risk factors are the severity of symptoms and reported quality of life [47].
Depression is found more frequently in support-bound patients with COPD [48].

4. Content of PR programs

4.1. Exercise training

Exercise training is a cornerstone of PR programs. Exercise training is shown to be the best
approach for increasing muscle strength, is likely to improve motivation for exercise, reduce
mood abnormalities [49, 50], decrease symptoms [51], and improve cardiovascular function [1].
As recent major guidelines recommend, the main components of exercise training programs
for patients with COPD are endurance and resistance training, which should be included in
PR programs. Although none of the guidelines make clear, specific, and accurate recommenda-
tions for whole exercise training, they agree on endurance training at least 3 to 5 times weekly
>60% of the maximal work rate. However, there is no consensus of initial workloads or in
increasing the exercise load or program duration; the duration of exercise is recommended for
at least 20 minutes and a target program duration of up to 12 weeks [52].

Inspiratory muscle training (IMT): Respiratory muscle training is a part of rehabilitation in
selected patients with COPD. Respiratory strength has been found to correlate with improved
pulmonary function, reduction of dyspnea severity, improved exercise tolerance, and enhanced
functionality and quality of life [53, 54]. IMT is thought to contribute to contraction of the dia-
phragm by increasing type II fibers [55], which results in reduced inspiratory time [56] and
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subsequently increased expiratory time. Hyperinflation is expected to eventually diminish
[57]; therefore, IMT is thought to impact on dyspnea without any significant change in inspira-
tory pressure [58, 59].

Neuromuscular electrical stimulation (NMES): NMES is one of the recent rehabilitation modali-
ties that involve passive stimulation of contraction of the peripheral muscles through the
application of an electric current via electrodes placed on the skin over the targeted muscles
by depolarizing motor neurons. It aims to elicit beneficial training effects without causing
dyspnea in patients who are unable to participate in PR programs. The stimulation-pulse
duration is usually 250-400 ps, and stimulation frequency ranges from 8 to 120 Hz. Intensities
range from 10 to 100 mA, and these are gradually increased throughout the entire stimula-
tion according to the patient’s individual tolerance. In a meta-analysis published in 2016, it
was found that NMES improved quadriceps strength and exercise capacity; however, there
was no statistically significant improvement in the degree of health-related quality of life
in patients with moderate-to-severe COPD [60]. In several studies, it has been reported that
NMES had an impact on the increase in type II fiber cross-sectional area with a decrease in
type I fiber cross-sectional area of the muscle, and on the decrease in muscle oxidative stress
in patients with COPD. Owing to the fact that NMES has a low impact on ventilation, heart
rate, and dyspnea, it could be applied during periods of exacerbation, and during admission
to the ICU for acute COPD exacerbation [61, 62].

Recent exercise training approaches: Besides conventional exercise trainings, there have been a
few papers published recently about alternative exercise training modalities in patients with
COPD. According to these studies, water-based rehabilitation [63] and tai chi were found as
well tolerated and enjoyable [64, 65].

4.2. Other interventions

PR programs should be comprehensive and individualized according to patients’ needs.
Other interventions are breathing strategies, bronchial hygiene techniques, psychological and
nutritional recommendations and support if needed, and education of patients and care giv-
ers. Body composition abnormalities, especially malnutrition, have already been found to
increase risks of mortality among patients with COPD. A significant improvement has been
shown in pulmonary function in patients with COPD who have a higher fat, lower carbohy-
drate diet than the traditional high-carbohydrate diet [66]. Omega-3 polyunsaturated fatty
acids (PUFA) have been shown to have an antiinflammatory effect and be effective in patients
with COPD [67]. It is also important to relapse any deficiency of vitamin D due to the associa-
tion with early progression, myopathy/muscle weakness, and the immune-modulatory effect
of vitamin D [27].

5. Outcomes and response to PR

It has been demonstrated that PR is the most effective therapeutic approach for improving
dyspnea, health status, and exercise tolerance [68]. It is also one of the most cost effective
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therapeutic strategies. Additionally, it reduces hospitalizations among patients who have had
recent exacerbations [69]. Improvements are seen among all grades of COPD severity, but rec-
ommendations are stronger in moderate-to-severe COPD. In some studies, improvements of
outcomes were seen regardless of baseline lung function, dyspnea, and exercise capacity [70].

5.1. Exercise capacity

Various exercise tests are used for evaluating exercise capacity, the mechanisms of main
disruption, and the response to PR. Some are also strong independent prognostic factors in
patients with COPD. There are several laboratory-based exercise tests that use either maximal
incremental or constant workload protocols to evaluate exercise performance after PR. Field
tests are more widely used and more practical to perform. The six-minute walk test (6MWT),
incremental and endurance shuttle walk test (ISWT, ESWT) are standardized and have also
been used in PR and various clinical trials. In COPD, endurance tests [constant work rate exer-
cise test (CWRET) and ESWT] are more responsive to interventions than other types of tests.
The cycle ergometer CWRET has been used more widely than ESWT. By using CWRET, the
work rate, inspiratory capacity, and isotime responses, which verify potential mechanisms of
improvement or deterioration, are accurately measured [71].

The ISWT is a significant predictor of survival, readmission, and is usually sensitive to PR
in patients with COPD [72]. In a recent meta-analysis of nine trials, a mean improvement of
38 m was found [68]. After recovering from a stay in the ICU, ISWT was found to improve
by a mean of 64 m after rehabilitation [72]. ESWT duration was found as moderately corre-
lated with FEV1, but not with muscle mass or strength in patients with COPD [73]. ESWT is
responsive to PR improving by 100400 s. [71]. According to a meta-analysis of rehabilitative
interventions in COPD, the mean effect of rehabilitation on 6MWD was 44 m when treatment
and control groups were compared [74].

Peak oxygen uptake (V'O2peak) shows the highest oxygen uptake during incremental exercise
tests by achieving the subject’s limit of tolerance. With good subject effort, V'O2peak is closely
reflective of the subject’s “maximum” V'O2, the gold standard index of aerobic capacity [75].
There is very little information about what constitutes a minimal clinically important differ-
ence (MCID) in V'O2peak. In the National Emphysema Treatment Trial (NETT), 4 + 1 W was
considered the symptoms-anchored MCID in patients with severe COPD [76], with a V'O2peak
change of ~0.04 + 0.01 L-min™. In several studies including patients with Global Initiative for
Chronic Obstructive Lung Disease (GOLD) stages 2-4 COPD V'O2peak has been shown to
moderately significantly increase after lower limb endurance muscle training. After PR in
patients with COPD, V'O2peak was found to be in the range 0.1-0.5 L-min™ or ~10-40% of

baseline, with a mean improvement of ~11% [77, 78].

5.2. Health-related quality of life daily living activities

In a recent study, it was aimed to determine the responsiveness of St. George’s Respiratory
Questionnaire (SGRQ), COPD Assessment Test (CAT), COPD Clinical Questionnaire (CCQ),
and Hospital Anxiety and Depression Scale (HADS) to PR in 419 patients with COPD, and
also estimate the MCID for CAT, CCQ, and HADS. It was demonstrated that SGRQ, CAT,
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CCQ, and HADS were responsive to PR in patients with moderate-to-very-severe COPD. The
calculated MCID ranges were -3.0 to —2.0 points for CAT; -0.5 to —0.3 points for CCQ; -1.8 to
-1.3 points for HADS-A, and -1.7 to —1.5 points for HADS-D [79].

6. PR in special conditions

6.1. Before and after transplantation

Lung transplantation is a recommended intervention in patients with advanced-stage pul-
monary disease who are unresponsive to pharmacologic and nonpharmacologic treatment.
Factors such as chronic respiratory failure, cardiovascular risk factors, muscular and nutri-
tional conditions, which are likely to influence the prognosis for a successful lung trans-
plantation, usually accompany advanced chronic respiratory disorders. Therefore, PR is an
important approach that modifies and controls potential risk factors. PR plays an important
role for the maintenance of exercise tolerance and physical functioning [80] both before and
after the lung transplantation because common extra pulmonary manifestations could be per-
sistent or deteriorate. As such, PR is recommended both before and after lung transplanta-
tion. Although there is an absence of a specific PR protocol for patients for lung transplant, it
was shown to improve maximal and functional exercise capacity, quality of life, and skeletal
muscle function [81].

Before transplantation: The role of PR in preoperative patients is essential for quitting smoking,
improving body composition, optimizing medical treatment, and restoring patients’ inde-
pendence for functioning, relieving symptoms, decreasing disability, and improving quality
of life by increasing their participation in social and physical activities. It has been shown
that the rate of success in lung transplantation was linked to exercise capacity and resting
carbon dioxide in arterial blood values [82]. Those parameters were also found to predict
hospital stay after surgery and mortality. Additionally, pretransplant PR was also found to
be associated with decreased posttransplant ICU days, mechanical ventilation, and chest tube
days and survey [83]. Multidisciplinary, comprehensive PR must be individualized and the
modality and intensity of training must be selected for each patient. The duration of training
can vary from 6 weeks to 6 months [84]. The program should consist of education (including
the following topics: bronchial hygiene, breathing control techniques, relaxation, education
about COPD, and education of relatives and energy conservation), exercise training (upper
and lower limb aerobic exercise, resistance training, flexibility, inspiratory muscle training),
psychological support, and nutritional support. The intensity of exercise is dynamically
increased according to the progress of each individual patient.

After transplantation: Although pulmonary functions are improved after transplantation, limited
exercise capacity is persistent due to different mechanisms. Persistent limited exercise capacity is
not only associated with ventilatory or cardiovascular factors [85, 86], skeletal muscle dysfunction
is the main problem. Skeletal muscle changes include impaired oxidative capacity, lactate thresh-
old changes, and a lower proportion of type I muscle fibers [87]. A sedentary life style both before
and after transplantation contributes to skeletal muscle weakness [88]. Hospitalizations due to
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infections or acute rejections and the use of immunosuppressive medication further impact mus-
cle function in lung recipients [89]. It was found that V'O2 peak was 45-52% predicted in patients
after lung transplantation for up to 2 years. Patients stop exercise because of leg fatigue, rather
than dyspnea [90]. Additionally, maximal cycle-work capacity correlates better with isokinetic
cycling work capacity than with pulmonary function after lung transplantation [91]. PR should
be started in the ICU with positioning of the patient, ventilation of all lung lobes, and mobilization
of secretions by managing cough. Deep breathing exercises should be initiated because tachy-
pnoea and pursed-lip breathing persist postoperatively and old breathing patterns must be over-
come. Sitting and mobilization out of bed should then be performed. After all chest drains have
been removed, walking or cycle ergometry should performed. Muscle strength and function, and
endurance training should focus on lower extremities, and weights can be limited to 3 kg initially
for upper extremities [92]. After discharge, patients should be referred to PR center/units as soon
as possible. Although there is no consensus on optimal exercise training and education programs,
aerobic and strength exercise training of the lower and upper extremities 2-3 times per week for
6-8 weeks, are recommended. The intensity of exercise can be increased according to patient
tolerance. High-intensity aerobic exercise training at 60-80% of maximal work capacity has been
found to be correlated with physiologic improvements in patients with stable COPD. Hence,
high-intensity training is preferred. Interval training could be applied in patients who cannot sus-
tain continuous high-intensity. Stretching, flexibility, and chest-mobility exercises may also be an
important component of exercise after LVRS or transplantation [1, 82, 93]. Education of patients
and care givers is also an important issue.

6.2. Lung volume resection surgery (LVRS)

Similar recommendations are valid for LVRS, which is not usually an effective intervention for
exercise intolerance and functional disability. Baseline skeletal muscle dysfunction, time needed to
achieve postoperative improvement in lung function (peak benefits are usually seen 6-12 months
after surgery), and inactivity/immobility associated with the perioperative period are factors that
reduce exercise capacity. Several studies compared the benefits of LVRS and several-weeks'—
duration comprehensive PR in patients with severe emphysema. PR was found to significantly
improve exercise tolerance, health status, and dyspnea, without significant changes in lung func-
tion as compared with PR and LVRS, even if highly selected patients showed significantly better
improvement in lung function [94-97], exercise capacity [95-97], and quality of life [96, 97].

6.3. Endobronchial volume reduction (EBVR)

Endobronchial volume reduction interventions result in improved spirometric measures and
6MWD at 6 months, only if in correctly selected subjects. PR is recommended before and
after EBVR, which is indicated in the presence of persistent dyspnea despite maximal medi-
cal therapy and PR, and reduced exercise capacity (6 MWD >140 m after rehabilitation) [97].

6.4. Lung cancer

In patients with lung cancer, exercise limitations can be due to the effects of the cancer, coex-
isting morbidities, and/or the effects of treatment and surgery. Cancer-related anemia, and
muscle atrophy and dysfunction contribute to limited exercise capacity. Inactivity due to
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cancer and its comorbidities further compound this situation. In the pre- and postoperative
period, quitting smoking, optimizing COPD medical treatment, educating patients, prophy-
laxis for thrombosis, and PR are the recommended approaches that decrease risks. PR is an
effective and feasible intervention before and after surgery, during the chemotherapy period,
and as a component of palliative care. Even though PR consists of an exercise program for
lower and upper extremities, breathing, airway clearance techniques, oxygen therapy, bron-
chodilator optimization, and self-management training similar to other conditions, it should
also be individualized and multidisciplinary in patients with cancer.

Even though surgical procedures have improved and patients are highly selected, morbidity
and mortality rates are still increasing as a consequence of cardiopulmonary complications after
surgery. Limited exercise capacity as a modifiable risk factor is the best independent predictor
of postoperative complications. Multidisciplinary preoperative PR improves exercise capacity
and postoperative recovery, and reduces hospital stay and pulmonary infections [98]. During
the chemotherapy period, symptoms such as fatigue, breathlessness, and quality of life are
likely to deteriorate. Exercise training improves fatigue, aerobic capacity, muscular strength,
and physical and functional activity in patients with cancer, even though they are undergoing
chemotherapy [99]. Breathing techniques and medications that result in reduced inflammation
and opened airways in combination with exercise training have recently become a part of sup-
portive care for patients undergoing chemotherapy and radiation therapy [100]. PR plays a role
in the management of terminal cancer. Exercise training modalities include walking with/with-
out assistance or device, passive or active strengthening exercises, continuous passive motion,
passive or active range of motion, NMES, and pain management interventions such as massage
and heating pads [101]. Oxygen therapy has an important role in palliative care because it both
treats hypoxemia and reduces the sensation of dyspnea. Additionally, education about mobi-
lization with assistive devices, environmental modification, energy conservation, and work
simplification techniques are also beneficial. These interventions have been investigated and
were shown to be effective in cancer-related fatigue in several studies [102-104]. In another
study, it was shown that exercise training decreased anxiety, stress, depression, and there were
improvements in pain, fatigue, shortness of breath, constipation, and insomnia in patients with
cancer, even at advanced stages [105].

6.5. Exacerbation of COPD

COPD exacerbations are known to deteriorate life quality, disease progression, and mortality.
The British Thoracic Society (BTS) recommends the initiation of PR within 1 month of hospital
discharge after exacerbation, consisting of a minimum of twice-weekly supervised sessions
lasting between 6 and 12 weeks [106]. Exercise should combine progressive muscle resistance
and aerobic training [106]. Systematic reviews have shown that quality of life and daily func-
tioning were improved with large and important clinical effects of PR [107, 108]. According
to the European Respiratory Society (ERS)/American Thoracic Society (ATS) guidelines of
management of COPD exacerbations, PR added to medical treatment during hospitaliza-
tion increases mortality [109]; however, NMES and resisted quadriceps exercises performed
during hospitalization during exacerbation have been shown to improve muscle strength
without increasing systemic inflammation. PR that is started within 3 weeks of discharge fol-
lowing a COPD exacerbation reduces hospital admissions, improves quality of life, and also

139



140 COPD - An Update in Pathogenesis and Clinical Management

increases exercise capacity when implemented within 8 weeks of discharge. Although the
best approach is indistinct and further investigations are necessary, a combination of regular
exercise with breathing technique training has been shown to be superior [109].

6.6. PR in the intensive unit care

In the ICU, skeletal muscle mass is lost at a rate of 5% per week. This neuromuscular weakness
has been found to be correlated with the duration of mechanical ventilation, and associated
with functional disability and decreased quality of life for up to 5 years after hospitalization.
Mobilization and rehabilitation of critically ill patients might improve physical functioning
and decrease duration of mechanical ventilation and ICU length of stay [110, 111]. A meta-
analysis was published in 2017 that consisted of studies with PR programs containing patient
mobilization, walking, standing, breathing exercises, in-bed supine cycle ergometry, passive-
active range of motion (ROM), and NMES. It was shown that early mobilization and physical
rehabilitation of critically ill patients seemed to be safe, with a low risk of potential safety
events, even if as a usual care. Although the definition of safety assessments was heteroge-
neous, it was emphasized that the awareness and implementation of existing recommenda-
tions should be increased [112].

6.7. Patients with hypercapnia

Hypercapnia is an indicator of alveolar hypoventilation due to an overload on the ventila-
tory pump that is greater than its capacity. In patients with COPD, diminished ventilatory
response usually results in chronic retention of carbon dioxide. Chronic respiratory failure
is frequently seen in the end stage of the progression of COPD. In the BTS guidelines, it is
mentioned that patients with chronic respiratory failure gain as much benefit as those without
chronic respiratory failure from PR with level 3 evidence [106]. A study showed that pCO2
levels were significantly more reduced in patients with COPD with pursed-lip and diaphrag-
matic breathing exercises during hospitalization period than in a control group. It was sug-
gested that respiratory exercise training was quite effective in reducing pCO2 levels. As the
guidelines recommend, patients with COPD should be referred for PR regardless of having
chronic respiratory failure [113].

Noninvasive mechanical ventilation (NIMV): Noninvasive mechanical ventilation (NIMV)
reduces breathlessness and increases exercise tolerance by reducing the acute load on the
respiratory muscles. According to these mechanisms, the effect of NIMV on PR outcomes has
been investigated in several studies in which NIMV was applied during exercise training or
at night. In a review of the Cochrane Database in which the effect of NIMV was investigated
during exercise training as a part of PR, it was shown that NIMV during exercise training
improved exercise capacity of the lower limbs, and enabled exercise at higher training intensi-
ties. There was no definite evidence about quality of life and none of the studies investigated
the effect of NIMV during exercise training on physical activity [114]. It has also been shown
that exercise tolerance and quality of life were improved in patients with severe COPD using
nocturnal NIMV after PR, presumably through resting the respiratory muscles at night [115].
As a recommendation of the ERS/ATS guidelines, NIMV could be an adjunctive therapy to
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unload the respiratory muscles for the purpose of increasing the intensity of exercise training
in selected patients with severe chronic respiratory disease who have a suboptimal response
to exercise [1].

6.8. Comorbidities

The most common comorbidities associated with COPD are cardiovascular disease, ortho-
pedic problems, metabolic disease, depression, and anxiety. It is expected that comorbidities
may effect the outcomes of PR as an impact on COPD outcomes such as quality of life, health
care costs, and mortality rate. Various comorbidities such as anxiety and depression, cardio-
vascular disease, metabolic disease, and osteoporosis affected PR outcomes in some studies
[116-121]; a meta-analysis could not be performed according to the heterogeneous results.
Only four studies investigated the influence of the number of comorbidities on PR outcomes.
Three of which showed that the number of comorbidities was not related to PR outcomes
[117, 119, 120]. A study showed that metabolic disease negatively influenced 6MWT distance,
whereas cardiac disease negatively influenced the St. George’s Respiratory Questionnaire
[118]. A prior study of patients with COPD with osteoarthritis and neurologic problems who
were assigned to water-based exercise training reported a greater improvement in outcomes
compared with land-based exercise training [121]. Previous studies have identified that
patients with psychiatric problems experienced a lesser improvement in dyspnea [117], and
patients with metabolic disease demonstrated a greater improvement in dyspnea after PR
compared with controls [118]. A study was published in 2017 that included 165 patients with
COPD with exercise limitations. Comorbidity was classified as cardiac, metabolic, orthopedic,
behavioral health problems, or other diseases. Comorbidities were found to have no effect
on the maximal incremental exercise test and constant workload cycle endurance time after
PR. Patients with cardiac disease were found to have greater improvements in dyspnea scores
than those with no cardiac disease, and patients with orthopedic problems had a smaller but
clinically significant improvement in dyspnea after PR [122]. Modifying PR programs with
consideration to comorbidities might lead to greater improvement in outcomes, but how to
structure programs according to comorbidities is still to be determined.

7. Follow-up programs of PR and Tele-PR

The best and the most effective follow-up program have not been found. After PR, the impor-
tant points are to follow prescribed home exercise programs and follow-up programs in the
PR center/unit, and to be more active in daily living life for the purpose of preserving improve-
ments. Accordingly, family members have a role that is as important as that of the PR center
staff in encouraging and motivating the patients. In a cohort of patients with COPD who
completed a 10-week comprehensive PR program, a structured follow-up home program was
prescribed and the patients were monitored for 1 year. At the 1-year follow-up evaluation,
only the patients who continued with the home program had maintained the improvements
of the initial PR program in endurance capacity, and psychological and cognitive functioning
[123, 124]. Despite the clear benefits of PR, it is often an under-utilized resource. Limited
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access and poor adherence result in <5% of eligible people with COPD receiving PR each
year. Although the traditional models of inpatient and outpatient PR are suitable for many
patients, alternative models may also be effective and may improve patient access, particu-
larly in regions or healthcare systems where traditional models of PR are not feasible. For
example, tele-rehabilitation, which links expert rehabilitation healthcare providers with oth-
ers at a remote site or with patients in their homes, also has the potential to improve access
[125]. A recent study showed that home-based maintenance tele-rehabilitation was equally as
effective as hospital-based, outpatient, maintenance PR in reducing the risk for acute exacer-
bations of COPD and hospitalizations with lower risk for emergency department visits. It was
suggested that tele-rehabilitation was likely to be an effective alternative strategy to hospital-
based, outpatient, maintenance PR. In addition, it had a potential economic advantage com-
pared with standard PR [126]. Tele-PR has been developed to improve patients’ participation
and treatment adherence, but the most important point is awareness. The awareness of PR
should be increased in patients and among health professionals.
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Chronic obstructive pulmonary disease (COPD) is a major cause of morbidity and
mortality worldwide and is estimated to become the third most common cause of
death over the next decade. The knowledge of COPD pathogenesis and the disease
course has greatly improved this progression in understanding and continues to
have significant implications in the management of this condition. Novel areas of
interest in COPD pathogenesis include further development of animal models, a better
understanding of the genetics and epigenetics, the role of the microbiome, and an
increasing appreciation of the associated comorbidities. This book intends to provide
the reader with a brief overview of these topics and also provide an in-depth review of
the current nonpharmacological clinical approaches to managing patients with COPD.
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