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Chronic Obstructive Pulmonary Disease (COPD) is an increasingly recognized cause 
of morbidity and mortality.  Over the next 10 years, deaths due to COPD are expected 

to increase by 30% and, by 2030, COPD is estimated to be the third leading cause of 
death worldwide.  Research into the pathophysiology and management of COPD over 
the past decade has progressed immensely with greater understanding of the global 

burden of COPD, its pathophysiology, better understanding of the multisystemic 
manifestations of COPD, and, most importantly, novel and more effective therapeutic 

strategies.  This volume brings together an international group of experts in COPD 
to provide in depth reviews of clinical perspectives into COPD.  Topics range from 

the diagnosis of airflow limitation by spirometry; distinguishing COPD from 
another common obstructive lung disease, asthma; alpha-1-antitrypsin deficiency 
and opportunities to diagnose this most common hereditary cause of COPD and as 
a paradigm for the development of novel therapeutics; the overlap syndrome - the 

concurrence of two epidemic disorders: COPD and obstructive sleep apnea; and 
pulmonary rehabilitation, one of the most effective treatments for COPD.
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Preface

When Iva Lipović, Publishing Process Manager from InTech, approached me several years
ago to help edit a work on COPD, little did I know that it would be this long in the making.
We have had a long and laborious road with many fits and starts but greatly appreciate the
patience and perseverance of the authors and editors as this volume gradually took shape.
Although greatly reduced from its initial expectations, this volume provides a succinct and
concise overview of several key clinical perspectives on chronic obstructive pulmonary dis‐
ease by an international group of experts.

In the first chapter, Airflow Limitation and Spirometry William L. Eschenbacher reviews
the pathophysiology of airflow limitation, how obstruction is measured with spirometry,
and technical aspects of pulmonary function testing. Next, Peter Lenz and Ralph J. Panos
address the clinical and therapeutic differences between asthma and COPD in Asthma and
COPD: Overlapping Disorders or Distinct Processes? The next two chapters explore the
most common hereditary form of COPD, alpha-1-antitrypsin deficiency. Tomás P. Carroll,
M. Emmet O’Brien, Laura T. Fee, Kevin Molloy, Blair Murray, Seshma Ramsawak, Oisín
McElvaney, Catherine O’Connor, and Noel G. McElvaney provide a comprehensive over‐
view of alpha-1-antitrypsin and review methods to improve screening studies in Alpha-1-
Antitrypsin Deficiency – A Missed Opportunity in COPD? and in Antiproteases as
Therapeutics to Target Inflammation in Chronic Obstructive Pulmonary Disease , Cormac
McCarthy, Ciara A. O’Dwyer, David A. Bergin, Noel G. McElvaney and Emer P. Reeves re‐
view recent developments in protease:antiprotease biochemistry that have identified new
therapeutic targets in the management of alpha-1-antitrypsin disease and COPD. The over‐
lap syndrome, the presence of both obstructive sleep apnea and COPD, is an important clin‐
ical process with immense prognostic implications for patients and therapeutic decisions for
providers. Radostina Vlaeva Cherneva, Ognian Borisov Georgiev, Daniela Stoichkova Petro‐
va, Emil Ivanov Manov, Julia Ivanova Petrova review the pathophysiology of the overlap
syndrome with an emphasis on oxygen radicals in Sleep and Chronic Obstructive Pulmo‐
nary Disease- the Role of Oxidative Stress in Overlap Syndrome, and Hatice Tel Aydin
provides a broad overview of the clinical presentation and management approach to the pa‐
tient with COPD and sleep apnea in Chronic Obstructive Pulmonary Disease and Sleep
Quality . Finally, R. Martín-Valero, M.C. Rodríguez-Martínez, R. Cantero-Tellez, E. Villa‐
nueva-Calvero and F. Fernández-Martín review pulmonary rehabilitation, one of the most
important therapies for COPD in Advances in Comprehensive Pulmonary Rehabilitation
for COPD Patients.

I would like to thank the Editors at InTech and all of the authors for their energy and effort
in producing this work. I would also especially like to thank my wife, Jean, for her infinite
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patience and tolerance that have allowed me to spend countless nights and weekends read‐
ing, editing, and revising this text to bring it to press.

Ralph J. Panos
1 Department of Pulmonary,
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Cincinnati, Ohio, USA
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Cincinnati VAMC, Cincinnati, OH

XII Preface
Chapter 1

Airflow Limitation and Spirometry

William L.  Eschenbacher

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57549

1. Introduction

A patient with chronic obstructive pulmonary disease (COPD) may present with symptoms
(dyspnea, cough, sputum production, chest tightness, wheezing, etc.) and appropriate history
(cigarette smoking or occupational exposures). However, based on current accepted criteria
established by professional societies, the diagnosis of COPD needs to be confirmed by the
presence of airflow limitation as measured by spirometry testing. Unfortunately, as will be
discussed in this report, the interpretation of spirometry testing that reveals airflow obstruc‐
tion (a reduction in the FEV1/FVC ratio) is an arbitrary metric for the presence of COPD.

As it is used, spirometry is one type of pulmonary function test that can measure the total
amount of air that an individual can inhale and exhale and the speed or velocity with which
the air moves. The test requires full cooperation of the individual performing the test, the
supervision of a technician trained in this testing, and appropriate testing equipment (spiro‐
meter). The results of the testing session performed by the individual are reviewed to deter‐
mine acceptable quality and repeatability before interpretation of the results can take place.
Then the interpretation of airflow limitation can be made based upon the actual values of
testing when compared to reference values for that individual.

2. Factors that contribute to maximal expiratory flow limitation

Expiratory flow rates from the lung have maximal values that cannot be exceeded in spite of
increasing effort generated by the respiratory muscles of exhalation. The maximal flow that is
achieved occurs close to total lung capacity and then decreases as lung volume (and in turn
airway diameter) decreases until the lungs reach residual volume. This expiratory flow rate is
affected by the elastic recoil of the lung and airway diameter. Expiratory flow limitation can

© 2014 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,
distribution, and reproduction in any medium, provided the original work is properly cited.
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be explained in its simplest terms by a gas flowing through a collapsible tube. In the examples
below, the lungs and conducting airways can be represented by a balloon for the alveolar
spaces with a single tube as the conducting airways.

At rest (Figure 1), there is a balance between the negative pleural pressure (caused in turn by
the outward elastic recoil of the chest wall) that is exerting a force to distend the lungs and
alveolar spaces and the elastic forces of the lung parenchymal structures that are causing the
alveolar spaces to collapse. As a result of the equal forces, the alveolar pressure is zero and
there is no pressure gradient to cause air to be exhaled. In terms of lung volume status, this
balance between the outward chest wall force and the inward pulmonary parenchymal forces
is the functional residual capacity (FRC).
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Figure 1. (a) Ppl=pleural pressure, Pel is the elastic recoil pressure of the lung, Palv is the resulting alveolar pressure
which is a combination or balance between the elastic force which is attempting to collapse the alveolar space and
the pleural pressure that is attempting to expand the alveolar space. Under these conditions, there is no flow rate of
air since there is no pressure gradient from the alveolar space to the outside. (b) Force applied by respiratory muscles
results in positive intrapleural pressure which when added to elastic recoil pressure of the parenchyma leads to posi‐
tive intra-alveolar pressure which in turn creates a positive pressure gradient so that expiratory flow of air can occur.
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When the expiratory respiratory muscles are activated, there is in an increase in the pleural
pressure from-10 cmH2O to+10 cmH2O (Figure 2). This external pressure on the alveolar spaces
is then in addition to the elastic force of the parenchymal structures to create a positive alveolar
pressure of+20 cmH2O. There is now a pressure gradient from the alveolar space to the outside
of the lungs and as a result, air flow occurs. Because of the resistive forces in the airways, there
will be a decrease in this driving pressure along the airway until a point is reached where the
pressure within the airway is matched by the surrounding pleural pressure. This is referred
to as the equal pressure point. The equal pressure point is defined physiologically and not
anatomically and, for any individual, the anatomic location of the EPP may change with time
based upon airway tone and other factors.

If the airway at this equal pressure point is in the larger airways/bronchi where cartilaginous
support exists there would not be collapse of the airways. However, if this equal pressure point
occurs closer to the alveolar spaces in smaller non-cartilaginous airways, then compression
and collapse of the airway may occur. In either case, the expiratory flow rate is determined
primarily by the elastic recoil pressure which in part determines the pressure gradient from
the alveolar spaces to the outside and by the resistive elements of the airways which determine
the pressure drop as flow occurs along the airways. Increasing the respiratory force generated
by the expiratory respiratory muscles has little direct effect on most of the airflow during
exhalation from total lung capacity to residual volume. In that regard, the expiratory flow is
limited.

3. Anatomic location of airway resistance

As stated, the pressure drop when flow occurs during exhalation is determined by the presence
of resistive forces within the airways. Airway resistance in turn depends on the flow pattern
of the exhaled air (laminar vs turbulent flow), as well as the number and diameter of the
airways which in turn determines the total cross-sectional area of the airways from the smallest
airways to the major airways (bronchi and trachea). Because the airways divide again and
again from the major airways, the number of smaller airways at the terminus of the conducting
airways (0.6 mm) is over 40-60,000 in a normal individual so that the cross-sectional area is
increased from 2.5 cm2 at the trachea to 180 cm2 at the level of these smaller airways.

Studies have shown that the airways < 2mm only contribute < 20% of the total airways
resistance during expiratory flow. However, in the presence of COPD, that value has been
shown to increase by 4-40 fold [1]. The question has been whether in COPD, the increase in
resistance is due to a loss or destruction of these smaller airways or to a narrowing of these
airways by disease. More recent studies using multidetector computed tomography (MDCT)
and micro-CT imaging have shown that there is a combination of both a decrease in the number
of the smaller airways due to destruction and also a reduction the airway diameter of these
airways due to disease [1].

In summary, the factors that result in expiratory flow are 1) the elastic recoil of the lungs which
is greater at higher lung volumes (highest at total lung capacity and decreases as exhalation

Airflow Limitation and Spirometry
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occurs) and 2) resistive elements of the airways (lowest at total lung capacity and increases as
exhalation occurs) that determine the pressure drop as airflow occurs along the airway. In
COPD, both of these factors can be affected. The elastic recoil of the lungs can be reduced in
COPD if there is evidence of emphysema that results in destruction of parenchymal tissue and
the elastic forces that cause the lungs to collapse. Also, in COPD with loss of the number of
airways and reduction in airway diameter due to disease, the resistive elements are increased
with a greater pressure drop for any given flow rate along the airways. Also, the loss of
supporting forces with emphysematous changes will also reduce the stiffness of the airways
resulting in airway collapse with movement of the equal pressure point closer to the alveolar
spaces.

The hallmark of airflow limitation is reduced maximal expiratory flow rates as measured by
spirometry. The pathological changes in the lungs that result in the reduced expiratory flow
rates are 1) increased flow resistive properties of the airways (as in chronic bronchitis) and 2)
reduced elastic recoil of the lung (as in emphysema). In COPD, the airways can be narrowed
as a result of inflammatory changes and smooth muscle hypertrophy in the airway wall and
increased amount of mucous and inflammatory material within the airway lumen. There is
increased resistance to airflow as a result of the narrowed airway leading to reduced flow rates
for the same driving pressure that is generated to cause expiratory flow. In addition, loss of
parenchymal tissue with emphyematous changes can reduce the support of airway walls
contributing to airway narrowing and increased airway resistance. Also, the emphysematous
changes reduce the elastic recoil and in turn the pressure gradient that is in part responsible
for the generation of the expiratory flow rates. The contribution of these separate pathological
changes has been studied extensively to determine the location of the greatest effect on reduced
expiratory flow rates. The specific mechanisms involved are complex and have been the subject
of extensive physiological research. It is sufficient to say that the clinically relevant measure‐
ment of maximal expiratory flow rates by spirometry is thought to be an appropriate meas‐
urement used to evaluate the reduction in flow rates that is the hallmark of and confirms the
diagnosis of COPD.

4. Role of spirometry in identifying the presence of airflow limitation or
obstruction in COPD

Spirometry testing has been used to confirm the presence of airflow limitation or obstruction
in COPD but the testing must be performed correctly. Spirometry testing must be done
according to established guidelines [2,3] to ensure adequate quality of test results. This means
that the equipment (spirometers) used must meet basic requirements [2] and the technicians
performing the testing should have completed appropriate training that includes courses such
as those that use the National Institute for Occupational Safety and Health (NIOSH) Spiro‐
metry Training Guide. Also, as part of the ongoing testing process, spirometry results will be
reviewed with feedback to the technicians to ensure continued adequate quality of results.
Testing is performed for the individual patient until three acceptable maneuvers are obtained
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with the necessary evidence for repeatability. The testing is done both at baseline and after the
administration of a bronchodilator (post-bronchodilator results).

Once testing is completed, the spirometry test results for that individual (specifically the
forced expiratory volume in one-second (FEV1), forced vital capacity (FVC) and the ratio
of  those  two values  FEV1/FVC)  are  compared to  predicted  values  based  on  established
reference equations [4].

The results of spirometry testing can be shown both in graphical format and by numerical
results in tabular format (Table 1). Airflow limitation or obstruction as identified by spirometry
is shown in Figures 2a, 2b, 3a and 3b.
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Figure 2. (a) Volume-time relationship from spiromtery testing for exhaled air in a normal individual and an individual
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4.1. Spirometry volume-time tracings

The results of a spirometry testing maneuver can be displayed as a volume-time tracing as
shown in Figures 2a and 2b. After the individual has inhaled deeply to maximal inhaled
volume (total lung capacity), he or she is asked to exhale forcefully and maximally without
hesitation and told to keep exhaling until told to stop. The resulting tracing demonstrates the
exhaled volume in liters against the time of exhalation in seconds. (Figures 2a and 2b) For a
normal individual, the volume of air that is exhaled in the first second (Forced Expiratory
Volume in 1 second or FEV1) is usually about 70-80% of the total amount of air that can be
exhaled (total amount of exhaled air is called the Forced Vital Capacity or FVC). It is that ratio
of FEV1/FVC when reduced that determines if airflow limitation is present. As shown in the
example in Figures 2a and 2b, the normal individual has a ratio of FEV1/FVC of 3.0 liters to 4.0
liters (3/4 or 75%) whereas the other individual with airflow obstruction or limitation has a
ratio of FEV1/FVC of 1.0 liters to 3.7 liters (1/3.7 or 27%). A reduced FEV1/FVC ratio is the
criterion for the intepretation of airflow obstruction.

4.2. Spirometry flow-volume tracings

In addition to displaying the results of spirometry as volume-time tracings, the same results
can be expressed or displayed as flow-volume tracings or loops with both expiratory limbs
and inspiratory limbs being displayed (Figures 3a and 3b). This additional information can be
useful for evaluation of the actual expiratory flow rates achieved with spirometry and is also
useful for the technician and the reviewer of spirometry testing to determine if the testing
maneuvers are acceptable without errors. Errors that can occur with spirometry testing can be
at the beginning of the maneuver (hesitancy, cough, sub-optimal effort, etc.) or at the end of
the test (did not exhale completely).

Another example of spirometry test results is shown in Table 1 for a different individual with
baseline testing and testing again after the administration of the one-time use of a bronchodi‐
lator.

Patient: BS2 Age: 72 Height: 69 inches
Weight: 231

pounds
Sex: Male Race: Caucasian

Baseline Post-Bronchodilator

Actual Predicted %Pred LLN Actual %Pred %Change

FVC, L 2.05 4.18 49 3.27 2.23 53 8

FEV1, L 1.11 3.05 36 2.27 1.19 39 7

FEV1/FVC, % 54 73 63 53

FEF25-75%, L/sec 0.48 2.28 21 0.73 0.61 27 26

FVC: Forced vital capacity; FEV1: Forced Expiratory Volume in 1 second, FEF25-75%: Forced Expiratory Flow rates between
25 and 75% of vital capacity.

Table 1. The numerical results of spirometry testing for a patient with airflow obstruction
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Figure 3. (a) and (b) Representations of airflow obstruction using flow vs. volume relationships. Flow of exhaled and
inspired air in liters/second and volume of air exhaled and inhaled in liters. The red line refers to the baseline measure‐
ment of spirometry testing and the blue line represents the results after a bronchodilator has been given to the indi‐
vidual. The points refer to predicted values for the individual. (a) these figures shows an individual who has airflow
obstruction of moderate severity. (b) these figures show an individual who has airflow obstruction that is very severe.
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4.3. Definition of airflow limitation by spirometry

As mentioned, the determination of airflow limitation by spirometry depends on the criterion
of a reduced FEV1/FVC ratio. The specific definition of the actual criterion for airflow limitation
or airflow obstruction has been a point of discussion based upon different statements from
professional groups. Clinical guidelines for COPD disease management include the Global
Initiative for Chronic Obstructive Lung Disease (GOLD) [5], the VA/DoD Clinical Practice
Guideline for Management of Outpatient Chronic Obstructive Pulmonary Disease [6], and the
American Thoracic Society/European Respiratory Society Standards for the Diagnosis and
Management of Patients with COPD [7]. These three guidance documents have recommended
being more inclusive for identifying individuals who may have COPD and have proposed that
the presence of airflow limitation exists when the post-bronchodilator FEV1/FVC ratio is < 0.70.
These guidelines acknowledge that this approach may be overly sensitive and include older
individuals who are normal but who have an FEV1/FVC ratio that is < 0.70. Other guidance
documents are based on a statistical approach for the interpretation of airflow limitation using
reference equations which in turn are based on population studies. The ATS/ERS document
on Interpretative Strategies for Lung Function Tests [2] states that the presence of an obstruc‐
tive ventilatory defect exists when the FEV1/FVC ratio is below the 5th percentile of its predicted
value, a value referred to as the lower limit of normal or LLN for that ratio based on the chosen
reference values. The most recent revised GOLD guidance [5] does acknowledge that the LLN
values are based on a normal distribution and that the use of a fixed ratio of 0.70 will result in
more frequent diagnosis of COPD in the elderly. This problem of the difference between using
a fixed cutoff of 70% for the ratio of FEV1/FVC compared with using the LLN for this ratio is
illustrated in Figure 4. Younger individuals with an FEV1/FVC above 70% but below the LLN
would be classified as no airflow obstruction by use of a 70% cutoff but would be interpreted
as airflow obstruction by use of the LLN (false negatives). On the other hand, older individuals
with FEV1/FVC ratios below 70% but above the LLN would be classified as having airflow
obstruction by the use of a 70% cutoff but would have no airflow obstruction by use of the
LLN (false positives).

Post-bronchodilator spirometry test results can be used for the determination of airflow
limitation recognizing that as many as 50% of patients with COPD will have a significant
response to the one-time use of a bronchodilator (at least a 12% increase and a 200ml absolute
increase in FEV1 or FVC). The use of post-bronchodilator results is consistent with the
aforementioned clinical guidance documents [4,5,6].

Once airflow limitation is determined to be present, the severity of limitation is then assessed
based on the FEV1 % of predicted value. Using the ATS/ERS guidelines for Interpretative
Strategies for Lung Function Tests [2], the following severity categories are used:

Mild obstruction: FEV1% predicted > 70% (which means the actual value measured is greater
than 70% of the predicted value which in turn is based on the patient's age, height and gender
with correction for race as appropriate).

Moderate obstruction: FEV1% predicted <69% but > 60%

Moderately Severe obstruction: FEV1% predicted <59% but > 50%
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Severe obstruction: FEV1% predicted <49% but > 35%

Very Severe obstruction: FEV1% predicted <34%

There may be patients whose results from spirometry testing or from complete pulmonary
function testing (if available) may be equivocal for the presence of airflow limitation or COPD.
In those cases, it is recommended that the patient be referred to the pulmonary specialists for
further evaluation. This may also include the presence of emphysema as noted on imaging
studies such as CT scans of the chest.

4.4. Problem with using spirometry to diagnose COPD

Although it has been recommended by those professional societies that a reduction in
FEV1/FVC using either a 70% cutoff or the LLN should be used to establish a diagnosis of
COPD, there has been some controversy over this recommendation. The choice of either 70%
or a LLN is an arbitrary value given that there are problems with an absolute cutoff of 70%

Figure 4. The difference for the interpretation of the presence of airflow obstruction by using an absolute cutoff of
70% or less for the ratio of FEV1/FVC as the criteria for airflow obstruction compared to using values for this ratio that
are lower than the lower limit of normal (LLN) based on the NHANES III reference equation [4]. The LLN line decreases
with age as does the predicted ratio of FEV1/FVC. As a result, the red area would include younger individuals who
would be considered to be normal if a value of 70% is used for the interpretation of airflow obstruction but actually
by use of the LLN would be considered to have airflow obstruction (false negative). On the other hand, those individu‐
als in the blue area would be considered to have airflow obstruction by ratios of FEV1/FVC below 70% but would be
above the LLN (false positives).

Airflow Limitation and Spirometry
http://dx.doi.org/10.5772/57549

9



4.3. Definition of airflow limitation by spirometry

As mentioned, the determination of airflow limitation by spirometry depends on the criterion
of a reduced FEV1/FVC ratio. The specific definition of the actual criterion for airflow limitation
or airflow obstruction has been a point of discussion based upon different statements from
professional groups. Clinical guidelines for COPD disease management include the Global
Initiative for Chronic Obstructive Lung Disease (GOLD) [5], the VA/DoD Clinical Practice
Guideline for Management of Outpatient Chronic Obstructive Pulmonary Disease [6], and the
American Thoracic Society/European Respiratory Society Standards for the Diagnosis and
Management of Patients with COPD [7]. These three guidance documents have recommended
being more inclusive for identifying individuals who may have COPD and have proposed that
the presence of airflow limitation exists when the post-bronchodilator FEV1/FVC ratio is < 0.70.
These guidelines acknowledge that this approach may be overly sensitive and include older
individuals who are normal but who have an FEV1/FVC ratio that is < 0.70. Other guidance
documents are based on a statistical approach for the interpretation of airflow limitation using
reference equations which in turn are based on population studies. The ATS/ERS document
on Interpretative Strategies for Lung Function Tests [2] states that the presence of an obstruc‐
tive ventilatory defect exists when the FEV1/FVC ratio is below the 5th percentile of its predicted
value, a value referred to as the lower limit of normal or LLN for that ratio based on the chosen
reference values. The most recent revised GOLD guidance [5] does acknowledge that the LLN
values are based on a normal distribution and that the use of a fixed ratio of 0.70 will result in
more frequent diagnosis of COPD in the elderly. This problem of the difference between using
a fixed cutoff of 70% for the ratio of FEV1/FVC compared with using the LLN for this ratio is
illustrated in Figure 4. Younger individuals with an FEV1/FVC above 70% but below the LLN
would be classified as no airflow obstruction by use of a 70% cutoff but would be interpreted
as airflow obstruction by use of the LLN (false negatives). On the other hand, older individuals
with FEV1/FVC ratios below 70% but above the LLN would be classified as having airflow
obstruction by the use of a 70% cutoff but would have no airflow obstruction by use of the
LLN (false positives).

Post-bronchodilator spirometry test results can be used for the determination of airflow
limitation recognizing that as many as 50% of patients with COPD will have a significant
response to the one-time use of a bronchodilator (at least a 12% increase and a 200ml absolute
increase in FEV1 or FVC). The use of post-bronchodilator results is consistent with the
aforementioned clinical guidance documents [4,5,6].

Once airflow limitation is determined to be present, the severity of limitation is then assessed
based on the FEV1 % of predicted value. Using the ATS/ERS guidelines for Interpretative
Strategies for Lung Function Tests [2], the following severity categories are used:

Mild obstruction: FEV1% predicted > 70% (which means the actual value measured is greater
than 70% of the predicted value which in turn is based on the patient's age, height and gender
with correction for race as appropriate).

Moderate obstruction: FEV1% predicted <69% but > 60%

Moderately Severe obstruction: FEV1% predicted <59% but > 50%

COPD Clinical Perspectives8

Severe obstruction: FEV1% predicted <49% but > 35%

Very Severe obstruction: FEV1% predicted <34%

There may be patients whose results from spirometry testing or from complete pulmonary
function testing (if available) may be equivocal for the presence of airflow limitation or COPD.
In those cases, it is recommended that the patient be referred to the pulmonary specialists for
further evaluation. This may also include the presence of emphysema as noted on imaging
studies such as CT scans of the chest.

4.4. Problem with using spirometry to diagnose COPD

Although it has been recommended by those professional societies that a reduction in
FEV1/FVC using either a 70% cutoff or the LLN should be used to establish a diagnosis of
COPD, there has been some controversy over this recommendation. The choice of either 70%
or a LLN is an arbitrary value given that there are problems with an absolute cutoff of 70%

Figure 4. The difference for the interpretation of the presence of airflow obstruction by using an absolute cutoff of
70% or less for the ratio of FEV1/FVC as the criteria for airflow obstruction compared to using values for this ratio that
are lower than the lower limit of normal (LLN) based on the NHANES III reference equation [4]. The LLN line decreases
with age as does the predicted ratio of FEV1/FVC. As a result, the red area would include younger individuals who
would be considered to be normal if a value of 70% is used for the interpretation of airflow obstruction but actually
by use of the LLN would be considered to have airflow obstruction (false negative). On the other hand, those individu‐
als in the blue area would be considered to have airflow obstruction by ratios of FEV1/FVC below 70% but would be
above the LLN (false positives).

Airflow Limitation and Spirometry
http://dx.doi.org/10.5772/57549

9



knowing the decline in FEV1/FVC that occurs with aging and the LLN which was determined
by a statistical analysis of the results of spirometry testing in a population of non-smoking,
"normal" individuals [4]. Thus, the clinical significance of a value for FEV1/FVC below either
70% or LLN is of questionable relevance given the pathological changes that can occur with
COPD involving the airways and parenchyma [8]. It is known that there is not one physio‐
logical parameter that can completely describe all the changes that occur in the disease that is
COPD. Unfortunately, until we develop better means to characterize this disease, we are left
with using spirometry to diagnose and characterize the severity of the disease.

5. Summary

Airflow limitation as determined by spirometry testing is the hallmark of COPD. The spiro‐
metry testing criterion for airflow limitation is a reduced FEV1/FVC ratio when compared to
the lower limit of normal for that measurement from a reference population. It is critical that
the test be done in an acceptable manner under the supervision of a trained technician. The
results of spirometry testing can be useful in characterizing the presence and severity of the
obstructive lung disease for that individual.
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Chapter 2

Asthma and COPD – Overlapping Disorders or Distinct
Processes?

Peter H. Lenz and Ralph J. Panos

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58234

1. Introduction

Historically, asthma and COPD (chronic obstructive pulmonary disease) have been considered
separate and unique diseases with distinct characteristics. Classically, asthma has been
characterized by reversible airways obstruction and COPD by fixed, less reversible, or
irreversible airways obstruction. The definitions of asthma and COPD have undergone major
revisions recently and COPD, like asthma, has now been recognized as an inflammatory
disease of the airways [1, 2]. Even though asthma and COPD can be and are often appropriate‐
ly separated as clinical entities, there are times when they are clinically and physiologically
indistinguishable. As the American Thoracic Society guidelines for the diagnosis of COPD [3]
state, “the obstruction in many patients with COPD may include a significant reversible
component and that some patients with asthma may go on to develop irreversible airflow
obstruction indistinguishable from COPD.” This intersection of physiologic findings in asthma
and COPD has led to the development of the concept of what is now known as the overlap
syndrome of asthma and COPD [4]. As subcategories or phenotypes of asthma and COPD are
identified, the distinction between these two disorders is less well defined. Some of the
phenotypes exhibit very similar clinical, physiologic, and inflammatory profiles. The concept
of asthma and COPD viewed as separate disease states has evolved as definitions and
categorization of asthma and COPD change, and, as such, we are now encountering more
overlap among these two disorders than was previously recognized. So we now pose the
question: should asthma and COPD always be recognized and viewed as completely distinct
diseases or is there enough similarity to view them equivalently at times? In essence, does an
asthma-COPD overlap syndrome occur in some patients?

Multiple researchers have begun to view asthma as a diverse array of diseases distinguished
by unique phenotypes. In other words, perhaps asthma is not one single disease entity, but a
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collection of multiple subgroupings. Similarly, recent evaluations of COPD suggest that it is
also composed of multiple phenotypes [5, 6]. Furthermore, some of these COPD and asthma
subgroupings or phenotypes share similar clinical presentations and characteristics [7]. So,
from a clinical perspective, it may be appropriate to view these diseases as overlapping. Other
authors have extended these observations to speculate that asthma and COPD are part of the
same disease spectrum. Some offer the hypothesis that perhaps asthma turns into COPD or
perhaps asthma and COPD have similar pathogenetic origins in individuals with similar host
substrates and environmental exposures. Orie and coworkers [8] initiated a unified approach
over five decades ago when they postulated common processes and evolution of asthma and
COPD; they adopted the term chronic non-specific lung disease to include both disorders:
“asthma, chronic bronchitis and emphysema should be considered as different expressions of
one disease entity, in which both endogenous (host) and exogenous (environmental) factors
play a role in the pathogenesis.”

In addition, the new Global Initiative for Chronic Obstructive Lung Disease (GOLD) criteria
that were established in 2011 [9] began to characterize patients with COPD based not just on
their physiologic features, but also considered their clinical symptoms and risk for healthcare
utilization. The GOLD guidelines proposed categorization of individuals with COPD into four
distinct phenotypes based upon these characteristics (see Figure 1). Further, treatment
guidelines are based upon the patient’s categorization and phenotype.

New insights into asthma and COPD now recognize that there is much heterogeneity amongst
individual patients with asthma and with COPD. However, when comparing asthma and
COPD phenotypes, there appears to be cross-disease homogeneity amongst some of these
specific asthma and COPD phenotypes. Therefore, as asthma and COPD research continues,
the question remains: are asthma and COPD distinct and separate disease entities or are there
enough similarities between them to allow us to view them equivalently at times? In other
words, are asthma and COPD different disease states or is there significant overlap at the ends
of the spectrum? Furthermore, are they two distinct phenotypes of a similar disease process?

In this chapter, we will investigate the historical definitions and perspectives of these two
diseases and how they have been viewed and reported as distinct entities that are quite
different from each other. While explaining the historical definitions of these diseases, we will
highlight the differences and similarities in clinical manifestations, physiology, and airways
inflammation between COPD and asthma. We also describe asthma and COPD phenotypes
and discuss how separating asthma and COPD into multiple subcategories has paved the way
to recognize the heterogeneity of these processes. These phenotypes can often overlap across
disease states, especially those asthmatic patients that have a less-reversible form of airways
obstruction that presents like that of COPD. We will review airway remodeling and how it can
lead to chronic, more fixed obstruction in asthma. The concept of airways obstruction rever‐
sibility will be reviewed and the ambiguity and confusion of this nomenclature discussed.
Finally, we will discuss the overlap of treatment and therapies now used to treat both asthma
and COPD and where we are beginning to see success for the use of classical asthma treatments
for COPD and vice-versa.
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Abbreviations:mMRC-Modified Medical Research Council Dyspnea Scale, CAT-COPD Assessment Test questionnaire,
SABA=short acting beta-agonist, LABA-long acting beta-agonist, SAch-short acting anti-cholinergic, LAch-long acting
anti-cholinergic (also known as LAMA or long acting muscarinic antagonist), ICS-inhaled corticosteroid,

Figure 1. Adapted from [9]. A. Categorization of individuals according to the GOLD Guidelines [9] utilizes physiologic
impairment based upon the reduction in the FEV1, symptoms measured by either the COPD Assessment Test (CAT) or
the mMRC dyspnea scale, and risk measured by the number of exacerbations in the previous year. B. Use of the four
GOLD categories to define management strategies. Note the risk assessments are now made on the vertical axes with
airflow limitation and prior exacerbations taken into account, and the symptoms of the patient are also accounted for
on the horizontal axis. The symptoms assessments are identified and scored by patient reported items such as the
mMRC and CAT.
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1.1. Ambiguous nomenclature and the bronchodilator response controversy: should we stop
using the term reversible?

Although the historic definitions of asthma and COPD put an emphasis on the response to a
bronchodilator, there are some instances and examples where this delineation may not be as
useful. Although many asthmatics have normal lung function in between exacerbations or
symptoms and require bronchoprovocation testing to induce airflow limitation, the majority
of asthmatics experience relief of airflow limitation (AFL) when administered a bronchodilator
(BD) in a laboratory setting. Between 39 and 73% of individuals with COPD also will experience
significant improvement in AFL after receiving a BD [10]. In the Pulmonary Function Labo‐
ratory, an increase of 12% and at least 200 ml in either the FEV1 or FVC is usually defined as
bronchodilator responsive airflow limitation [11] that many clinicians consider “reversible.”
Reversibility is also frequently used in the definitions of asthma and COPD: asthma is
reversible and COPD is non-reversible airflow limitation; but in these definitions, reversible
does not refer to the response to a bronchodilator but to the ability of airflow to return to normal
or predicted levels in asthma and the inability to return to normal or predicted levels in COPD.
Thus, reversible refers to two very different concepts: response to a bronchodilator (in the PFT lab)
and normalization (in the definitions of COPD and asthma). This ambiguous use of the word
reversible has led many clinicians to diagnose asthma when a patient has a measured response
to bronchodilators in the PFT lab even when their lung function does not achieve predicted
levels. Similarly, an individual with airflow limitation that does not improve with broncho‐
dilators is often diagnosed with COPD and not asthma. Pulmonary physiology measured in
the PFT lab can assist with the diagnosis of COPD and asthma but is insufficient to diagnosis
either COPD or asthma.

Throughout this chapter, we will distinguish between bronchodilator responsivity and
normalization of spirometric lung function and clarify use of the ambiguous term, reversibility.
Bronchodilator responsivity will refer to improvement in either FEV1 or FVC by 12% and 200
cc after bronchodilator administration [12] and normalization will refer to a return to normal
or predicted values for the FEV1 and FVC either during intercurrent periods of pulmonary
disease activity or after bronchodilator use.

Thus, an individual with COPD will have non-normalizing lung function but could still have
a bronchodilator response and most individuals with asthma will have normalizing lung
function during periods of disease inactivity. Asthmatics with fixed airflow limitation have
lost the ability to normalize their lung function and are inseparable physiologically from
individuals with COPD.

In the December 2011 revision, the GOLD Guidelines [9] list several differences between
asthma and COPD and stress the importance of the concept of “reversible” (normalizing)
airflow obstruction. COPD is described as having onset in mid-life, slowly progressive
symptoms, and a history of tobacco smoking or exposure to other types of smoke, whereas
asthma begins early in life and symptoms vary widely from day to day. The definition of COPD
in the GOLD guidelines clearly “excludes asthma (‘reversible (normalizing) airflow limita‐
tion’)” and also states that the presence of a post-bronchodilator FEV1/FVC < 0.70 confirms the
presence of persistent (or non-normalizing) airflow limitation and thus of COPD. Once again,
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we see authors stress the importance of separating “reversible” from “non-reversible” airflow
limitation as helping in defining and distinguishing asthma and COPD. However, as Pelle‐
grino and colleagues [11] state, “The lack of a response to bronchodilator testing in a laboratory
does not preclude a clinical response to bronchodilator therapy.” Should we limit asthma
therapy to only those patients who have normalizable AFL after BD? This decision could
narrow a patient’s therapeutic options and exclude potentially beneficial medications.

Certainly for the majority of patients a reasonable classification of asthma and COPD can
be based on how airflow returns to predicted or normal levels after the administration of
a bronchodilator. But many asthmatics can have fixed or non-normalizing airflow limita‐
tion after  a  bronchodilator  is  administered in a  laboratory setting.  Some asthma pheno‐
types  have  significant  inflammation  and  airway  remodeling  that  leads  to  non-
normalizing AFL that does not respond to a bronchodilator. Therefore, it seems plausible
that some asthma patients indeed have fixed airflow obstruction and approaching them as
COPD patients may allow for more appropriate therapy. Using the normalization of AFL
after BD may be useful for defining the majority of asthma and COPD patients but airway
remodeling due to repetitive or persistent inflammation in asthmatics as they age and are
chronically  exposed  to  stimuli  can  account  for  the  fact  that  some  asthmatics  show  no
significant spirometric change after BD administration in a laboratory. Patients with either
asthma or COPD may respond to a BD so BD responsivity is neither sensitive nor specific
in distinguishing asthma and COPD.

2. Why is overlap between asthma and COPD important?

In  a  15  year  longitudinal  study  of  individuals  with  asthma,  Lange  and  colleagues  [13]
concluded that some asthmatics progress to fixed airways obstruction suggesting that this
asthmatic  subgroup may exhibit  non-normalizing lung function and be  more  similar  to
COPD. GOLD guidelines [9], NHLBI guidelines [14], and GINA [15] guidelines state that
asthma and COPD are underdiagnosed and misdiagnosed.  In addition,  these guidelines
attempt to distinguish asthma and COPD obviating recognition of potential overlap. Simply
put,  there  are  often  times  where  guideline-driven  therapy  for  COPD  and  asthma  may
preclude some patients from getting more tailored therapy. In the example of the asthma/
COPD overlap patient, guideline driven care may not optimize or individualize treatment
sufficiently. As listed in examples cited later in this chapter, many asthmatics with fixed or
non-normalizing AFL may benefit from treatments that are traditionally only considered
for patients with COPD. Thus, we feel it  is  imperative that a subgroup of patients with
asthma and COPD may benefit by approaching them therapeutically as having an “over‐
lap”  syndrome  of  asthma  and  COPD.  Furthermore,  classic  COPD  and  asthma  medica‐
tions  may  be  used  interchangeably  and  successfully  for  patients  with  overlapping
phenotypes. Therefore, viewing asthma and COPD similarly for some patients can lead to
more treatment options and possibly better outcomes.

Asthma and COPD – Overlapping Disorders or Distinct Processes?
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3. Clinical perplexity emanating from overlapping definitions and
ambiguous nomenclature

3.1. Defining these disorders has proven difficult

The recent movements to subcategorize asthma and COPD into distinctive phenotypes
underscores the imprecise and evolving definitions of these disorders; neither asthma nor
COPD are discrete diseases but rather syndromes that are defined or characterized by
multifactorial listings of historical, physical examination, radiographic, cellular, biochemical,
and physiologic features [9, 14, 15].

Historically, definitions have distinguished COPD with non-normalizing AFL in older adults
from asthma with normalizing AFL in children with atopy or pulmonary inflammation. Figure
2 summarizes the features of asthma and COPD that have been used historically to distinguish
these two disorders. Furthermore, as described in [4], “Asthma is recognized as an allergic
disease that develops in childhood, characterised physiologically by “reversible” (normaliz‐
ing) airflow obstruction, and has an episodic course with a generally favourable prognosis,
responding well to anti-inflammatory treatment. In contrast, COPD is typically caused by
tobacco smoking, develops in mid to later life and is characterised by incompletely“reversible”
(non-normalizing) airflow limitation that results in a progressive decline in lung function
leading to premature death.”

Further, since these disorders are syndromes, there is not a single gold standard diagnostic
test for either asthma or COPD. Bronchoprovocation testing has been advocated to comple‐
ment spirometric measurement of FEV1 and FVC before and after bronchodilators for the
diagnosis of asthma [14, 15]. For COPD, there is much debate over thresholds to define airflow
obstruction – that is with a fixed FEV1/FVC ratio less than 0.70 or an FEV1/FVC ratio less than
the lower limit of normal. Thus, it has been exceedingly difficult to define these disorders
precisely based upon physiologic testing.

Figure 2. Historical characteristics of asthma and COPD, adapted from [16].
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3.2. Revisiting the Dutch hypothesis and overlap syndrome proposals

Scientific and clinical evidence reinforces the overlap between COPD and asthma. The clinical
manifestations of these disorders, cough, breathlessness, and wheezing, may be identical. AFL
is present in both processes and BD responsiveness occurs frequently in either disorder. Cellular
and biochemical assessments reveal inflammation and immunological derangements. The
therapeutic pharmacologic armamentarium is very similar. Consequently, some investiga‐
tors have surmised that asthma and COPD may share common pathophysiologic origins. As
Bleecker suggests in [16], although the concepts of the Dutch hypothesis may be controver‐
sial, they have never been disproven and approaching these two diseases in a fashion that
recognizes the possibility of similarities could pave the way for new approaches for both COPD
and asthma.

Figure 3 illustrates the potential theoretical overlap among the obstructive lung diseases. The
need to recognize overlap amongst asthma and COPD was highlighted by Gibson and Simpson
[4] as the historical definitions of asthma and COPD are “limited because they do not fully depict
the spectrum of obstructive airway disease that is seen in clinical practice. In particular, now
that accelerated decline in lung function is recognized to occur in asthma, especially in those
with asthma who smoke and COPD is increasingly considered to be a treatment-responsive
disease, there is a need to re-evaluate the concept of asthma and COPD as separate condi‐
tions, and to consider situations when they may coexist, or when one condition may evolve into
the other.”

Figure 3. Overlapping of Obstructive Lung Diseases, reproduced from [3]. This non-proportional Venn diagram shows
subsets of patients with chronic bronchitis, COPD, emphysema, and asthma and their intersection with airflow ob‐
struction or airflow limitation (AFL) and each other. Patients with asthma whose airflow obstruction is reversible (nor‐
malizing) (subset 9), are not considered to have COPD. In many cases it is virtually impossible to differentiate patients
with asthma whose airflow obstruction does not remit completely from persons with chronic bronchitis or COPD who
have partially reversible (normalizing) airflow obstruction with airway hyperreactivity. Thus, some patients with unre‐
mitting asthma are classified as having COPD as shown by subsets 6, 7 and 8. Emphysema with AFL and chronic bron‐
chitis with AFL comprise COPD patients, and are depicted in the darker circles labeled as subsets 3 and 4. Chronic
bronchitis and emphysema with airflow obstruction often occur together as seen in subset 5, and some patients may
have asthma associated with these two disorders as in subset 8. Individuals with asthma exposed to chronic irritation,
as from cigarette smoke, may develop chronic productive cough, a feature of chronic bronchitis shown in subset 6.
Such patients are often referred to in the United States as having asthmatic bronchitis or the asthmatic form of COPD.
Persons with chronic bronchitis or emphysema without airflow obstruction, shown by subsets 1,2,11, are not classified
as having COPD.
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that accelerated decline in lung function is recognized to occur in asthma, especially in those
with asthma who smoke and COPD is increasingly considered to be a treatment-responsive
disease, there is a need to re-evaluate the concept of asthma and COPD as separate condi‐
tions, and to consider situations when they may coexist, or when one condition may evolve into
the other.”

Figure 3. Overlapping of Obstructive Lung Diseases, reproduced from [3]. This non-proportional Venn diagram shows
subsets of patients with chronic bronchitis, COPD, emphysema, and asthma and their intersection with airflow ob‐
struction or airflow limitation (AFL) and each other. Patients with asthma whose airflow obstruction is reversible (nor‐
malizing) (subset 9), are not considered to have COPD. In many cases it is virtually impossible to differentiate patients
with asthma whose airflow obstruction does not remit completely from persons with chronic bronchitis or COPD who
have partially reversible (normalizing) airflow obstruction with airway hyperreactivity. Thus, some patients with unre‐
mitting asthma are classified as having COPD as shown by subsets 6, 7 and 8. Emphysema with AFL and chronic bron‐
chitis with AFL comprise COPD patients, and are depicted in the darker circles labeled as subsets 3 and 4. Chronic
bronchitis and emphysema with airflow obstruction often occur together as seen in subset 5, and some patients may
have asthma associated with these two disorders as in subset 8. Individuals with asthma exposed to chronic irritation,
as from cigarette smoke, may develop chronic productive cough, a feature of chronic bronchitis shown in subset 6.
Such patients are often referred to in the United States as having asthmatic bronchitis or the asthmatic form of COPD.
Persons with chronic bronchitis or emphysema without airflow obstruction, shown by subsets 1,2,11, are not classified
as having COPD.
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4. Phenotypic intersection – Clinical, physiologic, and inflammatory
similarities and distinctions

4.1. Clinical – Asthma phenotypes and the 5th cluster

Moore and colleagues [7] categorized a large portion of the severe asthma research program
(SARP) population into 5 distinct phenotypic groups based upon cluster analysis (see Table
1). The 5th cluster had more fixed airways obstruction (non-normalizing) with little broncho‐
dilator responsivity, similar to the physiologic profile of a more classically defined COPD
patient. This type of phenotypic approach to asthma may better suit some refractory asthma
patients who require more tailored and individualized therapy [17-21].

Cluster 1 – 15% of

participants

Atopic, mostly younger females with onset of asthma in childhood, with normal lung function

and infrequent healthcare utilization or hospitalizations

Cluster 2 – 44% of

participants

Atopic, mostly females, mostly older adults, with onset of asthma in childhood, with normal

lung function and more asthma medication usage than cluster 1

Cluster 3 – 8% of

participants

Non-Atopic, mostly females over the age of 50 with onset of asthma in adulthood and obese

with body mass index >30, some decreased lung function, abundant asthma medication

usage and corticosteroid usage with the most healthcare utilization and hospitalizations that

appeared to be out of proportion to the degree of decreased lung function

Cluster 4 – 17% of

participants

Atopic, equal males and females with onset of asthma in childhood and the most severe

decline in lung function with most meeting a severe asthma definition and with only some

bronchodilator responsivity on lung function testing

Cluster 5 – 16% of

participants

Less Atopic, mostly females, with onset of asthma in childhood with most meeting a severe

asthma definition and with worst lung function of all clusters and little bronchodilator

responsivity

Table 1. Five Asthma Phenotypes Classified Using Cluster Analysis, adapted from [7].

4.2. Clinical – COPD phenotypes and the need for GOLD criteria revision in 2011

Not all COPD patients are alike. Some require oxygen and some do not. Some require one
maintenance inhaler whereas others require three. Some have 2 or more exacerbations per year
and some have few or no exacerbations. How can one account for these distinct differences in
patient presentation or phenotype?

Prior to 2011, the GOLD guidelines [9] categorized COPD severity based solely upon physio‐
logic criteria, especially the reduction in the FEV1. COPD patients are not always the same and
carry different risk factors for worsening lung function and exacerbations. These concepts, that
physiology does not adequately define groups of patients with similar therapeutic require‐
ments and not all COPD patients are the same, were addressed by creating new GOLD
classifications. In 2011, the use of level of lung dysfunction and airways obstruction continued,
but further categorization based upon clinical symptoms as well as healthcare utilization or
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risk were added to the classification scheme, as seen in Figure 1. Patients are classified into
four groups, A, B, C, and D based upon these three factors. Group A patients have better lung
function, fewer symptoms, and lower risk for hospitalization. Group B patients have better
lung function and lower risk for hospitalization but more symptoms; Group C patients have
more impaired lung function and higher risk but are less symptomatic; and Group D patients
have more impaired lung function, more symptoms, and greater risk for hospitalization. By
restructuring the classification system, COPD patients can now be seen as a range of potentially
diverse populations, with some patients not experiencing many symptoms or risk, whereas
other COPD patients have greater risk of exacerbations and symptoms and will be treated
more aggressively. In summary, the phenotypic differences between more symptomatic and/
or higher exacerbation risk coupled with physiologic function, are being used to not only
categorize COPD patients but also guide therapeutic management.

The current GOLD classification scheme has progressed significantly beyond the historical
labeling of patients with COPD as “pink puffers” or “blue bloaters.” These descriptions may
have addressed the physiologic differences between emphysema and chronic bronchitis
patients, but these phenotypic descriptions did not translate into standardized approaches for
medication usage or therapeutic management. The four phenotypes described in GOLD 2011
[9] now enable the patient’s care team to choose therapeutic options based on level of pulmo‐
nary physiologic function, risk of exacerbation/healthcare utilization, and level of symptoms.
Although still maintaining a stepped care approach, the use of phenotypic categories suggests
therapies directed at reducing specific needs manifested by individuals within each category.
The risk of exacerbations and significant lung function deterioration that can accompany them
are now targeted and higher risk patients could have more access to novel therapies such as
Phosphodiesterase-type 4 (PDE-4) inhibitors or chronic antibiotics like azithromycin as options
to reduce their risk of COPD exacerbations [22, 23].

4.3. Airways inflammation: Often different but present in both, and sometimes similar
amongst asthma & COPD

Both asthma and COPD are diseases of airway inflammation. In asthma, the inflammatory
cells and cytokines include CD4+T-helper cell lymphocytes, eosinophils, and IL 4,5,10, and 13
along with GM-CSF and TNF-alpha whereas in COPD, the inflammatory profile usually
consists of CD8+T-lymphocytes, neutrophils, and CD68+monocytes/macrophages [24]. Some
investigators have divided asthma into eosinophilic and non-eosinophilic categories [25]
emphasizing that non-eosinophilic asthma is a unique phenotype. Although there are signif‐
icant differences in the inflammatory components encountered in asthma and COPD [24, 26],
some asthmatics have a more neutrophil predominant inflammatory profile [27]. In contrast
with these differences in the inflammatory components of asthma and COPD, there are some
similar findings that occur in asthmatic and COPD patients who have fixed airways obstruc‐
tion. Jeffrey [28] notes that remodeling and inflammation occur in both asthma and COPD and
there are often major distinct differences in inflammation in the airways for COPD and asthma.
However, these differences are most apparent when “nonsmoking patients with asthma and
smokers with COPD from polar ends of the spectrum of “reversibility” (normalization) are
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risk were added to the classification scheme, as seen in Figure 1. Patients are classified into
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medication usage or therapeutic management. The four phenotypes described in GOLD 2011
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therapies directed at reducing specific needs manifested by individuals within each category.
The risk of exacerbations and significant lung function deterioration that can accompany them
are now targeted and higher risk patients could have more access to novel therapies such as
Phosphodiesterase-type 4 (PDE-4) inhibitors or chronic antibiotics like azithromycin as options
to reduce their risk of COPD exacerbations [22, 23].

4.3. Airways inflammation: Often different but present in both, and sometimes similar
amongst asthma & COPD

Both asthma and COPD are diseases of airway inflammation. In asthma, the inflammatory
cells and cytokines include CD4+T-helper cell lymphocytes, eosinophils, and IL 4,5,10, and 13
along with GM-CSF and TNF-alpha whereas in COPD, the inflammatory profile usually
consists of CD8+T-lymphocytes, neutrophils, and CD68+monocytes/macrophages [24]. Some
investigators have divided asthma into eosinophilic and non-eosinophilic categories [25]
emphasizing that non-eosinophilic asthma is a unique phenotype. Although there are signif‐
icant differences in the inflammatory components encountered in asthma and COPD [24, 26],
some asthmatics have a more neutrophil predominant inflammatory profile [27]. In contrast
with these differences in the inflammatory components of asthma and COPD, there are some
similar findings that occur in asthmatic and COPD patients who have fixed airways obstruc‐
tion. Jeffrey [28] notes that remodeling and inflammation occur in both asthma and COPD and
there are often major distinct differences in inflammation in the airways for COPD and asthma.
However, these differences are most apparent when “nonsmoking patients with asthma and
smokers with COPD from polar ends of the spectrum of “reversibility” (normalization) are
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compared” and as “disease becomes severe and the use of corticosteroids increases, the
patterns of inflammation become more similar, mainly because of increases of neutrophils in
both asthma and COPD”[28]. Further similarities in inflammatory patterns between asthma
and COPD include:

• Distinct subpopulations of individuals with COPD and chronic bronchitis have a thickened
reticular basement membrane (RBM) and bronchoalveolar lavage (BAL) eosinophilia that
are similar to what is seen in the chronic inflammatory changes of asthma [29]. The RBM is
thicker than normal in this subset of COPD patients who were smokers and showed
significant airflow reversibility after 14 days of oral steroid therapy [29]. RBM thickening is
usually considered a hallmark of severe asthma [30].

• The structural and inflammatory profiles observed in this subset of patients with COPD and
a thickened RBM and BAL eosinophilia make the distinction between asthma and COPD
less clear.

• Airway smooth muscle is increased both in COPD and asthma but the location of the smooth
muscle hypertrophy and enlargement may differ [31]. Airway smooth muscle enlargement
is also found in COPD but usually more in the smaller airways.

• The eosinophil has been a longstanding chronic inflammatory cell in asthma, whereas
eosinophils in COPD appear to be more active during acute exacerbations of COPD [24,
28]. It has been postulated that the slight increase of eosinophils encountered in stable COPD
perhaps do not degranulate [32].

As stated above there are stark contrasts in airway structure and inflammation in COPD and
asthma yet the question remains: why do striking similarities exist between the two as well?
As mentioned, the increase in airway smooth muscle mass that is observed ubiquitously in
asthmatics can be seen in COPD patients, and the eosinophil appears to be a critical inflam‐
matory cell in both diseases, albeit in COPD, its most significant role may be during acute
exacerbations. Furthermore, it is interesting to see that there are some COPD patients who
appear to have an inflammatory and airway structure profile that is more consistent with the
classic findings of asthma. Perhaps these findings explain why we see benefits of inhaled
steroids for some COPD patients. Compared with placebo, corticosteroids improve the
outcomes of COPD patients hospitalized for acute exacerbations and decrease readmission
rates [33]. In addition, the TORCH investigators [34] showed that inhaled corticosteroids
reduced exacerbation rates and improved the health status of COPD patients. The similarities
in airways inflammation and pathobiology seen in COPD and asthma may account for the
clinical improvements associated with inhaled corticosteroids in COPD patients. We now see
that the mainstay of therapy for asthma, inhaled corticosteroids, may improve outcomes in
COPD patients. That is, a medication historically reserved for asthmatics is now widely used
for COPD patients. Later in part 6 of this chapter, we will investigate this cross-treatment of
COPD and asthma further.
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5. How can an asthmatic evolve to chronic obstruction indistinguishable
from COPD?

Airways remodeling in asthma can lead to more fixed, irreversible (non-normalizing) airways
obstruction [13, 35]. Airways remodeling is a series of events that include structural and
inflammatory changes that lead to fixed airways obstruction. Critical events in this pathway
include reticular basement membrane (RBM) thickening, airway smooth muscle (ASM)
hyperplasia and hyperreactivity, loss of ciliated epithelial cells, goblet cell (GC) hyperplasia
and increased mucous production, as well as fibroblast and myofibroblast activation [35].
When extensive airway remodeling occurs, asthmatics can appear clinically and physiologi‐
cally as if they had COPD with fixed, non-normalizing airways obstruction. Recent studies
suggest that airway remodeling and airway smooth muscle (ASM) hyperplasia and hypertro‐
phy occur at an early age, possibly even preceding the diagnosis of asthma and clinical
symptoms [31, 36]. These studies suggest that reticular basement membrane thickening can
occur even in childhood [37] and corroborate earlier investigations that showed that the lung
function decline in some asthmatics occurred early in childhood, and not progressively
throughout adulthood [38]. Thus, airway remodeling may precede both the clinical manifes‐
tations of asthma and the inflammation triggered by allergen exposure. The subsequent
inflammation intensifies the remodeling process and leads to fixed airways obstruction in early
adulthood. Thus, it seems plausible that the subset of asthma patients who have fixed
obstruction may have defects in ASM regulatory mechanisms and that ASM hyperplasia may
be an “early life event.”For these individuals, the inflammation and ensuing asthma accentu‐
ates basement membrane dysregulation and ultimately leads to fixed airways obstruction in
young asthma patients [31, 36-38].

6. Novel treatment paradigms: Asthma drugs treat COPD and vice-versa

According to current guidelines, inhaled corticosteroids (ICS) are the cornerstone and first line
therapy of persistent asthma while long acting beta (LABA) agonists and long acting anti-
muscarinic (LAMA) agents are first line therapy for COPD patients [9, 14, 15]. Despite this
paradigm of “inhaled steroids first in asthma and long acting bronchodilators first in COPD”,
inhaled corticosteroids can be helpful for some COPD patients and long acting bronchodilators
are commonly used as step up therapy in asthma when ICS therapy does not control symptoms
alone. In addition, systemic corticosteroids are beneficial for the treatment of exacerbations of
both diseases [9, 14, 15]. Recent investigations suggest that medications classically used for the
treatment of asthma may be beneficial for COPD and pharmacologic treatments usually used
for COPD may be advantageous in the management of some subpopulations of patients with
asthma.

6.1. Asthma and anti-inflammatory medications used for COPD

Recent studies show that inhaled corticosteroids, the mainstay of asthma pharmacotherapy,
improve multiple outcomes in individuals with COPD [9]. ICS can reduce the frequency of
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acute COPD exacerbations and improve respiratory health in patients with severe COPD [9,
34]. Although combined ICS and long acting beta agonist treatment slowed the reduction of
lung function in individuals with COPD in the TORCH trial, these results have not been
replicated in other trials [34, 39, 40]. However, as outlined in GOLD 2011 [9], inhaled cortico‐
steroids have a significant role in the management of COPD, particularly for those at high risk
for exacerbations and who are symptomatic despite long acting bronchodilator usage (GOLD
class C,D). The summary of evidence [9, 34, 39-43] supporting the role of inhaled corticoste‐
roids in the management of COPD includes the following:

• Long term treatment with inhaled steroids is recommended for patients with severe and
very severe airflow limitation and for patients with frequent exacerbations not controlled
by long acting bronchodilators.

• Inhaled steroids should be considered for GOLD class C and D patients.

• Long term monotherapy with inhaled steroids is not recommended in COPD as it is less
effective than a combination of LABA and ICS together.

The inflammation present in COPD, for at least some COPD patients, appears to be helped by
the addition of an inhaled steroid. Thus, historically labeled “asthma treatments” such as
inhaled steroids may be beneficial for patients with COPD. Additionally, anti-leukotriene
medications such as montelukast have shown some promise even in COPD patients as some
authors propose that the inflammation in COPD can be a target of leukotriene receptor
antagonist (LTRA) therapy. LTRA usage in elderly COPD patients appears to be safe and
efficacious and may improve outcomes in respiratory health in this population [44, 45].

6.2. COPD and long-acting inhaler medications used for asthma

Alternatively, treatments that were relegated historically as mainstay therapy for COPD have
also been used to treat asthma. Inhaled steroids are the principal treatment for persistent
asthma, but for more severe asthmatics, LABA’s are added to inhaled corticosteroids, similar
to adding an inhaled corticosteroid to a LABA for a more severe COPD patient. LABAs are
never used as monotherapy in asthma. However, combined LABA/ICS treatment is recom‐
mended for patients with severe asthma just as this combination is suggested therapy for
patients with more severe COPD.

Based upon many trials, multiple guidelines identify inhaled corticosteroids as the recom‐
mended first line treatment for asthma [14, 15, 46]. LABA inhalers are effective as step up
therapy, particularly in those asthmatics not controlled with inhaled corticosteroids alone [47,
48]. LABAs are indeed used in asthma; however, due to the risk of LABA monotherapy in
asthma [49], these agents are recommended only for step up therapy in those asthmatics not
controlled with an inhaled corticosteroid alone [14, 15]. Thus, LABAs can be used in both COPD
and asthma, although for COPD they are first line therapeutic options and for asthma they are
recommended only as add-on therapy choices in addition to inhaled corticosteroids. LABAs
are not first line therapy for asthma. Inhaled corticosteroid and LABA combination therapy is
recommended for both asthmatics and COPD patients with more severe disease [9, 14, 15].
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What about long acting muscarinic antagonist usage (LAMA) or long acting anticholinergic
(LAch) therapy in asthma? Recent studies show that treatment of severe asthmatics with a
LAMA can reduce exacerbations and improve airflow obstruction [50]. In patients with asthma
that is inadequately controlled with ICS, addition of a LAMA improves lung function and
symptoms and is equivalent to the addition of a LABA [51]. Caution, however, has been
advised by some authors including Bel [52], stating that the use of LAMAs and antimuscarinic
agents may best be reserved for those asthma patients who have fixed airflow obstruction as
evidenced by baseline FEV1/FVC ratios of <0.70.

Table 2 describes and summarizes some of these trials which have shown cross-therapy choices
for asthma and COPD.

Trial & Reference Medications Used/Disease Summary of Meaningful Findings

TALC [51] LAMA (tiotropium) use in
asthma

Tiotopium as effective as long acting bronchodilator for
uncontrolled asthmatics

Tiotropium added to asthmatics
poorly controlled on LABA/ICS
[50]

LAMA (tiotropium) use in
asthma

LAMA use decreased exacerbations in severe asthmatics
and showed minimal improvement in FEV1

Long-term montelukast in
moderate to severe COPD [44,
45]

LTRA use in COPD LTRA use appears safe and efficacious and may improve
respiratory symptom control and exacerbations,
particularly for elderly moderate to severe COPD patients

Meta-Analyses for ICS usage in
more severe COPD or COPD with
higher risk of exacerbations
[41-43]

ICS for COPD ICS reduce the risk of exacerbations, with an emphasis
placed on more severe COPD patients

TORCH [34] ICS for COPD ICS therapy decreases exacerbations and modestly slows
the progression of respiratory symptoms in COPD;
possible or minimal impact found on lung function and
mortality somewhat unique to TORCH trial.

UPLIFT [53] Triple Therapy with LAMA,
LABA and ICS for COPD
patients

Suggests additive benefit to triple inhaler therapy for
more advanced COPD patients

Abbreviations: LTRA-leukotriene receptor antagonist, LAMA-long acting muscarinic antagonist, LABA-long acting beta
agonist, ICS-inhaled corticosteroid, FEV1-forced expiratory volume in 1 second, COPD-chronic obstructive pulmonary
disease

Table 2. Summary of Novel Approaches Where Cross-Disease Therapeutic Options Have Shown Benefit.

7. Conclusion

We began this chapter with the question: are asthma and COPD completely distinct diseases
or is there some degree of overlap? In response, we conclude that they are separate entities
that are treated and approached in unique ways for the most part; however, for subpopulations
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acute COPD exacerbations and improve respiratory health in patients with severe COPD [9,
34]. Although combined ICS and long acting beta agonist treatment slowed the reduction of
lung function in individuals with COPD in the TORCH trial, these results have not been
replicated in other trials [34, 39, 40]. However, as outlined in GOLD 2011 [9], inhaled cortico‐
steroids have a significant role in the management of COPD, particularly for those at high risk
for exacerbations and who are symptomatic despite long acting bronchodilator usage (GOLD
class C,D). The summary of evidence [9, 34, 39-43] supporting the role of inhaled corticoste‐
roids in the management of COPD includes the following:

• Long term treatment with inhaled steroids is recommended for patients with severe and
very severe airflow limitation and for patients with frequent exacerbations not controlled
by long acting bronchodilators.

• Inhaled steroids should be considered for GOLD class C and D patients.

• Long term monotherapy with inhaled steroids is not recommended in COPD as it is less
effective than a combination of LABA and ICS together.

The inflammation present in COPD, for at least some COPD patients, appears to be helped by
the addition of an inhaled steroid. Thus, historically labeled “asthma treatments” such as
inhaled steroids may be beneficial for patients with COPD. Additionally, anti-leukotriene
medications such as montelukast have shown some promise even in COPD patients as some
authors propose that the inflammation in COPD can be a target of leukotriene receptor
antagonist (LTRA) therapy. LTRA usage in elderly COPD patients appears to be safe and
efficacious and may improve outcomes in respiratory health in this population [44, 45].

6.2. COPD and long-acting inhaler medications used for asthma

Alternatively, treatments that were relegated historically as mainstay therapy for COPD have
also been used to treat asthma. Inhaled steroids are the principal treatment for persistent
asthma, but for more severe asthmatics, LABA’s are added to inhaled corticosteroids, similar
to adding an inhaled corticosteroid to a LABA for a more severe COPD patient. LABAs are
never used as monotherapy in asthma. However, combined LABA/ICS treatment is recom‐
mended for patients with severe asthma just as this combination is suggested therapy for
patients with more severe COPD.

Based upon many trials, multiple guidelines identify inhaled corticosteroids as the recom‐
mended first line treatment for asthma [14, 15, 46]. LABA inhalers are effective as step up
therapy, particularly in those asthmatics not controlled with inhaled corticosteroids alone [47,
48]. LABAs are indeed used in asthma; however, due to the risk of LABA monotherapy in
asthma [49], these agents are recommended only for step up therapy in those asthmatics not
controlled with an inhaled corticosteroid alone [14, 15]. Thus, LABAs can be used in both COPD
and asthma, although for COPD they are first line therapeutic options and for asthma they are
recommended only as add-on therapy choices in addition to inhaled corticosteroids. LABAs
are not first line therapy for asthma. Inhaled corticosteroid and LABA combination therapy is
recommended for both asthmatics and COPD patients with more severe disease [9, 14, 15].
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What about long acting muscarinic antagonist usage (LAMA) or long acting anticholinergic
(LAch) therapy in asthma? Recent studies show that treatment of severe asthmatics with a
LAMA can reduce exacerbations and improve airflow obstruction [50]. In patients with asthma
that is inadequately controlled with ICS, addition of a LAMA improves lung function and
symptoms and is equivalent to the addition of a LABA [51]. Caution, however, has been
advised by some authors including Bel [52], stating that the use of LAMAs and antimuscarinic
agents may best be reserved for those asthma patients who have fixed airflow obstruction as
evidenced by baseline FEV1/FVC ratios of <0.70.

Table 2 describes and summarizes some of these trials which have shown cross-therapy choices
for asthma and COPD.

Trial & Reference Medications Used/Disease Summary of Meaningful Findings

TALC [51] LAMA (tiotropium) use in
asthma

Tiotopium as effective as long acting bronchodilator for
uncontrolled asthmatics

Tiotropium added to asthmatics
poorly controlled on LABA/ICS
[50]

LAMA (tiotropium) use in
asthma

LAMA use decreased exacerbations in severe asthmatics
and showed minimal improvement in FEV1

Long-term montelukast in
moderate to severe COPD [44,
45]

LTRA use in COPD LTRA use appears safe and efficacious and may improve
respiratory symptom control and exacerbations,
particularly for elderly moderate to severe COPD patients

Meta-Analyses for ICS usage in
more severe COPD or COPD with
higher risk of exacerbations
[41-43]

ICS for COPD ICS reduce the risk of exacerbations, with an emphasis
placed on more severe COPD patients

TORCH [34] ICS for COPD ICS therapy decreases exacerbations and modestly slows
the progression of respiratory symptoms in COPD;
possible or minimal impact found on lung function and
mortality somewhat unique to TORCH trial.

UPLIFT [53] Triple Therapy with LAMA,
LABA and ICS for COPD
patients

Suggests additive benefit to triple inhaler therapy for
more advanced COPD patients

Abbreviations: LTRA-leukotriene receptor antagonist, LAMA-long acting muscarinic antagonist, LABA-long acting beta
agonist, ICS-inhaled corticosteroid, FEV1-forced expiratory volume in 1 second, COPD-chronic obstructive pulmonary
disease

Table 2. Summary of Novel Approaches Where Cross-Disease Therapeutic Options Have Shown Benefit.

7. Conclusion

We began this chapter with the question: are asthma and COPD completely distinct diseases
or is there some degree of overlap? In response, we conclude that they are separate entities
that are treated and approached in unique ways for the most part; however, for subpopulations
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of individuals with asthma or COPD, there is considerable clinical, physiologic, and inflam‐
matory profile overlap. These disorders are syndromes defined by constellations of clinical,
historical, physical examination, physiological, and inflammatory features. Recent investiga‐
tions suggest that there are numerous subcategories of asthma and COPD and that some of
these subcategories may have significant similarities.

Thus, COPD and asthma may coexist or overlap in individual patients or within specific
phenotypic categories. Both diseases are characterized by airways inflammation and some‐
times cannot be distinguished clinically. The physiologic differences between asthma and
COPD are further confused by ambiguous use of reversibility to mean either responsiveness
to bronchodilators or normalization of lung function. Historically, asthma has been associated
with AFL that normalizes and returns to predicted levels with therapy whereas, in COPD, lung
function progressively declines and no treatment has been shown to return it to predicted
levels. However, there is a subpopulation of asthmatics that develop fixed AFL and despite
treatment do not exhibit normalization of lung function.

Although the inflammatory profiles of asthma and COPD are traditionally considered to be
distinct, more recent investigations and phenotypic categorizations suggest that there are
populations of asthmatics with inflammatory profiles that are suggestive of COPD and some
groups of patients with COPD may have inflammatory profiles that resemble those seen in
asthma.

Although the principal guidelines for management of COPD and asthma are very different,
considerable overlap in treatments does occur. Recent studies demonstrate that medications
such as LAMAs that are traditionally used only for the treatment of COPD may be beneficial
in patients with asthma and other drugs such as LTRAs that are usually only used for the
treatment of asthma may be effective in patients with COPD. But, for most individuals with
COPD or asthma, the initial treatment for COPD begins with maintenance long acting
bronchodilators and for asthma with maintenance inhaled corticosteroids. Therefore, we feel
that asthma and COPD can usually be addressed as separate entities but there are numerous
times where the diseases and their treatments overlap.

In conclusion, it may be appropriate to approach some COPD patients as if they were more
asthmatic, and some asthmatics as if they were more like COPD. The Dutch hypothesis
suggesting that asthma and COPD may have common pathogenetic mechanisms is undergo‐
ing a resurgence as phenotypically distinct subpopulations of individuals with COPD and
asthma are being identified. Although most of these subpopulations are distinct, some share
similar clinical, physiologic, and inflammatory profiles. Finally, the therapeutic distinctions
between asthma and COPD are blurring as medications traditionally used for one disorder are
shown to be beneficial for the other. Ultimately, the goal is to develop therapeutic guidelines
based upon a patient’s phenotypic profile. As phenotypes become more descriptive, it may
prove beneficial to categorize patients as “chronic obstructive asthma with fixed obstruction”,
or “COPD with asthmatic/more prominent eosinophilic airways inflammatory features”, or
“COPD with an allergic inflammatory component” to discern which COPD patients might
benefit from inhaled corticosteroids or which asthmatics might improve with antimuscarinic
bronchodilators.
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1. Introduction

The abundant serum protein alpha-1 antitrypsin (AAT) is the prototype chronic obstructive
pulmonary disease (COPD) biomarker. AAT is an antiprotease which inhibits neutrophil-
derived proteases and protects the fragile tissues of the lung. Absence of this key antiprotease
renders the lung susceptible to proteolytic degradation. Alpha-1 antitrypsin deficiency
(AATD) is a hereditary disorder characterised by low circulating levels of alpha-1 antitrypsin
(AAT). The lung disease associated with the condition is characterized by neutrophil-domi‐
nated airway inflammation and elevated intra-pulmonary protease levels [1]. The SERPINA1
gene encodes for the AAT protein and the most common SERPINA1 mutation known to cause
AATD is the Z mutation. The classic case of AATD is an individual homozygous for the Z
mutation which causes a severe deficiency of circulating AAT. Intuitively, severe AATD is a
proven genetic risk factor for the development of lung and less frequently, liver disease. The
condition was previously estimated to play a causative role in approximately 1-2% of COPD
cases [2]. However, when intermediate deficiency is included in any evaluation of the contri‐
bution of AATD to lung disease, we anticipate that this figure can rise to as high as 10%.
Guidelines published by the World Health Organisation (WHO), the American Thoracic
Society (ATS), and the European Respiratory Society (ERS) advocate a targeted screening
approach for the detection of AATD. Together these organisations recommend testing for
AATD in all individuals with COPD regardless of age or smoking history [3, 4]. Despite the
clear and significant benefits of correct identification, AATD remains an under-diagnosed
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condition with the majority of cases undetected or misdiagnosed as COPD. Less than 10% of
ZZ individuals have been correctly identified in Ireland and the same is true in many other
countries [5]. In addition, long delays between the presentation of first symptoms and correct
diagnosis are commonplace [6]. A diagnosis of AATD can present the doctor and the affected
individual with a unique opportunity for early medical intervention and the prevention or
postponement of COPD. This is an opportunity that, if seized, has enormous benefits for the
affected individual and extended family relatives. This chapter aims to provide healthcare
professionals with an overview of AATD and with clinically relevant information to assist
them in the recognition, diagnosis, and management of this rarely diagnosed hereditary
condition. It is our hope that this information can help counteract the nihilism related to AATD
and the reluctance to test that can sometimes exist.

2. What is alpha-1 antitrypsin?

2.1. Clinical manifestations & presentation of AATD

To understand the deficiency, one must first understand the protein. Alpha-1 antitrypsin
(AAT) is a 52 kDa glycosylated plasma protein. It belongs to a group of serine protease
inhibitors and is encoded by the SERPINA1 gene on chromosome 14q32.1-32.3 [7]. Production
of circulating AAT is predominantly the liver and the normal plasma concentration of AAT is
1.5 g/L (1.0-2.0 g/L) with a half-life of 4–5 days [8]. Production of AAT protein has also been
shown in other cells such as monocytes, macrophages, pulmonary alveolar cells and intestinal
epithelial cells [9-12], hinting at an important role in the local response to tissue inflammation.
AAT is an acute phase protein and plasma levels can rise two to five fold in response to cytokine
release (e.g. TNF-α, IL-1 and IL-6) during infection or inflammation [13, 14] with local
concentrations at sites of inflammation reaching even higher levels [15].

The association of an absent alpha-globulin band on serum plasma electrophoresis with a
possible hereditary form of pulmonary emphysema was first reported by Laurell and Eriksson
in 1963 [16]. The observation that these individuals were susceptible to a severe form of
hereditary emphysema led to a major breakthrough in our understanding of the role of
protease-antiprotease imbalance in the pathogenesis of COPD [17]. Subsequently it was also
discovered that people with AATD were also at risk of liver cirrhosis [18]. In the absence of
familial or population screening for AATD the majority of people present with clinical
symptoms, often at a stage where significant morbidity from the condition has already
developed.

2.2. Pulmonary manifestations

Adults with AATD are susceptible to the premature development of lung diseases such as
emphysema, chronic bronchitis, bronchiectasis, and asthma. Patients with AATD usually
present with exertional breathlessness, wheeze, cough, and frequent pulmonary exacerbations
often, but not exclusively with a background history of smoking [19]. Symptoms usually begin
from the age of 30 and the clinical suspicion for underlying asthma or chronic obstructive
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pulmonary disease (COPD) prompts referral for spirometric assessment. The finding of
reversibility on spirometry is common (approximately 50%) and often belies concomitant
asthma and emphysema. Reversibility can be associated with a worse prognosis, possibly due
to ongoing airway inflammation [19, 20]. The diagnosis of fixed airway obstruction in AATD,
indicative of COPD, is often made at a much younger age (<40 years) than the general
population. However, screening for AATD is recommended for all adults with COPD or
incompletely reversible asthma [4]. Analysis of the Danish AATD registry data of index and
non-index cases indicates that the median life expectancy in ZZ homozygotes is reduced
dramatically from 69 years to 49 years in smokers compared to non-smokers, and baseline
forced expiratory volume in 1 second (FEV1) was the single most important predictor of
survival [21, 22]. Cigarette smoke exposure in AATD results in severe impairment of lung
function and an accelerated decline in lung function, and affected individuals should be
counselled to stop smoking immediately. Occupational exposure to chemicals and pollutants
is also independently associated with a decline in lung function in AATD and patients should
be advised of using personal protective respiratory equipment where necessary [23, 24].

Figure 1. HRCT findings in ZZ individuals with emphysema (left) and bronchiectasis (right).

The classic pathological finding of bibasal panacinar emphysema can be now readily visualised
with the widespread availability of high resolution computed tomography (HRCT) imaging,
and the unexpected detection of these changes should prompt the clinician to screen for AATD.
CT imaging with lung densitometry measurement facilitates monitoring of disease progres‐
sion in AATD [25] and may be a superior outcome measure to change in FEV1 in clinical trials
examining the effect of augmentation therapy in AATD [26]. CT imaging also permits the
identification of bronchiectasis, which may or may not be clinically significant. The reported
prevalence of bronchiectasis varies considerably but may occur independently of emphysema
and can be severe [27, 28]. Symptoms of bronchiectasis are often difficult to distinguish from
COPD and the prevalence and impact of this airway disease in AATD may be underestimated.
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2.3. Liver manifestations

A small proportion of ZZ homozygotes present with a neonatal hepatitis syndrome, usually
within the first 3-4 months of life. AATD is one of the commonest causes for neonatal hepatitis
and can account for up to 29% of cases in some paediatric centres [29]. A large infant screening
study of 200,000 newborns identified 120 with the ZZ phenotype, 22 (18.3%) had evidence of
a hepatic abnormality. Of this cohort, 14 (11.7%) had prolonged obstructive jaundice and 9
(7.5%) had severe clinical liver disease [30]. The SZ phenotype is also associated with bio‐
chemical liver abnormalities, and can lead to end-stage liver disease requiring transplantation,
although this is observed less frequently than in ZZ cohorts [31]. A number of risk factors for
AATD associated liver disease in childhood have been identified including male gender, renal
or pulmonary complications [29], and a first degree relative with AATD-related liver disease
[32]. The reported outcomes of childhood liver disease are variable, with one study reporting
mortality of 20/74 (27%) and persistent cirrhosis in a similar number [32], although most studies
report complete clinical and biochemical recovery of liver function in the majority of cases [29].

Data from the Irish National AATD Registry allowed an investigation of the prevalence of liver
abnormalities in a cohort of 115 ZZ individuals (Table 1). A total of 36% had liver function test
(LFT) abnormalities on the first assessment, most commonly alanine aminotransferase (ALT),
and this did not correlate with increasing age. A further 24% (30/115) were found to have
abnormal liver findings by radiology. Fatty infiltration was the most common radiological
finding (17%) after examination of abdominal ultrasound results, followed by cirrhosis, liver
cysts, and haemangioma. No differences in body mass index (BMI) or alcohol consumption
were observed in those with or without liver abnormalities which suggests the frequency of
fatty liver was not due to increased obesity or alcohol but more likely to be attributable to the
accumulation of Z AAT protein in the liver.

Total ZZ Abnormal Ultrasound

No. of subjects 115 30

Gender (M/F) 62/53 20/10

Age, years (mean +/- SD) 52+/- 12 44 +/- 11

Mean FEV1 (% predicted) 65 +/- 33 50 +/- 28

Mean BMI 26.5 27.4

Alcohol (total respondents) 80 21

Active 61 17

Past 4 1

Never 15 3

Table 1. Liver abnormality findings in ZZ cohort on Irish National AATD Registry.
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In adulthood, a strong relation between AATD and cirrhosis has been reported (OR=7.8;
CI 2.4 to 24.7) and primary liver cancer (OR=20; CI 3.5 to 114.3), particularly affecting men
[33].  Cirrhosis  is  usually  complicated  by  portal  hypertension,  ascites,  gastrointestinal
bleeding,  spontaneous  bacterial  peritonitis,  hepatic  encephalopathy,  and  hepatocellular
carcinoma. The prevalence of liver cirrhosis increases with age and usually occurs in those
who have never smoked, perhaps as a consequence of the prolonged survival in this group
[4, 34]. Both genetic and environmental modifiers play a role in the pathogenesis of liver
disease  in  AATD.  Reports  of  putative  candidate  modifier  genes  for  AATD-related  liver
disease  have  emerged  [35-37],  however,  no  specific  gene  or  polymorphism  has  been
conclusively demonstrated to have clinical  utility  and prognostic  value.  In addition,  the
high prevalence of MZ phenotypes in liver disease cohorts and the role of heterozygous
AATD in worsening liver disease has been highlighted by several studies [38-40]. Thankful‐
ly,  the  natural  history  of  those  with  fulminant  AATD  related  liver  disease  has  been
dramatically  altered by liver  transplantation [41]  and excellent  survival  rates  have been
achieved in adult and paediatric transplant recipients [31, 42].

2.4. Extra-pulmonary manifestations

The rare occurrence of recurrent panniculitis has been noted in individuals with AATD and is
thought to relate to persistent neutrophilic inflammation at the affected sites [43]. A number
of case reports have reported the panniculitis to be responsive to intravenous augmentation
therapy [44-46]. AATD has been associated with a variety of other medical conditions, the best
described being ANCA-associated vasculitis and in particular granulomatosis with polyan‐
giitis (GPA). A recent genome wide association study identified the Z allele of SERPINA1 to
be associated with Proteinase 3 (PR3)-ANCA positivity [47]. PR3 is inhibited by AAT and some
case reports of PR3-ANCA vasculitis in ZZ homozygotes report a severe disease phenotype
[48, 49]. The role of AAT in diseases of the circulatory system is incompletely understood.
Oxidised AAT can bind to the Apolipoprotein B100 component of LDL in the circulation and
may contribute to atherogenesis [50], additionally the cleaved C36 peptide fragment of AAT
has been found complexed within atherosclerotic plaques indicating a role in monocyte
recruitment within the intima of arterial walls [51]. AAT complexes with IgA were found in
the joints and sera of patients with rheumatoid arthritis [52, 53] though there appears to be no
strong link between the two conditions [54]. A recent development is the association of diabetes
mellitus with low AAT levels [55] and the emerging scientific data demonstrating improved
islet cell graft survival in mice transfected with human AAT [56]. However, it is too soon to
determine if any sustained benefit can be achieved. Clinical trials are planned to investigate
the efficacy of AAT augmentation therapy in diabetes (NCT01183455, NCT02093221).

2.5. AATD heterozygosity: A risk factor for COPD?

An accurate determination of the risk of COPD in AATD heterozygotes is vitally important
given the large number of individuals who are potentially affected. We know MZ individuals
have moderately reduced levels of AAT but clarifying the risk of COPD in this group has been
controversial. The Irish National AATD Targeted Detection Programme has identified over
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the joints and sera of patients with rheumatoid arthritis [52, 53] though there appears to be no
strong link between the two conditions [54]. A recent development is the association of diabetes
mellitus with low AAT levels [55] and the emerging scientific data demonstrating improved
islet cell graft survival in mice transfected with human AAT [56]. However, it is too soon to
determine if any sustained benefit can be achieved. Clinical trials are planned to investigate
the efficacy of AAT augmentation therapy in diabetes (NCT01183455, NCT02093221).

2.5. AATD heterozygosity: A risk factor for COPD?

An accurate determination of the risk of COPD in AATD heterozygotes is vitally important
given the large number of individuals who are potentially affected. We know MZ individuals
have moderately reduced levels of AAT but clarifying the risk of COPD in this group has been
controversial. The Irish National AATD Targeted Detection Programme has identified over
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1,600 MZ individuals in the 12,000 individuals tested to date. While this heterozygote group
does include cases identified through family screening, this means that approximately 1 in 8
individuals tested are MZ. Anecdotally, a significant number of MZ individuals from our
AATD clinic, both smokers and non-smokers, develop COPD at a relatively young age.
Approximately 250,000 individuals on the island of Ireland [5] and 6 million individuals in the
United States possess the MZ genotype [57]. A deeper appreciation of the risk of COPD in
heterozygotes could lead to the prevention or postponement of lung disease in this group,
lessening the growing global healthcare burden of COPD.

During the past 40 years, over 100 studies have attempted to assess the risk of lung disease in
MZ individuals. A meta-analysis by Hersh et al estimated that the combined odds ratio for
COPD in MZ compared to MM individuals was 2.31. This risk was attenuated in studies which
adjusted for cigarette smoke exposure [58]. An accurate determination of the risk of COPD has
been fraught with difficulty. Many previous attempts to ascertain the contribution of MZ
heterozygosity to the development of COPD have been met with various methodological and
design flaws; most notably selection bias and inadequate control for cigarette smoke exposure.
A recent study which aimed to clarify the risk of COPD in MZ heterozygotes has addressed
many of the concerns which hampered an accurate risk estimate from previous attempts to
answer this vitally important question. The issue of selection bias was addressed in the study
design by using a family based approach. Index cases or probands were MZ individuals who
had a confirmed diagnosis of COPD based on the following spirometric criteria: a post-
bronchodilator FEV1/FVC ratio < 0.7 and an FEV1 (% predicted) < 80%. All first degree family
members of the index case (probands) underwent AAT phenotyping, pre-and post-broncho‐
dilator spirometry as well as completing the ATS‐DLD Epidemiology Questionnaire. For the
final analysis, the probands were excluded and the risk of COPD in the MM and MZ first
degree relatives was determined. While the main strength of this study was elimination of
ascertainment bias, additional strengths included the use of a genetically homogenous
population, a standardised criterion for the diagnosis of COPD and adequate control for
covariates including age, sex and cigarette smoke exposure. The adjusted odds ratio (OR) for
COPD in MZ compared with MM group was 5.18 and this was higher (OR, 10.65) in ever-
smoking individuals [59].

A significant gene-by-environment interaction exists to influence the development of COPD
in MZ individuals. MZ individuals who have a low exposure to cigarette smoke (< 20 pack-
years) have more airflow obstruction compared to MM individuals [59] in addition to more
emphysema on quantitative analysis of chest CT scans [60]. This indicates that MZ hetero‐
zygosity and cigarette smoke exposure are a potent combination of risk factors in the patho‐
genesis of COPD. While these studies focused on direct exposure to cigarette smoke, the effect
of passive cigarette smoke exposure and occupational exposure are less well defined. The MZ
genotype in conjunction with cigarette smoke exposure modifies a MZ heterozygote’s
longitudinal decline in lung function following occupational exposure to vapours, dusts,
fumes and gases [61]. An accurate estimate of the effect of passive cigarette smoke exposure
on MZ individuals has yet to be determined but the harmful effect of environmental tobacco
smoke was found to be greater in MZ schoolchildren [62].
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The recent advances in our understanding of COPD risk in MZ individuals make it more
important than ever to test individuals for AATD. Knowledge that the MZ genotype can
significantly interact with environment to influence susceptibility to COPD is a powerful
message and this should help deter heterozygotes from exposing themselves to potentially
harmful environmental risk factors. The timely detection of at risk MZ individuals underpins
the importance of diagnosing this condition early in order to reduce smoking initiation rates
[63] and also increase smoking cessation [64].

2.6. AATD heterozygosity: A biological perspective

Analysis of sputum from non-smoking asymptomatic MZ individuals without evidence of
airflow obstruction demonstrates increased neutrophil counts and IL-8 levels compared with
MM individuals [65]. This indicates that the co-expression of the Z allele could have pro-
inflammatory consequences. Harbouring the Z mutation may confer a survival advantage as
the formation of polymers at sites of inflammation could potentially focus and amplify the
immune response to aid the eradication of invading pathogens [66]. However, this advantage
is abolished by environmental exposure to cigarette smoke via enhanced polymerization of
the Z protein which potentiates a deleterious pro-inflammatory milieu in the AAT deficient
lung, culminating in an increased risk of developing COPD [67].

The observed increased risk of COPD in MZ smokers challenges some of the underlying tenets
of the protease-antiprotease theory. Given that MZ individuals have intermediate levels of
circulating AAT, it is biologically plausible that an imbalance in pulmonary neutrophil elastase
and a suboptimal protective level of AAT may be responsible for the observed increased risk
of airflow obstruction and COPD in MZ heterozygotes. Reactive oxygen species in cigarette
smoke can inactivate pulmonary AAT on the one hand and also promote a pro-inflammatory
environment by increasing neutrophilic influx into the lung by the promotion of polymerisa‐
tion of Z AAT on the other [68]. The biological mechanism by which cigarette smoke is
presumed to enhance the risk of COPD in MZ heterozygotes is summarised in Figure 2.

The increased risk of COPD in MZ heterozygotes should lead to a reconsideration of what is
the true protective threshold. This has implications not only for our understanding of the
pathogenesis of COPD but also for AAT replacement therapy. Plasma purified AAT has been
administered for almost 30 years by intravenous infusion to severe AATD individuals [69]
with the aim of maintaining the plasma levels of AAT above the 11 µM level (approximately
0.56 g/l) throughout the duration of therapy [70]. The conflicting results and the paucity of
clinical evidence for AAT replacement therapy [71] in severe AAT deficiency (ZZ) may be the
result of targeting a sub-therapeutic threshold and augmenting the threshold to a higher MZ
level may lead to improved treatment efficacy. The original threshold was based on mean AAT
plasma concentration in the SZ phenotype as these individuals were thought to rarely develop
COPD [72]. The SZ phenotype is more common than ZZ but studies in this area have been
relatively few [73, 74]. However, an accurate determination of this risk would be very difficult
as it would require a similar family based approach to that employed to determine the risk in
MZ individuals including rigorous control for cigarette smoke exposure and a number of
different patient groups encompassing the Z, S and M alleles. Until such information is
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1,600 MZ individuals in the 12,000 individuals tested to date. While this heterozygote group
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individuals tested are MZ. Anecdotally, a significant number of MZ individuals from our
AATD clinic, both smokers and non-smokers, develop COPD at a relatively young age.
Approximately 250,000 individuals on the island of Ireland [5] and 6 million individuals in the
United States possess the MZ genotype [57]. A deeper appreciation of the risk of COPD in
heterozygotes could lead to the prevention or postponement of lung disease in this group,
lessening the growing global healthcare burden of COPD.

During the past 40 years, over 100 studies have attempted to assess the risk of lung disease in
MZ individuals. A meta-analysis by Hersh et al estimated that the combined odds ratio for
COPD in MZ compared to MM individuals was 2.31. This risk was attenuated in studies which
adjusted for cigarette smoke exposure [58]. An accurate determination of the risk of COPD has
been fraught with difficulty. Many previous attempts to ascertain the contribution of MZ
heterozygosity to the development of COPD have been met with various methodological and
design flaws; most notably selection bias and inadequate control for cigarette smoke exposure.
A recent study which aimed to clarify the risk of COPD in MZ heterozygotes has addressed
many of the concerns which hampered an accurate risk estimate from previous attempts to
answer this vitally important question. The issue of selection bias was addressed in the study
design by using a family based approach. Index cases or probands were MZ individuals who
had a confirmed diagnosis of COPD based on the following spirometric criteria: a post-
bronchodilator FEV1/FVC ratio < 0.7 and an FEV1 (% predicted) < 80%. All first degree family
members of the index case (probands) underwent AAT phenotyping, pre-and post-broncho‐
dilator spirometry as well as completing the ATS‐DLD Epidemiology Questionnaire. For the
final analysis, the probands were excluded and the risk of COPD in the MM and MZ first
degree relatives was determined. While the main strength of this study was elimination of
ascertainment bias, additional strengths included the use of a genetically homogenous
population, a standardised criterion for the diagnosis of COPD and adequate control for
covariates including age, sex and cigarette smoke exposure. The adjusted odds ratio (OR) for
COPD in MZ compared with MM group was 5.18 and this was higher (OR, 10.65) in ever-
smoking individuals [59].

A significant gene-by-environment interaction exists to influence the development of COPD
in MZ individuals. MZ individuals who have a low exposure to cigarette smoke (< 20 pack-
years) have more airflow obstruction compared to MM individuals [59] in addition to more
emphysema on quantitative analysis of chest CT scans [60]. This indicates that MZ hetero‐
zygosity and cigarette smoke exposure are a potent combination of risk factors in the patho‐
genesis of COPD. While these studies focused on direct exposure to cigarette smoke, the effect
of passive cigarette smoke exposure and occupational exposure are less well defined. The MZ
genotype in conjunction with cigarette smoke exposure modifies a MZ heterozygote’s
longitudinal decline in lung function following occupational exposure to vapours, dusts,
fumes and gases [61]. An accurate estimate of the effect of passive cigarette smoke exposure
on MZ individuals has yet to be determined but the harmful effect of environmental tobacco
smoke was found to be greater in MZ schoolchildren [62].
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The recent advances in our understanding of COPD risk in MZ individuals make it more
important than ever to test individuals for AATD. Knowledge that the MZ genotype can
significantly interact with environment to influence susceptibility to COPD is a powerful
message and this should help deter heterozygotes from exposing themselves to potentially
harmful environmental risk factors. The timely detection of at risk MZ individuals underpins
the importance of diagnosing this condition early in order to reduce smoking initiation rates
[63] and also increase smoking cessation [64].

2.6. AATD heterozygosity: A biological perspective

Analysis of sputum from non-smoking asymptomatic MZ individuals without evidence of
airflow obstruction demonstrates increased neutrophil counts and IL-8 levels compared with
MM individuals [65]. This indicates that the co-expression of the Z allele could have pro-
inflammatory consequences. Harbouring the Z mutation may confer a survival advantage as
the formation of polymers at sites of inflammation could potentially focus and amplify the
immune response to aid the eradication of invading pathogens [66]. However, this advantage
is abolished by environmental exposure to cigarette smoke via enhanced polymerization of
the Z protein which potentiates a deleterious pro-inflammatory milieu in the AAT deficient
lung, culminating in an increased risk of developing COPD [67].

The observed increased risk of COPD in MZ smokers challenges some of the underlying tenets
of the protease-antiprotease theory. Given that MZ individuals have intermediate levels of
circulating AAT, it is biologically plausible that an imbalance in pulmonary neutrophil elastase
and a suboptimal protective level of AAT may be responsible for the observed increased risk
of airflow obstruction and COPD in MZ heterozygotes. Reactive oxygen species in cigarette
smoke can inactivate pulmonary AAT on the one hand and also promote a pro-inflammatory
environment by increasing neutrophilic influx into the lung by the promotion of polymerisa‐
tion of Z AAT on the other [68]. The biological mechanism by which cigarette smoke is
presumed to enhance the risk of COPD in MZ heterozygotes is summarised in Figure 2.

The increased risk of COPD in MZ heterozygotes should lead to a reconsideration of what is
the true protective threshold. This has implications not only for our understanding of the
pathogenesis of COPD but also for AAT replacement therapy. Plasma purified AAT has been
administered for almost 30 years by intravenous infusion to severe AATD individuals [69]
with the aim of maintaining the plasma levels of AAT above the 11 µM level (approximately
0.56 g/l) throughout the duration of therapy [70]. The conflicting results and the paucity of
clinical evidence for AAT replacement therapy [71] in severe AAT deficiency (ZZ) may be the
result of targeting a sub-therapeutic threshold and augmenting the threshold to a higher MZ
level may lead to improved treatment efficacy. The original threshold was based on mean AAT
plasma concentration in the SZ phenotype as these individuals were thought to rarely develop
COPD [72]. The SZ phenotype is more common than ZZ but studies in this area have been
relatively few [73, 74]. However, an accurate determination of this risk would be very difficult
as it would require a similar family based approach to that employed to determine the risk in
MZ individuals including rigorous control for cigarette smoke exposure and a number of
different patient groups encompassing the Z, S and M alleles. Until such information is
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available it may be prudent to consider a new protective threshold as MZ individuals are not
likely to develop lung disease in the absence of cigarette smoke exposure.

The emerging weight of evidence regarding the risk of COPD in MZ heterozygotes raises
several important questions for further research. Firstly, what are the biological mechanisms
by which cigarette smoking confers MZ heterozygotes with an increased risk of COPD?
Secondly, in a longitudinal family based study, does the slope of lung function decline differ
significantly between MZ and MM first degree relatives? What is the true protective threshold
level of AAT and would increasing this threshold level result in greater therapeutic efficacy
of AAT augmentation therapy?

2.7. When does AATD present – An Irish perspective

Trends in diagnosis and clinical presentation of severe AATD individuals in Ireland were
recently investigated in a study of ZZ individuals enrolled in the Irish National AATD
Registry. A total of 120 ZZ AATD individuals attending the national AATD centre completed
a detailed questionnaire. For the entire group, the mean age of reported symptom onset was
37.8+/-1.6 years (range 0.03-80) while the mean age at diagnosis was 44.1+/-1.6 years (range
0.03-80). This leaves a mean interval between reported onset of first symptoms and diagnosis
of AATD of 6.5+/-1.0 years (range 0 – 46). However, when subjects identified through family
screening were excluded, the diagnostic delay increased to 8.5+/-1.2 years (range 1 – 46). In

Figure 2. Pathogenesis of COPD in MZ heterozygotes. A normal protease/antiprotease balance exists in MM indi‐
viduals (left panel). Non-smoking MZ individuals have intermediate levels of AAT and increased sputum IL-8 levels and
neutrophil counts (middle panel). Reactive oxygen species in cigarette smoke inactivate AAT resulting in a protease/
antiprotease imbalance with increased amounts of neutrophil elastase. Polymerisation of Z AAT protein and increased
amounts of IL-8 increase neutrophil influx into the MZ lung. An overwhelmed anti-protease defence contributes to
the development of COPD (right panel).
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addition, the average number of physicians seen by the entire group prior to a diagnosis of
AATD was 3 (range 1 – 13). The findings are similar to data from other registries and reflect
the diagnostic odyssey that individuals are often subjected to before a correct diagnosis is
reached [6, 28, 75]. This further highlights the under-recognition of AATD that persists.

2.8. Who should be tested?

Guidelines published by the World Health Organisation (WHO) and the American Thoracic
Society/European Respiratory Society (ATS/ERS) recommend the establishment of targeted
screening programmes for the detection of individuals with AATD [3, 4]. In comparison to
general population screening which can be more difficult and expensive to perform, targeted
detection programmes offer a much higher rate of detection and are significantly more cost
effective. The Irish National AATD Targeted Detection Programme began in 2004 and follows
the ATS/ERS and WHO guidelines for the diagnosis of AATD. The ATS/ERS guidelines
recommend targeted screening of patients with COPD, non-responsive asthma, cryptogenic
liver disease and also first-degree relatives of known AATD individuals, termed type A
recommendations (Table 2).

ATS/ERS Recommendations for Diagnostic Testing (Type A)

Adults with symptomatic emphysema or COPD (regardless of age or smoking history)

Adults with asthma with airflow obstruction that is incompletely reversible after aggressive treatment with

bronchodilators

Asymptomatic individuals with persistent obstruction on pulmonary function tests with identifiable risk factors (e.g.

cigarette smoking, occupational exposure)

Adults with necrotising panniculitis

Siblings of individuals with AATD

Individuals with unexplained liver disease, including neonates, children, and adults, particularly the elderly

Table 2. ATS/ERS recommendations for diagnostic testing for AATD (type A recommendations).

In addition to these groups, ATS/ERS guidelines also recommend testing should be considered
in a number of other scenarios as outlined in table 3 (type B recommendations).

ATS/ERS Recommendations for Diagnostic Testing (Type B)

Adults with bronchiectasis without evident etiology

Adolescents with persistent airflow obstruction

Asymptomatic individuals with persistent airflow obstruction and no risk factors

Adults with C-ANCA-positive (anti-proteinase 3-positive) vasculitis

Table 3. ATS/ERS recommendations for diagnostic testing for AATD (type B recommendations).
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available it may be prudent to consider a new protective threshold as MZ individuals are not
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by which cigarette smoking confers MZ heterozygotes with an increased risk of COPD?
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significantly between MZ and MM first degree relatives? What is the true protective threshold
level of AAT and would increasing this threshold level result in greater therapeutic efficacy
of AAT augmentation therapy?
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Trends in diagnosis and clinical presentation of severe AATD individuals in Ireland were
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Registry. A total of 120 ZZ AATD individuals attending the national AATD centre completed
a detailed questionnaire. For the entire group, the mean age of reported symptom onset was
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0.03-80). This leaves a mean interval between reported onset of first symptoms and diagnosis
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screening were excluded, the diagnostic delay increased to 8.5+/-1.2 years (range 1 – 46). In
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amounts of IL-8 increase neutrophil influx into the MZ lung. An overwhelmed anti-protease defence contributes to
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addition, the average number of physicians seen by the entire group prior to a diagnosis of
AATD was 3 (range 1 – 13). The findings are similar to data from other registries and reflect
the diagnostic odyssey that individuals are often subjected to before a correct diagnosis is
reached [6, 28, 75]. This further highlights the under-recognition of AATD that persists.

2.8. Who should be tested?

Guidelines published by the World Health Organisation (WHO) and the American Thoracic
Society/European Respiratory Society (ATS/ERS) recommend the establishment of targeted
screening programmes for the detection of individuals with AATD [3, 4]. In comparison to
general population screening which can be more difficult and expensive to perform, targeted
detection programmes offer a much higher rate of detection and are significantly more cost
effective. The Irish National AATD Targeted Detection Programme began in 2004 and follows
the ATS/ERS and WHO guidelines for the diagnosis of AATD. The ATS/ERS guidelines
recommend targeted screening of patients with COPD, non-responsive asthma, cryptogenic
liver disease and also first-degree relatives of known AATD individuals, termed type A
recommendations (Table 2).

ATS/ERS Recommendations for Diagnostic Testing (Type A)

Adults with symptomatic emphysema or COPD (regardless of age or smoking history)

Adults with asthma with airflow obstruction that is incompletely reversible after aggressive treatment with

bronchodilators

Asymptomatic individuals with persistent obstruction on pulmonary function tests with identifiable risk factors (e.g.

cigarette smoking, occupational exposure)

Adults with necrotising panniculitis

Siblings of individuals with AATD

Individuals with unexplained liver disease, including neonates, children, and adults, particularly the elderly

Table 2. ATS/ERS recommendations for diagnostic testing for AATD (type A recommendations).

In addition to these groups, ATS/ERS guidelines also recommend testing should be considered
in a number of other scenarios as outlined in table 3 (type B recommendations).

ATS/ERS Recommendations for Diagnostic Testing (Type B)

Adults with bronchiectasis without evident etiology

Adolescents with persistent airflow obstruction

Asymptomatic individuals with persistent airflow obstruction and no risk factors
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3. How do we test for AATD?

The laboratory diagnosis of AATD is usually performed by following two steps; determination
of AAT concentration in serum or plasma (quantitative) and identification of allelic variants
by phenotyping or genotyping (qualitative) [76-78]. Quantification of AAT is generally the first
investigation and has the advantages of being quick and relatively inexpensive. Clinically, a
simple rule of thumb is the lower the level of AAT, the higher the risk of COPD. AAT quan‐
tification is routinely performed in most clinical chemistry, biochemistry, and immunology
hospital laboratories. If quantification of AAT reveals a level below a pre-determined cut-off
point or threshold (for example 1.0 g/l or 100 mg/dl) the sample should be automatically
reflexed to phenotyping [79, 80]. This is the most cost-efficient and prudent algorithm. If
necessary, genotyping using allele-specific PCR (usually to Z and S) and/or direct sequencing
of the AAT gene can be performed either as a further investigation or on a complementary
basis. The choice of using phenotyping or genotyping depends on resources available and the
type of sample being referred, and there are advantages and disadvantages associated with
both qualitative methods.

Rare mutation?

Venous blood collection

AAT quantification by turbidimetry

Phenotype: MM Phenotype: known variant Phenotype: unknown variant

Sequence to identify rare variant

Deficient (e.g. ZZ)Normal

Phenotype by isoelectric focusing if < 1.0 g/l

Figure 3. AATD diagnostic algorithm for whole blood, serum, and plasma in the Irish National AATD Targeted Detec‐
tion Programme.

3.1. AAT quantification

AAT levels are measured routinely by immunoassay techniques such as nephelometry and
turbidimetry, or less commonly by radial immunodiffusion [81, 82]. AAT levels measured in
our centre are determined using immune turbidimetry on an Olympus AU540 analyser. The
WHO and ATS/ERS guidelines recommend that AAT levels should be measured at least once
in COPD patients. Although a substantial correlation between AAT phenotype and circulating
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AAT concentrations has been established by several groups [70, 80, 83], confounding factors
include normal intra-individual variation, depression of AAT production in liver disease,
malnutrition, and the fact that AAT is an acute phase protein [84, 85]. Potential analytical
variation may also occur; however, this variation is generally not significant. The increasing
availability of external quality assurance schemes and accreditation programmes has led to
improvements in testing accuracy, sensitivity, and reproducibility. In terms of which type of
blood sample to use for AATD testing, a study by Miles et al in 2004 [86] which compared
results from serum and heparinised plasma samples for 45 different chemistry tests addressed
this concern. No statistically significant difference was observed in AAT concentrations
measured in serum compared to plasma.

As an acute phase reactant, AAT levels are increased during the acute phase response, for
example during infection or surgery [13]. Therefore, markers of inflammation such as CRP
should be considered when assessing the concentration of AAT, and this has been discussed
comprehensively elsewhere [87]. If CRP is indeed elevated, the quantification of AAT should
be repeated once the acute phase response has subsided. The acute phase response will
however, not result in a significant increase in AAT level in severe AATD (e.g. ZZ, Z/null). In
contrast, AAT levels in heterozygotes (e.g. MZ, SZ) can be falsely elevated to levels similar to
those observed in MM individuals, masking the underlying deficiency. For this reason,
quantification of AAT levels alone is not a definitive test, and is no substitute for phenotype
or genotype analysis, neither of which is affected by the acute phase.

Phenotype Cases Mean AAT

(g/l +/- SEM)

Range AAT

(g/l)

MS 1209 1.23 +/- 0.01 0.40 – 3.82

MZ 1657 0.91 +/- 0.01 0.44 – 4.08

SS 60 0.91 +/- 0.01 0.56 – 1.54

SZ 165 0.65 +/- 0.01 0.35 – 1.17

ZZ 219 0.25 +/- 0.001 0.11 – 0.61

Table 4. Mean AAT in deficient phenotypes identified in the Irish National AATD Targeted Detection Programme.

In the formulation of diagnostic algorithms for AATD the cut-off or threshold AAT value is
critical to effective screening efforts and the identification of at risk individuals. A study by
Donato et al in 2012 found a cut-off of 1.0 g/L was sufficient for the detection of severe (ZZ, Z/
null) and intermediate AATD (e.g. MZ and SZ heterozygotes) [79]. Intermediate AATD has
been an area of some controversy, with previous guidelines adopting stringently low cut-off
values (for example 0.6 g/l) which would fail to detect large at risk populations of intermediate
AATD. We know now that SZ and MZ individuals are also at risk of lung disease, particularly
if they smoke [59, 74], and this knowledge has led to a change in diagnostic algorithms and
increased the heterozygote detection rate. In light of the Donato study and our own data from
screening 12,000 individuals we employ a cutoff point of 1.0 g/l at our centre as this is optimal
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AAT concentrations has been established by several groups [70, 80, 83], confounding factors
include normal intra-individual variation, depression of AAT production in liver disease,
malnutrition, and the fact that AAT is an acute phase protein [84, 85]. Potential analytical
variation may also occur; however, this variation is generally not significant. The increasing
availability of external quality assurance schemes and accreditation programmes has led to
improvements in testing accuracy, sensitivity, and reproducibility. In terms of which type of
blood sample to use for AATD testing, a study by Miles et al in 2004 [86] which compared
results from serum and heparinised plasma samples for 45 different chemistry tests addressed
this concern. No statistically significant difference was observed in AAT concentrations
measured in serum compared to plasma.

As an acute phase reactant, AAT levels are increased during the acute phase response, for
example during infection or surgery [13]. Therefore, markers of inflammation such as CRP
should be considered when assessing the concentration of AAT, and this has been discussed
comprehensively elsewhere [87]. If CRP is indeed elevated, the quantification of AAT should
be repeated once the acute phase response has subsided. The acute phase response will
however, not result in a significant increase in AAT level in severe AATD (e.g. ZZ, Z/null). In
contrast, AAT levels in heterozygotes (e.g. MZ, SZ) can be falsely elevated to levels similar to
those observed in MM individuals, masking the underlying deficiency. For this reason,
quantification of AAT levels alone is not a definitive test, and is no substitute for phenotype
or genotype analysis, neither of which is affected by the acute phase.
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Table 4. Mean AAT in deficient phenotypes identified in the Irish National AATD Targeted Detection Programme.

In the formulation of diagnostic algorithms for AATD the cut-off or threshold AAT value is
critical to effective screening efforts and the identification of at risk individuals. A study by
Donato et al in 2012 found a cut-off of 1.0 g/L was sufficient for the detection of severe (ZZ, Z/
null) and intermediate AATD (e.g. MZ and SZ heterozygotes) [79]. Intermediate AATD has
been an area of some controversy, with previous guidelines adopting stringently low cut-off
values (for example 0.6 g/l) which would fail to detect large at risk populations of intermediate
AATD. We know now that SZ and MZ individuals are also at risk of lung disease, particularly
if they smoke [59, 74], and this knowledge has led to a change in diagnostic algorithms and
increased the heterozygote detection rate. In light of the Donato study and our own data from
screening 12,000 individuals we employ a cutoff point of 1.0 g/l at our centre as this is optimal
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for the detection of severe and intermediate AATD. Using this cut off value reduces laboratory
costs and unnecessary testing, while maximising the detection of at risk individuals. An
exception where a cut off value may not apply is when screening individuals due to a family
history of AATD, as in this case it should be recommended the phenotype is checked regardless
of AAT level.

3.2. AAT phenotyping

The ATS/ERS guidelines identify serum phenotyping as the ‘gold standard’ for the diagnosis
of AATD. The qualitative detection and characterisation of AAT variants is carried out in our
centre by isoelectric focusing followed by immunofixation using a kit which is the only FDA-
approved method for AAT phenotype determination [88]. The isoelectric focusing (IEF)
method on agarose gel has an added immunofixation step which utilises a specific antibody
to AAT. This renders it superior to traditional IEF techniques due to its high resolution and
reproducibility. IEF is also advantageous due to the fact it can easily detect rare and novel
phenotypes. IEF identifies the various isoglycoforms and highlights the microheterogeneity
of AAT in terms of carbohydrate side chains, but more importantly highlights the macrohe‐
terogeneity of AAT in terms of genetic variation. AAT phenotype is determined by comparison
to three reference standards (e.g. MM, MS, and ZZ) and by visual inspection by a minimum
of two independent observers. All IEF results are checked and correlated with the correspond‐
ing AAT levels. The recent publication of a reference compendium of known AAT phenotypes
is a helpful resource for interpreting IEF migration patterns of AAT variants [89].

Figure 4. IEF migration pattern of common (left) and rare (right) AAT phenotypes identified in Ireland.
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There are some cases in which analytical errors may occur using the IEF technique. Patients
who are on augmentation therapy receive intravenous administration of purified AAT
(isolated from MM donor individuals). The M variant will be detected in samples obtained
from individuals receiving therapy and could result in discordant or unidentifiable migration
patterns (e.g. a ZZ individual on therapy may appear MZ). Another error is possible with the
presence of null mutations, which are a class of mutations characterised by a total absence of
AAT secretion. Therefore, heterozygote null cases such as M/null, Z/null, S/null will appear
as homozygous MM, ZZ, SS respectively [90, 91]. M/null and S/null phenotypes can be
identified by the lower than expected AAT level. More difficult to identify are the Z/null
phenotypes as the AAT level in ZZ compared to Z/null phenotypes is so low as to be practically
indistinguishable. Similarly, caution must be taken with samples from individuals following
a blood transfusion; this may also result in an incorrect diagnosis due to the possibility of the
phenotype of the donor being present. If necessary genotyping using PCR and/or direct
sequencing of the SERPINA1 gene can be achieved either in a complementary investigation to
investigate discordant results or to identify rare and novel phenotypic variants.

3.3. AAT genotyping and sequencing

The adoption of dried blood spot (DBS) samples in an attempt to increase testing rates by
making sampling easier, coupled with advances in molecular diagnostics, has resulted in the
development of genotyping assays for AATD. Genotyping assays are commonly performed
by melt curve analysis on real-time PCR instruments with primers and probes designed for
specific mutations or less frequently by PCR-based restriction fragment length polymorphism
(RFLP) analysis [92, 93], although RFLP methods have been replaced by the faster and more
efficient melt curve methods. Allowing for the fact the DBS method has the convenience of
allowing home testing and easier transportation of samples [94], in our centre we encourage
the collection of serum or plasma samples for phenotyping by isoelectric focusing. This is
primarily due to the nature of the sample referral centres which are large hospitals with
specialist respiratory clinics, and also due to cost and logistical reasons.

Genotyping has the advantage of facilitating the rapid screening of both dried blood spots and
DNA isolated from blood and is arguably less prone to interpretation errors which may occur
with phenotyping. A downside to the method is that many laboratories, generally for cost and
logistical reasons, employ primers for selected mutations, often the most common Z and S. In
some cases, this can lead to rare mutations such as I, F, and Mmalton not being detected and
misclassified as normal [90]. For this reason, in certain laboratories the genotyping method is
used on a complementary or a clarification basis, unless specific M primers are being used.

For the precise identification of rare and unusual phenotypes observed in our centre we reflex
to sequencing the gene for AAT (SERPINA1, RefSeq: NG_008290). This involves the isolation
of DNA and sequencing the coding exons (II-V) of the SERPINA1 gene [95]. The detailed
genetic analysis has led to the identification and characterisation of many rare and novel
SERPINA1 alleles (Table 5).
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DNA isolated from blood and is arguably less prone to interpretation errors which may occur
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logistical reasons, employ primers for selected mutations, often the most common Z and S. In
some cases, this can lead to rare mutations such as I, F, and Mmalton not being detected and
misclassified as normal [90]. For this reason, in certain laboratories the genotyping method is
used on a complementary or a clarification basis, unless specific M primers are being used.
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Variant Mechanism Effect Disease Risk

Z GAG – AAG, Glu342Lys
Polymerisation, impaired

secretion and severe deficiency
Lung & liver

S GAA – GTA, Glu264Val
Impaired secretion and mild

deficiency

Lung & liver (in compound

heterozygotes e.g. SZ)

I CGC – TGC, Arg39Cys
Impaired secretion and mild

deficiency

Lung & liver (case reports in compound

heterozygotes e.g. IZ)

F CGT – TGT, Arg223Cys Defective protease inhibition
Lung (case reports in compound

heterozygotes e.g. FZ)

Null (Q0)

Mutations causing gene

deletion, premature stop

codon or mRNA degradation

No AAT produced Lung

Mmalton ΔTTC, ΔPhe52
Polymerisation, impaired

secretion and severe deficiency
Lung & liver

Zbristol

ACG – ATG

Thr85Met

Intracellular accumulation &

defective glycosylation
Lung

Mwurzburg

CCC – TCC

Pro369Ser
Block in secretion Lung & liver

Table 5. Common and rare pathological AATD variants detected in Ireland.

MM

MZ
ZZ

Figure 5. Genotyping assay for the Z allele by melting curve analysis on a real-time PCR system [93].

COPD Clinical Perspectives46

4. Why should we test?

There are clear benefits to a diagnosis of AATD for the clinician and the individual. Unfortu‐
nately, these benefits are often ignored to the detriment of the affected individual and the
extended family.

4.1. Smoking cessation and occupational exposure considerations

The deleterious consequences of smoking on lung health in general and on the lungs of
individuals with AATD in particular are well known and the origins of this can be traced back
to the late 1960s. The twin discoveries of AATD and its association with COPD [16], and the
induction of emphysema by the protease neutrophil elastase (NE) [96] led to an explosion in
research surrounding proteolysis and lung disease. Importantly, NE was found to be exqui‐
sitely sensitive to inhibition by AAT by Aaron Janoff in 1968 [97]. The pathological effects of
smoking were further elucidated when it was found products of cigarette smoke were able to
destroy the anti-NE activity of AAT [98]. Despite being an excellent inhibitor of NE, the active
site methionine residue at position 358 of the AAT molecule is easily oxidised by cigarette
smoke and oxidants released by immune cells [99-101]. These studies provided the clear and
irrefutable evidence that smoking causes a functional deficiency in the antiprotease screen.
Therefore, in those individuals who develop COPD solely due to smoking, this functional
deficiency contributes to the pathogenesis of disease. In individuals with AATD who develop
COPD, the deficiency which contributes to the pathogenesis of disease is genetic.

So, we know that the small and precious quantity of AAT that does eventually reach the lung
in ZZ individuals is knocked out by cigarette smoke. This is the reason why AAT deficient
individuals who smoke develop early onset lung disease [102]. Cigarette smoke is by far the
single most important risk factor for the development of COPD in AATD individuals [103-105].
In fact, smoking can reduce the life expectancy of a ZZ patient by up to 25 years [102]. Carpenter
et al in a 2007 study revealed higher smoking cessation rates in individuals with a diagnosis
of AATD compared to COPD individuals [64]. In this study severely deficient individuals (ZZ
and SZ) had a 59% quit attempt rate, compared to a 26% quit attempt rate in unaffected MM
individuals. This information is vital in the clinic as it shows that knowledge of AATD
motivates the affected individual toward smoking cessation. Every ZZ, SZ, and MZ AATD
individual should be educated about the incredibly harmful effects of cigarette smoke in
AATD. Smoking cessation and the avoidance of occupational and environmental exposures
(for example particulate matter, chemical vapours, and agricultural dusts) is paramount.
AATD individuals without apparent lung disease should also be encouraged to quit smoking
as this cohort offers the most realistic chance of delaying or possibly preventing the develop‐
ment of COPD. A decision to quit smoking is the most important decision a person with AATD
can make. The decision to modify this behaviour is strongly influenced by the quality of the
information provided and how this is communicated to at risk individuals.

Ireland is a leader in Europe in terms of anti-smoking measures with the introduction of the
first ban on smoking in the workplace [106]. However, a 2007 Irish Government study (Slán
2007 Survey of Lifestyle, Attitudes and Nutrition in Ireland) found that 34% of Irish 30 – 44
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irrefutable evidence that smoking causes a functional deficiency in the antiprotease screen.
Therefore, in those individuals who develop COPD solely due to smoking, this functional
deficiency contributes to the pathogenesis of disease. In individuals with AATD who develop
COPD, the deficiency which contributes to the pathogenesis of disease is genetic.

So, we know that the small and precious quantity of AAT that does eventually reach the lung
in ZZ individuals is knocked out by cigarette smoke. This is the reason why AAT deficient
individuals who smoke develop early onset lung disease [102]. Cigarette smoke is by far the
single most important risk factor for the development of COPD in AATD individuals [103-105].
In fact, smoking can reduce the life expectancy of a ZZ patient by up to 25 years [102]. Carpenter
et al in a 2007 study revealed higher smoking cessation rates in individuals with a diagnosis
of AATD compared to COPD individuals [64]. In this study severely deficient individuals (ZZ
and SZ) had a 59% quit attempt rate, compared to a 26% quit attempt rate in unaffected MM
individuals. This information is vital in the clinic as it shows that knowledge of AATD
motivates the affected individual toward smoking cessation. Every ZZ, SZ, and MZ AATD
individual should be educated about the incredibly harmful effects of cigarette smoke in
AATD. Smoking cessation and the avoidance of occupational and environmental exposures
(for example particulate matter, chemical vapours, and agricultural dusts) is paramount.
AATD individuals without apparent lung disease should also be encouraged to quit smoking
as this cohort offers the most realistic chance of delaying or possibly preventing the develop‐
ment of COPD. A decision to quit smoking is the most important decision a person with AATD
can make. The decision to modify this behaviour is strongly influenced by the quality of the
information provided and how this is communicated to at risk individuals.
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year olds currently smoke and this is the age bracket that AATD individuals first begin to
report deterioration in lung health. To assess the effect of smoking on lung health in AATD
we analysed lung function data from 120 ZZ individuals enrolled in the Irish National AATD
Registry and correlated this to smoking history. While the relative contribution of occupational
exposures was not taken into account, the mean FEV1 (% predicted) and diffusion capacity of
carbon monoxide (DLCO, % predicted) was significantly higher in ZZ subjects who never
smoked compared to ZZ subjects who were past or active smokers (Figure 6). This clearly
demonstrates the destructive consequences of smoking for ZZ individuals.
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Figure 6. FEV1 (% predicted) stratified by smoking in ZZ individuals enrolled in Irish National AATD Registry (***p <
0.0001, **p < 0.001, t-test).

Interestingly, smoking cessation rates were also analysed as part of this study. In the past
smokers cohort 36% stopped smoking within the first 12 months after AATD diagnosis; 24%
stopped smoking after the first 12 months post-AATD diagnosis and 40% had already stopped
smoking prior to AATD diagnosis. This supports the findings of the earlier Carpenter study
and demonstrates the positive effect of AATD diagnosis on smoking cessation rates.

4.2. Family screening

The area of family screening offers the greatest possibility for the prevention or at least
postponement of COPD [107]. An early diagnosis of AATD provides tantalising opportunities
for behaviour modification and lifestyle changes, the single most important of which is
smoking cessation. Interim data from the Irish National AATD Registry demonstrates that ZZ
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individuals detected by family screening tend to have preserved lung function compared to
those identified by symptomatic screening (Figure 8).
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Figure 8. FEV1 (% predicted) in ZZ individuals diagnosed by symptomatic screening versus those diagnosed by family
screening enrolled in Irish National AATD Registry (**p < 0.001, t-test).
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Figure 7. DLCO (% predicted) stratified by smoking in ZZ individuals enrolled in Irish National AATD Registry (***p <
0.0001, *p < 0.05, t-test).

Alpha-1 Antitrypsin Deficiency — A Missed Opportunity in COPD?
http://dx.doi.org/10.5772/58602

49



year olds currently smoke and this is the age bracket that AATD individuals first begin to
report deterioration in lung health. To assess the effect of smoking on lung health in AATD
we analysed lung function data from 120 ZZ individuals enrolled in the Irish National AATD
Registry and correlated this to smoking history. While the relative contribution of occupational
exposures was not taken into account, the mean FEV1 (% predicted) and diffusion capacity of
carbon monoxide (DLCO, % predicted) was significantly higher in ZZ subjects who never
smoked compared to ZZ subjects who were past or active smokers (Figure 6). This clearly
demonstrates the destructive consequences of smoking for ZZ individuals.

Total (n=114) Active (n=2) Past (n=84) Never (n=28)
0

10
20
30
40
50
60
70
80
90

100
110

***
**

FE
V 1

 (%
 p

re
di

ct
ed

)

Figure 6. FEV1 (% predicted) stratified by smoking in ZZ individuals enrolled in Irish National AATD Registry (***p <
0.0001, **p < 0.001, t-test).

Interestingly, smoking cessation rates were also analysed as part of this study. In the past
smokers cohort 36% stopped smoking within the first 12 months after AATD diagnosis; 24%
stopped smoking after the first 12 months post-AATD diagnosis and 40% had already stopped
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individuals detected by family screening tend to have preserved lung function compared to
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Figure 8. FEV1 (% predicted) in ZZ individuals diagnosed by symptomatic screening versus those diagnosed by family
screening enrolled in Irish National AATD Registry (**p < 0.001, t-test).
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Figure 7. DLCO (% predicted) stratified by smoking in ZZ individuals enrolled in Irish National AATD Registry (***p <
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An excellent example of the family screening possibilities opened up by a diagnosis of AATD
is presented in a large family study from the Irish AATD Registry (Figure 9). In this example,
the index case was diagnosed with AATD because of lung disease. Six of the nine siblings were
subsequently tested revealing 3 ZZ individuals, 2 MZ individuals, and 1 MM individual.

Figure 9. Identification of ZZ proband (red arrow) and subsequent identification of at risk relatives by family screen‐
ing.

4.3. Liver assessment

A baseline liver assessment should be performed in a newly-diagnosed AATD individual to
investigate the presence of liver abnormalities. The primary tools for assessment are liver
function tests and abdominal ultrasound. This is a practise not routine in the specialist
respiratory clinic and ignorance of AATD and the potential for liver disease can be fatal. Early
recognition is important for two reasons. The first reason is to prevent, recognize, and treat
early the complications of AATD-related liver disease, which can include portal hypertension,
encephalopathy, and tumours [108]. The second reason is to advise the patient to avoid
injurious habits, such as alcohol consumption, which can accelerate disease. Interestingly,
patients who undergo liver transplantation for other causes have a higher incidence of being
heterozygous for AATD than the general population [40].

4.4. Vaccination

Influenza and pneumococcal vaccinations are recommended for all individuals with AATD
[4]. A 2007 study investigated the practice of vaccinations and respiratory outcomes in AATD
individuals in the USA and found over 80% of AATD individuals had received adequate
influenza and pneumococcal vaccinations during the influenza season [109]. However, there
was no significant difference in severity or rate of exacerbations between vaccinated and
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unvaccinated individuals but the authors concluded that the vaccinated group may represent
‘sicker’ AATD individuals. Influenza and pneumococcal vaccinations in COPD patients are
recommended in several guidelines for COPD [110, 111] and the unique susceptibility of AATD
individuals provides additional motivation for vaccination, especially during influenza
season.

4.5. Exacerbation management

Exposure to bacterial and viral infections can result in a respiratory exacerbation. Symptoms
include increased dyspnoea, cough, and production of sputum [112]. The aggressive treatment
of infections is recommended in AATD individuals as per ATS/ERS guidelines [4]. This is
particularly important as frequent exacerbations have been shown to be related to worsening
health-related quality of life (HRQoL). An English study investigated health status in AATD
individuals over 12 months and recorded exacerbations, lung function and HRQoL. The
authors concluded exacerbations occur commonly in AATD individuals and correlate to worse
health status. Exacerbations were associated with a decline in the gas transfer of the lung for
carbon monoxide over time (DLCO), but not FEV1 [113]. Interestingly, a study investigated
exacerbation frequency in AATD individuals with COPD who were receiving augmentation
therapy and found subjects with frequent exacerbations had the worst baseline HRQoL scores,
as well as more physician visits and hospitalizations. Unfortunately, AATD individuals not
receiving augmentation therapy were not included for comparison [114]. A recent longitudinal
study undertaken in the USA, evaluated the effectiveness of a disease management and
prevention programme for AATD individuals and involved 905 individuals over a 2 year
period. The programme included written educational material for self-study and individual‐
ised treatment plans for exacerbations. Improved compliance was observed in the use of
bronchodilators, oxygen therapy, and steroids during exacerbations. The management
programme significantly reduced medical visits and showed a slower deterioration of HRQoL
during exacerbations [115]. A follow-up study providing additional evidence to evaluate the
long-term benefits of an AATD disease management programme would be beneficial.

4.6. Augmentation therapy

Augmentation therapy is the only specific therapy available for severe AATD, and comprises
of intravenous administration of AAT derived from human plasma [116]. This treatment is
available in several European countries and the USA [117]. The therapy comprises of weekly
or fortnightly intravenous infusions of AAT preparations that augment the low levels of
circulating AAT in severe AATD. However, its efficacy remains to be definitively proven and
uncertainty persists concerning the therapy’s cost effectiveness [118]. Ongoing randomised
clinical trials are being performed to definitively assess the efficacy of the treatment. Previous
trials have been under-powered and have mostly demonstrated only biochemical efficacy with
AAT levels restored to above the putative threshold in the blood and lung, with a failure to
show clear clinical efficacy in randomised controlled trials [71, 119]. Nevertheless, there is
evidence that augmentation therapy can slow lung function decline in AATD individuals, and
moderately obstructed cohorts are most likely to benefit [120].
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A baseline liver assessment should be performed in a newly-diagnosed AATD individual to
investigate the presence of liver abnormalities. The primary tools for assessment are liver
function tests and abdominal ultrasound. This is a practise not routine in the specialist
respiratory clinic and ignorance of AATD and the potential for liver disease can be fatal. Early
recognition is important for two reasons. The first reason is to prevent, recognize, and treat
early the complications of AATD-related liver disease, which can include portal hypertension,
encephalopathy, and tumours [108]. The second reason is to advise the patient to avoid
injurious habits, such as alcohol consumption, which can accelerate disease. Interestingly,
patients who undergo liver transplantation for other causes have a higher incidence of being
heterozygous for AATD than the general population [40].

4.4. Vaccination

Influenza and pneumococcal vaccinations are recommended for all individuals with AATD
[4]. A 2007 study investigated the practice of vaccinations and respiratory outcomes in AATD
individuals in the USA and found over 80% of AATD individuals had received adequate
influenza and pneumococcal vaccinations during the influenza season [109]. However, there
was no significant difference in severity or rate of exacerbations between vaccinated and
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unvaccinated individuals but the authors concluded that the vaccinated group may represent
‘sicker’ AATD individuals. Influenza and pneumococcal vaccinations in COPD patients are
recommended in several guidelines for COPD [110, 111] and the unique susceptibility of AATD
individuals provides additional motivation for vaccination, especially during influenza
season.

4.5. Exacerbation management

Exposure to bacterial and viral infections can result in a respiratory exacerbation. Symptoms
include increased dyspnoea, cough, and production of sputum [112]. The aggressive treatment
of infections is recommended in AATD individuals as per ATS/ERS guidelines [4]. This is
particularly important as frequent exacerbations have been shown to be related to worsening
health-related quality of life (HRQoL). An English study investigated health status in AATD
individuals over 12 months and recorded exacerbations, lung function and HRQoL. The
authors concluded exacerbations occur commonly in AATD individuals and correlate to worse
health status. Exacerbations were associated with a decline in the gas transfer of the lung for
carbon monoxide over time (DLCO), but not FEV1 [113]. Interestingly, a study investigated
exacerbation frequency in AATD individuals with COPD who were receiving augmentation
therapy and found subjects with frequent exacerbations had the worst baseline HRQoL scores,
as well as more physician visits and hospitalizations. Unfortunately, AATD individuals not
receiving augmentation therapy were not included for comparison [114]. A recent longitudinal
study undertaken in the USA, evaluated the effectiveness of a disease management and
prevention programme for AATD individuals and involved 905 individuals over a 2 year
period. The programme included written educational material for self-study and individual‐
ised treatment plans for exacerbations. Improved compliance was observed in the use of
bronchodilators, oxygen therapy, and steroids during exacerbations. The management
programme significantly reduced medical visits and showed a slower deterioration of HRQoL
during exacerbations [115]. A follow-up study providing additional evidence to evaluate the
long-term benefits of an AATD disease management programme would be beneficial.

4.6. Augmentation therapy

Augmentation therapy is the only specific therapy available for severe AATD, and comprises
of intravenous administration of AAT derived from human plasma [116]. This treatment is
available in several European countries and the USA [117]. The therapy comprises of weekly
or fortnightly intravenous infusions of AAT preparations that augment the low levels of
circulating AAT in severe AATD. However, its efficacy remains to be definitively proven and
uncertainty persists concerning the therapy’s cost effectiveness [118]. Ongoing randomised
clinical trials are being performed to definitively assess the efficacy of the treatment. Previous
trials have been under-powered and have mostly demonstrated only biochemical efficacy with
AAT levels restored to above the putative threshold in the blood and lung, with a failure to
show clear clinical efficacy in randomised controlled trials [71, 119]. Nevertheless, there is
evidence that augmentation therapy can slow lung function decline in AATD individuals, and
moderately obstructed cohorts are most likely to benefit [120].
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4.7. Pulmonary rehabilitation

Pulmonary rehabilitation is a tailored exercise programme aimed at restoring the best possible
quality of life in patients with lung disease, particularly focused on reducing breathlessness,
as well as improving independence and the physical ability to tolerate stress [121]. It is defined
as a complex, multimodal treatment regimen for patients with pulmonary diseases [122]. The
goal is to help patients become more physically active, to learn more about their disease,
treatment options, and how to cope. Patients are encouraged to become actively involved in
providing their own health care, more independent in daily activities, and less dependent on
health professionals and expensive medical resources. Rather than focusing solely on reversing
the disease process, rehabilitation attempts to reduce symptoms and reduce disability from
the disease. In general, patients with COPD secondary to AATD tend to be younger compared
to patients with usual COPD, and less comorbidity is observed. This suggests the potential for
greater improvement in AATD individuals participating in rehabilitation programmes.

5. Why is testing not taking place?

The reasons for the continuing under-diagnosis of AATD are diverse and can include low
medical and public awareness, the misconception that it is a rare disease, the belief that testing
is complicated and expensive, and testing fatigue [123]. Current data suggests that less than
10% of individuals with severe AATD have been recognised globally [124], and increasing
detection rates is the most pressing, and vexing issue for leaders in the AATD community.
Unfortunately, some clinicians adopt the attitude of “what difference does a diagnosis of
AATD actually make”. This is a challenge for all stakeholders and the benefits of AATD testing
must be clearly stated in a simple powerful message to lung health professionals and policy‐
makers. In particular, the potential economic benefits are not being stressed enough [125]. Early
diagnosis of AATD is an example of preventative medicine. The newly-diagnosed individual
and healthcare provider have the power to arrest or prevent the development of COPD
through lifestyle choices, close medical observation, and focused treatment. This in turn means
that the long term financial burden on the health system is reduced and by remaining healthy
the individual continues to contribute to society and the exchequer. There is also the consid‐
eration of the large direct medical cost to the symptomatic AATD individual [125]. So why
does testing in COPD cohorts not occur if the ATS/ERS and WHO guidelines are so clear and
the benefits so convincing?

Many early guidelines for AATD advocated testing early-onset COPD patients and this fallacy
was to the detriment of screening efforts. The age at which manifestations of airway obstruc‐
tion, pulmonary emphysema, or chronic bronchitis appear in ZZ individuals is highly variable
[102]. While a common feature of AATD is indeed early-onset COPD, a significant AATD
cohort do not develop symptoms until much later in life, particularly if non-smokers [126,
127]. In fact, among never-smokers the risk of liver disease increases with age in ZZ individuals
[127, 128]. Numerous case reports have described AATD in elderly individuals with COPD
who were lifelong never smokers [129]. Taken together, it is clear that screening for AATD
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should be automatically performed in all COPD regardless of age or smoking history,
especially as failure to do so has serious clinical repercussions for undiagnosed family
members.

The fear of genetic discrimination, financial concerns, and privacy concerns are real barriers
to testing for AATD in the COPD population [130]. Fears of genetic discrimination have been
allayed in recent years with preventative legislation enacted in several countries, including
Ireland and the US. Genetic discrimination was made illegal in Ireland from December 31st
2005 when the Irish government enacted new legislation. It became illegal to use or process
the results of genetic testing for insurance, life assurance or mortgage purposes. This also
applies in the case of employment, health insurance and occupational pension. What is
assessed when a person is being considered for a financial product or insurance policy are the
usual criteria including health history (symptom-related questions), lifestyle choices (smoking,
alcohol, etc.), and the regular questions surrounding family history of particular illnesses.
There are still reasons to be wary in this area. Following the advent of the Genetic Information
Non-Discrimination Act (GINA) in the US in 2008, discrimination can be implicit, indirect and
subtle, rather than explicit, direct and overt; and as a result can be harder to prove [131].

6. How can we increase detection of AATD?

Initiatives to increase detection rates might include automatic physician alerts suggesting
AATD testing on pulmonary function test reports of patients with fixed airflow obstruction
[132], better medical and patient education in the area of AATD [133], changes to national
COPD guidelines, and a red flag to recommend testing for AATD on laboratory reports of
patient with low AAT levels. The advent of finger-prick tests using dried blood spots (DBS)
as a source of DNA has allowed home testing for AATD, with easier transportation of samples

Belief that AATD is a rare disorder

Perception that only early-onset non-smokers are affected

Therapeutic nihilism due to lack of specific treatments

Fear of genetic discrimination

Lack of education and awareness (in healthcare professionals & public)

Testing fatigue

Failure to admit lack of knowledge

Reluctance to lose patients to specialist centres

Lack of communication between clinicians and laboratory scientists

Absence of effective national guidelines

No access to testing methods

Privacy concerns

Perceived stigma

Table 6. Reasons why testing for AATD is not taking place.
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to the laboratory [94]. This method of testing eliminates the fear of needles for the individual,
and is also cheaper as the test does not require a visit to a general practitioner.

Improve education in undergraduate and postgraduate medical and scientific training

Include primary care physicians and hepatologists in awareness efforts

Educate and empower respiratory nurse specialists

Public awareness campaigns

Patient empowerment

Update WHO and ATS/ERS guidelines for AATD

Refine COPD guidelines to include automatic testing for AATD

Laboratory red-flags

Pulmonary function test red-flags

Electronic health record prompts

Embed as routine test by creating COPD care templates and physician order reminders

Joint seminars between pulmonologist and laboratory scientists

Presentations at national conferences

Provision of free testing kits

Table 7. Strategies to improve the detection of AATD.

An attractive strategy is the use of electronic red-flags on low AAT laboratory reports. This
prompts the clinician to investigate low AAT results and reflex to phenotyping and/or
genotyping. During our efforts to increase awareness at a national level in Ireland, we have
advocated that hospital laboratories should include the following recommendation on AAT
reports; “Serum AAT < 1.0 g/L may indicate alpha-1 antitrypsin deficiency and further investigation
is recommended. Information is available from the Alpha One Foundation on www.alpha1.ie. AAT is
an acute phase reactant and serum concentrations can increase significantly during trauma, acute
infection or surgery.” This cost-neutral approach has been successfully implemented at 9 large
hospitals in Ireland and has directly led to increased diagnosis of AATD in these centres and
surrounding hinterlands. Implementation was achieved by presenting to lung specialists and
laboratory scientists on site, and in the same room. This twin track approach is most effective
and it is often the first time for each party to meet – those requesting the test and those
performing the quantitative AAT assay. The aim is to eliminate missed diagnosis of AATD
when a low AAT is reported but not acted upon. A particularly striking aspect of this strategy
is that incidental findings of AATD are common, and hitherto asymptomatic cases can be
detected. As AAT is an acute phase protein and a robust marker of inflammation, the test can
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be requested during routine blood work with the expectation that it will be dramatically
increased. However, the opposite is sometimes the case. The inadvertent low finding is
highlighted by the electronic red-flag and the ensuing diagnosis of AATD is the positive
outcome. We are hopeful that this system will eventually be adopted on a nationwide basis
and are in consultation with the government and various stakeholders to effect this change.

Figure 10. Example of a laboratory red-flag on low AAT results from a biochemistry laboratory at a large Irish hospital.

In the era of the electronic medical record, technology can help deliver or enhance specific
clinical practices, such as testing for AATD. For example, if physicians were prompted to
consider this condition when they received the results of pulmonary function tests (PFT)
showing fixed airflow obstruction, testing for AATD should increase. Also, if eliciting a family
history of COPD or chronic liver disease prompted a physician alert on the electronic medical
record to test the serum AAT level, testing could increase. For example, a small pilot study
found that the frequency of AATD testing increased when a prompt to test for AATD was
included on the PFT reports of patients with airflow obstruction [132]. Another similar study
looked at the impact of a clinical decision support system within an electronic health record
which facilitated testing for AATD [134]. The alert within the electronic health record resulted
in a four-fold increase in testing for AATD.
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history of COPD or chronic liver disease prompted a physician alert on the electronic medical
record to test the serum AAT level, testing could increase. For example, a small pilot study
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7. Other strategies

There are a host of other strategies which could lead to increased detection of AATD. These
include continuing medical education lectures, AATD teaching in medical school and clinical
chemistry curricula, public awareness campaigns, lobbying of public health officials, and
making available free testing kits. Moreover, the WHO and ATS/ERS guidelines need urgent
updating. AATD is often relegated to a footnote in many clinical guidelines for COPD. A
summary of the ATS and ERS document outlining standards for the diagnosis and treatment
of patients with COPD published in 2004 mentions AATD once, stating that “patients pre‐
senting with airflow limitation at a relatively early age (4th or 5th decade) and particularly
those with a family history of COPD should be tested for alpha-1 antitrypsin deficiency” [135].
Narrow definitions such as these are damaging to efforts to increase AATD detection. Another
strategy to promote testing is to empower patients by providing free, high-quality, easy to
understand information available, such as the information material prepared by the Alpha-1
Foundation (www.alpha-1foundation.org).

8. Conclusion

The fact that cigarette smoking is often a coincident historical finding in the assessment of
COPD has probably contributed to the remarkable global under-diagnosis of AATD. For
example, of the estimated 3,000 ZZ individuals on the island of Ireland, less than 10% have
been diagnosed. Unfortunately for the clinician and the patient, testing for AATD is not
routinely considered in the assessment of COPD. Any model for COPD diagnosis, assessment
and management must include automatic testing for AATD as one of the first steps. Large
variability exists in the clinical course of lung disease in AATD and therefore all COPD patients
should be tested for AATD, regardless of age or smoking history. The under-diagnosis of
AATD in COPD is a situation that must not be allowed to continue.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by progressive inflammation
of the airways and is one of the major causes of death in the elderly. COPD leads to develop‐
ment of airflow limitation as evident by decreased forced expiratory volume in one second
(FEV1) and reduction in the percentage of FEV1/ vital capacity. Standardised spirometric tests
showing the presence of airflow obstruction are used in clinical diagnosis and more recently
the use of high resolution CT scanning has been employed to detect early emphysematous
changes which may be present prior to severe airflow obstruction (Figure 1).

In the lungs of patients with COPD elevated levels of pro-inflammatory cytokines such as
interleukin (IL)-8, leukotriene-B4 (LTB4) and tumour necrosis factor-α (TNFα) have been
recorded which can act as neutrophil chemoattractants. Once recruited to the airways,
neutrophils are activated and release various compounds including reactive oxygen species,
proteases and cationic proteins in order to clear infections. When released in excessive amounts
however, these molecules can cause extensive damage to the respiratory epithelium resulting
in yet more pro-inflammatory cytokine release and further neutrophil influx, thereby creating
a cycle of inflammation.

It  is  now  clear  that  neutrophil  serine  proteases,  including  neutrophil  elastase  (NE),
proteinase 3 (PR3) and cathepsin G (CathG) are major pathogenic determinants in chron‐
ic  airway  inflammatory  disorders.  Moreover,  accumulating  evidence  indicates  that  the
expression of matrix metalloproteases (MMPs) is dysregulated in COPD and these proteins
are  involved  in  small  airway  remodelling.  Increased  levels  of  both  MMPs  and  serine
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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proteases  can  participate  in  proteolytic  attack  on  the  alveolar  wall  matrix  and,  as  a
consequence  the  lung extracellular  matrix  is  damaged,  resulting  in  obstruction of  small
airways and development of emphysema.

Due to their implication in the pathology of COPD airways disease both MMPs and serine
proteases have been in focus for drug-development efforts over the last two decades. Such
concepts are further reinforced by scientific findings indicating that a variety of broad
spectrum serine protease and MMP inhibitors significantly ameliorate emphysema in experi‐
mental animal models of COPD. To this end, in recent years continued efforts to identify and
optimize novel mechanism-based inhibitors have led to a number of new inhibitors being
reported. For example three natural protease inhibitors, secretory leucocyte protease inhibitor
(SLPI), elafin and alpha-1 antitrypsin (AAT), have therapeutic potential for reducing the
protease-induced inflammatory response and show promising potency and selectivity
profiles. Other therapy options for the modulation of inflammation associated with excessive
protease activity is the use of recombinant, synthetic or semi synthetic protease inhibitors. In
this chapter we aim to describe the clinical and scientific evidence for the involvement of
proteases and their proposed mode of action in COPD development and progression. Potential
intervention with natural or synthetic inhibitors in the management of emphysematous
symptoms associated with COPD will be reviewed in this chapter.

Figure 1. Chest high resolution CT scan of COPD. A) A single slice from a high resolution CT (HRCT) scan of thorax
demonstrating normal healthy lung parenchyma. B) A single HRCT thorax image of the upper lobes demonstrating
loss of lung density in keeping with emphysematous change. C) Severe emphysema of the upper lobes showing mark‐
edly reduced lung density and bullous disease present (indicated by the arrow).

2. The role of proteases in COPD

There are several classes of proteases and these include serine-, cysteine-, aspartate-, threonine-
proteases and metalloproteases. For the purpose of this chapter we will focus on proteases
which have been implicated in the pathogenesis of COPD and discuss particularly serine
proteases and metalloproteases including NE, PR3, cathepsins and matrix metalloproteases.
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2.1. Serine proteases

Serine proteases are a class of proteases which are involved in various physiological and
pathological processes throughout the body and universally contain a serine as the amino acid
at the active site of the enzyme [1]. Serine proteases include NE, CathG and PR3. They are
primarily inactivated by serine protease inhibitors, the archetypal member of this family being
AAT [2]. The main model for the protease-antiprotease imbalance is AAT deficiency, thus
providing us with an insight into the importance of proteases in the development of emphy‐
sema [3, 4].

NE, PR3 and CathG are produced during neutrophil development in the bone marrow and
are stored in the azurophilic (primary) granules of neutrophils [5]. These serine proteases are
found in high concentrations in airway secretions of patients with inflammatory lung condi‐
tions [6, 7] and are seen in the circulating plasma of patients with severe sepsis and acute
respiratory distress syndrome [8]. They have effects upon a broad range of extracellular matrix
proteins including elastin, collagens, fibronectin, proteoglycans and laminin [9, 10]. Apart from
AAT deficiency a large number of experimental animal studies also support the role of the
protease/antiprotease imbalance in the pathogenesis of COPD, including the involvement of
NE and PR3 in the development of emphysema [11, 12].

2.1.1. The serine protease neutrophil elastase

NE is a single polypeptide glycoprotein comprising 218 amino acids and is quite homologous
with other serine proteases including PR3 and CathG [13]. NE is stored in the primary granules
of neutrophils and when neutrophils are activated or primed by cytokines, it is released from
the cell to the extracellular environment and may also rebind and become expressed on the
cell surface [14]. The activity of NE is primarily inhibited and regulated by AAT [2, 15] but
other inhibitors of NE have been reported including monocyte neutrophil elastase inhibitor
(MNEI/Serpin B1) [16], elafin [17, 18] and SLPI [19, 20]. Of interest, the converse has also been
shown whereby NE has been shown to inactivate and cleave SLPI. [21]

Smoking may lead to an imbalance between proteases and antiproteases through the reduction
of the functional activity of AAT in the lung and also as described earlier by increasing the
number of proteases produced hence increasing the proportion of elastolysis in the lung.
Moreover, cigarette smoke has been reported to inhibit the anti-NE activity of AAT in
bronchoalveolar lavage (BAL) fluid of smokers compared to healthy non-smoking control
subjects [22, 23], however some studies have argued against this point [24, 25]. Cigarette smoke
has also been shown to induce the release of NE in BAL fluid [26] and also to increase the
circulating NE levels seen in plasma [27]. This implicates NE in the pathogenesis of emphysema
and studies in BAL from COPD patients demonstrated a direct correlation between the NE
burden in BAL and the degree of emphysema seen on CT scans. Further to this, results showed
an inverse relationship between the anti-elastase activity in the BAL of COPD patients and the
degree of emphysema and diffusing capacity, supporting the protease-antiprotease imbalance
theory of emphysema [28].

Antiproteases as Therapeutics to Target Inflammation in Chronic Obstructive Pulmonary Disease
http://dx.doi.org/10.5772/57455

71



proteases  can  participate  in  proteolytic  attack  on  the  alveolar  wall  matrix  and,  as  a
consequence  the  lung extracellular  matrix  is  damaged,  resulting  in  obstruction of  small
airways and development of emphysema.

Due to their implication in the pathology of COPD airways disease both MMPs and serine
proteases have been in focus for drug-development efforts over the last two decades. Such
concepts are further reinforced by scientific findings indicating that a variety of broad
spectrum serine protease and MMP inhibitors significantly ameliorate emphysema in experi‐
mental animal models of COPD. To this end, in recent years continued efforts to identify and
optimize novel mechanism-based inhibitors have led to a number of new inhibitors being
reported. For example three natural protease inhibitors, secretory leucocyte protease inhibitor
(SLPI), elafin and alpha-1 antitrypsin (AAT), have therapeutic potential for reducing the
protease-induced inflammatory response and show promising potency and selectivity
profiles. Other therapy options for the modulation of inflammation associated with excessive
protease activity is the use of recombinant, synthetic or semi synthetic protease inhibitors. In
this chapter we aim to describe the clinical and scientific evidence for the involvement of
proteases and their proposed mode of action in COPD development and progression. Potential
intervention with natural or synthetic inhibitors in the management of emphysematous
symptoms associated with COPD will be reviewed in this chapter.

Figure 1. Chest high resolution CT scan of COPD. A) A single slice from a high resolution CT (HRCT) scan of thorax
demonstrating normal healthy lung parenchyma. B) A single HRCT thorax image of the upper lobes demonstrating
loss of lung density in keeping with emphysematous change. C) Severe emphysema of the upper lobes showing mark‐
edly reduced lung density and bullous disease present (indicated by the arrow).

2. The role of proteases in COPD

There are several classes of proteases and these include serine-, cysteine-, aspartate-, threonine-
proteases and metalloproteases. For the purpose of this chapter we will focus on proteases
which have been implicated in the pathogenesis of COPD and discuss particularly serine
proteases and metalloproteases including NE, PR3, cathepsins and matrix metalloproteases.

COPD Clinical Perspectives70

2.1. Serine proteases

Serine proteases are a class of proteases which are involved in various physiological and
pathological processes throughout the body and universally contain a serine as the amino acid
at the active site of the enzyme [1]. Serine proteases include NE, CathG and PR3. They are
primarily inactivated by serine protease inhibitors, the archetypal member of this family being
AAT [2]. The main model for the protease-antiprotease imbalance is AAT deficiency, thus
providing us with an insight into the importance of proteases in the development of emphy‐
sema [3, 4].

NE, PR3 and CathG are produced during neutrophil development in the bone marrow and
are stored in the azurophilic (primary) granules of neutrophils [5]. These serine proteases are
found in high concentrations in airway secretions of patients with inflammatory lung condi‐
tions [6, 7] and are seen in the circulating plasma of patients with severe sepsis and acute
respiratory distress syndrome [8]. They have effects upon a broad range of extracellular matrix
proteins including elastin, collagens, fibronectin, proteoglycans and laminin [9, 10]. Apart from
AAT deficiency a large number of experimental animal studies also support the role of the
protease/antiprotease imbalance in the pathogenesis of COPD, including the involvement of
NE and PR3 in the development of emphysema [11, 12].

2.1.1. The serine protease neutrophil elastase

NE is a single polypeptide glycoprotein comprising 218 amino acids and is quite homologous
with other serine proteases including PR3 and CathG [13]. NE is stored in the primary granules
of neutrophils and when neutrophils are activated or primed by cytokines, it is released from
the cell to the extracellular environment and may also rebind and become expressed on the
cell surface [14]. The activity of NE is primarily inhibited and regulated by AAT [2, 15] but
other inhibitors of NE have been reported including monocyte neutrophil elastase inhibitor
(MNEI/Serpin B1) [16], elafin [17, 18] and SLPI [19, 20]. Of interest, the converse has also been
shown whereby NE has been shown to inactivate and cleave SLPI. [21]

Smoking may lead to an imbalance between proteases and antiproteases through the reduction
of the functional activity of AAT in the lung and also as described earlier by increasing the
number of proteases produced hence increasing the proportion of elastolysis in the lung.
Moreover, cigarette smoke has been reported to inhibit the anti-NE activity of AAT in
bronchoalveolar lavage (BAL) fluid of smokers compared to healthy non-smoking control
subjects [22, 23], however some studies have argued against this point [24, 25]. Cigarette smoke
has also been shown to induce the release of NE in BAL fluid [26] and also to increase the
circulating NE levels seen in plasma [27]. This implicates NE in the pathogenesis of emphysema
and studies in BAL from COPD patients demonstrated a direct correlation between the NE
burden in BAL and the degree of emphysema seen on CT scans. Further to this, results showed
an inverse relationship between the anti-elastase activity in the BAL of COPD patients and the
degree of emphysema and diffusing capacity, supporting the protease-antiprotease imbalance
theory of emphysema [28].

Antiproteases as Therapeutics to Target Inflammation in Chronic Obstructive Pulmonary Disease
http://dx.doi.org/10.5772/57455

71



Further studies on the presence of NE in the airways have shown that NE can cleave a number
of epithelial cell surface receptors [29], cell activators and signalling cytokines [30] thereby
potentially orchestrating the airway inflammatory milieu. Moreover, data have shown that
alveolar macrophages may bind and internalise NE [31] and a later study has reported
increased levels of NE in alveolar macrophages of patients with emphysema, providing further
evidence of the increased protease burden [32]. NE has also been demonstrated using immu‐
nohistochemistry to be localised to the elastin fibres in the lung parenchyma of patients with
emphysema [33]. The theory of NE induced emphysema has been supported not only from
human studies but excellent animal models. Indeed, tracheal instillation of NE has been shown
to induce the infiltration of neutrophils into the lung and cause emphysema in experimental
models [11, 34].

Apart from the well-known role of NE as a protease in the protease/antiprotease imbalance in
emphysema it exerts additional effects which contribute to the pathogenesis of COPD. For
example NE exposure has been shown to significantly increase macrophage production of
cathepsin B and latent and active MMP-2 [35], whilst the addition of AAT to BAL fluid greatly
reduced NE-induced cathepsin B and MMP-2 expression in macrophages in vitro [36].
Additionally, NE is involved in the hypersecretion of mucus seen in COPD and is also a
secretagogue, inducing the submucosal gland cells and goblet cells to secrete mucus [37-39].
NE has been shown to induce the expression of MUC5AC at the gene level in epithelial cells
and hence increase the production of mucin in the airway. This mechanism has been shown
to be dependent on the presence of reaction oxygen species, linking the role of NE inducing
mucus hypersecretion to smoking [40, 41]. Moreover, not only does NE increase the amount
of mucus produced in the lung but it also interrupts the mucociliary clearance mechanism by
decreasing the ciliary beat frequency of bronchial epithelial cells [42].

The importance of the immune system and the inflammatory process in the pathogenesis of
COPD is becoming more apparent and NE is involved in several of these immune mechanisms.
NE can induce the expression of IL-8 in bronchial epithelial cells via TLR-4, subsequently
leading to neutrophil chemotaxis and increasing the inflammatory burden in the lung [43,
44]. NE also plays an important role in neutrophil migration both through the cleavage of fibrin
[45] and through the chemo-attractant properties of NE complexed with AAT [46]. The
immune function can be further affected by NE through the cleavage of CD4 and CD8
glycoproteins from the surface of T-cells, thus impairing the function of T-cells and contribu‐
ting to the inflammation seen in COPD [47]. Moreover, NE up-regulates the expression of TGF-
β1 in smooth airway muscle via the NFκB pathway and this may further contribute to the
airflow limitation seen in COPD [48]. Additionally, NE plays a role in the apoptosis seen in
the pathogenesis of emphysematous lesions. Accordingly NE has been demonstrated to induce
endothelial cell apoptosis [49], cytolysis of epithelial cells [42, 50] and cleaves the hydrophobic
phospholipid substrate phophatidylserine receptor on macrophages, which subsequently
impairs the ability of macrophages to clear apoptotic cells [51]. Collectively, these documented
reports demonstrate that NE is an integral enzyme involved in the pathogenesis of COPD and
emphysema and is a key target for therapeutic intervention.
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2.1.2. Neutrophil derived proteinase 3

PR3 is the most abundant serine protease found in the neutrophil [52] and consequently more
PR3 than NE is released by the neutrophil during the phagocytosis process [53]. Similar to NE,
following activation of neutrophils by inflammatory cytokines, PR3 can be expressed on the
surface of neutrophils [52] and AAT potently inhibits PR3 in the circulation [2, 54]. In contrast
to AAT, SLPI has no effect upon PR3 and in fact PR3 is capable of degrading SLPI, thereby
enhancing the activities of NE and other serine proteases [55].

Animal studies have demonstrated that PR3 plays a role in the development of emphysema,
with studies showing that instillation of PR3 intra-tracheally leads to emphysematous lung
disease in hamsters [12]. PR3 is found in the sputum of both stable COPD patients and AAT
deficient individuals and increases at times of pulmonary exacerbations. Elevated PR3 levels
correlate with an increase in neutrophilic burden [56]. However, its elastolytic rate is relatively
low compared to NE, suggesting possibly a more minor role in the pathogenesis of emphysema
[57]. Studies have also shown that PR3 maintains pro-inflammatory properties, possessing the
ability to activate TNFα and IL-1β [58]. PR3 also has a strong effect on promoting the secretion
of mucus in the airways [59] and can lead to cell apoptosis in the lung [49, 60].

2.1.3. Cathepsin G and other cathepsins

Not all cathepsins are serine proteases and in fact include aspartate and cysteine proteases. In
this section we will discuss CathG, a serine protease related to NE and PR3 and briefly discuss
other cathepsins and their role in COPD. Of major importance, increased levels of cathepsins
have been demonstrated in BAL fluid of emphysema patients and therefore may play a role
in the pathogenesis of the condition [61].

CathG is a serine protease and is stored in the primary granules of neutrophils. Upon release,
activity of this protease is under the regulation of AAT and SLPI [19]. Increased levels of
cathepsins can be seen in the BAL fluid of patients with emphysema [61] but unlike NE and
PR3, in vivo animal studies have not demonstrated the same effect of CathG in inducing
emphysema [62]. Similar to the other serine proteases however, CathG can induce secretion
of mucus, hence adding to the airflow limitation and symptoms found in COPD [37]. More‐
over, CathG can impair T-cell function by cleaving trans-membrane glycoprotein co-receptors
on the cell surface in a similar fashion to NE [47].

Increased levels and activity of cathepsin L and cathepsin S have been shown in alveolar
macrophages of smokers [63, 64]. The expression of cathepsin S is induced by INF-γ and this
occurs in multiple cell types including smooth muscle cells. Subsequently, it has been shown
that over-expression of IFN-γ can increase the expression of cathepsin B, D, L and S [65].
Moreover, in murine investigational studies cysteine-protease inhibitors markedly reduced
the amount of airway inflammation and emphysema associated with over expression of
cathepsins B, H, K, L and S [66]. In addition, bacterial killing by the antimicrobial peptide LL-37
and by human beta-defensins is inhibited due to proteolytic degradation by cathepsin D [67]
and inactivation by the cysteine proteases cathepsins B, L, and S, respectively [68]. Although
there is far less evidence and reported studies on cathepsins they most likely play a contribu‐
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there is far less evidence and reported studies on cathepsins they most likely play a contribu‐
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tory role to the pathogenesis of emphysema and should also be considered as possible
therapeutic targets in the future.

3. Matrix metalloproteases in COPD

MMPs are proteolytic enzymes which degrade components of the lung matrix, including
collagens and elastins. This occurs both under normal physiological conditions and during
abnormal pathological processes. MMPs are secreted as pro-enzymes and are activated by
proteolytic conversion and have a close relationship with cytokines and growth factors [69,
70]. MMPs have both collagenase and elastase activity and account for 50% of the elastolyt‐
ic  activity  of  BAL fluid in  smokers  [71].  Indeed,  MMPs account  for  the  majority  of  the
elastolytic activity of macrophages in COPD patients [72] and are counteracted by tissue
inhibitors of matrix metalloproteases known as TIMPs. Additionally,  MMPs do not only
demonstrate degrading properties but also are pro-inflammatory in nature, with liberated
matrix fragments possessing pro-inflammatory and monocytic chemotactic properties [73,
74].

3.1. Macrophage derived matrix metalloprotease-12

MMP-12, also known as macrophage-metalloelastase, is perhaps the most studied and best
understood MMP in emphysema and COPD and numerous animal models have demonstrated
its role in lung disease. It is involved directly in matrix degradation and is also a pro-inflam‐
matory peptide. A recombinant form of human MMP-12 has been used to demonstrate the
direct role that MMP-12 plays in the inflammatory process in the airways of mice [75]. This
recombinant form of MMP-12 caused an increase in neutrophils and in macrophages accom‐
panied by increased levels of pro-inflammatory cytokines and MMPs. Human studies have
reported that the number of alveolar macrophages in BAL fluid expressing MMP-12 was
higher in COPD patients than in controls [76]. MMP-12 can also be produced by bronchial
epithelial cells [77] and is expressed by airway smooth muscle [78]. Cigarette smoke has been
repeatedly shown to up-regulate both the release and production of MMP-12 [79]. How this
occurs is complex in nature and likely through several mechanisms. For example, upon
exposure to smoke, proteins including plasminogen and prothrombin are released into the
alveolar space where they are converted to plasmin and thrombin, both of which are serine
proteases. Their action upon proteinase activated receptor-1 (PAR-1) subsequently leads to the
secretion and activation of MMP-12 [80, 81]. A second mechanism by which smoke may
activate MMP-12 has been shown in mice where it was shown to up-regulate GM-CSF
production which in turn controls MMP-12 release [82]. Moreover, the gene expression of
MMP-12 in epithelial cells is affected by reactive oxygen species [83] and in murine studies a
direct link between MMP-12 and cigarette smoke induced airway inflammation has been
demonstrated [84-86]. Moreover, in MMP-12 knockout mice a marked reduction in monocyte
recruitment and in IL-13 and IFN-γ induced emphysema has been demonstrated, implicating
the importance of MMP-12 in the inflammatory response seen in COPD [65, 66]. How MMP-12
exerts this inflammatory effect is multifactorial. One reported mechanism involves the pro-
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inflammatory action of MMP-12 through the release and activation of TNFα [87]. Secondly,
MMP-12 has also been shown to possess the ability to induce the production and release of
IL-8 via the EGFR pathway in epithelial cells [88]. The importance of MMP-12 in inducing
airway inflammation is further supported by the use of MMP-12 inhibitors which were shown
to ameliorate emphysema in experimental animals [89] and to lower both the concentration of
immune cells in BAL fluid, and to affect inflammation [90]. MMP-12 also impacts upon the
activity of other proteases, especially neutrophil derived enzymes including NE, PR3 and
cathepsins, and can degrade AAT hence up-regulating the activity of these serine proteases
[91].

Despite convincing evidence provided by experimental models and compelling data showing
an association between MMP-12 and emphysema, the data from human studies is conflicting
and not as clear cut. A number of studies have suggested increased expression of MMP-12 in
alveolar macrophages and increased MMP-12 protein in sputum of COPD individuals
compared to healthy controls [76, 92, 93] while others have shown no difference [94-96]. Thus
further studies on MMP-12 are essential to confirm the role of this matrix metalloprotease in
inflammation and tissues destruction associated with COPD.

3.2. Neutrophil released matrix metalloprotease-9

The next most studied and understood MMP in COPD is MMP-9. Also known as gelatinase-
B and similarly to other matrix metalloproteases MMP-9 has multiple substrates includ‐
ing collagens IV, V, VII, X and XI as well as elastin, gelatin, pro-MMP9 and pro-MMP13.
MMP-9 is  secreted by bronchial  epithelial  cells,  mast  cells,  neutrophils,  eosinophils  and
alveolar macrophages in response to TGFβ, IL-13 and IL-8 [79].

Increased levels of MMP-9 have been demonstrated in smokers with and without airflow
obstruction [97, 98] and a correlation between the levels of MMP-9 in sputum and the extent
of airflow obstruction and symptoms in COPD has been reported [99]. There are also increased
levels of MMP-9 in AAT deficient individuals, where levels correlated with clinical parameters
including FEV1, DLCO, lung density and exacerbation frequency [98, 100]. Elevated levels of
MMP-9 in COPD individuals have been demonstrated to correlate to the number of neutro‐
phils, implicating MMP-9 in the inflammatory burden in COPD [98, 101]. Moreover, poly‐
morphism in the promoter region of the human MMP-9 gene has been shown associated with
emphysema in 2 separate Japanese cohorts [102, 103] and with COPD in a Chinese population
[104].

In support of a role for the involvement of MMP-9 in COPD, ex vivo studies have shown that
alveolar macrophages from BAL fluid in emphysema patients demonstrate increased expres‐
sion of MMP-9 and MMP-1 compared to control subjects [95]. This is also true for smokers
with and without COPD where there is increased expression of MMP-9 on alveolar macro‐
phages compared to healthy controls [105, 106]. In a study comparing COPD patients to
smokers with no evidence of airflow obstruction, alveolar macrophages from COPD individ‐
uals released increased levels of MMP-9 and in vitro the stimulation of these cells by IL-1β,
lipopolysaccharides (LPS) and cigarette smoke increased the secretion of MMP-9 [106].
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tory role to the pathogenesis of emphysema and should also be considered as possible
therapeutic targets in the future.

3. Matrix metalloproteases in COPD

MMPs are proteolytic enzymes which degrade components of the lung matrix, including
collagens and elastins. This occurs both under normal physiological conditions and during
abnormal pathological processes. MMPs are secreted as pro-enzymes and are activated by
proteolytic conversion and have a close relationship with cytokines and growth factors [69,
70]. MMPs have both collagenase and elastase activity and account for 50% of the elastolyt‐
ic  activity  of  BAL fluid in  smokers  [71].  Indeed,  MMPs account  for  the  majority  of  the
elastolytic activity of macrophages in COPD patients [72] and are counteracted by tissue
inhibitors of matrix metalloproteases known as TIMPs. Additionally,  MMPs do not only
demonstrate degrading properties but also are pro-inflammatory in nature, with liberated
matrix fragments possessing pro-inflammatory and monocytic chemotactic properties [73,
74].

3.1. Macrophage derived matrix metalloprotease-12

MMP-12, also known as macrophage-metalloelastase, is perhaps the most studied and best
understood MMP in emphysema and COPD and numerous animal models have demonstrated
its role in lung disease. It is involved directly in matrix degradation and is also a pro-inflam‐
matory peptide. A recombinant form of human MMP-12 has been used to demonstrate the
direct role that MMP-12 plays in the inflammatory process in the airways of mice [75]. This
recombinant form of MMP-12 caused an increase in neutrophils and in macrophages accom‐
panied by increased levels of pro-inflammatory cytokines and MMPs. Human studies have
reported that the number of alveolar macrophages in BAL fluid expressing MMP-12 was
higher in COPD patients than in controls [76]. MMP-12 can also be produced by bronchial
epithelial cells [77] and is expressed by airway smooth muscle [78]. Cigarette smoke has been
repeatedly shown to up-regulate both the release and production of MMP-12 [79]. How this
occurs is complex in nature and likely through several mechanisms. For example, upon
exposure to smoke, proteins including plasminogen and prothrombin are released into the
alveolar space where they are converted to plasmin and thrombin, both of which are serine
proteases. Their action upon proteinase activated receptor-1 (PAR-1) subsequently leads to the
secretion and activation of MMP-12 [80, 81]. A second mechanism by which smoke may
activate MMP-12 has been shown in mice where it was shown to up-regulate GM-CSF
production which in turn controls MMP-12 release [82]. Moreover, the gene expression of
MMP-12 in epithelial cells is affected by reactive oxygen species [83] and in murine studies a
direct link between MMP-12 and cigarette smoke induced airway inflammation has been
demonstrated [84-86]. Moreover, in MMP-12 knockout mice a marked reduction in monocyte
recruitment and in IL-13 and IFN-γ induced emphysema has been demonstrated, implicating
the importance of MMP-12 in the inflammatory response seen in COPD [65, 66]. How MMP-12
exerts this inflammatory effect is multifactorial. One reported mechanism involves the pro-
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inflammatory action of MMP-12 through the release and activation of TNFα [87]. Secondly,
MMP-12 has also been shown to possess the ability to induce the production and release of
IL-8 via the EGFR pathway in epithelial cells [88]. The importance of MMP-12 in inducing
airway inflammation is further supported by the use of MMP-12 inhibitors which were shown
to ameliorate emphysema in experimental animals [89] and to lower both the concentration of
immune cells in BAL fluid, and to affect inflammation [90]. MMP-12 also impacts upon the
activity of other proteases, especially neutrophil derived enzymes including NE, PR3 and
cathepsins, and can degrade AAT hence up-regulating the activity of these serine proteases
[91].

Despite convincing evidence provided by experimental models and compelling data showing
an association between MMP-12 and emphysema, the data from human studies is conflicting
and not as clear cut. A number of studies have suggested increased expression of MMP-12 in
alveolar macrophages and increased MMP-12 protein in sputum of COPD individuals
compared to healthy controls [76, 92, 93] while others have shown no difference [94-96]. Thus
further studies on MMP-12 are essential to confirm the role of this matrix metalloprotease in
inflammation and tissues destruction associated with COPD.

3.2. Neutrophil released matrix metalloprotease-9

The next most studied and understood MMP in COPD is MMP-9. Also known as gelatinase-
B and similarly to other matrix metalloproteases MMP-9 has multiple substrates includ‐
ing collagens IV, V, VII, X and XI as well as elastin, gelatin, pro-MMP9 and pro-MMP13.
MMP-9 is  secreted by bronchial  epithelial  cells,  mast  cells,  neutrophils,  eosinophils  and
alveolar macrophages in response to TGFβ, IL-13 and IL-8 [79].

Increased levels of MMP-9 have been demonstrated in smokers with and without airflow
obstruction [97, 98] and a correlation between the levels of MMP-9 in sputum and the extent
of airflow obstruction and symptoms in COPD has been reported [99]. There are also increased
levels of MMP-9 in AAT deficient individuals, where levels correlated with clinical parameters
including FEV1, DLCO, lung density and exacerbation frequency [98, 100]. Elevated levels of
MMP-9 in COPD individuals have been demonstrated to correlate to the number of neutro‐
phils, implicating MMP-9 in the inflammatory burden in COPD [98, 101]. Moreover, poly‐
morphism in the promoter region of the human MMP-9 gene has been shown associated with
emphysema in 2 separate Japanese cohorts [102, 103] and with COPD in a Chinese population
[104].

In support of a role for the involvement of MMP-9 in COPD, ex vivo studies have shown that
alveolar macrophages from BAL fluid in emphysema patients demonstrate increased expres‐
sion of MMP-9 and MMP-1 compared to control subjects [95]. This is also true for smokers
with and without COPD where there is increased expression of MMP-9 on alveolar macro‐
phages compared to healthy controls [105, 106]. In a study comparing COPD patients to
smokers with no evidence of airflow obstruction, alveolar macrophages from COPD individ‐
uals released increased levels of MMP-9 and in vitro the stimulation of these cells by IL-1β,
lipopolysaccharides (LPS) and cigarette smoke increased the secretion of MMP-9 [106].
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Consequently, emphysematous lung tissue has been shown to contain higher levels of MMP-9
compared to disease free tissue [107, 108].

Other studies of interest that provide evidence for the involvement of MMP-9 in the inflam‐
matory process associated with COPD include data that demonstrate that MMP-9 possesses
levels of TACE (TNFα converting enzyme) like activity and mediates acute cigarette smoke-
induced inflammation via TNFα release [87]. MMP-9 may also be involved in the link between
destruction of alveolar tissue and fibrotic proliferation observed in emphysema, potentially
mediated by proteolytic cleavage of latent TGF-binding-protein-1 with subsequent release of
TGFβ-1, possibly linking elastolysis and fibrosis [109, 110]. Interestingly, MMP-9 may be
activated by NE via cleavage of pro-MMP-9 to active MMP-9 [111]. Moreover, NE has been
shown to degrade TIMP-1 thereby leading to enhanced MMP-9 activity [112], implicating both
NE and MMP-9 in the pathogenesis of COPD. Finally, a role for MMP-9 in mucus hyper-
secretion in COPD patients has been suggested, as MMP-9 activates epidermal growth factor
which in turn increases the expression of MUC5AC production hence leading to increased
mucus secretion [113, 114].

3.3. Matrix metalloprotease-1 and other matrix-metalloproteases

MMP-1, also known as interstitial collagenase-1, is active against multiple collagens including
collagen I, II, III and VII, gelatin and pro-MMP9 and over-expression in mice has been
associated with development of emphysema [115]. Loss of collagen type II leads to an increase
in lung compliance and hence the development of emphysema [116]. In humans, BAL fluid
from emphysema patients has increased MMP-1 expression compared to healthy controls
[117] and increased expression of MMP1 was reported in the lungs of patients with emphysema
[94]. This expression was localised to type II epithelial cells but not alveolar macrophages.
MMP-1 is also expressed by airway smooth muscle [118] and the production of MMP-1 is
driven by the MAPK pathway and also by hydrogen peroxide, an important pathogenic
component of cigarette smoke [119]. In mouse models, MMP-1 has been shown to contribute
to alveolar destruction leading to emphysema development [120, 121]. Similar to MMP-9,
MMP-1 also possesses levels of TACE like activity which may contribute to the inflammation
seen in COPD [87].

MMP-2 which is also known as gelatinase-A has activity against collagens I-V, VII, X, XI and
XIV as well as elastin, fibronectin and gelatin. Increased levels of MMP-2 have been demon‐
strated in COPD lungs [107, 108] and also in experimental mice exposed to cigarette smoke
[122]. Interestingly, in guinea pigs exposed to wood-smoke increased expression of MMP2 was
recorded, possibly providing an insight into the pathogenesis of emphysema in individuals
not exposed to cigarette smoke [123]. Moreover, increased levels of both MMP-8 and MMP-10
are seen in sputum of COPD patients and have been shown to correlate with airflow obstruc‐
tion [97, 124], with increased levels of MMP-8 recorded at the time of acute pulmonary
exacerbation [125]. Finally, MMP-12 is up-regulated in mice exposed to cigarette smoke [126]
and elevated levels of MMP-13 are seen in individuals with emphysema [127].

Collectively, this information on MMPs contributes to the protease/antiprotease theory in
COPD pathogenesis and provides targets that may be investigated when developing future
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therapeutic strategies. MMPs play a mixed role in COPD and are involved in the proteolytic
destruction of lung tissue and possess a close relationship to neutrophil derived serine
proteases. These latter processes are intertwined and hence targeting certain elements of
protease induced inflammatory processes may provide encouraging and exciting therapeutic
options.

4. Approaches to treatment

Current therapies for the treatment of COPD are similar between the non-genetically inherited
form of the lung disease and COPD as a result of AAT deficiency, and are in line with the
American Thoracic Society/European Respiratory Society published guidelines [128]. Of
particular importance is the cessation of smoking for individuals diagnosed with the disorder,
as smoking aggravates the condition and is a predominant prognostic factor for the outcome
of COPD patients. Therapeutic strategies aimed at the protease-antiprotease imbalance can be
expected to have the greatest effect on lung disease associated with COPD and AAT deficiency.
Ensuing sections will focus on AAT augmentation therapy in both intravenous and aerosolized
forms, transgenic and recombinant forms of AAT and administration of either natural (elafin
and SLPI) or synthetic (Sivelestat) antiproteases for treatment of COPD.

4.1. AAT replacement therapy

The importance of the protease: antiprotease balance is evident by the development of
emphysema in AAT deficient individuals due to unopposed NE activity, of which AAT is the
major inhibitor. Indeed the most logical approach to treatment is the reestablishment of
physiological levels of AAT. The minimum level of AAT required to protect the lung from
protease mediated damage was set as 11µmol/L (or 80mg/dL), and this has been referred to as
the “protective” threshold level [129]. This value is based on the levels of AAT recorded in
non-smoking individuals with the PiSZ phenotype, which is not thought to confer an increased
risk of developing lung disease. Intravenous infusion of human plasma derived AAT, also
referred to as AAT augmentation therapy, provides a method of maintaining this protective
threshold and thus delays the progression of emphysema (Table 1). In 1981, researchers
developed a method for partially purifying AAT from pooled human plasma and with the
knowledge that the serum half-life of AAT is 5.4 days [130], devised an infusion schedule that
allowed once weekly administration of purified AAT to AAT deficient individuals. Following
such infusions the results of this study demonstrated that significant amounts of AAT, with
full anti-NE capacity, diffused to the lower respiratory tract. Consequently, infusion of purified
human plasma AAT at a dose of 60mg per kilogram of body weight per week, a dose that was
sufficient to maintain serum levels ≥ 11µmol/ L, was FDA-approved and is now widely used
in Europe and North America in treatment of AAT deficient individuals [131]. The first
available preparations of AAT included pooled human plasma AAT prepared by pasteurisa‐
tion (Prolastin, Bayer, West Haven, CT, USA). In turn, more recent studies examined the
biochemical effectiveness of AAT purified by solvent detergent and nano-filtration method‐
ology (Aralast, Baxter, Westlake Village, CA, USA) [132] and a third preparation (Zemaira,
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Consequently, emphysematous lung tissue has been shown to contain higher levels of MMP-9
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levels of TACE (TNFα converting enzyme) like activity and mediates acute cigarette smoke-
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mediated by proteolytic cleavage of latent TGF-binding-protein-1 with subsequent release of
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activated by NE via cleavage of pro-MMP-9 to active MMP-9 [111]. Moreover, NE has been
shown to degrade TIMP-1 thereby leading to enhanced MMP-9 activity [112], implicating both
NE and MMP-9 in the pathogenesis of COPD. Finally, a role for MMP-9 in mucus hyper-
secretion in COPD patients has been suggested, as MMP-9 activates epidermal growth factor
which in turn increases the expression of MUC5AC production hence leading to increased
mucus secretion [113, 114].

3.3. Matrix metalloprotease-1 and other matrix-metalloproteases

MMP-1, also known as interstitial collagenase-1, is active against multiple collagens including
collagen I, II, III and VII, gelatin and pro-MMP9 and over-expression in mice has been
associated with development of emphysema [115]. Loss of collagen type II leads to an increase
in lung compliance and hence the development of emphysema [116]. In humans, BAL fluid
from emphysema patients has increased MMP-1 expression compared to healthy controls
[117] and increased expression of MMP1 was reported in the lungs of patients with emphysema
[94]. This expression was localised to type II epithelial cells but not alveolar macrophages.
MMP-1 is also expressed by airway smooth muscle [118] and the production of MMP-1 is
driven by the MAPK pathway and also by hydrogen peroxide, an important pathogenic
component of cigarette smoke [119]. In mouse models, MMP-1 has been shown to contribute
to alveolar destruction leading to emphysema development [120, 121]. Similar to MMP-9,
MMP-1 also possesses levels of TACE like activity which may contribute to the inflammation
seen in COPD [87].

MMP-2 which is also known as gelatinase-A has activity against collagens I-V, VII, X, XI and
XIV as well as elastin, fibronectin and gelatin. Increased levels of MMP-2 have been demon‐
strated in COPD lungs [107, 108] and also in experimental mice exposed to cigarette smoke
[122]. Interestingly, in guinea pigs exposed to wood-smoke increased expression of MMP2 was
recorded, possibly providing an insight into the pathogenesis of emphysema in individuals
not exposed to cigarette smoke [123]. Moreover, increased levels of both MMP-8 and MMP-10
are seen in sputum of COPD patients and have been shown to correlate with airflow obstruc‐
tion [97, 124], with increased levels of MMP-8 recorded at the time of acute pulmonary
exacerbation [125]. Finally, MMP-12 is up-regulated in mice exposed to cigarette smoke [126]
and elevated levels of MMP-13 are seen in individuals with emphysema [127].

Collectively, this information on MMPs contributes to the protease/antiprotease theory in
COPD pathogenesis and provides targets that may be investigated when developing future
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therapeutic strategies. MMPs play a mixed role in COPD and are involved in the proteolytic
destruction of lung tissue and possess a close relationship to neutrophil derived serine
proteases. These latter processes are intertwined and hence targeting certain elements of
protease induced inflammatory processes may provide encouraging and exciting therapeutic
options.

4. Approaches to treatment

Current therapies for the treatment of COPD are similar between the non-genetically inherited
form of the lung disease and COPD as a result of AAT deficiency, and are in line with the
American Thoracic Society/European Respiratory Society published guidelines [128]. Of
particular importance is the cessation of smoking for individuals diagnosed with the disorder,
as smoking aggravates the condition and is a predominant prognostic factor for the outcome
of COPD patients. Therapeutic strategies aimed at the protease-antiprotease imbalance can be
expected to have the greatest effect on lung disease associated with COPD and AAT deficiency.
Ensuing sections will focus on AAT augmentation therapy in both intravenous and aerosolized
forms, transgenic and recombinant forms of AAT and administration of either natural (elafin
and SLPI) or synthetic (Sivelestat) antiproteases for treatment of COPD.

4.1. AAT replacement therapy

The importance of the protease: antiprotease balance is evident by the development of
emphysema in AAT deficient individuals due to unopposed NE activity, of which AAT is the
major inhibitor. Indeed the most logical approach to treatment is the reestablishment of
physiological levels of AAT. The minimum level of AAT required to protect the lung from
protease mediated damage was set as 11µmol/L (or 80mg/dL), and this has been referred to as
the “protective” threshold level [129]. This value is based on the levels of AAT recorded in
non-smoking individuals with the PiSZ phenotype, which is not thought to confer an increased
risk of developing lung disease. Intravenous infusion of human plasma derived AAT, also
referred to as AAT augmentation therapy, provides a method of maintaining this protective
threshold and thus delays the progression of emphysema (Table 1). In 1981, researchers
developed a method for partially purifying AAT from pooled human plasma and with the
knowledge that the serum half-life of AAT is 5.4 days [130], devised an infusion schedule that
allowed once weekly administration of purified AAT to AAT deficient individuals. Following
such infusions the results of this study demonstrated that significant amounts of AAT, with
full anti-NE capacity, diffused to the lower respiratory tract. Consequently, infusion of purified
human plasma AAT at a dose of 60mg per kilogram of body weight per week, a dose that was
sufficient to maintain serum levels ≥ 11µmol/ L, was FDA-approved and is now widely used
in Europe and North America in treatment of AAT deficient individuals [131]. The first
available preparations of AAT included pooled human plasma AAT prepared by pasteurisa‐
tion (Prolastin, Bayer, West Haven, CT, USA). In turn, more recent studies examined the
biochemical effectiveness of AAT purified by solvent detergent and nano-filtration method‐
ology (Aralast, Baxter, Westlake Village, CA, USA) [132] and a third preparation (Zemaira,
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CSL Behring, PA USA) has received US FDA approval [133]. Currently there are six FDA
approved AAT preparations available in the USA. The clinical effects of infused AAT therapy
documented to date consist of patient outcome measures including the rate of FEV1 decline
[134, 135], the level of desmosine as a biomarker of elastin degradation [136, 137], the incidence
of acute exacerbations [138], frequency of lung infections [139] and the change in lung density
[140] calculated by CT scanning [141]. Nevertheless, though studies have demonstrated that
infusion of AAT is safe and well tolerated [142], there remains considerable debate over the
clinical benefits and the cost-effectiveness of the treatment [134, 143, 144].

Study Type AAT Infusion Reference Patient outcome

Observational Weekly (Ma et al. 2013)
Reduced elastin degradation in treated

group

Observational Weekly (Tonelli et al. 2009)
Slower rate of decline in FEV1% predicted

in augmentation group

Randomized Weekly (Dirksen et al. 2009)
Attenuated loss of lung tissue in treated

cohort measured by CT lung density

Observational Weekly (Wencker et al. 2001)
Reduced rate of FEV1 decline post

augmentation therapy

Descriptive Weekly (Gottlieb et al. 2000) Elastin degradation was not reduced

Observational
56% weekly & 26%

biweekly
(Lieberman 2000) Decline in number of infections per year

Randomized controlled 4-weekly (Dirksen et al. 2009)
Reduced loss of lung tissue by CT

densitometry with augmentation

Observational parallel

controls

51% weekly & 25%

biweekly
(group 1998)

Slowed decline in FEV1 of 27ml/year in

treated group

Observational parallel

controls
Weekly (Seersholm et al. 1997)

Reduced rate of decline of FEV1 in treated

group of 21ml/year.

Table 1. Treatment of patients with AAT deficiency with augmentation therapy

The biochemical efficacy of AAT augmentation therapy has been examined in a number of
studies and in 1987 Wewers and colleagues demonstrated that a weekly dosage of 60mg/kg
not only restored AAT levels in serum and BAL fluid but also increased anti-NE capacity from
a baseline value of 5.4 ± 0.1µM in the serum to 13.3 ± 0.1µM [142]. Indeed, additional studies
have focused on the impact of augmentation therapy on the inflammatory environment of the
lung. For example, AAT deficiency is characterised by increased neutrophil numbers and thus
increased sputum and BAL fluid levels of NE [145]. This burden of neutrophils in the lung as
a result of excessive trafficking is attributed to chemotactic agents such as IL-8 and LTB4 and
significantly higher levels of these chemo-attractants have been recorded in sputum from
individuals with AAT deficiency compared to COPD patients. To understand this further, an
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in vitro study discovered increased release of LTB4 from AAT deficient alveolar macrophages
as a result of unopposed NE activity. Of relevance, the addition of exogenous AAT reduced
the amount of LTB4 being released by macrophages in response to NE [146]. In confirmation
of this latter study, Stockley et al demonstrated that sputum samples from AAT deficient
individuals on day one post infusion of AAT augmentation therapy possessed reduced NE
activity and a dramatic attenuation of LTB4 concentration from a level of 13.46nM to 8.62nM
[147]. Moreover, the anti-inflammatory effects of AAT augmentation therapy were confirmed
as decreased concentrations of IL-8, and the chemotactic activity mediated by this chemokine,
were reduced to normal levels in AAT deficient individuals post treatment. [148, 149]

One of the first studies to examine the effect of AAT augmentation therapy compared the
ΔFEV1 of 97 ex-smokers from a Danish AAT deficient registry to a German group of 198
patients treated with weekly infusions of AAT (60mg/kg) for at least one year. Overall, the
ΔFEV1 in the treated group was significantly lower than in the untreated group, with annual
declines of 53 mL yr-1 and 75 mL yr-1, respectively (p=0.02). However, there was no beneficial
effect of augmentation therapy in 103 patients with an initial FEV1 ≤ 30 or in the 25 patients
with an FEV1 > 65% [134]. In 1998, one of the largest observational studies (n=1129) centred on
the NHLBI Registry for individuals with severe AAT deficiency [150] was carried out.
Although no overall difference in FEV1 decline was recorded between the augmentation-
therapy treated and untreated groups, in a subgroup with FEV1 between 39-45% predicted
there was a significant difference of -27ml/year between treated and untreated. This study also
suggested that survival was enhanced in individuals receiving augmentation therapy. The risk
ratio for death in augmentation therapy recipients was 0.64, significantly lower than non-
recipients (P=0.02) and the risk ratio for individuals receiving augmentation therapy with stage
II COPD was 0.21 (P<0.001). The possibility that these differences may have been due to other
factors, such as the socioeconomic status of enrolled patients could not be ruled out and this
latter point is a potential limitation of this study. In a subsequent randomised study of 164
AAT deficient individuals enrolled in the Alpha-1 foundation DNA and tissue bank, when
adjusted by age at baseline, sex, smoking status, baseline FEV1 % of predicted, a slower rate of
decline in FEV1% predicted was observed in the augmentation group (10.6±21.4 ml/year) in
comparison to the non-augmented group (36.96±12.1ml/year). The authors of this study
concluded that augmentation therapy was effective in subjects with AAT deficiency, favouring
ex-smoker subjects with an FEV1 below 50% of predicted [151].

Results from studies measuring changes in urine desmosine levels, a marker of elastin
breakdown, in response to AAT augmentation therapy have been mixed. One study of two
AAT deficient patients observed a 35% reduction in urine desmosine levels after monthly doses
of 260mg/kg AAT [152]. In contrast, a larger study by Gottelieb et al showed no change in the
level of elastin breakdown after eight weeks of augmentation therapy (P=0.85). Although this
latter study recruited only twelve AAT deficient individuals, the authors suggested that elastin
degradation at this point in the disease was possibly NE independent [137]. In a recent study
desmosine levels were assessed in plasma, BAL fluid and urine in a cohort of AAT deficient
patients receiving AAT augmentation therapy. A 13.9% reduction in plasma and 37% reduc‐
tion in BAL fluid desmosine levels were observed 12 weeks after receiving IV augmentation
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CSL Behring, PA USA) has received US FDA approval [133]. Currently there are six FDA
approved AAT preparations available in the USA. The clinical effects of infused AAT therapy
documented to date consist of patient outcome measures including the rate of FEV1 decline
[134, 135], the level of desmosine as a biomarker of elastin degradation [136, 137], the incidence
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clinical benefits and the cost-effectiveness of the treatment [134, 143, 144].

Study Type AAT Infusion Reference Patient outcome

Observational Weekly (Ma et al. 2013)
Reduced elastin degradation in treated

group

Observational Weekly (Tonelli et al. 2009)
Slower rate of decline in FEV1% predicted

in augmentation group

Randomized Weekly (Dirksen et al. 2009)
Attenuated loss of lung tissue in treated

cohort measured by CT lung density

Observational Weekly (Wencker et al. 2001)
Reduced rate of FEV1 decline post

augmentation therapy

Descriptive Weekly (Gottlieb et al. 2000) Elastin degradation was not reduced

Observational
56% weekly & 26%

biweekly
(Lieberman 2000) Decline in number of infections per year

Randomized controlled 4-weekly (Dirksen et al. 2009)
Reduced loss of lung tissue by CT

densitometry with augmentation

Observational parallel

controls

51% weekly & 25%

biweekly
(group 1998)

Slowed decline in FEV1 of 27ml/year in

treated group

Observational parallel

controls
Weekly (Seersholm et al. 1997)

Reduced rate of decline of FEV1 in treated

group of 21ml/year.

Table 1. Treatment of patients with AAT deficiency with augmentation therapy

The biochemical efficacy of AAT augmentation therapy has been examined in a number of
studies and in 1987 Wewers and colleagues demonstrated that a weekly dosage of 60mg/kg
not only restored AAT levels in serum and BAL fluid but also increased anti-NE capacity from
a baseline value of 5.4 ± 0.1µM in the serum to 13.3 ± 0.1µM [142]. Indeed, additional studies
have focused on the impact of augmentation therapy on the inflammatory environment of the
lung. For example, AAT deficiency is characterised by increased neutrophil numbers and thus
increased sputum and BAL fluid levels of NE [145]. This burden of neutrophils in the lung as
a result of excessive trafficking is attributed to chemotactic agents such as IL-8 and LTB4 and
significantly higher levels of these chemo-attractants have been recorded in sputum from
individuals with AAT deficiency compared to COPD patients. To understand this further, an
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in vitro study discovered increased release of LTB4 from AAT deficient alveolar macrophages
as a result of unopposed NE activity. Of relevance, the addition of exogenous AAT reduced
the amount of LTB4 being released by macrophages in response to NE [146]. In confirmation
of this latter study, Stockley et al demonstrated that sputum samples from AAT deficient
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adjusted by age at baseline, sex, smoking status, baseline FEV1 % of predicted, a slower rate of
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comparison to the non-augmented group (36.96±12.1ml/year). The authors of this study
concluded that augmentation therapy was effective in subjects with AAT deficiency, favouring
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Results from studies measuring changes in urine desmosine levels, a marker of elastin
breakdown, in response to AAT augmentation therapy have been mixed. One study of two
AAT deficient patients observed a 35% reduction in urine desmosine levels after monthly doses
of 260mg/kg AAT [152]. In contrast, a larger study by Gottelieb et al showed no change in the
level of elastin breakdown after eight weeks of augmentation therapy (P=0.85). Although this
latter study recruited only twelve AAT deficient individuals, the authors suggested that elastin
degradation at this point in the disease was possibly NE independent [137]. In a recent study
desmosine levels were assessed in plasma, BAL fluid and urine in a cohort of AAT deficient
patients receiving AAT augmentation therapy. A 13.9% reduction in plasma and 37% reduc‐
tion in BAL fluid desmosine levels were observed 12 weeks after receiving IV augmentation
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therapy compared to baseline levels prior to treatment [153]. The study showed that augmen‐
tation therapy maintained the ability to inhibit NE and to reduce degradation of elastin both
systemically and in the lungs, however the findings suggested that the dose of AAT was not
sufficient to reduce elastin degradation to that of control levels of healthy individuals. There
is a relatively limited body of clinical evidence supporting the benefits of 60mg/kg dosage,
with some even questioning the recommendation of this dose of AAT to AAT deficient patients
[154]. The concentration of 60mg/kg aims to increase AAT levels to values above that of the
protective threshold (11µM) yet levels are still below that of serum AAT concentration
observed in non-AAT deficient individuals (20-53µM) [155]. To address this issue Campos et
al assessed the safety and efficacy of an increased 120mg/kg weekly dose of AAT in 30 adults
with AAT deficiency in a multicentre, randomised, double-blind crossover study. A weekly
dose of 120mg/kg resulted in a serum concentration of 27.7µM four weeks after treatment, well
within the healthy control range, compared to 17.3µM at the same time period for the group
receiving 60mg/kg. Concurrently, this increased dosage was considered to be safe and well-
tolerated, however further investigation is warranted due to the relatively small cohort size
and the lack of analysis of clinical parameters such as FEV1 and CT densitometry [156].

Currently desmosine is the only clinical biomarker for assessment of lung tissue destruction,
however it is limited by lack of specificity and may be influenced by diet and renal function
which may in part provide an explanation for the lack of association between desmosine levels
in the urine and FEV1 [157-159]. Current research is aimed at identifying cost effective yet stable
novel biomarkers that are central to the pathophysiological process, which can act as a
predictor of disease progression and are sensitive to therapeutic intervention [160, 161]. In this
regard, a novel potential biomarker has been recently reported specific to cleavage of fibrino‐
gen and related to NE in the lungs [136]. The fibrinogen cleavage product Aα-Val360 was
measured in plasma from subjects recruited in the EXACTLE trial and the levels of this product
were decreased in subjects receiving AAT replacement therapy while remaining unchanged
in the placebo group.

Determining exacerbation rates in patients receiving therapy is an additional parameter that
is employed to determine the efficacy of AAT replacement therapy. In a web based question‐
naire prepared by Lieberman and colleagues, key questions addressed issues such as frequen‐
cy of respiratory infections pre- and post-AAT augmentation therapy [139]. Out of eighty nine
individuals who had received augmentation therapy for more than one year, seventy four felt
that the treatment was of benefit, with almost half accrediting the benefits to a reduction in the
number of infectious exacerbations from approximately five down to one per year (P<0.001).
CT lung density measurements are currently considered to be a more sensitive outcome to
measure the impact of AAT replacement therapy. The first of these studies was a double blind
trial with 26 Danish and 30 Dutch ex-smokers, randomized to either AAT (250 mg/kg) or
albumin (625 mg/kg) infusions at 4 week intervals for at least 3 years [140]. Using self-
administered spirometry, no difference was found in FEV1 decline between treatment and
placebo. Conversely, upon analysis of CT scans (slices 5 cm below carina), a trend towards a
slower rate in loss of lung density was observed in augmentation receiving patients with
measurements of 2.6 ± 0.41 g/L/yr for placebo as compared with 1.5 ± 0.41 g/L/yr for AAT
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infusion, however the reported differences were shown to be non-significant (P=0.07), possibly
due to the inadequate study size. Following this, in 2009, Dirksen et al. carried out a rando‐
mised, double-blind, placebo-controlled, parallel-group study conducted at three European
centres (Copenhagen (Denmark), Birmingham (UK), and Malmö (Sweden)) known as the
EXACTLE trial. CT scans were performed at baseline and at 12 and 24 months and the
difference in the decline of lung density between treated and placebo groups suggested a trend
towards a beneficial treatment effect, with P values for treatment difference ranging from 0.049
to a non-significant value of 0.084 depending on the outcome algorithm chosen. In 2010,
Stockley and colleagues analysed the combined outcome measures of the EXACTLE and
Danish-Dutch trial and concluded that augmentation therapy conferred a significant decline
in the rate of CT densitometric loss but not in FEV1 decline [162].

A number of studies have addressed the potential clinical use of AAT augmentation therapy
in treatment of disorders outside the context of AAT deficiency, including transplant rejection,
type1 diabetes mellitus, inflammatory bowel disease, rheumatoid arthritis, viral infection and
cystic fibrosis [163]. In light of this, there is a need that goes beyond that afforded by purified
human plasma and thus transgenic and recombinant AAT have been considered.

4.2. Recombinant and transgenic AAT

Despite the accumulation of encouraging data supporting the use of AAT augmentation
therapy, significant questions remain regarding the cost-effectiveness of this intravenous
strategy for treatment of AAT deficient related COPD, which is estimated to cost the US
$100,000 per patient per year worldwide [143]. Such deliberation has prompted the develop‐
ment of new strategies, including the use of recombinant and transgenic protein to boost the
natural antiprotease screen. A variety of systems have been employed to produce humanized
recombinant AAT including plants, yeast fungi, animals, insect cells, bacteria and mammalian
cells. One of the approaches involved expression of recombinant AAT in E. coli, but AAT
produced via this system lacked glycosylation and consequently exhibited a short half-life
within the circulation. To address this issue the presence of a single thiol residue at the surface
of AAT was exploited by researchers, who conjugated maleimido-polyethylene glycol to the
thiol group. Results revealed that site-specific conjugation with polyethylene glycol at Cys232

of nonglycosylated recombinant human AAT gave rise to active inhibitor with prolonged in
vivo stability [164]. An alternative approach included production of a secreted fully functional
AAT by the yeast Saccharomyces cerevisiae [165]. This secreted protein had high mannose-type
glycosylation [166], which was thought to give rise to an immune response in humans because
of non-human glycan residues, an adverse effect shared by active recombinant AAT protein
expressed in the insect cell baculovirus expression vector system [167]. In an attempt to over-
come the issue of glycosylation, a method of hyper glycosylation of the protein was introduced.
This was achieved by adding terminal sialic acids to the existing glycans on the human AAT
molecule. Such modification conferred increased protein half-life while maintaining the anti-
NE capacity of the protein when injected into a mouse model [168]. In a further attempt to
prepare fully glycosylated human AAT, Blanchard et al employed a human neuronal cell line
(AGE1.HN®) to produce a recombinant AAT protein which retained biological activity and
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therapy compared to baseline levels prior to treatment [153]. The study showed that augmen‐
tation therapy maintained the ability to inhibit NE and to reduce degradation of elastin both
systemically and in the lungs, however the findings suggested that the dose of AAT was not
sufficient to reduce elastin degradation to that of control levels of healthy individuals. There
is a relatively limited body of clinical evidence supporting the benefits of 60mg/kg dosage,
with some even questioning the recommendation of this dose of AAT to AAT deficient patients
[154]. The concentration of 60mg/kg aims to increase AAT levels to values above that of the
protective threshold (11µM) yet levels are still below that of serum AAT concentration
observed in non-AAT deficient individuals (20-53µM) [155]. To address this issue Campos et
al assessed the safety and efficacy of an increased 120mg/kg weekly dose of AAT in 30 adults
with AAT deficiency in a multicentre, randomised, double-blind crossover study. A weekly
dose of 120mg/kg resulted in a serum concentration of 27.7µM four weeks after treatment, well
within the healthy control range, compared to 17.3µM at the same time period for the group
receiving 60mg/kg. Concurrently, this increased dosage was considered to be safe and well-
tolerated, however further investigation is warranted due to the relatively small cohort size
and the lack of analysis of clinical parameters such as FEV1 and CT densitometry [156].

Currently desmosine is the only clinical biomarker for assessment of lung tissue destruction,
however it is limited by lack of specificity and may be influenced by diet and renal function
which may in part provide an explanation for the lack of association between desmosine levels
in the urine and FEV1 [157-159]. Current research is aimed at identifying cost effective yet stable
novel biomarkers that are central to the pathophysiological process, which can act as a
predictor of disease progression and are sensitive to therapeutic intervention [160, 161]. In this
regard, a novel potential biomarker has been recently reported specific to cleavage of fibrino‐
gen and related to NE in the lungs [136]. The fibrinogen cleavage product Aα-Val360 was
measured in plasma from subjects recruited in the EXACTLE trial and the levels of this product
were decreased in subjects receiving AAT replacement therapy while remaining unchanged
in the placebo group.

Determining exacerbation rates in patients receiving therapy is an additional parameter that
is employed to determine the efficacy of AAT replacement therapy. In a web based question‐
naire prepared by Lieberman and colleagues, key questions addressed issues such as frequen‐
cy of respiratory infections pre- and post-AAT augmentation therapy [139]. Out of eighty nine
individuals who had received augmentation therapy for more than one year, seventy four felt
that the treatment was of benefit, with almost half accrediting the benefits to a reduction in the
number of infectious exacerbations from approximately five down to one per year (P<0.001).
CT lung density measurements are currently considered to be a more sensitive outcome to
measure the impact of AAT replacement therapy. The first of these studies was a double blind
trial with 26 Danish and 30 Dutch ex-smokers, randomized to either AAT (250 mg/kg) or
albumin (625 mg/kg) infusions at 4 week intervals for at least 3 years [140]. Using self-
administered spirometry, no difference was found in FEV1 decline between treatment and
placebo. Conversely, upon analysis of CT scans (slices 5 cm below carina), a trend towards a
slower rate in loss of lung density was observed in augmentation receiving patients with
measurements of 2.6 ± 0.41 g/L/yr for placebo as compared with 1.5 ± 0.41 g/L/yr for AAT
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infusion, however the reported differences were shown to be non-significant (P=0.07), possibly
due to the inadequate study size. Following this, in 2009, Dirksen et al. carried out a rando‐
mised, double-blind, placebo-controlled, parallel-group study conducted at three European
centres (Copenhagen (Denmark), Birmingham (UK), and Malmö (Sweden)) known as the
EXACTLE trial. CT scans were performed at baseline and at 12 and 24 months and the
difference in the decline of lung density between treated and placebo groups suggested a trend
towards a beneficial treatment effect, with P values for treatment difference ranging from 0.049
to a non-significant value of 0.084 depending on the outcome algorithm chosen. In 2010,
Stockley and colleagues analysed the combined outcome measures of the EXACTLE and
Danish-Dutch trial and concluded that augmentation therapy conferred a significant decline
in the rate of CT densitometric loss but not in FEV1 decline [162].

A number of studies have addressed the potential clinical use of AAT augmentation therapy
in treatment of disorders outside the context of AAT deficiency, including transplant rejection,
type1 diabetes mellitus, inflammatory bowel disease, rheumatoid arthritis, viral infection and
cystic fibrosis [163]. In light of this, there is a need that goes beyond that afforded by purified
human plasma and thus transgenic and recombinant AAT have been considered.

4.2. Recombinant and transgenic AAT

Despite the accumulation of encouraging data supporting the use of AAT augmentation
therapy, significant questions remain regarding the cost-effectiveness of this intravenous
strategy for treatment of AAT deficient related COPD, which is estimated to cost the US
$100,000 per patient per year worldwide [143]. Such deliberation has prompted the develop‐
ment of new strategies, including the use of recombinant and transgenic protein to boost the
natural antiprotease screen. A variety of systems have been employed to produce humanized
recombinant AAT including plants, yeast fungi, animals, insect cells, bacteria and mammalian
cells. One of the approaches involved expression of recombinant AAT in E. coli, but AAT
produced via this system lacked glycosylation and consequently exhibited a short half-life
within the circulation. To address this issue the presence of a single thiol residue at the surface
of AAT was exploited by researchers, who conjugated maleimido-polyethylene glycol to the
thiol group. Results revealed that site-specific conjugation with polyethylene glycol at Cys232

of nonglycosylated recombinant human AAT gave rise to active inhibitor with prolonged in
vivo stability [164]. An alternative approach included production of a secreted fully functional
AAT by the yeast Saccharomyces cerevisiae [165]. This secreted protein had high mannose-type
glycosylation [166], which was thought to give rise to an immune response in humans because
of non-human glycan residues, an adverse effect shared by active recombinant AAT protein
expressed in the insect cell baculovirus expression vector system [167]. In an attempt to over-
come the issue of glycosylation, a method of hyper glycosylation of the protein was introduced.
This was achieved by adding terminal sialic acids to the existing glycans on the human AAT
molecule. Such modification conferred increased protein half-life while maintaining the anti-
NE capacity of the protein when injected into a mouse model [168]. In a further attempt to
prepare fully glycosylated human AAT, Blanchard et al employed a human neuronal cell line
(AGE1.HN®) to produce a recombinant AAT protein which retained biological activity and
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displayed a similar glycosylation patterns to native AAT [169]. Moreover, the recombinant
AAT protein was biologically active and maintained anti-elastase activity and anti-inflamma‐
tory capacity, including modulation of TNFα production in neutrophils and monocytes [169].
In vitro testing of this protein revealed that the inhibitory effect of the recombinant AAT was
comparable to that of Prolastin, however this has yet to be confirmed in vivo. More recently,
AAT has been successfully produced and purified from the human PER.C6 cell line. The
resultant protein shares the same primary, secondary and tertiary structures and N-linked
glycosylation sites as AAT derived from human plasma and exhibits equivalent anti-NE
capacity [170, 171]. While these studies strengthen the argument for the therapeutic use of
recombinantly produced AAT, issues still remain with regards to the safety and efficacy of
protein produced in this manner.

Subsequently, it was envisaged that sources of recombinant AAT from transgenic animals
might overcome this posttranslational glycosylation challenge and fulfil the demand for mass
production of AAT. To this end rabbits [172], mice [173] and sheep transgenic for a fusion of
the ovine beta-lactoglobulin gene promoter to the human AAT genomic sequences were
generated [174]. Human AAT purified from the milk of these animals appeared to be fully N-
glycosylated and biologically active. While the use of transgenic sheep certainly tackled the
issue of cost effectiveness, 5,000kg of AAT could be produced in one year, unfortunately
however, a trial of inhaled AAT derived from sheep milk proved disappointing and observa‐
tions of a systemic antibody response in recipients to residual native sheep AAT and alpha-1
antichymotrypsin were observed [175]. Thus it is clear that transgenic preparations of AAT
will only be of therapeutic value if they are of high purity in order to avoid immunogenicity.

While enhancing production of AAT seems promising from a cost and mass production point
of view, significant challenges remain for the development of recombinant and transgenic AAT
and they cannot compete with the current source of AAT from pooled human plasma for safety
and efficacy in the treatment of AAT deficiency.

4.3. Aerosolized AAT augmentation therapy

Interest in the administration of AAT in aerosolized form has increased in recent years due to
the advantageous properties provided such as a direct route to the lungs, avoidance of systemic
deliver and a reduction in costs. Aerosolization of AAT has been shown to increase AAT levels
and to restore anti-NE capacity in lung epithelium lining fluid of both COPD and cystic fibrosis
individuals [176]. AAT administered in aerosolized form was found to positively impact upon
neutrophil mediated killing of Pseudomonas [177], possibly by preventing cleavage of neutro‐
phil complement receptors by serine proteases, a previously reported adverse effect of NE
[178] or by preventing cleavage of CXC chemokine receptor 1 (CXCR1) [179]. In addition, the
presence of increased AAT in serum post aerosolization supports the hypothesis that aug‐
mented AAT is capable of diffusing across the pulmonary interstitium after administration
[180] and affords anti-NE protection to the interstitial compartment [176]. Measurements of
the rate of transfer of AAT from the lung and of the rate of appearance of AAT in plasma
resulted in a calculated permeability of the alveolar-capillary membrane to AAT of 3.49-6.39
X 10-10 cm/s. In a canine model, levels of AAT rose to a maximum value at 48 hours after
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administration, remained elevated from 48-72 hours, and then declined slowly by 144 hours
after administration [180]. Comparable results were reported by Hubbard et al. who evaluated
aerosol administration of recombinant AAT to COPD individuals with AAT deficiency. Post
aerosolization of single doses of 10-200mg of AAT, AAT anti- NE defences in ELF were
augmented and aerosolized AAT was detectable in serum indicating that recombinant AAT
was capable of gaining access to lung interstitium [176].

Further support for the use of aerosolized AAT in treatment of COPD was provided by Griese
and colleagues who examined the effect of four weeks of plasma purified AAT inhalation on
lung function, protease–antiprotease balance and airway inflammation in patients with cystic
fibrosis [181]. The authors reported an increased concentration of aerosolized AAT accumu‐
lation in the airways. Post treatment, levels of NE activity, numbers of infiltrating neutrophils,
pro-inflammatory cytokines levels and the numbers of bacteria (P. aeruginosa) were reduced
culminating in a marked reduction in airway inflammation. In a second study by this research
group, the authors documented that the inability of neutrophils to eradicate Pseudomonas
infection despite the abundance of neutrophils in the cystic fibrosis lung was due to cleavage
of CXCR1 from the neutrophil. In vivo administration of aerosolized AAT was shown to restore
CXCR1 expression and improve the killing capacity of neutrophils as assessed by sputum
levels of P. aeruginosa, thus supporting the beneficial effects of aerosolized AAT therapy [179].
In a further study employing a mouse model of smoke induced emphysema, inhaled AAT
resulted in reductions in airspace enlargement of up to 73%. The results of this investigation
indicated that delivery of AAT directly to the lung can prevent NE mediated tissue damage.
Moreover, further evidence of the ability of aerosolised AAT to directly protect the lung tissue
from proteolytic breakdown was demonstrated as aerosolised AAT abrogated NE-induced
expression of cathepsin B and MMP-2 in BAL fluid, thus indirectly protecting key anti-
inflammatory and antimicrobial peptides including SLPI and lactoferrin from cathepsin
mediated proteolysis within the milieu of the COPD lung [36]. In terms of clinical efficacy of
aerosolised AAT, a phase III trial of inhaled Kamada AAT is currently on-going with results
on outcome measures including safety and efficacy, exacerbation frequency and progression
of emphysema to be released presently. The outcome of this study will be pivotal to shaping
the future development of aerosolised AAT augmentation therapy (NCT01217671).

4.4. Naturally occurring antiproteases elafin and SLPI as therapies for COPD

A number of studies have generated data to support the use of naturally occurring antipro‐
teases, other than AAT, as potential anti-inflammatory therapies to modulate the high level of
inflammatory within the lungs of COPD patients. Within the literature reports suggest that
serine protease inhibitors may potentially be used as a treatment option for COPD. One such
antiprotease is elafin, a small cationic protein (6kDa) which is a member of the chelonianin
family. Throughout the literature it is often referred to as skin derived anti-leukoprotease
(SKALP) due to its first identification in psoriatic epidermis [182]. More recently however, it
has been shown to be produced and released by epidermal keratinocytes [183], lung derived
epithelia [184], T-cells [185], macrophages [186] and also neutrophils [187].
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antichymotrypsin were observed [175]. Thus it is clear that transgenic preparations of AAT
will only be of therapeutic value if they are of high purity in order to avoid immunogenicity.

While enhancing production of AAT seems promising from a cost and mass production point
of view, significant challenges remain for the development of recombinant and transgenic AAT
and they cannot compete with the current source of AAT from pooled human plasma for safety
and efficacy in the treatment of AAT deficiency.
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Interest in the administration of AAT in aerosolized form has increased in recent years due to
the advantageous properties provided such as a direct route to the lungs, avoidance of systemic
deliver and a reduction in costs. Aerosolization of AAT has been shown to increase AAT levels
and to restore anti-NE capacity in lung epithelium lining fluid of both COPD and cystic fibrosis
individuals [176]. AAT administered in aerosolized form was found to positively impact upon
neutrophil mediated killing of Pseudomonas [177], possibly by preventing cleavage of neutro‐
phil complement receptors by serine proteases, a previously reported adverse effect of NE
[178] or by preventing cleavage of CXC chemokine receptor 1 (CXCR1) [179]. In addition, the
presence of increased AAT in serum post aerosolization supports the hypothesis that aug‐
mented AAT is capable of diffusing across the pulmonary interstitium after administration
[180] and affords anti-NE protection to the interstitial compartment [176]. Measurements of
the rate of transfer of AAT from the lung and of the rate of appearance of AAT in plasma
resulted in a calculated permeability of the alveolar-capillary membrane to AAT of 3.49-6.39
X 10-10 cm/s. In a canine model, levels of AAT rose to a maximum value at 48 hours after
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administration, remained elevated from 48-72 hours, and then declined slowly by 144 hours
after administration [180]. Comparable results were reported by Hubbard et al. who evaluated
aerosol administration of recombinant AAT to COPD individuals with AAT deficiency. Post
aerosolization of single doses of 10-200mg of AAT, AAT anti- NE defences in ELF were
augmented and aerosolized AAT was detectable in serum indicating that recombinant AAT
was capable of gaining access to lung interstitium [176].

Further support for the use of aerosolized AAT in treatment of COPD was provided by Griese
and colleagues who examined the effect of four weeks of plasma purified AAT inhalation on
lung function, protease–antiprotease balance and airway inflammation in patients with cystic
fibrosis [181]. The authors reported an increased concentration of aerosolized AAT accumu‐
lation in the airways. Post treatment, levels of NE activity, numbers of infiltrating neutrophils,
pro-inflammatory cytokines levels and the numbers of bacteria (P. aeruginosa) were reduced
culminating in a marked reduction in airway inflammation. In a second study by this research
group, the authors documented that the inability of neutrophils to eradicate Pseudomonas
infection despite the abundance of neutrophils in the cystic fibrosis lung was due to cleavage
of CXCR1 from the neutrophil. In vivo administration of aerosolized AAT was shown to restore
CXCR1 expression and improve the killing capacity of neutrophils as assessed by sputum
levels of P. aeruginosa, thus supporting the beneficial effects of aerosolized AAT therapy [179].
In a further study employing a mouse model of smoke induced emphysema, inhaled AAT
resulted in reductions in airspace enlargement of up to 73%. The results of this investigation
indicated that delivery of AAT directly to the lung can prevent NE mediated tissue damage.
Moreover, further evidence of the ability of aerosolised AAT to directly protect the lung tissue
from proteolytic breakdown was demonstrated as aerosolised AAT abrogated NE-induced
expression of cathepsin B and MMP-2 in BAL fluid, thus indirectly protecting key anti-
inflammatory and antimicrobial peptides including SLPI and lactoferrin from cathepsin
mediated proteolysis within the milieu of the COPD lung [36]. In terms of clinical efficacy of
aerosolised AAT, a phase III trial of inhaled Kamada AAT is currently on-going with results
on outcome measures including safety and efficacy, exacerbation frequency and progression
of emphysema to be released presently. The outcome of this study will be pivotal to shaping
the future development of aerosolised AAT augmentation therapy (NCT01217671).

4.4. Naturally occurring antiproteases elafin and SLPI as therapies for COPD

A number of studies have generated data to support the use of naturally occurring antipro‐
teases, other than AAT, as potential anti-inflammatory therapies to modulate the high level of
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antiprotease is elafin, a small cationic protein (6kDa) which is a member of the chelonianin
family. Throughout the literature it is often referred to as skin derived anti-leukoprotease
(SKALP) due to its first identification in psoriatic epidermis [182]. More recently however, it
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Elafin is a subunit derived from the precursor molecule trappin-2 which has a molecular
weight of 12.3 kDa [188]. The conversion of trappin-2 into elafin can occur by cleavage by
several proteases including cathepsin L, cathepsin K, plasmin, trypsin but the most efficient
protease at releasing elafin is tryptase [189]. The mature form of trappin-2 consists of two
domains; the first domain is unique to only trappin-2, the N-terminal cementoin domain. This
domain aids as a transglutaminase substrate which allows trappin-2 to interact and bind to
extracellular matrix proteins such as fibronectin, collagen IV, fibrinogen, laminin V, vitronec‐
tin, thus prolonging its presence within in the lung [188]. The second domain, which is present
in both trappin-2 and elafin, is the whey acidic protein (WAP) domain. The WAP domain
provides antiprotease activity with specificity against NE [18] and PR3 [17], two key proteases
that play a role in the lung pathophysiology associated with COPD [56, 190].

Several studies have demonstrated that elafin is produced under inflammatory conditions
suggesting it to be an acute phase reactant [191]. Interestingly, NE can impact on elafin
expression and it has been demonstrated that exposing human alveolar epithelial cells to NE
can result in increased protein expression and secretion of elafin [192]. Additional studies have
demonstrated that pro-inflammatory mediators such as TNFα and IL-1β increase elafin
expression in lung derived cell lines, indicating that in response to cytokine induced inflam‐
mation, epithelial cells can increase their antiprotease shield [191]. This induced increase in
elafin expression is not limited to only host derived inflammatory mediators as it has been
shown that bacterial LPS can increase elafin expression in murine airways [193] and in
macrophages from transgenic mice expressing human elafin [194].

The immuno-modulatory impact of elafin on inflammation has been established in a number
of studies and animal models. For example, Vachon and colleagues utilised a murine model
and following intranasal administration of LPS, pre-treatment with recombinant human elafin
was shown to diminish neutrophil infiltration into the airways [195]. In the same study elafin
was shown to reduce gelatinase activity, macrophage inflammatory protein-2 (MIP-2),
keratinocyte chemoattractant and significantly reduced mRNA levels of three members of the
IL-1 ligand family [195]. Conversely, in an earlier study involving a transgenic murine model
expressing human trappin-2, an increase in neutrophil recruitment to the lungs of LPS
challenged mice was observed [193]. The discrepancy between these two latter studies could
in part be due to differences in the mode of elafin administration and the murine models
employed. Of interest, the positive impact of elafin on COPD related complications such as
pulmonary hypertension has been reported [196]. Moreover, in a hypoxia associated pulmo‐
nary hypertension murine model the protease activity, muscularization of pulmonary arteries
and right ventricular pressure were reduced in transgenic mice that over expressed elafin
[197]. Indeed, both elafin and its precursor molecule trappin-2 have anti-inflammatory
properties, as evident by the inactivation of key inflammatory signalling pathways and
immune cell activity associated with COPD pathogenesis. In a study using a human myelo‐
monocytic cell line, elafin was shown to exert its anti-inflammatory effect intracellularly [198].
The mode of action involved direct impact on the ubiquitin-proteasome pathway, delaying
turnover of polyubiquitinated proteins thus affecting NFκB activation and the AP-1 pathway
leading to reduced MCP-1 expression in response to LPS [198]. Moreover, in transfection
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studies it was demonstrated that the impact of elafin on chemokine production was cell specific
[199]. Results demonstrated that elafin reduced TNFα secretion by human macrophages and
IL-8 release by human umbilical cord endothelial cells (HUVECs) in response to TNFα, LPS
and oxidized LDL, through modulation of NFκB signalling. In contrast, in the same study
transfecting an alveolar epithelial cell line with elafin had no significant effect on LPS induced
IL-8 production [199].

In addition to possessing antiprotease and anti-inflammatory properties, elafin also demon‐
strates anti-microbial properties which may prove beneficial in the treatment of infective
exacerbations in COPD patients. In a study carried out by Simpson et al., the anti-bacterial
capability of elafin was evaluated and the results demonstrated that elafin maintained
bactericidal effect against both P. aeruginosa and S. aureus [200]. This effect could in part be due
to the cationic charge of elafin which may destabilize bacterial membranes similar to classical
antimicrobial proteins [201]. Moreover, a study by Baranger et al., demonstrated that trappin-2
had antibacterial properties against other clinically important bacteria including Klebsiella
pneumoniae, Haemophilus influenzae, Streptococcus pneumoniae and Branhamella catarrhalis [202].
Furthermore, this study highlighted the novel anti-fungal effect of trappin-2 against Aspergillus
fumigatus, with the outcome of this study demonstrating the anti-microbial properties of
trappin-2 to be independent of its antiprotease property. Aside from direct activity against
microbes, trappin-2 in turn has been shown to enhance the clearance of P. aeruginosa from the
lungs of infected mice [203], an effect mediated via opsonisation of bacteria with trappin-2 for
more efficient CD14-dependent clearance by macrophages [197]. In additional studies it has
been shown that elafin can modulate inflammation associated with LPS, through inhibition of
AP-1 and NFκB activation [198], possibly by direct interaction with this microbial inflamma‐
tory mediatory [204].

These innate attributes of elafin make it an ideal candidate for a replacement therapy in
treatment of inflammatory lung diseases such as COPD which is associated with excess
protease burden and/or infection. However caution must be exercised, as like many other
endogenous protease inhibitors, elafin is susceptible to inactivation by neutrophil-derived
oxidants resulting in loss of its antiprotease activity [205]. Moreover, elafin can be cleaved by
NE [206], which is present in high concentrations in the COPD lung [207] and cleavage can
result in diminished ability of elafin to bind LPS and its capacity to be immobilized by
transglutamination [206]. A similar observation was made in regard to the P. aeruginosa derived
proteases pseudolysin and aeruginolysin which can cleave elafin thereby negatively impacting
on its biological functions [208]. Collectively, these findings suggest that within an environ‐
ment of high protease burden, as found in the COPD lung, this could have a negative impact
upon the clinical efficacy of elafin.

An additional native antiprotease that has been well documented for its potential as a therapy
for COPD is human SLPI, which was originally identified in parotid secretions [20]. Being a
member of the antileukoprotease family, SLPI shares 40% homology with elafin. A number of
cell types have been documented to produce SLPI including macrophages [186], monocytes,
neutrophils [187] and lung epithelial cells [209]. It is well accepted that SLPI is a potent inhibitor
of an array of serine proteases including NE, cathepsin G, trypsin and chymotrypsin. Similar
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to elafin, SLPI expression levels are increased post inflammatory mediator exposure; for
example TNFα and IL-1β treatment of lung epithelial cells [191]. Other host derived inflam‐
matory proteins including proteases from neutrophils (e.g. NE and defensins [184] ) can
increase and induce SLPI expression in bronchial epithelial cells. In more recent studies, aside
from host derived inflammatory mediators, bacteria have also been shown to induced SLPI
expression in macrophages by a TLR2-dependent but MyD88-independent signalling pathway
[210]. Additionally, bacterial products such as LPS can increase SLPI expression in macro‐
phages and neutrophils [211], suggesting that SLPI functions as an acute phase reactant.

SLPI exhibits an array of anti-inflammatory properties including inhibition of monocyte
production of MMPs [212, 213] which play an important pathophysiological role in tissue
remodelling and are observed to be in high abundance in COPD [95, 107, 214]. The range of
anti-inflammatory properties of SLPI includes inhibition of nitric oxide and TNFα production
in macrophages in response to LPS [215] and inhibition of IFN-γ induced cathepsin S expres‐
sion in macrophages [216]. In monocytes it has been demonstrated that SLPI can cross the
plasma membrane and enter the cell cytoplasm and nucleus [217]. Localization to these cell
compartments facilitates the ability of SLPI to inhibit degradation of key proteins that activate
NFκB and to competitively compete with p65 binding to NFκB consensus sequences thereby
preventing NFκB binding to promoter regions of inflammatory genes [217]. In a more recent
study involving neutrophils from COPD patients, the intracellular inhibitory activity of SLPI
was further expanded as it was shown that SLPI modulated calcium flux and inositol 1,4,5-
triphosphate generation thereby reducing cell migration [218] Additionally, SLPI possesses
anti-microbial capabilities against P. aeruginosa, S. aureus, S. epidermidis, E. coli and S. aureus
[219, 220]. SLPI’s antifungal properties have been observed against A. fumigatus and Candida
albicans [221] and in this latter study SLPIs fungicidal and fungistatic activity were shown
comparable to that of human defensins and lysozyme.

Despite the potential advantages, delivery of SLPI to the lungs has proven unimpressive [222].
Aerosolisation of recombinant SLPI (100mg) twice daily to individuals with cystic fibrosis was
associated with reduced NE activity on the respiratory epithelial surface, as well a reduction
in the level of IL-8 and neutrophil numbers [223]. However, a greater concentration of
recombinant SLPI compared to AAT is required to suppress NE activity in individuals with
lung disease. Furthermore accumulation of recombinant SLPI on respiratory epithelial
surfaces does not occur and SLPI does not penetrate significantly into the interstitium
following aerosolization. Further drawbacks include the fact that most of the anti-NE effects
are gone within 12 hours of administration. Reasons for this latter phenomenon have been
proposed and may be due to uptake of SLPI by epithelial cells and macrophages, and/or
binding of recombinant SLPI to molecules in the interstitium after passing through the
epithelium [222, 224].

More recently, it has also been shown that SLPI is vulnerable to degradation and inactivation
by cysteinyl cathepins [225] and NE [21], and thus the utilization of SLPI as effective therapy
for COPD presents some challenges. One approach to this challenge is delivery of recombinant
SLPI via a liposomal carrier which protects the activity of SLPI against cathepsin L mediated
degradation, whilst having no adverse effect on SLPI access to intracellular sites of action in
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vitro [226]. Alternatively, co-treatment of SLPI with surfactant protein A has been proposed,
which aids in the preservation of SLPI and protects it from cleavage by matrix metalloproteases
[227].

4.5. Synthetic and semi-synthetic engineered protease inhibitors as alternative therapies for
COPD

In  a  COPD  animal  model,  ADAM-17  (a  membrane  bound  MMP)  has  been  shown  to
contribute to progression of COPD lung disease through activation of TNFα [228]. Recent
studies have demonstrated that AAT, a natural serine protease inhibitor,  also acts as an
ADAM-17  inhibitor  thereby  regulating  soluble  immune  complex  induced  neutrophil
chemotaxis  [148]  and  TNFα  production  in  lung  endothelial  cells  [229].  However,  other
therapeutic  options  for  the  modulation  of  inflammation  associated  with  excessive  pro‐
tease  activity  is  the  use  of  synthetic  or  semi  synthetic  protease  inhibitors.  These  mole‐
cules, for example the non-peptide inhibitor ONO-5046 or sivelestat, offer better accessibility
into the lung milieu due to their reduced size. Sivelestat is a specific inhibitor of NE and
in  LPS  animal  studies  was  shown  to  significantly  reduce  the  number  of  infiltrating
neutrophils and elastase activity levels, thereby decreasing lung tissue damage [230-232].
Moreover, sivelestat has been reported to reduce neutrophil-mediated endothelial cell injury
by inactivating extracellular elastase and by suppressing release of this serine protease by
neutrophils [231]. A recent study demonstrated the ability of sivelestat to inhibit bleomy‐
cin  induced  pulmonary  fibrosis  and  apoptosis  in  human  epithelial  cells  [233].  The  au‐
thors of this study also verified that sivelestat  reduced pulmonary neutrophil  counts by
decreasing BAL fluid levels of cytokine-induced neutrophil chemoattractant (CINC)-1. So
far there have been no in vitro or in vivo investigations on the potential use of sivelestat in
COPD, but studies involving other pulmonary conditions including post-cardiopulmona‐
ry bypass lung injury [234], acute lung injury with sepsis [235] and adult respiratory distress
syndrome [236] have shown some therapeutic success with this synthetic inhibitor. To date,
Japan has been the only country to approve sivelestat for the above conditions [237].

An alternative synthetic inhibitor that has been utilized in several studies is the cyclic thiol
compound MR889. This synthetic inhibitor demonstrated inhibition against several serine
proteases in vitro and in sputum from patients with chronic bronchitis [238]. When used in
clinical studies however, although MR889 was considered safe for COPD patients, the results
demonstrated that there was no significant reduction in the level of biomarkers of lung disease
except for a small subset of individuals who had a short disease duration [239]. Other synthetic
elastase inhibitors such as ZD0892 and FR134043 have been shown to reduce lung inflamma‐
tion associated with cigarette smoke [240, 241] or NE [242] in animal models and in cultured
cells [243]. ZD0892 was shown not to exert an adverse effect on neutrophil function including
uptake and killing of S. aureus, but use of this compound in clinical studies in humans has not
been documented.

More recently, the synthetic selective inhibitor of elastase, AZD9668, has attracted a lot of
attention and was shown to have significant impact on NE activity in vitro [244]. In rodent
models, AZD9668 was shown to prevent NE-induced lung injury, cigarette smoke induced
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inflammatory responses, airspace enlargement and small airways remodelling [244]. Despite
these positive findings however, results of a recent clinical trial involving AZD9668, queried
the efficiency of this inhibitor in COPD patients as no significant change in lung function and
clinical measurements was observed [245]. Although these later results suggest that targeting
NE activity alone may not be an effective treatment option in COPD, a subsequent smaller
study indicated the potential clinical efficacy of AZD9668 in the treatment of bronchiectasis
[246].

Aside from serine proteases, and as already mentioned, MMPs also play a key role in the
development of COPD. TIMPs are endogenous MMP inhibitors and in COPD, MMP activity
levels associated with lung disease are not counteracted by TIMPs [247]. To date no native
TIMPs have been used as potential therapeutics, but synthetic and selective MMP inhibits have
been well documented. The orally administered MMP-9 and MMP-12 inhibitor AZD1236 was
well tolerated by patients in two separate clinical trials but overall it was deemed to have no
effect on clinical parameters [248] or disease related biomarkers in COPD patients [249]. In a
recent study by Wu et al., several potential MMP-12 inhibitors were analysed in vivo, with one
specific inhibitor, Compound 26, modulating cell infiltration into the lungs of mice with
MMP-12 induced inflammation [250]. Similar findings were observed for a second MMP-12
inhibitor, Compound 14 [251]. An additional in vivo study involved the use of the broad
spectrum MMP inhibitor RS113456, which possessed comparable anti-inflammatory proper‐
ties to AAT [252]. In the latter study the authors noted multi-facetted attributes of RS113456,
whereby this MMP inhibitor reduced neutrophil influx, modulated NFκB activity and reduced
MCP-1 and MIP-2 expression in the short term [252].

Other synthetic MMP inhibitors evaluated in cigarette smoke induced models of COPD have
shown significant reductions in lung macrophage numbers [126], neutrophilia [253, 254],
elastase/ MMP levels [254], air space enlargement [126, 254] and inflammatory markers [90,
126]. To date the benefits of MMP inhibitors has only been assessed in animal models and their
successful use as therapeutics for treatment of COPD in humans has not been reported. Thus
caution needs to be exercised due to the potential for tumour growth promotion as a result of
inhibition of angiogenesis factors [255].

An alternative to synthetic inhibitors is the production of semi-synthetic protease inhibitors.
These agents are created through the chemical modification of naturally occurring protease
inhibitors. One such semi-synthetic inhibitor is the engineered protein inhibitor of human NE
(EPI-HNE-4) which is derived from the Kunitz type domain from the naturally occurring inter
α inhibitor. EPI-HNE-4 has been shown resistant to degradation by both human and bacterial
MMPs and its antiprotease activity was reported impervious to oxidative inhibition [256].
Further studies involving the use of a rat model and sputum from cystic fibrosis patients
demonstrated the anti-NE capacity of EPI-HNE-4 along with its ability to decrease neutrophil
migration towards the bacterial peptide N-formyl-L-methionyl-L-leucyl-phenylalanine [257].
Subsequently however, contrary data on the immuno-regulatory effects of this inhibitor have
been documented as Honoré et al., demonstrated that EPI-HNE-4 had little effect on neutrophil
migration or impact on bacterial clearance in a P. aeruginosa model of pneumonia [258].
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Within this expanding field of potential antiprotease therapies lies the development of novel
chimeras that are active against NE, PR3 and CathG. A study by Zani et al., reported on the
development of a chimera consisting of domains from both elafin and SLPI and a trappin-2
variant (A62L) [259]. The authors demonstrated that both A62L and the elafin-SLPI chimera
retained their polypotent inhibition of protease activity while covalently cross-linked to
fibronectin or elastin by a tissue transglutaminase, in a similar fashion to wild-type elafin and
trappin-2 [188]. A recent extensive study on A62L in an epithelial cell line demonstrated that
this engineered trappin-2 molecule prevented neutrophil and protease induced epithelial cell
injury by inhibiting cell detachment, tight junction disruption and ultimately reducing
apoptosis [260]. Although the preliminary data has been generated for these engineered
antiproteases, overall their effect on the inflammatory status and clinical parameters in COPD
patients remains to be investigated.

5. Conclusion

Extensive studies have been performed to extend our knowledge of the involvement of
proteases in respiratory manifestations of COPD, the outcome of which has served to illustrate
the multifactorial complexity of the disease (Figure 2). Nevertheless, this clinical and scientific
knowledge has advanced the design of both fundamental and novel therapeutic strategies,
directed at relieving the protease burden associated with this disorder (Table 2). There have
been major advances in the evaluation of AAT augmentation therapy in the treatment of the
lung disease associated with AAT deficiency with newer focus on aerosolization approaches.
These studies will inevitably show within the next number of years whether this approach
works clinically. No single treatment that effectively prevents activity of the broad spectrum
of proteases present in the airways is available as yet. Such pharmacological approaches
including the development of antiprotease chimeras would essentially correct lung disease
processes and conceivably exert anti-inflammatory effects. However, this would require a
more complete understanding of the mechanism of disease and of the action of presently
accessible and newly discovered drugs.
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Protease Role in COPD pathogenesis Inhibitors and

inactivators

Clinical trials and evidence for

antiproteases as therapeutics

Induces IL-8 expression in

bronchial epithelial cells

Upregulates TGF-β in airway

smooth muscle

Impairs T-cell function

Induces macrophage

production of cathepsin B and

MMP-2

Induces expression of MUC5AC

leading to hypersecretion of

mucus.

Decreases ciliary beat

frequency of bronchial

epithelial cells

Sivelestat (synthetic non-

peptide inhibitor)

MR889 (synthetic cyclic

thiol compound)

ZD0892 (synthetic elastase

inhibitor)

FR134043 (synthetic

elastase inhibitor)

AZD9668 (synthetic

selective elastase inhibitor)

Attenuates loss of lung density

Clinical effects of aerosolized

AAT:

Restores anti-NE capacity (176,

177)

Improved neutrophil killing of

P. aeruginosa (179)

Outcome of phase III clinical trial

pending (NCT 0217671)

SLPI – Reduced NE activity and

reduced IL-8 levels in CF patients

(223)

Sivelestat – Reduced number of

neutrophils in BAL.

Has shown therapeutic benefit in

acute lung injury and ARDS, but

no trials in COPD to date

(230-232, 235, 236)

MR889 – Safe but no significant

reduction in the level of

biomarkers of lung disease in

COPD patients (239)

ZD0892 & FR134043 – Reduce

cigarette induced lung

inflammation, but no human

trials to date (240,2410)

AZD9668 – Decreased NE activity

in vitro (244)

No change in clinical parameters

in COPD (245)

Proteinase-3 (PR3) Elastolysis/destruction of

extracellular matrix proteins

including elastin, collagens,

fibronectin, proteoglycans &

laminin. Less destructive than

NE

Pro-inflammatory, activates

TNFα and IL-1β

Hypersecretion of mucus

Cellular apoptosis

Alpha-1 antitrypsin (AAT) See above for clinical effects of

AAT therapy in AATD and COPD
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protease inhibitor (SLPI)

See above for clinical effects of

AAT therapy in AATD and COPD

Other Cathepsins

(Cathepsin B, D, H,

K, L and S)

Parenchymal destruction and

emphysema development

Proteolytic degradation of

beta-defensins thus impairing

bacterial killing

Induce airway inflammation

Cystatins are a group of

endogenous reversible,

tight-binding competitive

cysteine protease inhibitors

for

cathepsins B, H, and L.

SLPI inhibits cathepsin S

expression in macrophages

Matrix

Metalloprotease-12

(MMP-12)

Degradation of collagen and

elastin

Monocyte recruitment

Activates TNFα

Induces IL-8 production

Can degrade AAT
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metalloproteases (TIMP)

Secretory leucocyte

protease inhibitor (SLPI)

AZD1236 (synthetic

inhibitor of MMP-12 and

MMP-9)

Compound 26 (synthetic

compound)

Compound 14 (synthetic

compound)

RS113456 (synthetic

MMP-12 inhibitor)

SLPI – Anti-inflammatory

properties and specifically

inhibits monocyte production of

MMPs (212, 213)

AZD1236 – Well tolerated in

COPD but not effect on clinical

parameters (248,249)

Compound 26, Compound 14,

RS113456 – Reduced

neutrophilic inflammation but

no human trial data (250-252)

Matrix

Metalloprotease-1

(MMP-1)

Degradation of collagens,

elastin, gelatin, pro-MMP9,

pro-MMP13

TACE (TNFα converting
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(MMP-2, MMP-8,

MMP 10, MMP-13)

Degradation of collagens,

gelatin, pro-MMP9, pro-

MMP13

TACE (TNFα converting

enzyme) like activity

Tissue inhibitors of

metalloproteases (TIMP)
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Protease Role in COPD pathogenesis Inhibitors and

inactivators

Clinical trials and evidence for

antiproteases as therapeutics

Degradation of collagens,

elastin, gelatin and fibronectin

Tissue inhibitors of

metalloproteases (TIMP)

Table 2. Summary table listing the various proteases, their targets, their inhibitor/inactivators, and clinical trials.

Figure 2. The effect of protease activity on the pathophysiology of COPD. A diagramatic illustration of the pri‐
mary effects of excessive protease activity on inflammation in COPD. The effects include activation of signalling path‐
ways and proteases, to cleavage and degradation of matrix proteins and antiproteases. The secondary effect of the
excessive protease burden in the COPD lung can result in tissue destruction/ remodelling and excessive cytokine and
mucin production. Consequenrly proteases play a key role in emphysema, neutrophil influx, inflammation, mucus pro‐
duction and infection. As shown by the red lines, antiprotease therapy (AAT, SLPI and elafin) can impact on several
aspects of this complex and intertwined pathway and potentially modulate disease progression.
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1. Introduction

Chronic obstructive pulmonary diseasese (COPD) is the fourth leading cause of mortality and
its prevalence continues to increase. While the debilitating effects of COPD on daytime
functioning are well known, COPD’s effects on sleep have been less fully investigated. Sleep
problems affect as many as 50% of patients with COPD. The mild hypoventilation that is
physiologically observed during sleep is heightened in this patient group and is often accom‐
panied by ventilation/perfusion mismatch. Significant hypoxemia ensues that is often accom‐
panied by hypercapnia. These gas exchange abnormalities (particularly nocturnal oxygen
desaturation, NOD) place COPD patients at increased risk of pulmonary hypertension,
arrhythmias, and possibly cardiovascular death. Approximately 50% of COPD patients with
mild daytime hypoxaemia experience NOD which suggests that NOD may be a frequent
occurrence with devastating consequences in individuals with COPD.

The increased prevalence of obesity worldwide is associated with a subsequent increase in the
occurrence of sleep disordered breathing, particularly obstructive sleep apnea (OSA). The co-
existence of OSA and COPD, known as the overlap syndrome, has been estimated to occur in
1% of the general population. The presence of one of the disorders, however, potentiates the
occurrence of the other by more than 10%. Overlap patients are a unique group of COPD
patients who experience complex sleep disordered breathing, with nocturnal hypoxaemia and
hypercapnia that is often disproportionately worse than their ventilatory impairments,
pulmonary hypertension, and significant cardiovascular comorbidity. Evidence of systemic

© 2014 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,
distribution, and reproduction in any medium, provided the original work is properly cited.



disease (COPD): discovery of (S)-2-(8-(methoxycarbonylamino)dibenzo[b,d] furan-3-
sulfonamido)-3-methylbutanoic acid (MMP408). J Med Chem. 2009;52(7):1799-802.
Epub 2009/03/13.

[252] Churg A, Dai J, Zay K, Karsan A, Hendricks R, Yee C, et al. Alpha-1-antitrypsin and
a broad spectrum metalloprotease inhibitor, RS113456, have similar acute anti-in‐
flammatory effects. Lab Invest. 2001;81(8):1119-31. Epub 2001/08/15.

[253] Morris A, Kinnear G, Wan WY, Wyss D, Bahra P, Stevenson CS. Comparison of ciga‐
rette smoke-induced acute inflammation in multiple strains of mice and the effect of
a matrix metalloproteinase inhibitor on these responses. J Pharmacol Exp Ther.
2008;327(3):851-62. Epub 2008/09/23.

[254] Pemberton PA, Cantwell JS, Kim KM, Sundin DJ, Kobayashi D, Fink JB, et al. An in‐
haled matrix metalloprotease inhibitor prevents cigarette smoke-induced emphyse‐
ma in the mouse. COPD. 2005;2(3):303-10. Epub 2006/12/07.

[255] Gross NJ. Novel antiinflammatory therapies for COPD. Chest. 2012;142(5):1300-7.
Epub 2012/11/08.

[256] Attucci S, Gauthier A, Korkmaz B, Delepine P, Martino MF, Saudubray F, et al. EPI-
hNE4, a proteolysis-resistant inhibitor of human neutrophil elastase and potential
anti-inflammatory drug for treating cystic fibrosis. J Pharmacol Exp Ther.
2006;318(2):803-9. Epub 2006/04/22.

[257] Delacourt C, Herigault S, Delclaux C, Poncin A, Levame M, Harf A, et al. Protection
against acute lung injury by intravenous or intratracheal pretreatment with EPI-
HNE-4, a new potent neutrophil elastase inhibitor. Am J Respir Cell Mol Biol.
2002;26(3):290-7. Epub 2002/02/28.

[258] Honore S, Attalah HL, Azoulay E, Soussy CJ, Saudubray F, Harf A, et al. Beneficial
effect of an inhibitor of leukocyte elastase (EPI-hNE-4) in presence of repeated lung
injuries. Shock. 2004;22(2):131-6. Epub 2004/07/17.

[259] Zani ML, Baranger K, Guyot N, Dallet-Choisy S, Moreau T. Protease inhibitors de‐
rived from elafin and SLPI and engineered to have enhanced specificity towards neu‐
trophil serine proteases. Protein Sci. 2009;18(3):579-94. Epub 2009/02/26.

[260] Tanga A, Saidi A, Jourdan ML, Dallet-Choisy S, Zani ML, Moreau T. Protection of
lung epithelial cells from protease-mediated injury by trappin-2 A62L, an engineered
inhibitor of neutrophil serine proteases. Biochem Pharmacol. 2012;83(12):1663-73.
Epub 2012/04/03.

COPD Clinical Perspectives116

Chapter 5

Sleep and Chronic Obstructive Pulmonary Disease – the
Role of Oxidative Stress in Overlap Syndrome

Radostina Vlaeva Cherneva,
Ognian Borisov Georgiev,
Daniela Stoichkova Petrova, Emil Ivanov Manov and
Julia Ivanova Petrova

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57220

1. Introduction

Chronic obstructive pulmonary diseasese (COPD) is the fourth leading cause of mortality and
its prevalence continues to increase. While the debilitating effects of COPD on daytime
functioning are well known, COPD’s effects on sleep have been less fully investigated. Sleep
problems affect as many as 50% of patients with COPD. The mild hypoventilation that is
physiologically observed during sleep is heightened in this patient group and is often accom‐
panied by ventilation/perfusion mismatch. Significant hypoxemia ensues that is often accom‐
panied by hypercapnia. These gas exchange abnormalities (particularly nocturnal oxygen
desaturation, NOD) place COPD patients at increased risk of pulmonary hypertension,
arrhythmias, and possibly cardiovascular death. Approximately 50% of COPD patients with
mild daytime hypoxaemia experience NOD which suggests that NOD may be a frequent
occurrence with devastating consequences in individuals with COPD.

The increased prevalence of obesity worldwide is associated with a subsequent increase in the
occurrence of sleep disordered breathing, particularly obstructive sleep apnea (OSA). The co-
existence of OSA and COPD, known as the overlap syndrome, has been estimated to occur in
1% of the general population. The presence of one of the disorders, however, potentiates the
occurrence of the other by more than 10%. Overlap patients are a unique group of COPD
patients who experience complex sleep disordered breathing, with nocturnal hypoxaemia and
hypercapnia that is often disproportionately worse than their ventilatory impairments,
pulmonary hypertension, and significant cardiovascular comorbidity. Evidence of systemic

© 2014 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,
distribution, and reproduction in any medium, provided the original work is properly cited.



inflammation and oxidative stress in both COPD and OSA provides a common pathophysio‐
logic link between these disorders which may predispose these individuals to increased
cardiovascular morbidity and mortality. Further studies of the overlap syndrome are required
to provide information on the additive and/or synergistic effects of these disorders at the
molecular, physiological, and clinical level. Current, ongoing, long-term studies will provide
information on the clinical consequences of the overlap syndrome, especially regarding
cardiovascular mortality.

Despite the lack of understanding of the pathophysiologic processes mediating the develop‐
ment and effects of the overlap syndrome, treatment with continuous positive airway pressure
(CPAP) reduces hypoxaemia, pulmonary and systemic hypertension, and improves survival.
Furthermore, CPAP reduces exacerbations and lung decline in patients with the overlap
syndrome.

Thus, a more aggressive approach in diagnosing OSA in COPD patients is strongly recom‐
mended. This chapter will acquaint you with the physiology of breathing in normal subjects
and those with COPD, OSA, and overlap syndrome. We will review the effects of these
disorders on sleep quality, gas exchange, and cardiovascular comorbidity. The current
diagnostic and treatment options will be introduced. The role of oxidative stress in cardiovas‐
cular and metabolic comorbidity in OSA and overlap will also be discussed from our research
perspective. The effect of bilevel positive pressure ventilation for one month on sleep quality,
gas exchange, and ventilatory parameters, insulin resistance, and oxidative stress in overlap
syndrome will also be reviewed.

2. Sleep and ventilation

2.1. Sleep and ventilation in normal physiology

Based upon the electroencephalographic characteristics, sleep can be divided into non-rapid
eye movement sleep (NREM) and rapid eye movement sleep (REM) which have unique
physiological characteristics. The four stages of NREM sleep are categorized by the presence
of sleep spindles, K-complexes, and distinctive electro-occulogram and electromyogram
findings. REM sleep is characterized by bursts of rapid eye movement, muscle atonia, and
shallow and irregular breathing. It is subdivided into two periods: tonic and phasic. Four to
five cycles of recurring NREM and REM episodes occur throughout the night. The duration
of REM sleep increases during the night, being longest in the last part of nocturnal sleep. Sleep
profoundly affects breathing by altering respiratory drive, minute ventilation, and ventilation/
perfusion matching.

2.1.1. Respiratory drive

The physiological mechanisms of breathing during sleep are similar to those in wakefulness
except for the fact that feedback mechanisms are blunted. This dampening effect is mostly
attributed to the slight decrease in the metabolic rate during sleep which attenuates the
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response to mechanical, cortical, and metabolic stimuli [1,2]. The ventilatory and arousal
responses to hypercapnia are much more robust than for hypoxia, with only slight changes in
PaCO2 causing recognizable alterations of minute ventilation [3]. However, under normal
conditions in sleep and especially during periods of REM, the responses to hypoxaemia and
hypercapnia are blunted in comparison to wakefulness. The diminished ventilatory responses
to hypercapnia and hypoxia are more profound during REM compared with NREM sleep [1,
4]. These attenuated feedback mechanisms stress the respiratory system which in individuals
with COPD is already deranged and dysfunctional. The combinations of sleep disordered
breathing, impaired respiratory function, and dampened feedback interactions may cause
significant reductions in minute ventilation and precipitate respiratory failure

2.1.2. Minute ventilation

Compared to wakefulness, minute ventilation decreases during NREM sleep and declines even
further during REM sleep when minute ventilation may be 15% less than occurs during
wakefulness. The minute ventilation decrease is caused by a reduction in tidal volume due to
muscle atonia and cephaloid displacement of the diaphragm that is not fully compensated by
an increase in respiratory frequency [5]. The consequence is sleep related hypoventilation
which causes a significant reduction (2-8 mmHg) in the partial pressure of oxygen in arterial
blood (PaO2) and an increase in the partial pressure of carbon dioxide (3-10mmHg) in arterial
blood (PaCO2) [6]. The decreased muscle tone during sleep increases respiratory resistance
and the inability to compensate for these changes probably contributes to attenuated physio‐
logic responses [7]. During NREM sleep, the phasic electromyographic activity of the genio‐
glossus and geniohyoid muscles is well-maintained [8], but tonic activity of upper airway
dilator muscles decreases [9]. During REM sleep, breathing is shallow and irregular and upper
airway resistance increases due to full skeletal-muscle atonia [10].

2.1.3. Ventilation-perfusion mismatch

During NREM sleep, lung volume decreases leading to a reduction in the functional residual
capacity (FRC) [11]. Reduction in lung compliance and reduced respiratory muscle tone, have
been suggested as potential causal factors in the reduction in FRC [12]. It has been hypothesized
that reduced FRC during sleep may contribute to the airway closure, causing ventilation–
perfusion mismatch and, thus, contributing to the small changes in arterial oxygen saturation
especially during REM sleep [13].

2.2. Sleep and ventilation in COPD patients

The control of breathing in patients with COPD follows the same basic principles as in normal
subjects. The lower baseline oxygenation and abnormal respiratory mechanics in patients with
COPD become clinically important when combined with the normal physiologic alterations
in ventilatory control and respiratory muscle tone that occur during sleep. In COPD patients,
the more profound decrease in oxygen saturation during sleep is mainly attributed to the lower
PaO2 during wakefulness. This PaO2 level is on a steeper section of the O2 dissociation curve;
thus, a slight decline in oxygenation leads to a more profound reduction in oxygen saturation.
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Thus, nocturnal oxygen desaturation (NOD) is the most significant sleep abnormality associ‐
ated with COPD [14,15]. Even without any upper-airway contribution, various studies have
reported that 27–70% of patients with COPD with awake oxygen saturation levels of 90 –95%
can experience substantial desaturation at night, particularly during REM sleep [16-18].

2.2.1. Definition of NOD

The definition of NOD varies depending on various studies. At least three different definitions
have been used: 1) Mean nocturnal oxygen saturation (SaO2) < 90%; 2.) SaO2 < 90% for more
than 30% of recording time (total time in bed); 3) SaO2 < 90% for more than 5 minutes of
recording time with a nadir <=85%. Most studies use either definition 2 or 3 [19]. Similarly, the
definition for the amount of desaturation dip is not universal. Wynee and colleagues [20]
defined a desaturation dip by a fall in SaO2 by more than 4% from baseline during quiet
breathing just before the episode of hypoxemia. Flenley’s group [6,21] defined a dip as a 10%
or greater drop in SaO2.

The nocturnal oxygen desaturation in COPD patients presents specific characteristics. It takes
place at the end of the night during REM sleep [22] and may be variable from one night to the
other, especially in patients with moderate-to-severe COPD [23]. The desaturations are
significantly related to daytime hypoxaemia and hypercapnia [24]-the more pronounced
daytime hypoxaemia and hypercapnia, the more severe nocturnal desaturation [25].

2.2.2. Mechanisms of NOD

Flenley [25] identified three mechanisms that might contribute to nocturnal oxygen desatura‐
tion: 1) alveolar hypoventilation; 2) decreased ventilation/perfusion matching; 3) decreased
end-expiratory lung volume. Subsequent research confirmed much of his hypothesis. The
description of sleep disordered breathing, particularly, obstructive sleep apnea, led to the
introduction of the overlap syndrome in 1985 as an independent phenomenon in COPD
patients [25].

2.2.2.1. Alveolar Hypoventilation

Alveolar hypoventilation plays a significant role in NOD, especially during REM sleep. The
exact mechanism causing alveolar hypoventilation in COPD patients is arguable. This may be
due to the type of measurements performed, the stage of sleep (REM vs. NREM), and the status
of subjects-normocapnic or hypercapnic COPD patients. Becker et al [5] observed a drop in
minute ventilation of 16% and 32% during non-REM and REM sleep, respectively. This
reduction was predominantly due to a decrease in tidal volume measured by a pneumota‐
chograph. The greater drop in minute ventilation in subjects with COPD may reflect increased
dependence on accessory muscles that become hypotonic during sleep, particularly during
REM sleep, as well as the presence of blunted chemical respiratory drive. Ballard and cow‐
orkers [10] showed a decrease in minute ventilation in COPD patients which was associated
with an increase in upper airway resistance as well as a decrease in neuromuscular output to
the respiratory muscles rather than a decrease in lung volumes. O’Donoghue et al [26] noted
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a decline in minute ventilation in NREM sleep in hypercapnic COPD patients due to a decrease
in tidal volume and an increase in upper airway resistance. Although the exact mechanism is
unknown, current evidence suggests that alveolar hypoventilation during sleep contributes to
NOD in COPD patients.

2.2.2.2. Ventilation-perfusion (V/Q) mismatch

V/Q mismatch has not been directly measured during sleep. However, for a mild and similar
increase in PaCO2 (and thereby alveolar hypoventilation), some COPD patients had more
significant decreases in nocturnal PaO2 than others, suggesting a role for V/Q mismatch as a
mechanism for NOD [24]. This may be due to reduced lung volumes (particularly functional
residual capacity-FRC) caused by declines in respiratory muscle tone leading to atelectasis at
the lung bases. It is likely that in COPD patients, especially during REM, the ventilation/
perfusion mismatch may be due to the dissociation between intercostal and diaphragmatic
activity on one hand [22] and the cephaloid displacement of the diaphragm and decreased
FRC on the other [27].

2.2.2.3. Impact of oxyhemoglobin dissociation curve

Hypoxaemic patients at baseline are more likely to drop their SaO2 with hypoventilation
during sleep, compared to normoxic patients due to the effect of the oxyhemoglobin dissoci‐
ation curve [22]. Mild decreases in oxygenation change the location on the oxygen-hemoglobin
dissociation curve from the plateau to the edge of the slope where a slight decrease in oxy‐
genation will cause a profound decline in oxygen saturation. This effect is not an independent
mechanism but contributes to the NOD in collaboration with other factors.

2.2.2.4. Obstructive sleep apnea (Overlap syndrome)

Patients with coexisting obstructive sleep apnea (overlap syndrome) may be hypoxaemic at
the commencement of an apnea and thus are more likely to desaturate compared to patients
with only OSA who may be able to recover to a normal SaO2 after the apneic episode. Overlap
syndrome and its mechanisms and consequences will be discussed in detail.

2.2.3. Consequences of NOD

Potential consequences of NOD are mainly related to cardiovascular mortality and morbidity
and affect pulmonary haemodynamics mainly.

2.2.3.1. Pulmonary hypertension

Alveolar hypoxemia is the major mechanism that triggers pulmonary arterial vasoconstriction
and leads to pulmonary hypertension [28]. In a study of 12 patients with COPD, an acute
increase in pulmonary artery pressure was noted in all sleep stages, most significantly in REM.
The increase corresponded much more to the decrease in PaO2 compared to the rise in
PaCO2 [29]. Although highly persuasive, there is still not enough evidence for a causational
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link between sleep oxygen desaturation episodes and the development of pulmonary hyper‐
tension in COPD patients.

Pulmonary haemodynamic studies during sleep in COPD patients have been scarce as the
invasive nature of their investigation is not compatible with normal sleep [30]. Moreover
almost all of them are in severe COPD patients with daytime hypoxaemia, marked nocturnal
hypoxaemia, and daytime pulmonary hypertension (pulmonary artery pressure (PAP) > 20
mm Hg) [31-33]. Nocturnal elevation of PAP appears to correlate with NOD in this patient
population [33]. Whether this correlation stays true in patients with mild and moderate COPD
with less diurnal hypoxaemia is elusive.

In patients with mild and moderate COPD, studies on the relationship between pulmonary
hypertension and NOD are not conclusive and their interpretation depends on the type of
definition used for NOD, as well as the amount of decrease in PaO2 [34,35,36]. Fletcher et al [34]
studied 36 COPD patients who had daytime PaO2 > 60 mm Hg and NOD during REM sleep
(a drop in SaO2 < 90% for 5 minutes or more and a nadir of at least 85%). They measured an
increase in systolic and mean pulmonary artery pressures, as well as pulmonary vascular
resistance. In forty COPD patients with a daytime PaO2 of 60-70 mm Hg, Levi-Valensi et al [35]
detected higher mean pulmonary artery pressures in those individuals with NOD compared
with those who did not have NOD (defined as SaO2 < 90% for > 30% of total time in bed (TIB)).
In a larger group of 66 COPD patients with a daytime PaO2 >60 mm Hg, Chaouat et al [16]
found no difference in the mean pulmonary artery pressure measured by right heart cathe‐
terization. NOD was defined by the same criteria used by Levi-Valensi.

In conclusion, acute nocturnal oxygen desaturation is associated with increases in both
systemic and pulmonary blood pressures [34]. It is very likely that the repetitive, transient
nocturnal oxygen desaturations that appear in some COPD patients can cause pulmonary
hypertension [37]. Which patients are more likely to be affected by NOD and what clinical
factors predict the hemodynamic effects of NOD are unknown. It is, however, generally
assumed that patients with COPD and daytime normoxia who have only nocturnal oxygen
desaturation generally do not develop substantial pulmonary hypertension. This assumption
is supported by the lack of efficacy of nocturnal supplemental oxygen in treatment trials in
this patient population [38]

2.2.3.2. Cardiac arrhythmias

Various arrhythmias are reported during episodes of nocturnal desaturation [4]. These
consequences might explain why nocturnal oxygen desaturation is a marker of increased
mortality and why COPD patients are reported to die more frequently at night than expected
[39]. Though some studies have shown increased frequency of premature supraventricular
and ventricular contractions (PVC) during sleep in COPD patients, overall there appears to be
no correlation between PVC’s and nocturnal SaO2 [40,41].
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2.2.3.4. Polycythemia

Daytime hypoxaemia in COPD patients is a well known cause of polycythemia. However,
NOD without daytime hypoxaemia has not been associated with polycythemia [35,42]. In
addition, there is no clear evidence that erythropoetin is increased in COPD patients with
primary NOD [43].

2.2.3.5. Sleep quality

NOD can also affect sleep quality. Arousals may be related to episodes of desaturation [44]
and, consistent with this observation, some (but not all) studies have shown that supplemental
oxygen improves sleep quality [6].

2.2.3.6. Mortality

While some COPD patients die due to respiratory failure, they more frequently die from
cardiovascular disease or malignancy [45]. There is some evidence that these deaths occur
predominantly at night. McNicholas reported that patients admitted to the hospital with
chronic bronchitis or emphysema were more likely to die at night than other hospital patients.
Deaths occurred more frequently among so called “blue-bloaters” [39]. Although these data
relate to patients with daytime hypoxaemia, the effect of NOD on survival of COPD patients
without significant daytime hypoxemia is not well established. Fletcher et al [34] performed a
retrospective study in 169 COPD patients without daytime hypoxemia. NOD was define‐
deither as a drop in SaO2 below 90% for 5 or more minutes reaching a nadir of 85% or as
SaO2 <90% for > 30% of TIB. Although patients with NOD had improved survival compared
to the non-NOD group, correcting NOD has not shown to improve survival. In 97 COPD
patients, Connaughton et al [46] found no survival advantage when they followed them for a
median of 70 months, performing nocturnal SaO2 measurement.

Comorbid OSA was recently reported to increase mortality in patients with COPD. Marin et
al, published outcome data on patients with COPD and patients with the overlap syndrome,
both with and without CPAP treatment [47]. Subjects were initially screened because of a
clinical suspicion of sleep-disordered breathing. Then, a diagnostic polysomnogram and
spirometry were performed. After a median follow-up of over 9 years, all-cause mortality was
higher in the untreated (without CPAP) overlap group (42.2%) than in the COPD-only group
(24.2%). Even after adjustment for COPD severity, comorbid OSA remained a risk factor for
death. In this study, death in the untreated overlap group was most commonly attributed to
cardiovascular disease. In the overlap group, OSA contributed to an increased incidence of
COPD exacerbations, which may accelerate lung-function decline and, hence, augment
mortality [48,49]

The exact mechanism(s) for the increased mortality risk in overlap syndrome is not established.
Increased risk of death may be due to more prolonged hypoxia. Nighttime hypercapnia may
also be important. The systemic consequences of both COPD and OSA should also be consid‐
ered. They both cause inflammation and oxidative stress. Whether these mechanisms are
additive or synergistic is, however, unknown.
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3. Sleep quality in copd

3.1. Characteristics of sleep disturbances

Insomnia and other sleep problems are increased in patients with COPD [44]. Elderly COPD
patients experience more morning tiredness and early awakenings [50]. The most commonly
reported sleep disturbances are insomnia, poor sleep maintenance, early morning awakenings
and headaches, and daytime sleepiness. These symptoms occur in approximately 30-70% of
patients with COPD [44, 50, 52]. When surveyed for a broad range of symptoms, “sleep
difficulties” were mentioned as occurring “almost always” or “always” in 43% of subjects with
either chronic bronchitis or emphysema and were the third (after dyspnea and fatigue) most
common complaint [53]. The sleep architecture of individuals with COPD is notable for many
arousals. These arousals were attributed not just to the diagnosis of COPD, but largely due to
the presence of related symptoms-cough, sputum production, or wheezing. These symptoms
correlated most with difficulty falling or staying asleep [53]. Many COPD patients report use
of hypnotics (28% compared to controls-10%) to combat sleep disturbances [44].

Subjective complaints of sleep disturbances appear to be associated with the presence of
objective evidence for disturbed sleep quality in patients with COPD (predominantly in small
cohorts of patients with severe COPD) as documented by overnight polysomnograms (PSGs).
These findings include increased sleep latency, decreased total sleep time, decreased sleep
efficiency, increased nocturnal arousals, decreased slow-wave sleep, and decreased REM sleep
[6,20,44,54]. Cormick et al found significant agreement between subjective complaints of
initiating and maintaining sleep and objective findings of poor sleep quality as shown by a
decreased total sleep time of 208 minutes and increased arousal index [44].

Sleep disturbances may not be as pervasive in patients with mild/moderate COPD. The Sleep
Heart Health Study (SHHS) did not show altered sleep quality in mild COPD patients (FEV1/
FVC 63.81±6.56%) [55]. Sanders et al observed that COPD only patients had minimally
perturbed sleep and found no correlation between the decline in FEV1 and sleep architecture.
In a community-based study, Redline et al [56] showed that sleep structure variables did not
change in subjects with a history of lung disease. In addition, they found that sleep stage
distributions varied in accordance with AHI level.

3.1.1. Mechanisms of sleep disturbances in COPD patients

Various reasons for sleep disturbances in COPD patients exist. The most common are cough,
dyspnea, nocturnal oxygen desaturation (NOD), hypercapnia, degree of airway obstruction
(measured by FEV1), and medication side effects [6,20,44,54,57]. Although SHHS suggests a
lesser degree of effect on sleep quality in patients with milder COPD, no clear relationship
between sleep quality measures and FEV1 is established [50]. Poor-quality of sleep may be
associated with hypoxaemia and increased superficial sleep [58].
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3.1.2. Consequences of sleep disturbances

The poor sleep quality in COPD patients may lead to decreased daytime functioning due to
excessive daytime sleepiness, altered neurocognition, and psychomotor vigilance. There are
no studies that address whether neurocognition or psychomotor vigilance are affected in
COPD patients. COPD patients often complain of daytime sleepiness. However Orr et al [59]
found no objective evidence for daytime sleepiness based on multiple sleep latency testing in
14 severe COPD patients who had poor sleep quality based upon decreased total sleep time
and increased arousal index.

4. Predictors of nod in copd patients

Approximately 27–70% of patients with COPD with awake SaO2, 90–95%, can experience
substantial desaturation at night, especially during REM sleep [20,24]. The high prevalence of
NOD and its consequences on haemodynamics are a challenge for many researchers who have
attempted to determine daytime physiological parameters that might help in predicting NOD
in COPD. Although NOD is more pronounced in COPD patients with daytime hypoxaemia,
it is established that an additional quarter of patients with adequate oxygenation during
wakefulness can experience NOD [20,24].

4.1. Severe COPD

In severe COPD, the ‘blue bloater’ rather than the ‘pink puffer’ phenotype is more likely to
have NOD [60]. Various studies showed that the blue bloaters had lower baseline oxygen
saturations, more episodes of NOD, larger falls in NOD, and spent more time at low levels of
oxygen saturation while asleep, than the pink puffers [6,20,21]. A significant relationship
between waking values of low PaO2 and high PaCO2 with NOD was also established [42,44,61].
Moreover, although there was a good correlation between mean sleep SaO2 and mean exercise
SaO2, the awake PaO2 appeared to be a better predictor for NOD than exercise desaturation
[24]. The desaturation nadir was lower during sleep than during exercise, with oxygen
saturation falling an average of 6 ± 4% during peak exercise and 13 ± 9% during sleep [62].
Pulmonary function testing correlated poorly with nocturnal hypoxaemia[55].

In summary, most evidence suggests that awake oxygen saturation is a better predictor for
NOD in severe COPD patients than PFT parameters or exercise desaturations [24,63]. Increased
daytime PaCO2 also carries an increased risk for NOD [55].

4.2. Mild and moderate COPD

The clinical approach to NOD detection in COPD is more difficult in patients with mild/
moderate COPD (GOLD I-II) and mild daytime hypoxaemia. Approximately one quarter of
these individuals have NOD, which is independent of the co-existence of OSA [42]. Current
guidelines for evaluation of nocturnal oxyhemoglobin saturation in COPD patients without
significant daytime hypoxaemia, however, are restrictive. Measuring nocturnal oxyhemoglo‐
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lesser degree of effect on sleep quality in patients with milder COPD, no clear relationship
between sleep quality measures and FEV1 is established [50]. Poor-quality of sleep may be
associated with hypoxaemia and increased superficial sleep [58].
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bin saturation in COPD patients who have daytime PaO2-55–59 mm Hg is not recommended
[64]. Polysomnography should be performed in COPD patients whose symptoms are sugges‐
tive of coexistent OSA.. Other high risk groups include is COPD patients with daytime
hypercapnia and only moderately reduced FEV1; obese snorers, those who develop headache
after nocturnal oxygen therapy, and patients with mild hypoxaemia and unexplained poly‐
cythemia, pulmonary hypertension, and cor pulmonale [64]. Witnessed apneas while asleep
and daytime sleepiness are also highly suspective of OSA [65]. However, the presence of
concomitant OSA is often difficult to predict from daytime symptoms in patients with mild/
moderate COPD. They do not have daytime hypercapnia, headache, or daytime sleepiness.
Classic sleep complaints and daytime sleepiness are not common. COPD alone, when mod‐
erate, does not disturb sleep quality, and OSA may not always present with sleep complaints.
So if sleep complaints are the trigger for polysomnography in mild/moderate COPD, a large
number of patients will not be tested.

5. Diagnostic approaches to detecting nod in copd patients

Nocturnal oximetry alone is probably not helpful diagnostically in COPD patients, as noctur‐
nal oxygen desaturation may reflect only COPD or some combination of COPD and OSA, and
treatment will differ (see below). Definitions of nocturnal oxygen desaturation differ, and
physician decision and management based on nocturnal oximetry results differ greatly.
Finally, there is little evidence that correction of nocturnal hypoxemia in COPD with only
nocturnal desaturation improves outcomes [38].

Epidemiological data suggest that nocturnal oxyhemoglobin desaturation either related or
unrelated to OSA is present in at least 50% of COPD patients without significant daytime
hypoxaemia. Considering that approximately half of these patient have coexistent OSA,
clinicians should establish the diagnosis of OSA in these patients. Nocturnal oxymetry should
be performed in severe COPD, in mild and moderate COPD patients with the clinical charac‐
teristics listed in table 1. Patients with COPD who are diagnosed with nocturnal hypoxaemia
by nocturnal oxymetry should undergo attended nocturnal polysomnography to exclude
coexistent OSA.

Mild COPD Severe COPD

Daytime hypoxemia disproportionate to FEV1 Blue boaters

Daytime Hypercapnia disproportionate to FEV1 Daytime hypoxemia PaO2 < 55 mmHg

Pulmonary hypertension disproportionate to FEV1

FEV1<65%

Obese snorers

Sleep complaints

Witnessed apneas, hypopneas

Table 1. Indications for performing a nocturnal oxymetry in mild/severe COPD
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6. Osa as a mechanism for nod

Obstructive sleep apnea (OSA) is an independent phenomenon, leading to sleep-disordered
breathing that is characterized by a cessation (apnea) or limitation (hypopnea) of airflow
accompanied by a desaturation (Figure 1). OSA is diagnosed when more than 5 apneas and
hypopneas occur per hour of sleep and are associated with excessive daytime sleepiness. OSA
and COPD are two common respiratory diseases whose combination was first noted by Flenley
[25] and is now recognized as the classic overlap syndrome (Figure 2). Both OSA and COPD
have systemic inflammatory consequences that are responsible for increased cardiovascular
morbidity and mortality. Moreover, until recently, OSA itself was categorized as an inflam‐
matory consequence of COPD [66]. For this, as well as many other reasons, OSA and the
overlap syndrome will be discussed separately in this chapter. Although they share common
manifestations, COPD and OSA are united in the overlap syndrome, presenting a unique
combination of upper and lower airway resistance and a blunted respiratory drive. In overlap
patients, these disorders have more than an additive or synergistic effect, but rather present
as an independent sleep-related breathing abnormality.

Figure 1. Polysomnogram of a patient with OSA only (note the desaturations highlighted by the circles and arrows)
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Figure 2. Polysomnogram of a patient with overlap syndrome (the desaturation is more severe; desaturations are
highlighted by the circles and arrows)

6.1. Sleep and respiration in OSA

During apneas, the collapsed pharynx impedes airflow in spite of the respiratory effort. The
obstruction leads to progressive asphyxia, which additionally stimulates breathing against the
collapsed airway and usually continues until the person awakens [67]. Various factors-upper
airway anatomy, central respiratory control mechanisms etc., contribute to the development
of the clinical syndrome of OSA. The primary defect might be an anatomically small or
collapsible pharyngeal airway, in combination with sleep-induced upper airway muscle atonia
[68,69]. Instability of ventilatory control [70,71] or inefficiency of the central respiratory drive
that modulates upper airway resistance in OSA may be other factors responsible for this
disorder [72]. Abnormal hypoxic and hypercapnic respiratory response has also been reported
in hypercapnic OSA patients [73,74]. The role of reduced chemical feedback is, however, still
under debate. It is not clear whether the abnormal hypoxic and/or hypercapnic respiratory
response is secondary to sleep apnea or is an inherited abnormality in ventilatory control [75,
76]. The improvement in the ventilatory feedback to CO2 in hypercapnic OSA patients after
CPAP therapy suggests that this dysregulation is acquired and not genetic [77,78].

COPD Clinical Perspectives128

6.2. OSA and COPD – predisposing factors and prevalence

Whether any pathophysiological link exists between OSA and COPD is still unknown, but
they share common risk factors and pathophysiological processes that contribute to the genesis
and exacerbation of each other. The relationship between COPD and OSA may be influenced
by smoking and BMI. Neck obesity contributes to upper airway narrowing while truncal
obesity promotes ventilatory disturbances by reduced chest wall compliance and muscle
strength. Visceral obesity is responsible for reduced residual capacity and contributes to
ventilation/perfusion mismatch. BMI may be lower in some patients with COPD, especially
those with advanced disease and may be protective against OSA [27,65].

Smoking is another risk factor for COPD that, in addition, predisposes to sleep apnea. It
increases airway resistance due to local inflammation and edema. Besides BMI and smoking,
OSA and COPD may by themselves contribute to the onset of each other.

Redolfi et al [79] demonstrated that, even in healthy subjects, there is an overnight fluid shift
from the legs that increases neck circumference. In COPD patients with cor pulmonale and
peripheral edema, rostral fluid shifts that occur during supine positioning may contribute to
pharyngeal narrowing and favour the onset of obstructive apneas/hypopneas. The corticoste‐
roid induced myopathy or the cachexia that occurs in advanced COPD stages may be the
reason for blunted inspiratory force. Local pharyngeal muscle edema associated with steroid
inhalations might contribute to upper airways narrowing, thus facilitating sleep/disordered
breathing [80]. Increased end-expiratory lung volume within an individual improves upper-
airway mechanics, probably via tracheal traction. In emphysematous COPD patients, although
end-expiratory lung volume may be elevated, the loss of lung recoil may not be protective for
upper-airway mechanics. It is assumed that the decreased tethering of airways by destruction
of parenchyma may actually produce a more collapsible upper airway [81]. Repetitive upper-
airway collapse increases lower-airway resistance in an animal model suggesting that OSA
might itself promote COPD [82]. Finally, in order to lose or maintain weight, or to fight
excessive daytime sleepiness, patients with OSA might smoke more frequently than those
without it [83].

6.3. Epidemiology

Initial studies may have overestimated the prevalence of overlap syndrome [84]. Patients with
obstructive lung disease, referred mostly for evaluation of excessive daytime sleepiness, were
determined to frequently have OSA as well [85]. In early studies, a high prevalence of OSAS
was found in individuals with COPD. Guilleminault et al [86] studied 26 COPD patients while
sleeping and found that 92% of all abnormal respiratory events during sleep contained an
obstructive component. Conversely, patients with known OSA were evaluated with spirome‐
try and 11% were found to have an FEV1/FVC < 0.60 l [87]. Another study found the prevalence
of the overlap syndrome to be 29%, although the data were gathered in a retrospective chart
study of patients who had been refered for polysomnography and who also had an interpret‐
able pulmonary function test [88]. The seemingly very high prevalence prompted speculation
that OSA and COPD were linked by a common mechanism or common pathophysiology.
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Figure 2. Polysomnogram of a patient with overlap syndrome (the desaturation is more severe; desaturations are
highlighted by the circles and arrows)
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Whether any pathophysiological link exists between OSA and COPD is still unknown, but
they share common risk factors and pathophysiological processes that contribute to the genesis
and exacerbation of each other. The relationship between COPD and OSA may be influenced
by smoking and BMI. Neck obesity contributes to upper airway narrowing while truncal
obesity promotes ventilatory disturbances by reduced chest wall compliance and muscle
strength. Visceral obesity is responsible for reduced residual capacity and contributes to
ventilation/perfusion mismatch. BMI may be lower in some patients with COPD, especially
those with advanced disease and may be protective against OSA [27,65].

Smoking is another risk factor for COPD that, in addition, predisposes to sleep apnea. It
increases airway resistance due to local inflammation and edema. Besides BMI and smoking,
OSA and COPD may by themselves contribute to the onset of each other.

Redolfi et al [79] demonstrated that, even in healthy subjects, there is an overnight fluid shift
from the legs that increases neck circumference. In COPD patients with cor pulmonale and
peripheral edema, rostral fluid shifts that occur during supine positioning may contribute to
pharyngeal narrowing and favour the onset of obstructive apneas/hypopneas. The corticoste‐
roid induced myopathy or the cachexia that occurs in advanced COPD stages may be the
reason for blunted inspiratory force. Local pharyngeal muscle edema associated with steroid
inhalations might contribute to upper airways narrowing, thus facilitating sleep/disordered
breathing [80]. Increased end-expiratory lung volume within an individual improves upper-
airway mechanics, probably via tracheal traction. In emphysematous COPD patients, although
end-expiratory lung volume may be elevated, the loss of lung recoil may not be protective for
upper-airway mechanics. It is assumed that the decreased tethering of airways by destruction
of parenchyma may actually produce a more collapsible upper airway [81]. Repetitive upper-
airway collapse increases lower-airway resistance in an animal model suggesting that OSA
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obstructive lung disease, referred mostly for evaluation of excessive daytime sleepiness, were
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was found in individuals with COPD. Guilleminault et al [86] studied 26 COPD patients while
sleeping and found that 92% of all abnormal respiratory events during sleep contained an
obstructive component. Conversely, patients with known OSA were evaluated with spirome‐
try and 11% were found to have an FEV1/FVC < 0.60 l [87]. Another study found the prevalence
of the overlap syndrome to be 29%, although the data were gathered in a retrospective chart
study of patients who had been refered for polysomnography and who also had an interpret‐
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Recently, however, data from the Sleep Heart Health Study, a prospective multicenter cohort
study showed that overlap syndrome has a prevalence of 14% among patients with mild COPD
which is not different from those without COPD (18.6%) [55]. The presence of airway obstruc‐
tion did not seem to affect the respiratory disturbance index. The Multinational Monitoring of
Trends and Determinants in Cardiovascular Disease [MONICA-II]) also found no increased
risk between the two disorders [89]. The major limitation of these studies, however, is that
most subjects had very mild airway obstruction on spirometry.

Although there may be no increased association between relatively mild COPD and OSA
because of the rising prevalence of these diseases, a patient with one of the disorders will often
have the other disease. For example, in the Sleep Heart Health Study and the MONICA-II
study, GOLD stage II COPD was found in 19% and 11% of the subjects with OSA, respectively.
Sleep-disordered breathing was seen in 14% of subjects in the Sleep Heart Health Study
(respiratory disturbance index > 15 events/h) and 11% of subjects (AHI > 5 events/h and
excessive daytime sleepiness) in the MONICA-II cohort [55,89]. A patient with one of the
disorders has a greater than 10% chance of also having the other. Thus, when seeing a patient
with either OSA or COPD, it is reasonable to screen for the other disorder.

Our experience generally confirms the findings from the SHHS and MONICA II cohorts. From
January–December, 2011, we performed a prospective study of patients with complaints of
daytime sleepiness, witnessed apneas and/or hyponeas who were referred to the Sleep Lab,
Division of Pulmonology, Clinic of Internal Medicine, University Hospital Alexandrovska,
Sofia. Only patients who signed informed consent participated in the study. The aim of the
study was to compare the anthropometric, metabolic, cardiovascular, and respiratory charac‐
teristics of patients with OSA and overlap syndrome. Gas exchange and ventilatory parameters
were also compared. The level of oxidative stress, measured by the urinary concentration of
8-isoprostanes was of special interest. A correlation between oxidative stress and cardiovas‐
cular and metabolic comorbidity was investigated. Patients were followed for a month after
the initiation of bilevel positive pressure ventilation (BiPAP). The effect of this treatment
modality on the level of oxidative stress, gas exchange, and ventilatory parameters measured
by pulmonary function testing was studied.

Patients who agreed to participate in the study underwent a full polysomnography (Compu‐
medics, Australia). Continuous recordings were taken with electrode positions C3/A2-C4/A1-
Cz/01 of the international 10–20 Electrode Placement System; eye movements, chin
electromyogram, and ECG modified V2 lead were also recorded. Sleep was scored manually
according to standard criteria. Airflow was measured using nasal pressure associated with the
sum of buccal and nasal thermistor signals. Respiratory efforts were monitored with abdomi‐
nal and thoracic bands. Arterial oxygen saturation (SpO2) was measured using a pulse
oximeter. An apnoea was defined as a complete cessation of airflow for >10 s, and a hypopnoea
as a > 50% reduction in the nasal pressure signal or a 30–50% decrease associated with either
oxygen desaturation of >3% or an arousal (defined according to the Chicago report or by
autonomic activations on pulse transit time), lasting for at least 10 s. Apnoeas were classified
as obstructive, central, or mixed according to the presence or absence of respiratory efforts.
The diagnosis of OSA was established if the AHI was > 5 events/h [90].
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For the period of the study, 265 patients with newly diagnosed OSA signed an informed
consent to participate in the study. COPD was determined in accordance with the GOLD
criteria, 2011 – FEV1/FVC <70% after administration of a bronchodilator [91]. 26 (9.8%) patients
(23 men; 3 women) were diagnosed with overlap syndrome. All patients had stage II COPD
(80%> FEV1<50%). These findings corroborate the results of larger epidemiological studies
measuring the prevalence of overlap syndrome in patients with moderate COPD.

6.4. Overlap syndrome and physiological consequences

6.4.1. Gas exchange

The majority of patients with OSAS are eucapnic during wakefulness. Daytime hypercapnia
is usually associated with mechanical impairment of the respiratory system related to obesity
and/or COPD [92,93]. It is also associated with the severity of OSA, higher BMI levels, or degree
of restrictive chest wall mechanics. Hypoxaemia is also described in OSA. It is closely related
to apneas and hypopneas and is a result of alveolar hypoventilation.

In overlap syndrome, however, there is a predisposition to daytime hypercapnia and hypo‐
xaemia that is independent of lung function [16]. Nocturnal desaturation severity varies within
the wide spectrum of sleep-disordered breathing and the severity of COPD. In overlap
patients, the nocturnal desaturation is greater and lasts longer than in patients with either
OSAS or COPD. OSA seems to be an important cause of hypercapnia and hypoxemia in some
COPD patients that is disproportionate to their lung function impairment. Chan et al [94]
showed that hypercapnic COPD patients have higher BMI and smaller airway cross sectional
areas when compared with lung function matched eucapnic controls. Furthermore, it is known
that overlap patients have more nocturnal desaturation events than patients with either COPD
or OSA alone [55]. Sanders and colleagues examined the degree to which COPD and OSAS
independently and jointly contribute to desaturations during sleep [55]. After adjusting for
confounding factors, the odds ratio for nocturnal oxyhemoglobin desaturation (SpO2 < 85%
for more than 20% of total sleep time) was 20 times greater in OSA and 30 times greater in
overlap syndrome. Bednarek et al [89] demonstrated that patients with overlap syndrome had
lower mean arterial blood oxygen saturations and spent more time in desaturation than the
OSAS group when polysomnography variables were compared.

These observations are confirmed by our own investigations. We compared overlap syndrome
patients to patients with OSA alone. Patients with OSA had a moderate degree of sleep
disordered breathing with an average AHI – 24.11± 5.34 events/h. They were compared to AHI
and age matched patients with overlap syndrome. The overlap patients had an average AHI
– 28.14±5.47 events/h. 21(80%) patients had moderate OSA (AHI 15-30 events/h); 5 (20%) had
mild OSA (AHI 5-15 events/h). The average desaturation in overlap and OSA was 12.3% vs
6.9% (p=0.037), respectively. The proportion of sleep time with SaO2<90% in the overlap group
was greater, 57.21%, in comparison with the OSA only group, 34.8 %, p=0.042.

The nighttime respiratory disturbances reflected the daytime gas exchange parameters. In
overlap patients, the average daytime PaO22 was 61.67±5.78 mmHg vs 75.59±8.43mmHg in
OSA. The prevalence of hypercapnic patients was greater in the overlap (19.2%) with an
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disorders has a greater than 10% chance of also having the other. Thus, when seeing a patient
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daytime sleepiness, witnessed apneas and/or hyponeas who were referred to the Sleep Lab,
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Sofia. Only patients who signed informed consent participated in the study. The aim of the
study was to compare the anthropometric, metabolic, cardiovascular, and respiratory charac‐
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cular and metabolic comorbidity was investigated. Patients were followed for a month after
the initiation of bilevel positive pressure ventilation (BiPAP). The effect of this treatment
modality on the level of oxidative stress, gas exchange, and ventilatory parameters measured
by pulmonary function testing was studied.

Patients who agreed to participate in the study underwent a full polysomnography (Compu‐
medics, Australia). Continuous recordings were taken with electrode positions C3/A2-C4/A1-
Cz/01 of the international 10–20 Electrode Placement System; eye movements, chin
electromyogram, and ECG modified V2 lead were also recorded. Sleep was scored manually
according to standard criteria. Airflow was measured using nasal pressure associated with the
sum of buccal and nasal thermistor signals. Respiratory efforts were monitored with abdomi‐
nal and thoracic bands. Arterial oxygen saturation (SpO2) was measured using a pulse
oximeter. An apnoea was defined as a complete cessation of airflow for >10 s, and a hypopnoea
as a > 50% reduction in the nasal pressure signal or a 30–50% decrease associated with either
oxygen desaturation of >3% or an arousal (defined according to the Chicago report or by
autonomic activations on pulse transit time), lasting for at least 10 s. Apnoeas were classified
as obstructive, central, or mixed according to the presence or absence of respiratory efforts.
The diagnosis of OSA was established if the AHI was > 5 events/h [90].
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The majority of patients with OSAS are eucapnic during wakefulness. Daytime hypercapnia
is usually associated with mechanical impairment of the respiratory system related to obesity
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patients, the nocturnal desaturation is greater and lasts longer than in patients with either
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COPD patients that is disproportionate to their lung function impairment. Chan et al [94]
showed that hypercapnic COPD patients have higher BMI and smaller airway cross sectional
areas when compared with lung function matched eucapnic controls. Furthermore, it is known
that overlap patients have more nocturnal desaturation events than patients with either COPD
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independently and jointly contribute to desaturations during sleep [55]. After adjusting for
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for more than 20% of total sleep time) was 20 times greater in OSA and 30 times greater in
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lower mean arterial blood oxygen saturations and spent more time in desaturation than the
OSAS group when polysomnography variables were compared.

These observations are confirmed by our own investigations. We compared overlap syndrome
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average daytime PaCO2 in the group – 52.14±11.39 mmHg. In the OSA only group, hypercapnia
was detected in 1 patient (4%) and the average PaCO2 was 36.25±6.11 mmHg. Thus, our
investigation shows that patients with overlap syndrome experience longer and more severe
nighttime desaturations that disturb gas exchange parameters in comparison to OSA patients
with similar AHI

The mechanisms responsible for the gas exchange abnormalities in overlap syndrome are
complex. Radwan et al [95] compared the breathing pattern and CO2 response in 11 obese male
overlap syndrome patients, 20 obese male OSAS patients with normal lung function, and 13
healthy nonobese controls. Overlap patients with hypercapnia had both blunted ventilatory
and mouth occlusion pressure responses to CO2 and their ventilatory response may also be
disturbed. The repetitive inspiratory effort against an occluded airway and intermittent
hypoxia may be deleterious for the inspiratory muscles in severe OSA. In overlap syndrome
patients, this increased fatiguability is even more accentuated, which is related to the mechan‐
ical disadvantage of chest wall hyperinflation and reduced functional residual capacity [96].

Moreover, it is established that overlap syndrome patients hypoventilate not only during the
night but also during the day. The reason is still unknown. When measured, their chemosen‐
sitivity is reduced compared to those with OSA alone. It is elusive whether this is a cause or
an effect of the overlap syndrome [95]. It is interesting to speculate that overlap syndrome
patients have a genetic predisposition to hypercapnia, or that the higher PaCO2 reflects the
increased muscle load in those with both increased upper and lower airway resistance.
Inflammation, nocturnal PaCO2 elevations, and/or obesity (for example, leptin has been
implicated as a modulator of respiratory drive) may be the triggers changing the PaCO2 set-
point [97].

In summary, the pathophysiology of sleep disordered breathing is complex in overlap
syndrome and mainly associated with upper and lower airway obstruction and a reduction in
respiratory drive. Hyperinflation may cause fatigue of respiratory muscles. Moreover, the
functional residual capacity is reduced because of the supine posture and sleep state which
predisposes the patient to ventilation/perfusion mismatch.

6.4.2. Pulmonary haemodynamics and right heart failure

OSAS patients may have sustained pulmonary hypertension (PH) [98,99,100] and the risk for
its development increases further in the presence of COPD, obesity or both [101,102]. Chaouat
et al [87] observed that the prevalence of PH was 42% in overlap syndrome compared with
OSA alone (13%). They found that the main determinants of pulmonary hypertension in
overlap syndrome were daytime arterial blood gases and FEV1. Moreover, overlap patients
often have relatively mild abnormalities (spirometry or oxygenation), especially when
compared to COPD-only patients with pulmonary hypertension. Overlap patients with
pulmonary hypertension have an average FEV1 of 1.8 L, FEV1/FVC of 0.64, and awake PaO2 of
64 mm Hg. COPD-only patients with pulmonary hypertension have more severe obstructive
disease, with FEV1 < 1 L, FEV1/FVC <0.50, and awake PaO2 < 55 mmHg. Fletcher [17] demon‐
strated that in overlap syndrome, FEV1/FVC was 60%. Patients with COPD and daytime
normoxia who have only nocturnal oxygen desaturation generally do not develop substantial
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pulmonary hypertension [38]. PH is usually observed in COPD patients with daytime
PaO2<55±5 mmHg. According to Chaouat et al [87], PH develops in patients with overlap
syndrome at even higher daytime PaO2 levels (PaO2>66±10mmHg) than in patients with
COPD.The mean PaO2 in sleep is certainly lower due to the synergistic effect that both
disorders have on pulmonary haemodynamics and gas exchange. Hawrylkiewicz and
colleagues observed that 16% of OSA patients had pulmonary hypertension compared with
86% of those with overlap syndrome [103]. In regression analysis, traditional markers of OSA
severity, such as the AHI or oxygen saturation nadir, have generally not correlated with the
presence of pulmonary hypertension. Even patients with severe OSA alone do not tend to
develop marked pulmonary hypertension if they are free from other cardiopulmonary diseases
[102]. The degree of pulmonary hypertension if any, is mild and of uncertain clinical impor‐
tance [37,103,104].

In our overlap group, pulmonary hypertension was detected in 84.6% of patients who had an
average systolic pulmonary pressure of 38.87 mmHg. In the group of patients with OSA,
pulmonary hypertension was found in only 47.8% with an average systolic pulmonary
pressure of 34.16 mmHg. Both the time spent at SaO2<90% (57.2% vs. 34.8%) and the average
desaturation index (12.3% vs 6.9%) were greater in the overlap vs OSA group. In overlap
patients, the average daytime PaO2 was 61.67±5.78 mmHg vs 75.59±8.43 mmHg in those with
OSA; the average daytime PaCO2 was 52.14±11.39 mmHg vs 36.25±6.11 mmHg in the OSA
only group.

The ventilatory parameters in overlap patients were disproportionate to the level of gas
exchange parameters and poorer than in the OSA only group. Comparing those with overlap
syndrome to those with OSA, forced vital capacity (FVC) was 55.5±24.5% vs 77.25± 19.6%;
forced expiratory volume in 1 s (FEV1) was 53.5±10.87% vs 62.25±20.22; FEV1/FVC was
64.46±9.19% vs 86.9±8.85%, respectively.

According to our results, the degree of PH was of similar range in both patient groups. The
prevalence of pulmonary hypertension in the overlap syndrome was almost two fold greater
than in the OSA only group. It is, however, disproportionate to what should be expected from
the gas exchange and ventilatory parameters. Before making final conclusions, we should point
out that our study was performed in patients with extreme obesity and that pulmonary
hypertension was determined by echocardiography which may not be the most accurate
measure of pulmonary pressures. The cardiovascular comorbidity, smoking status as well as
the higher BMI in overlap syndrome prevented the precise analysis of the clinical factors
associated with PAP in overlap and OSA patients.

In summary, in overlap patients, nocturnal desaturation is greater, lasts longer, and is
associated with more pronounced daytime hypoxemia and hypercapnia. The combination of
OSA and COPD may be associated with increased pulmonary and systemic blood pressures
as well as greater cardiovascular morbidity.
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colleagues observed that 16% of OSA patients had pulmonary hypertension compared with
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presence of pulmonary hypertension. Even patients with severe OSA alone do not tend to
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[102]. The degree of pulmonary hypertension if any, is mild and of uncertain clinical impor‐
tance [37,103,104].
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prevalence of pulmonary hypertension in the overlap syndrome was almost two fold greater
than in the OSA only group. It is, however, disproportionate to what should be expected from
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out that our study was performed in patients with extreme obesity and that pulmonary
hypertension was determined by echocardiography which may not be the most accurate
measure of pulmonary pressures. The cardiovascular comorbidity, smoking status as well as
the higher BMI in overlap syndrome prevented the precise analysis of the clinical factors
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6.4.3. Mortality

Mortality in patients with the overlap syndrome has not been well studied until recently.
COPD patients frequently die from cardiovascular disease predominantly at night. It can be
speculated that some of these patients may have had the overlap syndrome. Similarly, OSA
patients have also been shown to die disproportionately at night, compared to control groups,
who are at greatest risk during the morning hours [105]. Tachyarhythmias are very likely to
be responsible for nighttime deaths in both patient groups. In COPD patients, ventricular
premature contractions occur commonlyin sleep when the SaO2 is < 80%. In OSA patients, the
entire spectrum of cardiac arrhythmias may be observed. Olmetti et al [106] showed that in
COPD patients with concomitant OSA, tachyarrhythmias are more common.

The diagnosis of concomitant COPD and reduced FEV1 or smoking history are markers for
increased mortality in OSA patients [107-109]. In a univariate analysis, COPD conferred a 7-
fold risk of death in OSA patients [108]. Vice versa, comorbid OSA was recently reported to
increase mortality in patients with COPD. Marin et al [47] presented outcome data on patients
with COPD and patients with the overlap syndrome. After a median follow-up of over 9 years,
all-cause mortality was higher in the untreated (no CPAP) overlap group (42.2%) than in the
COPD-only group (24.2%). After adjustment for COPD severity, comorbid OSA remained a
risk factor for death. An intriguing issue in that study is that OSA may also contribute to an
increased incidence of COPD exacerbations, which may accelerate lung-function decline and
lead to increased mortality [48,49].

Mermigkis et al demonstrated that, in addition to the increased morbidity and mortality,
patients with the overlap syndrome also have significantly worse quality of life (measured
with the St George’s Respiratory Questionnaire), when compared to COPD-only controls [110].
The overlap syndrome patients in their study were COPD patients with habitual snoring but
without excessive daytime sleepiness or elevated Epworth sleepiness score which underscores
how difficult clinical diagnosis and screening of snoring in non-sleepy COPD patients may be.

6.5. Inflammation, oxidative stress and cardiovascular and metabolic comorbidity in overlap

The exact mechanisms that account for the increased morbidity and mortality risk in overlap
syndrome are not known exactly. Increased risk of death may be due to prolonged hypoxia.
Nighttime hypercapnia may also be important. There is enough evidence that both COPD and
OSA have systemic consequences since both cause inflammation and oxidative stress.

6.5.1. Inflammation and oxidative stress

Systemic inflammation is being recognized as a risk factor for a number of complications
including atherosclerosis [111]. It is a well-established factor in the pathogenesis of cardiovas‐
cular disease (CVD) [112]. There is growing recognition that COPD is a systemic disease
[113,114] with multiple effects on end-organs including those in the cardiovascular system
[115,116].

Patients with OSA experience persistent low grade inflammation, mainly attributed to
repetitive episodes of hypoxia/ reoxygenation during apneas and hypopneas while asleep.
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This inflammation is associated with increased arterial stiffness, blood pressure [117,118] and
increased risk for hypertension, heart failure, stroke, and cardiovascular mortality. The
molecular pathways of systemic inflammation in OSA and COPD may be similar, suggesting
a multiplicative effect in overlap syndrome.

CRP is an acute phase protein that contributes to atherosclerosis. Its plasma levels are elevated
in OSA, but obesity is the major confounder because there is no evidence for an independent
relationship between OSA and CRP [119,120]. IL-6, another inflammatory marker, is increased
in OSA even after adjustment for BMI [121]. Further, IL-6 and CRP are elevated in stable COPD
patients and increase during exacerbations [122,123].

NF-kB is a regulator of inflammatory gene expression and controls the synthesis of cytokines
(TNF-α, IL-8) [112] that increase expression of adhesion molecules and contribute to athero‐
sclerosis [124]. Hypoxia is the major trigger for the activation of both adaptive and maladaptive
transcription factors. Ryan et al [125] showed that sustained hypoxia is responsible for the
expression of adaptive hypoxia inducible factor (HIF)-a molecule promoting the expression of
genes which stimulate tissue perfusion and oxygenation. Intermittent hypoxia (apnea/
hypopnea events in OSA, NOD in REM induced hypoventilation of COPD patients and
overlap patients) is a trigger for NF-kB activation [112]. Thus, we hypothesize that, in OSAS
as well as in COPD with overlap, there may be synergistic activation of “overlapping”
pathways leading to inflammation. This hypothesis explains the evidence of increased
inflammation observed in both COPD and OSA. TNF-α and IL-8 are elevated in COPD and
OSA when compared to control subjects [126]. Both molecules are well established risk factors
for coronary artery disease and heart failure [127].

Furthermore, oxidative stress occurs in COPD and OSAS and is associated with increased ROS
[128,129] which are produced by intrapulmonary leukocytes in COPD and circulating
leukocytes in OSA [128,130]. Although ROS are important physiologic regulators in many
signaling pathways, their increased production may cause abnormal oxidation of DNA,
proteins and lipids and may contribute to vascular endothelial dysfunction [131].

In our investigation, we tried to compare the degree of oxidative stress, measured by the
urinary concentration of 8-isoprostanes. The study was performed in 26 overlap patients and
23 age and AHI matched OSA patients. None of them had been treated with CPAP or oxygen.
An overnight urine sample was collected and the levels of urinary 8-isoprostane were
determined by HRAM (high resolution accurate mass) mass spectrometry on a LTQ Orbi‐
trap® Discovery (ThetmoScientific Co, USA) mass spectrometer equipped with a Surveyor®

Plus HPLC system and IonMax® electrospray ionization module. The analyses were performed
using the stable isotope dilution method in negative ionization mode with a HESI II (heated
electrospray ionization) source type. The concentration and purification of 8-isoprostane from
urine samples was processed by affinity sorbent (Cayman Chemical, USA), according to the
manufacturer’s protocol. The urinary isoprostane levels were standardized to the levels of
urinary creatinine which were measured using the enzyme method (Creatinine plus version
2 (CREP2), Cobas Integra (Roche)). In overlap patients, the average values were higher than
in OSA patients, 0.251±0.10 pg/mkmol/cre vs. 0.185±0.06 pg/mkmol/cre, p<0.05. The urinary
isoprostane levels did not correlate with the respiratory disturbance parameters (AHI, average
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lead to increased mortality [48,49].
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patients with the overlap syndrome also have significantly worse quality of life (measured
with the St George’s Respiratory Questionnaire), when compared to COPD-only controls [110].
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without excessive daytime sleepiness or elevated Epworth sleepiness score which underscores
how difficult clinical diagnosis and screening of snoring in non-sleepy COPD patients may be.
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Nighttime hypercapnia may also be important. There is enough evidence that both COPD and
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Systemic inflammation is being recognized as a risk factor for a number of complications
including atherosclerosis [111]. It is a well-established factor in the pathogenesis of cardiovas‐
cular disease (CVD) [112]. There is growing recognition that COPD is a systemic disease
[113,114] with multiple effects on end-organs including those in the cardiovascular system
[115,116].

Patients with OSA experience persistent low grade inflammation, mainly attributed to
repetitive episodes of hypoxia/ reoxygenation during apneas and hypopneas while asleep.
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This inflammation is associated with increased arterial stiffness, blood pressure [117,118] and
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CRP is an acute phase protein that contributes to atherosclerosis. Its plasma levels are elevated
in OSA, but obesity is the major confounder because there is no evidence for an independent
relationship between OSA and CRP [119,120]. IL-6, another inflammatory marker, is increased
in OSA even after adjustment for BMI [121]. Further, IL-6 and CRP are elevated in stable COPD
patients and increase during exacerbations [122,123].

NF-kB is a regulator of inflammatory gene expression and controls the synthesis of cytokines
(TNF-α, IL-8) [112] that increase expression of adhesion molecules and contribute to athero‐
sclerosis [124]. Hypoxia is the major trigger for the activation of both adaptive and maladaptive
transcription factors. Ryan et al [125] showed that sustained hypoxia is responsible for the
expression of adaptive hypoxia inducible factor (HIF)-a molecule promoting the expression of
genes which stimulate tissue perfusion and oxygenation. Intermittent hypoxia (apnea/
hypopnea events in OSA, NOD in REM induced hypoventilation of COPD patients and
overlap patients) is a trigger for NF-kB activation [112]. Thus, we hypothesize that, in OSAS
as well as in COPD with overlap, there may be synergistic activation of “overlapping”
pathways leading to inflammation. This hypothesis explains the evidence of increased
inflammation observed in both COPD and OSA. TNF-α and IL-8 are elevated in COPD and
OSA when compared to control subjects [126]. Both molecules are well established risk factors
for coronary artery disease and heart failure [127].

Furthermore, oxidative stress occurs in COPD and OSAS and is associated with increased ROS
[128,129] which are produced by intrapulmonary leukocytes in COPD and circulating
leukocytes in OSA [128,130]. Although ROS are important physiologic regulators in many
signaling pathways, their increased production may cause abnormal oxidation of DNA,
proteins and lipids and may contribute to vascular endothelial dysfunction [131].

In our investigation, we tried to compare the degree of oxidative stress, measured by the
urinary concentration of 8-isoprostanes. The study was performed in 26 overlap patients and
23 age and AHI matched OSA patients. None of them had been treated with CPAP or oxygen.
An overnight urine sample was collected and the levels of urinary 8-isoprostane were
determined by HRAM (high resolution accurate mass) mass spectrometry on a LTQ Orbi‐
trap® Discovery (ThetmoScientific Co, USA) mass spectrometer equipped with a Surveyor®

Plus HPLC system and IonMax® electrospray ionization module. The analyses were performed
using the stable isotope dilution method in negative ionization mode with a HESI II (heated
electrospray ionization) source type. The concentration and purification of 8-isoprostane from
urine samples was processed by affinity sorbent (Cayman Chemical, USA), according to the
manufacturer’s protocol. The urinary isoprostane levels were standardized to the levels of
urinary creatinine which were measured using the enzyme method (Creatinine plus version
2 (CREP2), Cobas Integra (Roche)). In overlap patients, the average values were higher than
in OSA patients, 0.251±0.10 pg/mkmol/cre vs. 0.185±0.06 pg/mkmol/cre, p<0.05. The urinary
isoprostane levels did not correlate with the respiratory disturbance parameters (AHI, average
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desaturation, time of sleep at SaO2<90%), gas exchange parameters (PaO2/PaCO2) or with the
ventilatory parameters (FVC, FEV1, FEV1/FVC).

We confirmed that in overlap patients the degree of oxidative stress is higher irrespective of
the parameters mentioned above. The exact mechanisms of oxidative stress as well as its
consequences were not determined in our study.

Abnormally activated leucocytes in COPD and OSA may also be a mechanism for atheroscle‐
rosis [112]. A systemic metaanalysis has shown that circulating neutrophils are elevated in
COPD patients [132]. In vivo studies demonstrate decreased neutrophil apoptosis in OSA
patients and increased expression of adhesion molecules [133]. The adhesion of these cells to
endothelium is a key step in atherosclerosis and endothelial dysfunction.

In summary, the ‘’overlapping pathways’’ activating inflammation and oxidative stress in
overlap patients are poorly understood and further investigations at the molecular level are
required for a better understanding of these processes and their abrogation in clinical practice.

6.5.2. Cardiovacular comorbidity and oxidative stress in overlap vs OSA

6.5.2.1. Hypertension, target organ damage, and oxidative stress

Large scale epidemiological studies have demonstrated an independent relationship between
OSAS and cardiovascular disorders, particularly systemic hypertension [134,135], but also
coronary heart disease, congestive heart failure, and stroke [136,137]. The presence of moderate
to severe OSA as indicated by an AHI>15 events/h leads to a relative risk of 2,89 of developing
hypertension over 8 years, after adjustment for potential confounders. The prevalence of
hypertension is over 50% in OSAS patients. Hypertension in OSAS patients is particularly
nocturnal and potentially driven by sleep disordered breathing.

We performed BP monitoring in 20 (77%) of the overlap and 12 (52%) of the OSA patients in
our study. We compared the haemodynamic characteristics and clinical factors associated with
them. BP was measured according to European Society of Hypertension (ESH)/European
Society of Cardiology (ESC) guidelines. The following parameters were measured: systolic BP
(SBP) and diastolic BP (DBP). Hypertension was defined as a SBP >140 mmHg and/or a DBP
> 90 mmHg. Ambulatory BP monitoring (ABPM) was performed with a BOSO device (Bosch
&Sons, Gruningen, Germany). The measurements were made every 20 min over 24 h. Daytime
(07:00–22:00 h) hypertension was defined as daytime SBP > 135 mmHg and/or daytime DBP
>85 mmHg, and nocturnal (22.00–07:00 h) hypertension as SBP >120 mmHg and/or nocturnal
DBP > 70 mmHg. Dipper pattern was defined by a nocturnal fall of BP >10%. Twenty of the
overlap patients and 12 of those with OSA agreed to undergo the procedure.

In the overlap group, 75% (15) were non-dippers and 25% dippers. Nocturnal hypertension
was found in 12 (60%) patients. The daytime systolic and diastolic BP’s were 121.93±17.09
mmHg and 70.93±8.12 mmHg. The nocturnal SBP and DBP were 112.76±5.38 mmHg and
68.16±3.34 mmHg. In OSA patients, 58% (7) were non-dippers and 42% dippers. Nocturnal
hypertension was found in 7 (58%) patients. The daytime systolic and diastolic BP were
138.3±13.64 mmHg and 84.38±8.20 mmHg. The nocturmal SBP and DBP were 133.90±18.89
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mmHg and 76.80±11.65 mmHg. We could not find an association between any of the studied
parameters; anthropometric (age, BMI, waist and neck circumference), sleep (AHI, average
desaturation, time of sleep at SaO2<90%), gas exchange (PaO2 and PaCO2) and ventilatory
(FEV1, FVC) and daytime/nighttime systolic/diastolic BP in any of the groups. Though the level
of urinary isoprostanes was higher in the overlap group, they did not correlate with the
haemodynamic characteristics either.

An echocardiogram and carotid ultrasonography were also performed to compare the degree
of target organ damage in overlap and OSA patients and to explore the role of urinary 8-
isoprostanes. The echocardiogram was performed using a PhilipsiE33 machine. The exami‐
nation was performed in M-mode with two-dimensional (2D) guidance in the long axis of the
left parasternal view. LV internal end-diastolic and end-systolic diameters, as well as inter‐
ventricular septum and posterior wall thicknesses were measured over five consecutive cycles.
Systolic function was assessed by the LVEF according to the Teicholz formula. LV mass (LVM)
was measured according to the Penn convention using the Devereux formula and was
normalised for body surface area (BSA) to derive the LVM index (LVMI). LVH was defined as
an LVMI of >111 g/m2 in males and of >106 g/m2 in females. The relative wall thickness (RWT)
was calculated as the ratio (2xPWT)/LVIDd. All echocardiograms were performed by the same
experienced echocardiographer.

In OSA and overlap patients, LVMI and RWT were, respectively: LVMI 123.97 vs 142.1 g/m2,
p=0.013; RWT – 0.44 vs 0.46, p=0.045. The LVMI and RWT were significantly higher in the
overlap patients, even after adjustment for AHI, BMI, SBP and DBP. Microalbumiuria was
measured and standardized to creatinine excretion and given as ratio – mg/mkmol/l Creat.
The micralbuminuria level in OSA was 5.69mg/mkmol/creat. In the overlap patients, it was
significantly higher, 26.17mg/mkmol/creat, irrespective of confounding variables (p=0.041). 8-
Urinary isoprostane levels correlated with neither LVMI nor the degree of microalbuminuria.

6.5.2.3. Atherosclerosis and oxidative stress

Patients with severe OSA are more likely to die of cardiovascular causes than those without
OSAS [45]. While the absolute risk attributable to SDB is relatively small at an individual level,
the high OSA prevalence makes it an important contributor to cardiovascular morbidity and
mortality at populational levels. Several reports have stated that OSA may also contribute to
coronary heart disease [138]. Studies utilizing carotid ultrasonography have shown severe
OSA to be associated with increased intima-media thickness (IMT) which is a marker of
atherosclerosis [139]

In our investigation, we assessed carotid artery IMT by B-mode ultrasound scanning with an
11-MHz linear phase array transducer. Bilateral IMT measurements were obtained in the distal
10 mm of the common carotid artery. The IMT was defined as the distance between the leading
edge of the luminal echo to that of the media/adventitia echo and analyzed with a computer‐
ized edge-detection system. Three end-diastolic frames were selected, digitized, and analyzed
for the mean IMT, and the average reading from these 3 frames was calculated for both right
and left carotid arteries. The sole carotid scan operator was blinded to the clinical status of the
studied subjects and was not involved in the clinical assessment. IMT was almost similar in
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Patients with severe OSA are more likely to die of cardiovascular causes than those without
OSAS [45]. While the absolute risk attributable to SDB is relatively small at an individual level,
the high OSA prevalence makes it an important contributor to cardiovascular morbidity and
mortality at populational levels. Several reports have stated that OSA may also contribute to
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OSA to be associated with increased intima-media thickness (IMT) which is a marker of
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In our investigation, we assessed carotid artery IMT by B-mode ultrasound scanning with an
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10 mm of the common carotid artery. The IMT was defined as the distance between the leading
edge of the luminal echo to that of the media/adventitia echo and analyzed with a computer‐
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both groups. In the overlap patients the average IMT was 0.90 while in the overlap group it
was 0.89.

In our study, nocturnal blood pressure abnormalities were similar in overlap and OSA only
patients. Those with overlap syndrome had greater target organ damage (cardiac-left ventric‐
ular hypertrophy and renal – microalbuminuria) in comparison with age and AHI matched
OSA patients, even after adjustment for confounders (BMI, average desaturation, time of sleep
at SaO2<90%, duration of hypertension, current therapy). Giving this statement we should
point out that it refers to OSA of moderate severity and overlap patients with moderate SDB
and airflow obstruction. Both patient groups had extreme obesity. A disadvantage of the study
is that the historical information for the management of hypertension was self reported and
thus subjective.

6.5.2.4. Metabolic disorders in overlap and OSA patients

Many studies confirm the greater prevalence of metabolic syndrome in OSA patients. Both
glucose and lipid metabolism abnormalities have been reported [140]. The role of intermittent
hypoxia, sympathetic activation and sleep fragmentation has been reviewed [141]. Compara‐
tive data regarding the metabolic disturbances in overlap syndrome, COPD, and OSA are still
lacking. The effect of both disorders in overlap syndrome, their additive and/or synergistic
interaction, and physiological pathways on metabolism is not well understood.

In our investigation, we measured parameters of glucose metabolism in the overlap and OSA
patients. A correlation analysis with oxidative stress markers (8-isoprostanes) was performed.
Using enzymatic colorimetry plasma levels of total cholesterol, triglycerides, high-density
lipoprotein cholesterol, low-density lipoprotein cholesterol (using the Friedwald formula),
glucose, immuno-reactive insulin, and HOMA-index were measured. An oral glucose
tolerance test (OGTT) was performed to detect glucose metabolism abnormalities.

Diabetes was found in 30% of the overlap patients, 50% were healthy, and 20% had an impaired
glucose tolerance. In OSA patients, 33% were diabetic, 44% were healthy, and an impaired
glucose tolerance was found in 23%. Although the average parameters tended to be higher in
overlap vs OSA patients resp-IRI-21.04±15.46 mU/l vs 18.37±9.95 mU/l; average fasting blood
glucose-6.19±2.86 mmol/l vs 5.73±2.03 mmol/l, HOMA-I 5.52±4.03 vs 4.84±2.64; there were no
statistically significant differences. Only the glycosylated hemoglobin was significantly
higher-6.51±1.24 vs 5.91±1.07, p<0.05 and remained significantly different after adjusting for
confounders (age, BMI, AHI). FEV1, PaO2, and PaCO2 did not correlate any of the glucometa‐
bolic parameters. A positive correlation between HbA1c and urinary 8-isoprostanes was
established, p=0.023. The lipid profiles in both groups were similar. Dyslipidemia was present
in 50% of overlap and 47% of OSA patients. In OSA and overlap patients, they were respec‐
tively-HDL 1.24±0.4 mmol/l vs 1.20±0.23 mmol/l; LDL 3.13±0.81 mmol/l vs 3.14±1.00 mmol/l;
Tot chol – 5.30±0.95 vs 5.27± 1.6 mmol/l; Triglycerides – 2.82±1.24 vs 2.06±1.03 mmol/l. FEV1,
PaO2, PaCO2 and urinary isoprostanes did not correlate with any of the lipid profile parame‐
ters.
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In conclusion, our study showed that the prevalence of glucometabolic abnormalities in the
overlap and OSA patients was similar. The glucometabolic parameters for patients with
overlap syndrome, however, were worse in comparison with OSA only. HbA1C levels were
associated with the level of oxidative stress-urinary 8-isoprostanes. The prevalence of dysli‐
pidemia and lipid profile parameters in both groups were almost identical and were not
associated with the marker of oxidative stress. Our OSA subjects had moderately severe OSA
and overlap syndrome patients had moderate SDB and airflow obstruction. Both patient
groups had extreme obesity.

6.6. Sleep quality in overlap

In OSAS patients, one of the most common symptoms is excessive daytime somnolence, which
results from disrupted sleep or/and nighttime oxygen desaturation [142,143]. Mild to moderate
COPD patients usually do not have significant daytime sleepiness. Fatigue and tiredness are
more common [59,144].

Sanders et al [55] studied 1132 patients with mild COPD and observed that COPD only patients
had minimally perturbed sleep in the absence of OSA. Sleep architecture did not correlate with
the level of airflow obstruction. There were small but not statistically significant differences
between patients with or without COPD with regards to Epworth Sleepiness Scale (ESS), total
sleep time, arousal index, lower total sleep time, and sleep efficiency. Only small differences
were found between patients with OSA alone or those with both disorders, suggesting that
sleep quality in overlap patients is mainly influenced by the presence of OSA. This is confirmed
by Redline et al [56]. They demonstrated that sleep structure characteristics did not change in
subjects with a history of lung disease but sleep stage distributions varied according to AHI
level.

Analysing the data from our investigation, we found that the ESS was the same in patients
with overlap syndrome and OSA only. The average ESS score in the overlap group was 15±4.3
while in the OSA only patients, it was 14±5.8. The sleep study characteristics in OSA and
overlap were respectively – stage 1-30.1±9.59/27.04±7.7 min; stage 2-27.5±11.3/33.7±716.5 min;
stage 3+4-28.35±17.12/31.87±16.43 min; AI – 31.6 vs 36.4 apneas/h; sleep efficiency was 69% in
OSA and 64% in overlap patients. Though the duration of sleep with SaO2<90% was much
longer for the overlap patients, it correlated neither to the level of 8-isoprostanes (oxidative
stress) nor to the ESS. The degree of airway obstruction (measured by FEV1) did not correlate
with sleep stage distribution, AHI, AI, or ESS.

6.7. Clinical presentation

The most common symptoms of OSA patients аre snoring, excessive daytime sleepiness, and
deterioration of quality of life [145,146]. COPD patients, on the other hand, may present with
cough, sputum production, and/or dyspnea [64]. Nevertheless, overlap patients possess a
unique characteristic, which sets them apart from either COPD or OSA patients. A number of
studies compare the clinical presentation of overlap patients to those of OSAS-only patients.
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Chaouat et al [87] stated that compared to the OSA only group, the overlap patients tended to
be older, had hypoxemia and hypercapnia more frequently and had higher mean pulmonary
artery pressures but similar body mass index (BMI). O’Brien and Whitman [147] found that
overlap patients were older and less obese. Resta et al [148] showed that overlap patients had
higher PaCO2, but similar apnea–hypopnea indices (AHI).

Kessler noted that in OSAS patients exhibiting permanent pulmonary hypertension, bronchial
obstruction is generally not severe and the level of hypoxemia and hypercapnia is modest.
Therefore, chronic airway obstruction in these patients may be asymptomatic. These findings
suggest that the performance of pulmonary function tests in all patients diagnosed with OSAS
by a polysomnogram might be beneficial to detect occult airflow obstruction [149].

In our investigation, we observed 26 patients with overlap syndrome and compared them to
23 age and AHI matched patients with OSA only. In the overlap group, the mean FEV1 was –
53.5±10.87%; FVC-55.5±24.5% ; FEV1/FVC-64.46±9.19% The average daytime PaO2 was
61.67±5.78 mmHg. Five (19%) patients had daytime hypercapnia and their average daytime
PaCO2 was 52.14±11.39 mmHg. The patients had the following anthropometric charactersis‐
tics: mean age-46.83±8.62 y; BMI-41.89±4.57 kg/m2; waist circumference – 133.11±10.94 cm;
neck circumference – 48.54±3.92 cm. One (3%) was a non-smoker. In our overlap group,
pulmonary hypertension was detected in 84.6% with an average systolic pulmonary pres‐
sure-38.87 mmHg.

A group of 23 age and AHI matched OSA patients were selected from the registry of sleep lab
patients. The average daytime PaO2 was 75.59±8.43 mmHg. None of the patients had hyper‐
capnia and the average daytime PaCO2 was 36.25±6.11 mmHg. The patients had the following
anthropometric charactersistics: mean age-49.95±10.54 y; BMI-37.47±7.98 kg/m2; waist
circumference – 126.43±11.28 cm; neck circumference – 45.46±4.49 cm; Four (17%) were non-
smokers. The ventilatory parameters in the OSA only group were: FVC-77.25± 19.6%;
FEV1-62.25±20.22%; FEV1/FVC-86.9±8.85%. In the group of patients with OSA only, pulmonary
hypertension was found in 47.8% with average systolic pulmonary pressure – 34.16 mmHg.
The Epworth sleepiness score (ESS) was similar in both groups-overlap-15±4.3 vs OSA only
14±5.8.

According to our results the overlap patients were younger, had increased BMI, waist and
neck circumferences in comparison to the OSA only patients. The AHI, AI, the duration of
sleep with SaO2<90% as well as the daytime gas exchange abnormalities were more severe in
the overlap group. The sleep complaints however were almost identical. The degree of PH was
similar in both patient groups. The prevalence of pulmonary hypertension in the overlap
syndrome was almost two fold greater than in the OSA only group. It was, however, dispro‐
portionate to what should be expected from the gas exchange parameters. As our results are
not in agreement to those mentioned above, we should point out that our investigation was
performed in patients with extreme obesity, which more or less reflects the respiratory drive,
respiratory mechanics and pulmonary haemodynamics. They should be compared to patients
with a moderate degree of sleep disordered breathing and excessive sleepiness and/or
disturbed sleep.
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6.8. Current guidelines and recommendations in the diagnostic approach to overlap
syndrome in OSA patients

Nocturnal polysomnography is recommended in COPD patients whose symptoms suggest
coexistent OSA. This encompasses COPD patients with daytime hypercapnia and moderately
reduced FEV1; COPD snorers, or those who develop headache after nocturnal oxygen therapy
[25,64]. Apneas while asleep and daytime sleepiness are highly suggestive of OSA [65].
However, the presence of concomitant OSA is often difficult to predict. A large number of
patients with OSA do not have daytime hypercapnia or headache and some of them are not
obese. Daytime sleepiness is often absent. The significant cardiovascular morbidity and
mortality related to untreated OSA and its reversibility with CPAP treatment strongly
demands a more aggressive approach in diagnosing coexistent OSA among patients with
COPD [150,151].

The recognition and diagnosis of COPD may be challenging in patients with OSA. Smoking
history should always be obtained. COPD among OSA patients should be suspected if daytime
hypercapnia, pulmonary hypertension, and nocturnal tachyarrhythmias are present.
[42,87,106,148]. Chaouat et al [87] performed a study in 265 patients. They found that the
prevalence of daytime hypercapnia was 27% in the 30 patients with associated COPD and 8%
in the 235 patients without COPD. Daytime hypercapnia was observed in 11% of 1141 OSA
patients who were free of COPD and was related to the severity of obesity [152]. Pulmonary
hypertension is observed in 75% of patients with coexistent OSA and COPD [42] and in only
12%–20% of unselected OSA patients [102]. Patients with coexistent OSA and COPD are 2.53
times more likely to experience tachyarrhythmias during sleep than patients with OSA alone
[106].

In summary, patients with OSA who do not carry a diagnosis of COPD but have daytime
hypercapnia, pulmonary hypertension, and/or nocturnal tachyarrhythmias should undergo
pulmonary function testing (table 2). On the other hand, COPD patients with witnessed
apneas, daytime sleepiness, obese snorers, those who have daytime hypercapnia and/or
pulmonary hypertension, and/or daytime hypoxaemia disproportionate to their FEV1 should
undergo a polysomnography study.

OSA

Daytime hypercapnia disproportionate to obesity

Pulmonary hypertension

Tachyarrhythmias

Table 2. Indications for performing a pulmonary function testing in OSA
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7. Treatment of nod in copd patients

7.1. Medications – bronchodilators, corticosteroids, hypnotics

7.1.1. Effect on sleep quality

Ipratropium improves sleep quality [153] in patients with moderate to severe COPD, while
tiotropium has no effect [154], at least not in patients with severe COPD. Data regarding
theophylline have been variable, with some studies showing sleep disturbances [155], and
others showing no changes [156-58]. 28% of COPD patients use hypnotics because of insomnia
and other sleep disorders. Benzodiazepines are not recommended as they worsen nocturnal
hypoxemia [159]. Non-benzodiazepine compounds like Zolpidem are safer [160].

7.1.2. Effect on NOD

Bronchodilators have variable effects on sleep quality but they significantly improve NOD.
Theophylline [155,157], ipratropium [153], and tiotropium inhalers [154] have shown im‐
provements in NOD. Martin et al studied the effect of ipratropium, taken 4 times a day in 36
patients with moderate to severe COPD (FEV1 <65%) [153]. After a month of treatment,
nocturnal oxygen saturation decreased, subjective sleep complaints improved, and total REM
time increased. Tiotropium also improved nocturnal oxygen saturation but sleep quality
remained unchanged [154]. Long-acting β2 agonists have similar benefits [161]. Oral steroids
in stable COPD improve nocturnal oxygen desaturation and increase total sleep time [162].
Despite the lack of data, we might suggest that inhaled corticosteroids may have a similar
effect.

7.2. Oxygen

7.2.1. Effect on sleep quality

A limited number of studies have examined the effect of oxygen therapy on sleep. A decrease
in sleep latency, increase in total sleep duration, and REM were noted by Calverley et al [6].
Fleetham et al [57] noted no improvements in total sleep time (TST), sleep stages or frequency
of arousals with the addition of oxygen.

7.2.2. Effect on NOD

In COPD patients with severe daytime hypoxemia (49-52 mm Hg), and nocturnal desatura‐
tions, it has been clearly established in both the British Medical Research Council (MRC) Long-
Term Domiciliary Oxygen Therapy Trial [164] and the Nocturnal Oxygen Therapy Trial
(NOTT) [165] that continuous oxygen therapy improves survival. This improvement was seen
in comparison to supplemental oxygen administered only at night. COPD patients with
hypoxemia only during sleep may also have increased mortality risk [166]. The correction of
nocturnal hypoxaemia alone in patients with daytime normoxia does not significantly improve
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pulmonary haemodynamics or mortality [38], but it may improve sleep quality and is
frequently prescribed [6].

Oxygen therapy for COPD patients with moderate daytime hypoxaemia and nocturnal
desaturations remains very controversial. After a 3 year follow-up, no difference in survival
among COPD patients with moderate hypoxaemia (PaO2 56 and 69 mm Hg) was noted
between the supplemental oxygen therapy group (average use of 14 h/d) and the control when
[167]. Fletcher et al [168] found no survival benefit in COPD patients with NOD and an awake
PaO2 > 60 mm Hg, when randomized to 3 L/minute of oxygen or sham control for 36 months.
Pulmonary hemodynamics, however, improved in the oxygen therapy group. In a 5-year
follow up study, Chaouat et al [39] found no survival advantage in COPD patients with
PaO2 56-69 mm Hg who were randomized to oxygen therapy versus a control group. They
found no difference in the progression of COPD to respiratory failure or the development of
pulmonary hypertension.

The effect of long-term oxygen therapy on mortality in COPD patients with isolated nocturnal
oxyhemoglobin desaturation remains unclear. Pooling together COPD patients with and
without nocturnal oxyhemoglobin desaturation may mask the benefit of long-term oxygen
therapy on survival in COPD patients with nocturnal oxyhemoglobin desaturation only.

In summary, survival benefit of long term oxygen therapy is attained in COPD patients with
severe daytime hypoxaemia. Based on current data, oxygen therapy is unproven in COPD
patients with moderate daytime hypoxemia and NOD, or in COPD patients who experience
only NOD. Improvement of pulmonary haemodynamics and sleep quality with oxygen is also
unproven.

7.3. Non-invasive positive pressure ventilation (NIPPV)

The role of NIPPV has been clearly established in COPD patients with an acute exacerbation.
Data about its role in stable COPD patients is missing. Studies present mixed results and vary
depending on the design. A recent systematic review of NIPPV in severe stable COPD patients
was conducted by Kolodziej et al. [169]. They reviewed 9 randomized controlled trials (RCTs)
and nine non-RCTs. No improvement in gas exchange with NIPPV among the RCTs was
found. In the non-RCTs a reduction in lung hyperinflation and diaphragmatic work of
breathing was noted. Improvement in gas exchange was also established [169]. Although
NIPPV may have favorable effects, its therapeutic role has not been firmly stated for stable
COPD patients. Despite this, the application of NIPPV in medical centres has been increasing.
Recommendations from the American College of Chest Physicians (ACCP) were published to
help clinicians in guiding therapy with NIPPV in stable COPD patients. According to ACCP
guidelines, NIPPV may be considered in stable COPD when symptoms (fatigue, morning
headache, daytime hypersomnolence) and one of the following is present: 1. PaCO2 > 55 mm
Hg; (OR) 2. PaCO2 – 50-54 mmHg and NOD (overnight oximetry with SaO2 < 88% for 5 min
while on oxygen therapy > 2 L/minute; (OR) 3. PaCO2 50-54 mm Hg and hospitalization related
to recurrent episodes (>two in a 12-month period) of hypercapnic respiratory failure [170].
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Hg; (OR) 2. PaCO2 – 50-54 mmHg and NOD (overnight oximetry with SaO2 < 88% for 5 min
while on oxygen therapy > 2 L/minute; (OR) 3. PaCO2 50-54 mm Hg and hospitalization related
to recurrent episodes (>two in a 12-month period) of hypercapnic respiratory failure [170].
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Two recent results deserve attention. McEvoy et al [171] performed a randomized controlled
trial of NIV in patients with stable hypercapnic COPD which showed a significant improve‐
ment in adjusted mortality. Little or no change in pulmonary function or daytime blood gases
was detected. The improvement in mortality was associated with a worse quality of life with
NIV. A second study by Windisch et al [172] also reported mortality improvements with NIV,
although compared to historical controls. They used “high-intensity NIV” with very high
driving pressures (average inspiratory pressure 28cm H2O, average expiratory pressure 5 cm
H2O) and a high respiratory rate (21 breaths/min). Under these settings, there were also
improvements in spirometry and blood gases.

8. Treatment of nod in copd patients with osa – the overlap syndrome

The aim of the treatment of patients with overlap is to avoid desaturations and sleep-disor‐
dered breathing. Treatment should be individualized according to the degree of OSA and/or
COPD severity and in consideration of the co-existing illnesses – obesity, heart failure,
pulmonary hypertension. All patients should however be advised about the potential benefits
of therapy and the risks of going without it. Although CPAP therapy is a well-established
treatment for OSA, it is not suitable for all overlap patients [173,174]. Auto-titrating CPAP is
not recommended in COPD and overlap patients. Treatment options may also include oral
appliances, additional supplement of oxygen or non-invasive positive pressure ventilation
(NPPV).

8.1. General recommendations and medications

All patients should be advised of the importance of avoiding factors that increase the severity
of upper-airway obstruction such as use of alcohol, smoking, hypnotic agents, and increased
weight [175]. Data suggest that treatment of COPD in overlap syndrome will ameliorate
nocturnal oxygen desaturation, and may decrease the need for supplemental oxygen in
addition to CPAP [83]. Whether treatment of COPD in the overlap syndrome also improves
OSA is not known.

8.2. Oxygen

The benefit of supplemental oxygen therapy alone in OSA is lacking [176]. After two-weeks
of oxygen administration, nocturnal oxygen desaturation is improved, but sleep architecture,
arousals, and subjective sleepiness are not. Alford et al applied 4 L/min supplemental oxygen
to 20 overlap patients; NOD improved, but the duration of obstructive events increased which
resulted in an increase of end-apneic PCO2 from 52.8 mm Hg to 62.3 mm Hg. Thus, oxygen
alone should not be used for the treatment of the overlap syndrome.

8.3. Continuous positive airway pressure

CPAP remains the standard treatment for OSA and is the accepted therapy for overlap
syndrome. Its effect however depends on the severity of OSA/COPD and on the presence of
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comorbidities. In some patients CPAP alone may not fully correct hypoxaemia and supple‐
mental oxygen may be required [177]. In hypercapnic COPD patients however it is not
recommended.

COPD patients with mild sleep-disordered breathing and severe nocturnal hypoxaemia may
not tolerate CPAP. They may be better managed with oxygen. As most of the oxygen trials
were performed at the time when polysomnography was not widely used, further evaluation
of its benefits in COPD patients with mild sleep apnea should be performed.

CPAP is better tolerated in COPD patients with moderate/severe OSA. Data about its effects
on daytime lung function is controversial. Some authors suggest that upper-airway irritation
increases lower-airway resistance and correction of repetitive airway collapse might improve
pulmonary function [177]. Others postulate that CPAP off-loads the respiratory muscles,
decreases hypoventilation, oxygen consumption, and carbon dioxide production. During sleep
these muscles may be alleviated by CPAP, since it prevents the increase of upper-airway
resistance that occurs in sleep [178]. In severe COPD, CPAP may offset intrinsic PEEP in severe
COPD. In 8 COPD-only patients, Mezzanotte et al, [179] applied CPAP for 1–3 weeks. They
assessed inspiratory force and endurance and found significant improvements in maximum
inspiratory force and 12-min walk test. Improvements have also been observed in daytime
oxygenation and hypercapnia, [180,181] and in the number of COPD-related hospital admis‐
sions following the start of CPAP treatment for OSA [182].

Conflicting spirometry results have been seen when CPAP is used in the overlap syndrome.
A few non-randomized studies have shown improvements in FEV1, PaO2, PaCO2, after CPAP
initiation [84,103,180]. The largest study (55 patients), by de Miguel et al [84] observed
significant improvements in FEV1, FVC, and PaCO2 after 6 months of CPAP therapy. Both
spirometry and gas exchange parameters remained improved for 18 months after CPAP
cessation.

The addition of long-term CPAP therapy to standard treatment of COPD patients may also
improve gas exchange while reducing hospitalization rates in patients with COPD and OSA
[84,180]. The improvement in gas exchange with CPAP has important implications when
assessing the necessity of long term oxygen therapy in patients with coexistent COPD and
OSA. Among 55 middle-aged men with daytime hypoxaemia and coexistent COPD and OSA,
only 22% continued to have daytime PaO2<60 mmHg after 6 months of CPAP therapy [84].
Furthermore, CPAP therapy reduces elevated pulmonary and systemic arterial pressures in
OSA [103,183] which emphasizes the importance of timely diagnosis and treatment of
coexistent COPD and OSA. A substantial weight loss in that trial (mean weight loss approxi‐
mately 15 pounds) could also explain part of the improvement. A negative study by O’Brien
found that the overlap patients who were most adherent to CPAP had the greatest decline in
lung function [151]. This could reflect bias, since those patients with the most progressive
disease and symptoms may have used CPAP the most (or were urged to do so by their
physicians). The small number of patients (35), the fact that only one third of them were
included in the final analysis, the lack of precise timing of baseline and follow-up pulmonary
function testing, makes these data difficult to interpret.
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comorbidities. In some patients CPAP alone may not fully correct hypoxaemia and supple‐
mental oxygen may be required [177]. In hypercapnic COPD patients however it is not
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were performed at the time when polysomnography was not widely used, further evaluation
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increases lower-airway resistance and correction of repetitive airway collapse might improve
pulmonary function [177]. Others postulate that CPAP off-loads the respiratory muscles,
decreases hypoventilation, oxygen consumption, and carbon dioxide production. During sleep
these muscles may be alleviated by CPAP, since it prevents the increase of upper-airway
resistance that occurs in sleep [178]. In severe COPD, CPAP may offset intrinsic PEEP in severe
COPD. In 8 COPD-only patients, Mezzanotte et al, [179] applied CPAP for 1–3 weeks. They
assessed inspiratory force and endurance and found significant improvements in maximum
inspiratory force and 12-min walk test. Improvements have also been observed in daytime
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sions following the start of CPAP treatment for OSA [182].
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cessation.

The addition of long-term CPAP therapy to standard treatment of COPD patients may also
improve gas exchange while reducing hospitalization rates in patients with COPD and OSA
[84,180]. The improvement in gas exchange with CPAP has important implications when
assessing the necessity of long term oxygen therapy in patients with coexistent COPD and
OSA. Among 55 middle-aged men with daytime hypoxaemia and coexistent COPD and OSA,
only 22% continued to have daytime PaO2<60 mmHg after 6 months of CPAP therapy [84].
Furthermore, CPAP therapy reduces elevated pulmonary and systemic arterial pressures in
OSA [103,183] which emphasizes the importance of timely diagnosis and treatment of
coexistent COPD and OSA. A substantial weight loss in that trial (mean weight loss approxi‐
mately 15 pounds) could also explain part of the improvement. A negative study by O’Brien
found that the overlap patients who were most adherent to CPAP had the greatest decline in
lung function [151]. This could reflect bias, since those patients with the most progressive
disease and symptoms may have used CPAP the most (or were urged to do so by their
physicians). The small number of patients (35), the fact that only one third of them were
included in the final analysis, the lack of precise timing of baseline and follow-up pulmonary
function testing, makes these data difficult to interpret.
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Long-term follow-up and outcomes of CPAP therapy in the overlap syndrome have only
recently been reported. In an observational study, Machado et al [184] evaluated 95 patients
with moderate-to-severe OSA and hypoxaemic COPD. Patients were hypoxaemic and
hypercapnic at rest. They received long term oxygen therapy (LTOT). 61 patients received
CPAP, the remainder were not adherent to ventilatory treatment. The five-year survival was
71% in the CPAP treated and 26% in the non-treated group. The adjustment for confounding
factors showed that patients treated with CPAP had a significantly lower risk of death.

Marin et al [150] studied 441 patients with overlap syndrome (228 patients were treated with
CPAP and 213 not treated) and 210 patients with COPD only for almost ten years. The co-
existence of OSA/COPD was associated with an increased mortality (particularly cardiovas‐
cular) compared to COPD alone. Secondly, effective CPAP treatment of OSA reduces mortality
in overlap patients. Finally, patients with overlap not treated with CPAP were more likely to
suffer severe COPD exacerbations and hospitalizations in comparison to the COPD only
group. In both studies, however, CPAP was not provided in a randomized, blinded manner.

8.4. Non-invasive ventilation

While CPAP therapy is effective in most OSA patients with or without coexistent COPD,
bilevel positive airway pressure (PAP) may be useful when overlap patients experience
difficulty exhaling against pressure or when, despite the adequate airflow during CPAP
titration, intermittent nocturnal hypoxemia persists [185]. This is usually observed in severe
COPD patients who hypoventilate during the night. In such cases bilevel devices should be
considered. Bilevel PAP delivers a lower expiratory PAP and higher inspiratory PAP thereby
augmenting ventilation [186,187]. In overlap patients who experience persistent intermittent
nocturnal hypoxemia despite the adequate airflow during CPAP or BiPAP the positive airway
pressure can be increased to ameliorate possible residual upper airway resistance. If increased
PAP is ineffective or poorly tolerated, supplemental oxygen can be added [188].

The current guidelines suggest initial follow-up within 1 month after the start of PAP treat‐
ment. Subsequent visits should be annually or as needed The objective monitoring of PAP
compliance is strongly recommended [185]. The close follow-up of patients includes patient
education, adjustment of facial interfaces, and treatment of nasal conditions [185].

The effects of bilevel PAP on overlap syndrome have not been evaluated.

In our investigation, we followed 21 overlap patients who were adherent to BiPAP therapy
after a period of one month. A slight improvement in ventilatory parameters was detected:
FEV1 53.5±10.87% vs 62.1± 9.18; FVC-55.5±24.5% vs 64.8±17.19% (Figure 3). A minor correction
of blood exchange abnormalities was also observed (Figure 3). The average daytime PaO2

increased from 61.67±5.78 mmHg to 69.32±7.18 mmHg (Figure 3). Hypercapnia was compen‐
sated in 43% of the patients and decreased from 52.14±11.39 mmHg to 48.32±8.17 mmHg.
Though not of statistical significance, oxidative stress, as measured by urinary 8-isoprostanes,
was also lower after one month of BiPAP therapy – 0.251±0.10 vs 0.214±0.12. The subjective
sleepiness (ESS) improved from 15±4.3 to 12±3.8; this is related to an improvement of sleep
disordered breathing. A reduction of IRI was also detected 21.04±15.46 vs 19.13±9.21 mU/l. Our
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data suggests that BiPAP therapy improves gas exchange and ventilatory parameters in
overlap partients. It reduces the oxidative stress level and alleviates sleep complaints. Com‐
parative data with CPAP is however missing. Whether long-term NIV would improve
outcomes in the overlap syndrome, compared to CPAP is also unknown.

Before BiPAP treatment After BiPAP ventilation

FVC (l) 1.52 1.61

FEV1 (l) 1.12 1.18

pH 7.41 7.46

PaO2 (mmHg) 66.8 69.9

PaCO2 (mmHg) 39.5 35.9

Figure 3. Representative spirometric and gas exchange parameters before and after treatment with BiPAP for one
month from a single patient.

9. Conclusions

Sleep disturbances and NOD are common in COPD patients. Those patients with severe
disease have both subjective and objective complaints of poor sleep quality and are easily
suspected to experience NOD. The challenge to clinicians is to detect NOD among COPD
subjects with mild daytime hypoxaemia where the clinical parameters predisposing patients
to NOD are not as well recognized.

OSA is an independent, contributing mechanism to NOD in almost half of COPD patients who
experience nighttime desaturations. The overlap syndrome though highly prevalent is
frequently unrecognized in clinical practice. Daytime sleepiness and naps are not universal
for OSA patients and the failure of clinicians to consider SDB in COPD is the reason for its poor
detection. Overlap syndrome is associated with greater hypoxaemia and hypercapnia than
COPD and OSA alone, which may have cardiovascular implications. Its early recognition and
treatment with positive pressure ventilation may reduce morbidity and mortality and is
strongly recommended.

According to our investigation, overlap patients have a higher prevalence of metabolic and
cardiovascular disorders in comparison to OSA alone. Even after adjustment for confounding
variables, the level of oxidative stress (measured by urinary 8-isoprostanes) is significantly
higher in the overlap syndrome compared to OSA alone. One month treatment with BiPAP
improved the ventilatory and gas exchange parameters and decreased the oxidative stress level
in overlap patients. Despite the lack of weight reduction, a significant improvement in
glucometabolic parameters was established.
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nocturnal hypoxemia despite the adequate airflow during CPAP or BiPAP the positive airway
pressure can be increased to ameliorate possible residual upper airway resistance. If increased
PAP is ineffective or poorly tolerated, supplemental oxygen can be added [188].
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ment. Subsequent visits should be annually or as needed The objective monitoring of PAP
compliance is strongly recommended [185]. The close follow-up of patients includes patient
education, adjustment of facial interfaces, and treatment of nasal conditions [185].

The effects of bilevel PAP on overlap syndrome have not been evaluated.

In our investigation, we followed 21 overlap patients who were adherent to BiPAP therapy
after a period of one month. A slight improvement in ventilatory parameters was detected:
FEV1 53.5±10.87% vs 62.1± 9.18; FVC-55.5±24.5% vs 64.8±17.19% (Figure 3). A minor correction
of blood exchange abnormalities was also observed (Figure 3). The average daytime PaO2
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data suggests that BiPAP therapy improves gas exchange and ventilatory parameters in
overlap partients. It reduces the oxidative stress level and alleviates sleep complaints. Com‐
parative data with CPAP is however missing. Whether long-term NIV would improve
outcomes in the overlap syndrome, compared to CPAP is also unknown.
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9. Conclusions
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disease have both subjective and objective complaints of poor sleep quality and are easily
suspected to experience NOD. The challenge to clinicians is to detect NOD among COPD
subjects with mild daytime hypoxaemia where the clinical parameters predisposing patients
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OSA is an independent, contributing mechanism to NOD in almost half of COPD patients who
experience nighttime desaturations. The overlap syndrome though highly prevalent is
frequently unrecognized in clinical practice. Daytime sleepiness and naps are not universal
for OSA patients and the failure of clinicians to consider SDB in COPD is the reason for its poor
detection. Overlap syndrome is associated with greater hypoxaemia and hypercapnia than
COPD and OSA alone, which may have cardiovascular implications. Its early recognition and
treatment with positive pressure ventilation may reduce morbidity and mortality and is
strongly recommended.

According to our investigation, overlap patients have a higher prevalence of metabolic and
cardiovascular disorders in comparison to OSA alone. Even after adjustment for confounding
variables, the level of oxidative stress (measured by urinary 8-isoprostanes) is significantly
higher in the overlap syndrome compared to OSA alone. One month treatment with BiPAP
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10. Future directions

The new definitions of OSA proposed by the American Association of Sleep Medicine (AASM),
based on epidemiological data sets are a major change of perspective that may facilitate the
diagnostic approach to overlap [92]. The data regarding the prevalence of OSA in the general
population and in COPD must be re-analysed. This is especially important to reestablish
clinical phenotypes of both diseases in order to acquaint clinicians with the signs and symp‐
toms that are highly suggestive of OSA in mild/moderate COPD and those suggestive of COPD
in OSA patients.

‘Molecular” and “physiological” studies are needed to evaluate the role of oxidative stress and
inflammation in overlap syndrome as well as its possible additive and/or synergistic effects
on cardiovascular morbidity. Biomarkers, indicative of increased cardiovascular risk are also
demanded.

The introduction of more standardized therapeutic approaches is mandatory. The effects of
oxygen therapy in COPD patients with only nighttime hypoxaemia and/or mild daytime
hypoxaemia are unknown, especially those regarding gas exchange and pulmonary haemo‐
dynamics outcomes.

Overlap patients have severe daytime hypoxaemia than is expected based on lung mechanics.
The effect of CPAP on dayime hypoxaemia in overlap syndrome has not, however, been
investigated. It is obvious from the study of Machado et al, that some indications for LTOT
should be reconsidered in a group of overlap patients; follow-up visits and reevaluation of
ventilatory therapy should also be performed in detail. CPAP is the first choice in a phenotype
of overlap patients where “OSA is prevalent”. The optimal therapy for patients with mild OSA
and moderate/severe COPD or for those with mild OSA and COPD remains a challenge.

It is obvious that CPAP is not as safe in COPD as is generally supposed. Holanda et al stated
that in COPD, CPAP increased lung volume and worsened the baseline level of alveolar
hyperinflation [189]. The AASM has proposed non-invasive ventilation for treatment of
patients with overlap syndrome, especially for those intolerant of CPAP, or those with severe
nocturnal hypoxia and/or hypoventilation. Pressure support ventilation stabilizes the upper
airways in patients with OSA or overlap, as it changes the level of effective pressure between
inspiration and expiration. It is also the most common mode of ventilation for the management
of COPD related nocturnal hypoventilation.

Comparative follow-up mortality studies in overlap patients treated with either CPAP or
BiPAP modality are required to determine the optimal therapeutic management.
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1. Introduction

Sleep is a basic physiological need for all humans. People need to sleep and rest enough for a
healthy and productive life. However, some factors may prevent attainment of adequate sleep
and rest. While some of these factors may cause transient alterations in an individual’s sleep-
rest routine, other factors can affect sleep chronically. Chronic systemic diseases are one of the
most important factors that can affect the characteristics of people’s sleep for a long-time
period. Chronic diseases cause various sleep problems and impair sleep quality. One of the
chronic systemic diseases that affects the sleep routine and sleep quality of people severely is
Chronic Obstructive Pulmonary Disease (COPD).

COPD is an important health problem with an increasing prevalence and high morbidity and
mortality rate all over the world. In the last 20 years, the increasing mortality rates related to
COPD emphasize that COPD is a growing health problem [1]. WHO predicts that COPD will
become the third leading cause of death worldwide by 2030 [2]. The Global Initiative for
Obstructive Lung Disease (GOLD) characterizes COPD as “a preventable and treatable disease
with some significant extra pulmonary effects that may contribute to the severity in individual
patients. The pulmonary component of COPD is characterized by airflow limitation that is not
fully reversible. The airflow limitation is usually progressive and associated with an abnormal
inflammatory response of the lung to noxious particles or gases“. [3]

COPD, which affects individuals multidimensionally, has severe consequences. The com‐
plaints of patients with COPD are not limited to the symptoms of dyspneoa, cough and phlegm
production [4]. Although COPD is a disease affecting primarily the respiratory tract and lungs,
it has many systemic effects and complications related to the cardiovascular system, muscu‐
loskeletal system, neurological system, nutrition, and metabolism [5,6].
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distribution, and reproduction in any medium, provided the original work is properly cited.
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COPD severely affects the social and psychological aspects of patients’ lives as well as their
physical health. Due to the changes of the disease process, COPD forces patients to make
changes in their lifestyles. Due to the stress, anxiety, loss of control and independence, change
of sense of self, and respiratory distress, patients experience important psychological altera‐
tions including serious fear of death and depression [4,7-9]. Patients with COPD have to change
most of their daily activities due to dyspnoea, functional impairment, and fatigue. With
increasing fatigue and dyspnoea, they adopt a sedentary lifestyle [4]. Many patients with
COPD have poor sleep quality, especially those who have high anxiety and depression [10-12].
Shackell et al (2007) stated that the anxiety experienced due to dyspnoea affects the sleep
quality of patients with COPD and the sleep quality has effects on physical and emotional
functions [13]. COPD-related sleep disturbances play a role in its morbidity and adversely
affect quality of life. Poor sleep quality could contribute to poor COPD-related outcomes such
as exacerbations or even mortality risk [14].

2. Oxgen desaturation during sleep in COPD patients and sleep problems

Sleep is a physiological situation that occurs depending on the special functional organization
of the central nervous system. Each individual feels the need to sleep later in the evening and
sleeping occurs generally at night [15]. Normal sleeping is divided into non-rapid eye move‐
ment (NREM) and rapid eye movement (REM). NREM consists of three stages: N1, N2 and
N3 (quiet sleep or delta sleep). Strong stimuli are required to wake up someone whose NREM
stages proceed. REM has tonic and phasic components. REM sleep has a parasympathetically
medicated tonic component and sympathetically mediated phasic component. The phasic
component of REM sleep is characterized by skeletal muscle twitches, increased heart rate
variability, pupil dilation, and increased respiratory rate [16-18]. During NREM sleep, the
metabolic demand of the brain decreases and the blood flow throughout the entire brain
progressively decreases [19-21].

In  order  to  understand  the  effect  of  COPD  on  respiration  during  sleep,  one  should
principally know the physiological changes occurring during the periods of regular sleep
and wakefulness. While the respiratory system provides the oxygen that the body needs
on one part, it helps remove the carbon dioxide produced by the body’s metabolic processes
on the other part. Arrangement of the functions of the respiratory system basically occurs
through negative feedback [3]. Ventilation is normally controlled by a combination of two
systems: a metabolic system responsible for the automatic changes directly related to gas
exchange, and a behavioral system responsible for the voluntary changes originating from
cortical and forebrain structures [22-23].

While metabolic rate decreases during sleep, responses to various chemical, mechanical, and
cortical stimuli also decrease. The respiratory response to the changes observed in the partial
oxygen and partial carbon dioxide pressures in the arterial blood differs significantly in
comparison to the wakefulness period [24]. Especially during REM sleep, such physiological
changes may affect gas exchange and lead to hypoventilation resulting in clinically significant
hypoxemia and hypercapnia in patients with COPD [25].

COPD Clinical Perspectives164

The most pronounced hypoxemia occurs during the REM stage of sleep because of the
generalized muscle hypotonia that accompanies this stage [26]. REM-associated hypoxemia
can reach critically low levels, especially in patients with already borderline waking oxygen‐
ation, with potentially deleterious clinical consequences such as cardiac dysrhythmias,
pulmonary hypertension, and polycythemia [21,26].

Sleep affects  respiration through changes  in  control  of  the  respiratory center,  in  airway
resistance, and in muscle contractility. These changes which usually are not consequential
in healthy people may cause problems in patients with COPD. The gas exchange which
occurs during sleep in patients with COPD arises as a result of the nature of the disease
[3,27].  In COPD, breathing against expiratory airflow obstruction becomes more difficult
during sleep when there is reduced tidal volume, ineffective ventilation, and hypoxemia
[28]. Patients with COPD experience the most profound hypoxemia and hypercapnia during
REM sleep  [26].  The  oxygen  desaturation  which  occurs  during  sleep  in  COPD may be
greater than that which occurs during maximal exercise [29]. This desaturation predispos‐
es to cardiac arrhythmias at night [28,30], pulmonary hypertension [28,31,32] and proba‐
bly deaths during acute attacks [33].

FRC=functional residual capacity; FEV1=forced expiratory volume in 1 s; V′/Q′=ventilation/perfusion ratio;(McNicholas
et al. Sleep disorders in COPD: the forgotten dimension. European Respiratory Review. 2013,22(129):365-375.)

Figure 1. Pathophysiology of sleep-related respiratory changes in chronic obstructive pulmonary disease.

COPD patients  develop hypoxia  and hypercapnia  of  varying degrees  depending on the
severity of their lung disease; hyperinflation occurs in the lungs due to air trapping and
work of breathing increases [3]. Oxygen desaturation among the COPD patients is probably
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[3,27].  In COPD, breathing against expiratory airflow obstruction becomes more difficult
during sleep when there is reduced tidal volume, ineffective ventilation, and hypoxemia
[28]. Patients with COPD experience the most profound hypoxemia and hypercapnia during
REM sleep  [26].  The  oxygen  desaturation  which  occurs  during  sleep  in  COPD may be
greater than that which occurs during maximal exercise [29]. This desaturation predispos‐
es to cardiac arrhythmias at night [28,30], pulmonary hypertension [28,31,32] and proba‐
bly deaths during acute attacks [33].

FRC=functional residual capacity; FEV1=forced expiratory volume in 1 s; V′/Q′=ventilation/perfusion ratio;(McNicholas
et al. Sleep disorders in COPD: the forgotten dimension. European Respiratory Review. 2013,22(129):365-375.)

Figure 1. Pathophysiology of sleep-related respiratory changes in chronic obstructive pulmonary disease.

COPD patients  develop hypoxia  and hypercapnia  of  varying degrees  depending on the
severity of their lung disease; hyperinflation occurs in the lungs due to air trapping and
work of breathing increases [3]. Oxygen desaturation among the COPD patients is probably
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caused by physiologic hypoventilation that occurs during sleep precipitating a considera‐
ble  decrease  in  the  SaO2  level  of  hypoxemic  patients  [28,34,35].  Hypoventilation  during
sleep is related to impairment of the respiratory center’s response to chemical,  mechani‐
cal and cortical stimuli [26,36, 37].

During sleep, ventilation/perfusion relationships are deranged. Especially in REM sleep, atony
of accessory respiratory muscles develops decreasing functional residual capacity which
further worsens ventilation/perfusion relationships, and hypoxemia intensifies. Decrease of
intercostal muscle activity is important in patients with COPD who rely upon the use of
accessory respiratory muscles to maintain respiration. Lung hyperinflation places the dia‐
phragm, the only functioning respiratory muscle during REM sleep, at a mechanical disad‐
vantage that also impairs oxygenation through alterations in ventilation/perfusion matching
[26,37]. The compensatory efforts of the muscles that assist the diaphragm and hyperinflated
lungs become inefficient after time [18,38] The diaphragm is at a mechanical disadvantage due
to lung hyperinflation which adversely affects the contractile power of diaphragmatic muscle
fibres (type I fibres). Such changes are of paramount importance as they restrict the effective‐
ness of the diaphragm during respiration [39,40]. In order to maintain respiratory effort,
patients utilize accessory muscles in the chest, shoulder and abdomen. Due to atony, accessory
muscles of respiration are unable to augment respiration during REM sleep which results in
flattening of the diaphragm. Because the diaphragm is unable to contribute to ventilation
during REM sleep, minute ventilation declines to half the daytime level. In addition, this
reduction in ventilation is accompanied by deranged ventilation/perfusion (V/Q mismatch)
and adequate gas exchange does not occur. As a result, arterial oxygen decreases and carbon
dioxide increases. These derangements in gas exchange are more prominent among patients
with COPD compared with the general population [21,38].

Drugs such as corticosteroids, methyl xanthenes and β-agonists which are used in the treat‐
ment of COPD also affect the sleep of the patient [41,42]. They can disrupt sleep and provoke
sleeplessness irrespective of the severity of the patient’s respiratory disease [3].

In patients with COPD, nocturnal desaturation and moderate hypoxemia are associated with
an increase in pulmonary artery pressures [31,43,44]. In COPD patients, this hypoxemia
associated rise in pulmonary arterial pressures is reversed with oxygen treatment [37]. In
addition, in patients with COPD, premature ventricular contractions increase during sleep and
oxygen treatment reduces their frequency [30].

The presence of other health problems that accompany COPD affects the occurrence and
severity of sleep disorders. Patients with sleep apnea who do not have COPD experience rapid
normalization of oxygen levels after apnea associated desaturations. However, in patients who
suffer from both COPD and sleep apnea, apnea associated oxygen desaturation is more
profound and longer because these patients are already hypoxic when the apnea begins.
Therefore, patients with COPD are at risk for complications caused by chronic hypoxia like
cor pulmonale and polycythemia [37].
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Krachman et al summarized the potential consequences of changes in ventilatory control and
respiratory muscle function during sleep in patients with chronic obstructive pulmonary
disease (COPD) in Figure 2. [21]

A/W=airways; OSA=obstructive sleep apnea. V/Q=ventilation/perfusion ratio. Vd/Vt=ratio of dead space volume to
tidal volume.
(Krachman et al. Sleep abnormalities and treatment in emphysema. Proc Am Thorac Soc, 2008, 5(4):536-542)

Figure 2. Potential consequences of changes in ventilatory control and respiratory muscle function during sleep in pa‐
tients with chronic obstructive pulmonary disease (COPD)

3. Evaluation of sleep and sleep quality in COPD patients

Many patients with COPD experience nocturnal respiratory symptoms which interrupt sleep.
When the frequency and severity of night symptoms increase, sleep quality decreases [26].
Sleep quality in patients with COPD is decreased both subjectively and objectively. Indicators
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of poor sleep quality include the subjective complaints of difficulty falling and staying asleep,
morning tiredness, early awakenings, and excessive daytime sleepiness [14,45, 46]. Cormick
et al. asked patients with emphysema about their perception of sleep quality and found that
72% complained of daytime sleepiness, 32% reported impaired daytime concentration, and
28% complained of early morning headaches [14]. Sleeping problems seen in COPD patients
are related to oxygen desaturation which occurs depending on the severity of the disease [37,
47]. During sleep, especially during REM, respiratory muscle function and the responsiveness
of the respiratory centre to chemical stimulants decrease. Thus, COPD patients are at higher
risk of developing nocturnal desaturation. Desaturation during sleep is considered a major
determinant of disturbed sleep among COPD patients [48]. McSerry et al (2012) reported that
sleep quality is poor in patients with severe COPD compared with individuals of similar age
who do not have sleep apnea. Daytime hypoxaemia is independently associated with impaired
sleep efficiency [49]. Kinsman et al. (1983) stated that disordered sleep is the third main
complaint after dyspneoa and fatigue in patients with COPD and approximately half of the
patients experience sleep disruption “always” or “generally always”[50]. Tel at al. (2006)
determined that sleep quality is poor in patients with COPD and there is a significant rela‐
tionship between the anxiety levels of patients and poor sleep quality [11]. Valipour et al. (2011)
determined that compared with healthy people, patients with COPD experience more
insomnia and sleep disorders [51].

Insomnia, nightmares, and somnulence are higher in patients with COPD than in the general
population [52]. Nearly half of the patients with COPD stated that their quality of sleep was
considerably impaired [37]. Valipour et al (2011) determined that insomnia, and sleep-
maintenance difficulty occur frequently in patients with COPD [51]. Polysomnographic
studies show that in patients with COPD, the sleep duration is shortened, arousals and
awakenings occur frequently, and slow wave and REM sleep are shortened [14].

Poor quality of sleep in patients with COPD occurs as a result of many factors: age, severity
of COPD, medications, underlying depression, and underlying sleep disorders [11,13,37,48].
George and Bayliff (2003) showed that the frequency of sleep disorders increases with the
severity of the underlying pulmonary disease in COPD patients [41]. Pulmonary symptoms
experienced by the patients also cause sleep disorders [53]. Omachi et al. (2012) found that
sleep disorders are related to cough, dyspnoea and severity of illness in COPD patients. While
many COPD patients suffer from the problem of excessive secretions, coughing to produce
sputum/secretion results in interruptions in the sleep of the patients. Considering the sleep
habits of the patients, most of them report that their sleep is frequently disrupted due to
respiratory distress, cough and sputum production at night [54]. Using qualitative methods,
Aydın Tel et al. (2012) showed that the majority of patients with COPD stated that their
respiratory symptoms adversely affected their sleep [55].

Examples of patients’ comments illustrating how their COPD affected their sleep include:
Patient A “Due to this disease, everything is problematic, including going to the toilet, having bath,
dressing up, lying on the bed, sitting up and turning right and left. I become short of breath and I can
do nothing.”
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Patient B, “Sometimes I have a stuffed throat and become short of breath during sleep and then wake
up by fluttering. I can never sleep on my back, I always lie laterally. I sleep while sitting and sometimes,
I fall while sleeping.” [55]. Many COPD patients prefer to sleep in a chair instead of lying supine
in order to ease breathing and improve sleeping. This way of sleeping pulls the diaphragm
downwards and relaxes the respiratory mechanism [3]. Thus, COPD patients frequently prefer
this position to sleep more comfortably and soundly.

Sleep disorders are also closely associated with the fatigue experienced by COPD patients.
Patients with sleep disorders suffer from daytime chronic fatigue and lethargy and, therefore,
their life quality is poorer [14, 56]. Poor sleep quality leads to various dysfunctions in COPD
patients by causing daytime excessive sleepiness and changing neuro-cognitive and psycho‐
motor wakefulness [25].

Although the exact impact of chronic sleep disorders on the pulmonary function of COPD
patients is not known, interruptions in sleep may cause slight decreases in the forced vital
capacity as well as at the forced expiratory volume in one second [57].

The most frequent sleep problems detected in patients with COPD are insomnia, waking up
early in the morning, headache, and daytime sleepiness. Their prevalence varies between 30
% and 70 % in COPD patients [14, 45,52]. Klink et al. (1994) reported that 52.8% of COPD
patients suffer from insomnia and daytime lethargy [58]. Subjective complaints related to sleep
problems are accompanied by respiratory symptoms such as cough, dyspnoea, wheezing, and
producing sputum [25]. Sleep disorders associated with COPD affect the quality of sleep
deeply through multiple mechanisms. Omachi et al (2012) showed that sleep disorders
experienced by COPD patients predict utilization of emergency services due to acute COPD
exacerbations [54].

Successful COPD management requires consideration of all of the disease’s effects on each
person, not just from the perspective of COPD’s main respiratory manifestations like dysp‐
neoa, cough, and phlegm. Within this context, the relationship between pulmonary function
and sleep shouldn’t go unnoticed and a careful sleep history should be elicited from all patients
with COPD. The first phase of effective disease management includes a diagnostic assessment
of the patient and collecting the essential data to plan the treatment and care requirements
accurately. Only successful disease management will eliminate the symptoms of COPD and
improve a patient’s clinical course. Hynnien et al. (2007) determined that anxiety, depression,
and sleep disorders are associated with poor health perception by patients. According to their
results, all patients should be assessed for anxiety, depression, sleep disorders, and daily
functions irrespective of the severity/phase of their COPD [59]. Deficiencies in disease
management result in the intensification of COPD symptoms, emergence of sleep disorders,
significant changes in the cognitive functions, deterioration of the disease, and even death.

According to the results of the study conducted by Omachi et al. (2012), the relationship
between sleep and pulmonary disorders in COPD patients is summarized in Figure 3 [54].
Seemingly, sleep disorders are experienced by all COPD patients and may lead to significant
complications although their severities and intensities may be different. Thus, sleep habits of
COPD patients and the factors affecting these habits should be assessed comprehensively [54].
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Figure 3. Omachi et al.(2012) Disturbed sleep among COPD patients is longitudianally associated with mortality and
adverse COPD outcomes. Sleep Med, 2012, 13(5):476-483.

Most patients with COPD have poor sleep quality [11,36, 60,61]. Moreover, some studies
suggest that in COPD patients, sleep quality is the most important health factor affecting
quality of life. [36,62,63]. These results show that all COPD patients should be evaluated for
symptoms of sleep disorders, snoring during sleep and potential sleep apnea syndrome
symptoms like observable apneas [37]. In the clinical evaluation of COPD patients, questions
to determine the sleep quality of patients and the potential existence of sleep apnea syndrome
should be elicited.

Oxygen therapy, drug treatment, non-pharmacological approaches and sleep hygiene are the
interventions recommended for COPD patients suffering from sleep disorders.

When discussing sleep problems in patients with COPD, the patient’s respiratory symptoms
should be discussed. Reduction in respiratory symptoms such as dyspnea and cough may be
the initial management goals that will improve sleep quality [37]. When it is needed, nocturnal
oxygen treatment should be provided and, as far as possible in patients with severe COPD,
the use of hypnotics should be avoided [37]. The most important intervention is to prevent
nocturnal hypoxemia [26]. Nocturnal oxygen treatment is suggested in cases of hypoxemia
complications [37]. In a study of oxygen therapy on sleep quality Calverly et al. (1982)
concluded that oxygen therapy increases REM sleep and sleep continuity and reduces sleep
latency [64].

COPD medications may have varying effects on sleep quality. Theophylline [65] and anticho‐
linergic medicines may ameliorate nocturnal desaturation and ipratropium increases sleep
quality [66]. Ipratropium bromide enhances sleep quality, abrogates nocturnal oxygen
desaturation, improves perceived sleep quality, and increases REM sleep duration without
any effects on other sleep phases or total sleep duration [66]. On the other hand, while some
studies examining the effect of Theophylline on sleep quality reported that it caused deterio‐
ration of sleep quality [65], other studies revealed that it had no effect on sleep quality [67-69].
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Because of the potentional negative effects of benzodiazepines on ventilation, these medicines
should be avoided in patients with COPD [70]. It is recommended not to use benzodiazepines
in the patients with COPD as they may exacerbate the frequency, duration, and severity of
nocturnal hypoxemia [71].

In patients with COPD, treatments that improve lung function and gas exchange should
improve sleep quality and overall health [72]. In COPD patients, good sleep quality also
contributes to better overall health of patients [73]. Soler et al. (2013) showed that pulmonary
rehabilitation is effective in improving the sleep quality of patients with COPD [74]. Increased
awareness by medical professionals of the sleep problems of patients with COPD is important,
since the sleep quality has an effect on patients’ quality of life. In addition to treatment
approaches that improve lung function and help the symptoms of the disease to be brought
under control such as pulmonary rehabilitation, sleep and sleep hygiene education will help
COPD patients acquire a high quality sleep pattern and increase their sleep quality.

Like patients with any chronic disease, patients with COPD who have perceptions of poor
health are likely to experience anxiety, depression, sleep disturbance, and problems with daily
functioning. Lee et al. (2011) suggested that these findings show the need to screen routinely
for sleep disturbance in patients with COPD and support the potential benefits of interventions
to enhance self-efficacy and quality of sleep in reducing depression in COPD patients [75].

There are some studies examining the effectiveness of pulmonary rehabilitation in eliminating
sleep disorders in COPD patients. Soler et al. (2013) showed that pulmonary rehabilitation
produced significant improvements in life quality perceptions of patients in relation to
dyspnoea, exercise tolerance, self-effectiveness and health while 19% of the patients had
improved/advanced sleep quality. Soler et al. (2013) suggested that pulmonary rehabilitation
may be an effective, non-pharmacologic treatment option for sleep problems in patients with
COPD [74].

Most of the patients with COPD suffering from sleep problems report a lack of support from
their physicians and few received advice for sleep problems [13]. Sleep problems in patients
with COPD may need specific evaluation [6]. Assessment of the sleep problems of patients
with COPD is an issue that should not be ignored during routine care. Sleep characteristics of
the patient should be assessed. The impact on sleep duration and quality can be recorded using
validated tools such as the Pittsburgh Sleep Quality Index [76].

Another approach is to measure the emergence of daytime symptoms, such as day time
sleepiness or fatigue, related to sleep deprivation. Daytime sleepiness can be assessed by the
Epworth Sleepiness Scale [77]. The St George’s Respiratory Questionnaire includes one
question about sleep disturbance caused by cough or breathlessness [6]. For assessment of the
impact of night-time symptoms and sleep disturbance in COPD, the COPD and Asthma Sleep
Impact Scale may be used [78]. The patient should be informed adequately about all the
processes in order to engage his/her participation in the practices aimed at solving the sleep
problems. As stress and anxiety due to a lack of information will affect sleep, patients should
be provided with adequate and timely information.
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Most patients with COPD have poor sleep quality [11,36, 60,61]. Moreover, some studies
suggest that in COPD patients, sleep quality is the most important health factor affecting
quality of life. [36,62,63]. These results show that all COPD patients should be evaluated for
symptoms of sleep disorders, snoring during sleep and potential sleep apnea syndrome
symptoms like observable apneas [37]. In the clinical evaluation of COPD patients, questions
to determine the sleep quality of patients and the potential existence of sleep apnea syndrome
should be elicited.

Oxygen therapy, drug treatment, non-pharmacological approaches and sleep hygiene are the
interventions recommended for COPD patients suffering from sleep disorders.

When discussing sleep problems in patients with COPD, the patient’s respiratory symptoms
should be discussed. Reduction in respiratory symptoms such as dyspnea and cough may be
the initial management goals that will improve sleep quality [37]. When it is needed, nocturnal
oxygen treatment should be provided and, as far as possible in patients with severe COPD,
the use of hypnotics should be avoided [37]. The most important intervention is to prevent
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complications [37]. In a study of oxygen therapy on sleep quality Calverly et al. (1982)
concluded that oxygen therapy increases REM sleep and sleep continuity and reduces sleep
latency [64].
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linergic medicines may ameliorate nocturnal desaturation and ipratropium increases sleep
quality [66]. Ipratropium bromide enhances sleep quality, abrogates nocturnal oxygen
desaturation, improves perceived sleep quality, and increases REM sleep duration without
any effects on other sleep phases or total sleep duration [66]. On the other hand, while some
studies examining the effect of Theophylline on sleep quality reported that it caused deterio‐
ration of sleep quality [65], other studies revealed that it had no effect on sleep quality [67-69].
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Because of the potentional negative effects of benzodiazepines on ventilation, these medicines
should be avoided in patients with COPD [70]. It is recommended not to use benzodiazepines
in the patients with COPD as they may exacerbate the frequency, duration, and severity of
nocturnal hypoxemia [71].

In patients with COPD, treatments that improve lung function and gas exchange should
improve sleep quality and overall health [72]. In COPD patients, good sleep quality also
contributes to better overall health of patients [73]. Soler et al. (2013) showed that pulmonary
rehabilitation is effective in improving the sleep quality of patients with COPD [74]. Increased
awareness by medical professionals of the sleep problems of patients with COPD is important,
since the sleep quality has an effect on patients’ quality of life. In addition to treatment
approaches that improve lung function and help the symptoms of the disease to be brought
under control such as pulmonary rehabilitation, sleep and sleep hygiene education will help
COPD patients acquire a high quality sleep pattern and increase their sleep quality.

Like patients with any chronic disease, patients with COPD who have perceptions of poor
health are likely to experience anxiety, depression, sleep disturbance, and problems with daily
functioning. Lee et al. (2011) suggested that these findings show the need to screen routinely
for sleep disturbance in patients with COPD and support the potential benefits of interventions
to enhance self-efficacy and quality of sleep in reducing depression in COPD patients [75].

There are some studies examining the effectiveness of pulmonary rehabilitation in eliminating
sleep disorders in COPD patients. Soler et al. (2013) showed that pulmonary rehabilitation
produced significant improvements in life quality perceptions of patients in relation to
dyspnoea, exercise tolerance, self-effectiveness and health while 19% of the patients had
improved/advanced sleep quality. Soler et al. (2013) suggested that pulmonary rehabilitation
may be an effective, non-pharmacologic treatment option for sleep problems in patients with
COPD [74].

Most of the patients with COPD suffering from sleep problems report a lack of support from
their physicians and few received advice for sleep problems [13]. Sleep problems in patients
with COPD may need specific evaluation [6]. Assessment of the sleep problems of patients
with COPD is an issue that should not be ignored during routine care. Sleep characteristics of
the patient should be assessed. The impact on sleep duration and quality can be recorded using
validated tools such as the Pittsburgh Sleep Quality Index [76].

Another approach is to measure the emergence of daytime symptoms, such as day time
sleepiness or fatigue, related to sleep deprivation. Daytime sleepiness can be assessed by the
Epworth Sleepiness Scale [77]. The St George’s Respiratory Questionnaire includes one
question about sleep disturbance caused by cough or breathlessness [6]. For assessment of the
impact of night-time symptoms and sleep disturbance in COPD, the COPD and Asthma Sleep
Impact Scale may be used [78]. The patient should be informed adequately about all the
processes in order to engage his/her participation in the practices aimed at solving the sleep
problems. As stress and anxiety due to a lack of information will affect sleep, patients should
be provided with adequate and timely information.
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Restlessness, anxiety, confusion, and sleeplessness experienced by the patients with COPD are
common symptoms of hypoxia and hypoxemia. To detect these symptoms, consciousness level
and mental status of the patient should be monitored routinely. Supporting the positions that
will ease the respiration of the patient and changing the position, if necessary, will help the
patient breathe more comfortably. Patients with COPD frequently prefer sleeping in an upright
position instead of lying on their back [53].

Encouraging and supporting the patients to produce sputum will facilitate clearance of
secretions and ease breathing. To improve sleep quality of patients with COPD, health
professionals can recommend some interventions such as maintaining a regular sleep and
wake schedule, establishing a regular relaxing bedtime routine, restricting their activities in
bed to sleep and sex, not for other stimulating activities, creating a sleep environment that is
cool, dark, and comfortable and avoiding caffeine in the hours before bedtime.

4. Conclusion

Sleep, a physiological necessity, is important for all people in order to attain physical, psy‐
chological, and emotional wellness. However, in some situations, sleep may be stressful for
patients especially those with COPD. Sleep disorders experienced by COPD patients adversely
affect their sleep quality. Although patients with COPD frequently experience sleep problems
and their sleep quality is unsatisfactory, healthcare providers do not review regularly their
sleep characteristics and quality. The routine examination of patients with COPD should
include a review of sleep symptoms and sleep quality to ascertain the effects of sleep distur‐
bances on their lives. Only through the active assessment of a comprehensive sleep history can
sleep disorders be diagnosed and managed. Healthcare personnel who provide holistic care
will assess patients’ sleep problems and symptoms. This approach will help to diagnose sleep
problems early, initiate appropriate interventions and management, and improve patients’
wellness.
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1. Introduction

Physical inactivity (lack of exertional pursuits) is the fourth leading risk factor for mortality
worldwide and contributes to 6% of all deaths. Only hypertension, smoking, and diabetes are
associated with greater mortality [1]. In addition, nearly 5% of worldwide mortality is caused
by excessive weight [2]. Numerous prospective, observational studies suggest that the least
active and unfit people are at the greatest risk for developing a variety of chronic diseases [3].
Physical inactivity has been identified as an independent risk factor for cardiovascular disease,
diabetes, hypertension, obesity, osteoporosis, colon, breast and other cancers, depression,
anxiety and other illnesses [4].

Chronic Obstructive Pulmonary disease (COPD) is the most common chronic lung disease and
is the fourth leading cause of death in the world. COPD has a high impact on patients´
wellbeing, health care utilization, and mortality [5] and causes a substantial and increasing
economic and social burden [6, 7].

As COPD worsens and individuals experience increasing respiratory symptoms, a vicious
cycle develops whereby activity declines, walking speed is reduced, fitness levels decline, and
activities of daily living become too difficult to carry out, eventually causing disability and
dependence [8]. Physical activity is reduced in severe COPD [9] but the level of activity in
individuals with moderate COPD is less well studied. Hence, inactivity may not only be a
manifestation of disease severity in COPD but may also contribute to disease progression [10].
In a recent study of the patterns of physical activity including the frequency, duration and
intensity of episodes of physical activity, patients with COPD wore the SenseWear® armband
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acelerometer for eight consecutive days [11]. With increasing COPD severity, time in physical
activity, proportion of time performing activities, and frequency of activity decreased. These
objective outcomes provide the best measures of physical activity [12].

COPD is characterized by inexorably progressive, non-normalizing airflow limitation and the
severity of obstruction correlates with its morbidity and mortality [5, 13]. Based upon the
presence of oxidative stress, increased levels of circulating cytokines, and multiple nonpul‐
monary manifestations, COPD is increasingly being recognized as a systemic disorder [5].
Furthermore, COPD does not manifest in a homogeneous manner and many different
subgroups or phenotypes are being recognized. The polysystemic manifestations and hetero‐
geneity of clinical and inflammatory profile presentations of COPD have led to an expanded
classification in the most recent GOLD guidelines that incorporate clinical manifestations
including effects on physical activity and healthcare utilization or risk in addition to physio‐
logic impairment [5]. This multifactorial classification is used to stage COPD severity and to
guide and monitor treatment [5]. In addition, the clinical course of patients with COPD is
marked by repetitive exacerbations and abnormal inflammatory response which further
contribute to a downward spiral of physical activity [5, 14].

Decreased caloric intake leading to nutritional depletion occurs in about 20-35% of outpatients
with COPD and up to 70% of patients with acute respiratory failure or waiting for lung
transplantation [15]. Cachexia, defined as weight loss with disproportional fat-free mass
wasting, occurs in about one-third of patients with COPD eligible for pulmonary rehabilitation
and represents a cause of increased mortality independent of ventilatory limitation [16].

2. Biochemical changes

Many of the major pathophysiologic derangements in advanced COPD have been attributed
to systemic inflammation [17]. Previous studies show that systematic inflammation is induced
by inflammatory cytokines, such as tumor necrosis factor (TNF-α), interleukin (IL-6) and IL-8
[18, 19]. Fat-free mass (FFM) depletion marks the imbalance between tissue protein synthesis
and breakdown that occurs in COPD [20]. These inflammatory cytokines and endocrine
hormones contribute to the reduction in exercise tolerance and poor quality of life caused by
skeletal myopathy in COPD patients [21]. Skeletal muscle dysfunction plays an important role
in the symptoms and impairments in strength, endurance, and maximal exercise capacity
experienced by patients [22].

Bronchiectasis, permanent damage and widening of one or more of the large connecting
bronchi (airways), may occur in nearly one third of individuals with COPD [22]. Individuals
with bronchiectasis have elevated levels of proinflammatory cytokines that are associated with
decreased fat-free mass, increased proteolysis and worse respiratory function [22-24]. This
chronic inflammation increases the levels of oxidative stress [25, 26]. Circulating (plasma) and
intracellular biomarkers of oxidative stress are increased in patients with bronchiectasis
compared with control subjects [25].
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Decline in nutritional status is directly related to lung function outcomes and has been
proposed as a predictor of morbidity and even mortality in patients with chronic respiratory
diseases independent of the ventilatory limitation [15]. Furthermore, malnutrition is accom‐
panied by a loss of diaphragmatic and structural skeletal muscle mass, as well as humoral and
cellular dysfunction [15]. Anabolic stimulation through a combination of nutritional support
and exercise appears to be the best approach to improving functional status [27]. A multicenter
study of stable COPD patients with a body mass index of 22 kg/m2 and a fat-free mass index
of 16 showed that the consumption of oral nutritional supplements, rich in proteins (with 50%
of whey protein) produced a significant improvement in quality of life [28]. A subsequent
Cochrane Database meta-analysis showed that undernourished patients with COPD improved
with nutritional supplementation [29]. Malnourished patients who received supplementation
had significantly better maximum inspiratory pressures and maximum expiratory pressures
[29].

Thus, impaired skeletal muscle function is a potentially remediable systemic manifestation of
COPD [30]. These findings have implications for identification of drug targets aimed at
improving muscle function in COPD [30]. Except for markers of myogenesis, molecular
responses to resistance training are not tightly coupled to lean mass gains [30].

3. Management of comprehensive pulmonary rehabilitation

Pulmonary Rehabilitation (PR) has become a cornerstone in the management of patients with
stable COPD in recent years [31]. Systematic reviews show large and important clinical effects
of PR in these patients [32]. PR improves anxiety and depression in patients with COPD [33].
PR also reduces the number and duration of hospitalizations [34, 35]. In addition, physical
training and chest physiotherapy in respiratory disease have long-term, durable benefits
[36-38]. The components of PR vary widely but a comprehensive program includes smoking
cessation, education, nutrition counseling, and exercise training [5].

3.1. Educational and nutritional management

All patients enrolled in PR should receive educational and nutritional interventions as part of
an integrated care plan that seeks to achieve a normal nutritional status, either through natural
diet or supplements [15, 39]. Nutrition depletion occurs by multiple mechanisms including
energy imbalance, disuse atrophy of the muscles, hypoxemia, systemic inflammation and
oxidative stress [15]. Each of these mechanisms may represent targets for nutritional inter‐
vention.

Patients with COPD are best managed through multimodal therapies delivered through an
integrated healthcare system [40]. Dietary supplementation with whey may potentiate the
effects of exercise training on exercise tolerance and quality of life in patients with COPD [41].
Use of a nutritional supplement containing anti-inflammatory whey peptide with exercise
therapy in stable elderly COPD patients increased body weight, reduced markers of systemic
inflammation, and improved exercise levels and respiratory health [17].
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There is a clear need for adequately powered and controlled intervention and maintenance
trials to establish the role of nutritional supplementation in the enhancement of exercise
performance and training and wider management of the systemic features of COPD [40].
Hence, combination therapy, nutritional, pharmacologic, and physical training, may produce
weight gain, increases in lean mass, respiratory muscle strength, exercise capacity, lung
function, and respiratory health while reducing morbidity and mortality. Physiotherapy,
occupational therapy, and medical treatment are individually adjusted to each patient’s needs
and requirements with the goal of improving current quality of life and these targets should
be re-adjusted when patients opt for palliative care [42].

Although prior reviews did not provide evidence for the usefulness of nutritional supple‐
mentation therapy, more recent analyses concluded that nutritional supplemental therapy
increased weight, fat free mass, exercise tolerance, and hand grip strength in undernourished
patients with COPD [29, 43, 44]. High calorie nutrition therapy and L-carnitine supplementa‐
tion may be beneficial whereas no effect is observed with additional creatine [45]. The duration
and type of exercise may also affect PR results. Although both low and high intensity exercise
training are beneficial for patients with COPD, higher intensity lower extremity exercise yields
better physiologic improvement than lower intensity exercise [46]. PR programs that are 12
weeks or longer produce enhanced and more durable results than shorter programs [43, 46].
The benefits of PR tend to wane gradually over 12 to 18 months [43, 46].

3.2. Importance of exercise training

There are two different types of Physical Exercise Training for COPD patients: endurance
and interval type training [47]. Endurance or continuous programmes include constant load
and incremental load training. However, patients with symptoms of severe dysnea during
exercises were incapable of performing high-intensity (70 to 80 % of the peak work rate)
continuous type training. Interval training is recommended as an alternative to continuous
training in patients with severe symptoms of dyspnoea during exercise due to an inability
to sustain continuous training at the recommended intensities. During interval training short
exercise bouts (30-180 seconds) are performed at high intensity (at least 70-80% of peak work
rate).  Recommended frequency of  training is  the same as with continuous training [47].
Finally,  there  is  evidence  that  regular  physical  activity  contributes  to  the  primary  and
secondary prevention of several chronic diseases and is associated with a reduced risk of
premature death [48].

Physical activity is defined as any bodily movement produced by the contraction of skeletal
muscle that increases energy expenditure above a basal level [49]. Exercise therapy is defined
as a subcategory of physical activity in which planned, structured, and repetitive bodily
movements are performed to maintain or improve one or more attributes of physical fitness
[49]. Physical fitness refers to the ability to carry out daily tasks with vigor and alertness
without undue fatigue and with ample energy to enjoy leisure time pursuits and to meet
unforeseen emergencies [49].

Physical activity is the strongest predictor of all-cause mortality in patients with COPD [50].
Nowadays, lack of physical activity is associated with the burden of chronic disease [51]. The
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low levels of Physical Activity (PA) generally observed in people with COPD may be due in
part to the difficulties they experience as they attempt to perform daily activities that they need
and want to perform [14]. Importantly, physical inactivity is potentially reversible [52].

There is strong evidence that community physiotherapy benefits health by promoting physical
activity [8, 53]. Exercise prescribed by a physiotherapist can target directly any impairments
contributing to activity limitations and requires the active participation of subjects in an
individualized physical exercise program [53]. Exercise training can produce significant
improvement in health related quality of life, exercise capacity, respiratory muscle strength,
and exertional dyspnea in patients with COPD who have normal exercise capacity [54]. Hence,
enrollment in a comprehensive Pulmonary Rehabilitation Program (PRP) that includes
exercise training and dietary supplementation may benefit patients with COPD. PRP may be
supported by motivational counseling [55]. Furthermore, physical activity is an attractive
outcome measure for interventional studies in patients with COPD.

Both physical activity and daily exercise improve the health of COPD patients [10]. It is
necessary to avoid a sedentary lifestyle and encourage them to perform physical activity and
exercises [10]. The performance of regular physical activity by patients with COPD reduces
the risk of both hospital admissions and all-cause and respiratory mortality [10]. It appears
that patients with COPD have a significantly reduced duration, intensity, and number of daily
physical activities when compared with healthy control subjects [56]. Hence, the recommen‐
dation that COPD patients be encouraged to maintain or increase their levels of regular
physical activity should be considered in future research [10]. A Spanish research group
developed a novel alternative to formal PRP that includes a walking training circuit in the city
of Catalonia [57] that has been replicated in other cities such as Navarre [58] (Figure 1).

Figure 1. Walking circuits from “Walking Guide for COPD patients” [58]
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low levels of Physical Activity (PA) generally observed in people with COPD may be due in
part to the difficulties they experience as they attempt to perform daily activities that they need
and want to perform [14]. Importantly, physical inactivity is potentially reversible [52].
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of Catalonia [57] that has been replicated in other cities such as Navarre [58] (Figure 1).

Figure 1. Walking circuits from “Walking Guide for COPD patients” [58]
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3.3. Oxygen therapy

Oxygen theray is one of the therapies currently available to reduce COPD mortality [59]. Long-
term oxygen therapy (LTOT) reduces pulmonary hypertension and improves survival in
patients with COPD and resting hypoxemia (arterial partial pressure of oxygen ≤55 mmHg)
[60].

The use of oxygen supplementation during exercise training for individuals with COPD is
unclear [61]. Supplemental oxygen during exercise training improves functional outcomes
such as symptoms, health-related quality of life, and ambulation [61]. However, there are no
significant differences in maximal exercise outcomes, functional exercise outcomes (six-minute
walk test), shuttle walk distance, health-related quality of life, or oxygenation status [61, 62].

COPD patients with low fat-free mass (FFM) have lower levels of oxidative stress with
supplemental oxygen [63]. Patients with COPD are able to achieve a higher work rate during
exercise training, which positively affects training results after several weeks [64]. It is
generally recommended that COPD patients who are already hypoxaemic at rest should use
oxygen during exercise, aiming at a rather arbitrary oxygen saturation of > 90% [64]. A review
of the effect of oxygen in COPD patients with or without desaturation during exercise training
concluded that hyperoxia has no clear effect on the results of exercise training in COPD patients
with or without documented desaturation during exercise [64]. Only one study demonstrated
a significant, and clinically relevant, improvement in higher work load during rehabilitation
[65]. In conclusion, more studies are needed to define the role of supplemental oxygen in PR;
for instance, on the oxygen concentration, intensity of exercise programmes, and its effects in
different COPD phenotypes.

4. Measuring and improving the physical activity level in COPD patients?

Exercise tolerance is a well accepted clinical marker in COPD and provides information about
disease stage, prognosis, functional capacity, and the effects of treatment [66]. The assessment
of physical activity in healthy populations and in those with chronic diseases is challenging.
Furthermore, physical activity is most accurately measured using objective tools such as
accelerometer-based activity monitors [67]. In addition, other outcomes must be included, such
as quadriceps and grip strength [68].

Physical activity monitors are frequently used to estimate levels of daily physical activity [69].
These devices use piezoelectric accelerometers, which measure the body´s acceleration, in one,
two or three axes (uniaxial, biaxial or triaxial activity monitors). The signal can then be
transformed into an estimate of energy expenditure using one of a variety of algorithms, or
summarized as activity counts or vector magnitude units (reflecting acceleration) [69]. With
the information obtained in the vertical plane or through pattern recognition, steps or walking
time can also be derived from some monitors [69].

A systematic review identifies the available activity monitors that have been appropriately
validated for use in assessing physical activity in these groups [70]. Forty monitors were tested
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in validation studies; 12 uniaxial, 3 biaxial, 16 triaxial accelerometers and 9 multisensor devices
[70]. Furthermore, a recent study evaluated the validity and usability of six activity monitors
in COPD patients against the double labelled water indirect calorimetry method [71]. The
Actigraph GT3X and DynaPort MoveMonitor best explained the majority of the total energy
expenditure variance not explained by total body water and showed the most significant
correlations with activity energy expenditure [71].

Moreover, the Dynaport MiniMod and Actigraph GT3X discriminate best between different
walking speeds [69]. Overall, these findings should guide the choice of valid activity monitors
for research or for clinical use in patients with chronic diseases such as COPD. In a recent
comparison, two types of accelerometer: the DynaPort and the Actiwatch were used in order
to assess the level of physical activity [12] and compared with a multisensory armband device
(SenseWear, BodyMedia; Pittsburgh, PA) [9]. The main finding of this pilot-study was the
significant reduction in physical activity observed with each patient. The study provides
evidence for a gradual reduction in daily physical activity levels with increasing GOLD stage,
although the correlation between physical activity and lung function is weak [9].

5. Does the choice for inspiratory or expiratory muscle strength or
endurance training matter?

COPD alters muscle structure and/or functional. Strength and endurance are the two main
functional properties of both respiratory and peripheral muscles and reduction in either
strength or endurance leads to muscle dysfunction. Strength mainly depends on muscle mass,
and endurance is related to muscle fiber aerobic properties [72]. Muscle weakness is a relatively
stable condition related to the loss of muscle strength which requires long-term therapeutic
measures (training and/or nutritional interventions). In contrast, muscle fatigue is a temporary
dysfunction related to endurance [73]. Many COPD patients experience muscle dysfunction
and reduced muscle mass, primarily as a result of chronic immobilization [74]. Over the last
decade, the potential use of resistance training for COPD has gained increasing attention.

A Cochrane Database Systematic Review showed that breathing exercises over four to 15
weeks improve functional exercise capacity in people with COPD compared to no interven‐
tion; however, there were no consistent and clear effects on dysnoea or health-related quality
of life [75].

Muscle strength can be measured by the maximal inspiratory pressure (MIP) and maximal
expiratory pressure (MEP) [76]. Inspiratory muscle training (IMT) provides breathing training
together with resistance loading produced by a valve and is regarded as a mixture of strength
and endurance training. IMT may improve inspiratory muscle strength, endurance, functional
exercise capacity, dyspnoea, and quality of life. A question to be taken into account in the
planning of a respiratory muscles training protocol in COPD patients would be to determine
which is more important, inspiratory muscle strength training or endurance training. A meta-
analysis showed that inspiratory muscle endurance training was less effective than respiratory
muscle strength training [76]. Both types of training (strength and endurance) significantly
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improve the endurance of the muscles, but only strength training was able to significantly
improve the MIP, the MEP and functional exercise capacity [76].

Although many resistance devices are available, the Threshold-IMT® is frequently used and
produces loads of 7-41 cm H2O. The devices produce a range of resistance levels, with lower
resistance levels offered by the Threshold Inspiratory Muscle Trainer (Phillips Respironics,
Murrysville, PA) and higher resistance levels offered by the POWERBreathe® (HaB Interna‐
tional Ltd, Southam, Warwickshire, UK) and the PowerLung® (PowerLung, Houston, TX).
The POWERBreathe® is only for inspiratory muscle training and has three models. The Light
POWERbreathe® produces loads of 17-98 cm H2O, the medium device delivers loads of 23-186
cm H2O, and the heavy device achieves loads of 29-274 cm H2O. The PowerLung® is for
inspiratory and expiratory muscles training and has four models that produce varying levels
of resistance [72].

The Orygen-Dual Valve® was designed and patented by researchers of Barcelona and allows
both simultaneous and sequential dual training work (expiratory and inspiratory muscles)
(Figure 2) [72]. The Orygen-Dual Valve® is a relatively cheap, portable, and easy to use piece
of equipment that provides workloads up to 70 cm H2O at a rate of 15-20 breaths/min [72].

Figure 2. Martín-Valero, R. makes the rehabilitation programme with Orygen-Dual Valve®

High-intensity inspiratory muscle training improved inspiratory muscle function in subjects
with moderate-to-severe COPD, producing significant reductions in dyspnoea and fatigue
[77]. In addition, a 4-week supervised high-intensity respiratory training program in patients
with COPD demonstrated functional improvements [78, 79]. The Orygen-Dual Valve® makes
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the rehabilitation programme more efficient than usual training as it requires fewer resources
in terms of time and staff, and allows patients to acquire skills for further training outside the
Hospital [68]. Furthermore, the hi-IMT achieves this result in a shorter time, which is an
advantage for improving the efficiency of rehabilitation programmes within the public health
system [72]. The training must be supervised by a therapist once a week during the first month.

The addition of high-intensity IMT to aerobic exercise produced incremental benefits in muscle
weakness, cardiopulmonary function, and health-related quality of life in a randomized study
of patients with chronic heart failure [80]. A multicenter randomized controlled trial is
currently underway to determine whether the addition of IMT to a general exercise training
program improves the distance walked in six minutes, health related quality of life, daily
physical activity, and inspiratory muscle function in individuals with COPD and reduced
inspiratory muscle strength [81].

6. What are the views and perceptions of people with COPD regarding a
pumonary rehabilitacion?

Individuals with COPD people who complete a course of PR believe that ongoing structured
exercise with professional and peer support assists them with continued regular exercise [82].
However, patients with COPD often encounter potential barriers to PR attendance including
difficulties with travel to exercise venues, fluctuating health status with respiratory symptoms
that impede physical activity, and psychological emotional effects including feelings of
embarrassment [82, 83].

Many qualitative studies of PR in patients with COPD have been performed over the past
decade to determine the impressions and opinions of PR participants. There are two main
theories that have been used to analyse qualitative research [88, 89]. The first one is known as
the grounded theory approach [90] and the second theory is the interpretative phenomeno‐
logical analysis framework [88, 89, 91]. Qualitative research uses data collected from focus
groups [82, 92], semi-structured interviews [87, 93, 94] or a combination of both methods [92,
95]. Some studies use triangulation research (96) or embed a qualitative study in a randomized
controlled trial in order to explore patients’ views on self-management [97]. The main areas of
research were: the effect of people´s health status on exercise adherence [82], pain (85), and
social relationships, such as social integration and social support [86].

It is necessary to increase strategies for self motivation among individuals with COPD [87].
Encouraging health behaviours is a key feature relating to PR participation including physical
activity and smoking reduction or cessation [55]. Telephone delivery of health-mentoring is
feasible and acceptable to individuals with COPD in primary care and may improve PR
participation [55]. Telemonitoring of individuals with COPD enhanced self-management by
improving patients’ knowledge about their disease [97].
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7. Occupational therapy in COPD

Patients with COPD may benefit from occupational therapy as well as physical therapy.
However, there are few studies evaluating occupational therapy for individuals with COPD.
A qualitative study suggested that occupational therapy may reduce breathlessness, improve
mental outlook, and increase the confidence of individuals with COPD [84].

In the future, occupational therapists may be able to assess and provide rehabilitation inter‐
ventions for patients with COPD [98]. Incorporation of occupational therapy in PR may
increase patients’ knowledge of COPD, elevate their sense of control, promote re-engagement
in activities, reduce anxiety, and improve social engagement [98].

Theoretical and clinical occupational therapy supports a rehabilitation model based on
continued participation in activities that are considered essential in the life of the person [99].
The respiratory symptoms of patients with COPD have an impact on activities of daily living.
Occupational therapy interventions in patients with COPD aim to develop specific strategies
to perform basic activities of daily living, and leisure activities, so that they involve the least
possible waste of energy [100]. Through energy saving techniques, Occupational Therapy aims
to reduce the patient's subjective respiratory distress. In activities of daily living training,
patients learn to work efficiency and also learn economies of movement, minimizing the
energy cost of dressing, personal hygiene, home care, leisure activities, shopping, and other
activities related to the patients´ work [100]. Although simple, energy saving techniques
require a learning process that is difficult to achieve outside of a multidisciplinary rehabilita‐
tion program [100].

Research into COPD’s psychological effects on patients’ ability to perform daily activities
provides a wholistic approach to COPD and its consequences. The Occupational Therapy
framework provides a basis for the design of a comprehensive PR intervention that addresses
all aspects of a patient’s life. Recent research shows that optimization of occupational per‐
formance improves the welfare of individuals with COPD [101]. Members of the patient’s
social network should not be excluded from these plans and interventions. Application of a
family psychoeducational program based in training and information about COPD pathology
including risk factors, habits that facilitate disease progression, specific strategies for handling
the problems of daily life, and how to face the difficulties in occupational performance for each
stage of the disease may empower the patient’s friends and family to assist with rehabilitation
[102]. An initial interview with the patient, family, and friends is the initial step to developing
a comprehensive PR program that includes all members of the patients’ social network [103].

8. Conclusion

In conclusion, a multidimensional therapeutic approach is recommended for developing a
comprehensive pulmonary rehabilitation program for patients with COPD. Critical elements
of PR include optimization of pharmacologic and nonpharmacologic management, exercise,
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physical activity, ventilatory support, nutritional, and occupational therapy interventions. In
addition, there is a need for new models for pulmonary rehabilitation which allow all program
components to be delivered at home, with proven clinical outcomes and low costs [104]. It is
possible that undertaking pulmonary rehabilitation within the home environment may
promote more effective integration of exercise routines into daily life over the longer term with
greater adherence to exercise [104]. In fact, home-based exercise programs achieve equivalent
clinical outcomes and are cost effective compared with hospital-based programs. The decen‐
tralization of pulmonary rehabilitation increases the options for its provision and may assist
in overcoming the most frequently identified barriers to pulmonary rehabilitation [104].
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