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INTRODUCTION

Webster’s dictionary defines the word chronic as follows: ‘‘Continuing for a long

time; of a disease, of long duration: opposed to acute.’’ Does this definition apply to

chronic obstructive pulmonary disease (COPD)? It cartainly does, at least in the

sense that if one has COPD, one has it forever! At best, we can hope to ease the

symptoms and consequences of this disease, but as yet we cannot cure it. Ironically,

though, COPD is very much characterized by acute episodes, which aggravate the

symptoms in many cases. The progression and the severity of the disease are largely

determined by the frequency of the exacerbations. Furthermore, these events may

accelerate the course of COPD and increase its mortality, which is one of the highest

in the United States—in fact, the fourth most common cause of death.

In light of these phenomena, it is abundantly clear that the acute exacerbations

of COPD are, indeed, one of its most important aspects and a major concern for the

physician caring for the COPD patient. Their effects reverberate within the health

care system and throughout society at large, as well.

Thus, it should not be surprising to see this volume, titled Acute Exacerbations

of Chronic Obstructive Pulmonary Disease, added to the series of monographs Lung

Biology in Health and Disease. Since its inception this series has had two specific

goals. One is to present new ideas and concepts to the readership in hope of

stimulating research—most likely, fundamental research—at the cutting edge. The

other goal is to provide physicians and other health care professionals with state-of-

the-art clinical and therapeutic descriptions and discussions that will assist them in

their search for better ways to care for their patients. These pursuits have resulted in

some volumes on basic research and others on clinical issues; in some instances,

both goals have been addressed. Many volumes on COPD have appeared, but this

one is a prototype for what I have always hoped the series of monographs would

achieve. It is truly a tribute to the editors.

Drs. Nikos M. Siafakas, Nicholas R. Anthonisen, and Dimitris Georgopoulos,

as well as the remarkable cast of authors, are experts of great reputation in their field.

Furthermore, they are truly international, just like COPD. The participation of

contributors from so many countries adds a richness and scope that seems especially

fitting for this volume about a disease that has no borders. Undoubtedly, the

iii



readership will benefit from the breadth of knowledge presented here and, hopefully,

the patients will gain even more.

I am grateful to all contributors for the opportunity to introduce this valuable

volume.

Claude Lenfant, M.D.

Bethesda, Maryland, U.S.A
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PREFACE

Chronic obstructive pulmonary disease is a major health problem. It is the fourth

leading cause of morbidity and mortality worldwide, and further increases in the

prevalence and mortality of the disease can be predicted in the coming years. COPD

is characterized by chronic inflammation throughout the airways, parenchyma, and

pulmonary vasculature. These disturbances lead to airflow limitation that is not fully

reversible and to a variety of symptoms such as productive cough and dyspnea.

COPD is often associated with acute exacerbations of symptoms, an important

hallmark of the disease. The economic and social burden of acute exacerbations of

COPD is extremely high because management often requires hospital and, occa-

sionally, intensive care unit admissions. This is particularly true in advanced stages

of the disease as both the frequency and impact of acute exacerbations increase. The

diagnosis and management of acute exacerbation of the disease are not always

simple; they require a fair amount of medical knowledge and sophisticated

approaches. Acute exacerbations of COPD have become a focal point for both

researchers and clinicians, and a substantial amount of new information about

exacerbations has been accumulated.

This book deals with all aspects of acute exacerbations of COPD, beginning

with a chapter that defines it and ending with one that details future research. Each

chapter focuses on the state of the art regarding a particular subject, summarizing

and expanding the corpus of knowledge. Many internationally renowned experts

have participated in this project and we are profoundly grateful to them for their

efforts.

The book is divided into nine parts. Part One deals with the definition,

epidemiology and economic burden of acute exacerbations of COPD. The effect of

acute exacerbation on the natural history of the disease is also reviewed. Part Two

includes topics related to pathophysiology, pathology, and biomarkers of acute

exacerbations. Recent data indicate that acute exacerbations may reflect systemic

disease and this issue is discussed as well. Parts Three and Four review the causes,

which are not always obvious, the clinical spectrum, blood gas derangements,

imaging, laboratory findings, and assessment of the severity of the acute exacerba-

tions. The heart–lung interaction encountered during acute exacerbations and its

influence on sleep, important but largely ignored issues, are also discussed, in

addition to the decision-making process in patients with end-stage disease who

present with acute exacerbations. Parts Five through Seven deal with the manage-

ment of acute exacerbations either at home or in the hospital, including the
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management of patients in the intensive care unit. Reviews of new and old modes of

therapy are also included. Special reference is made to the use of noninvasive

mechanical ventilatory support as a means of avoiding intubation and its complica-

tions. Finally, Part Eight discusses the use of acute exacerbation as an outcome

variable to test different therapeutic interventions, an issue that has important clinical

and economic implications. The final chapter deals with future research, a hot topic

in this era of limited resources for funding research.

This book will help readers understand many aspects of acute exacerbations of

COPD. Furthermore, we hope this book will be provocative and stimulate additional

research to expand our knowledge in this field.

Finally, we wish to thank Dr. Claude Lenfant for his guidance and support, as

well as our wives, Penelope, Barbara, and Ioanna.

Nikos M. Siafakas

Nicholas R. Anthonisen

Dimitris Georgopoulos
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1

Definitions of Acute Exacerbations of Chronic
Obstructive Pulmonary Disease

NIKOS M. SIAFAKAS

University Hospital of Heraklion

Heraklion, Crete, Greece

I. Definition of Chronic Obstructive Pulmonary Disease

In the 1990s, the two most commonly used definitions of chronic obstructive

pulmonary disease (COPD) were those proposed by the European Respiratory

Society (1) and American Thoracic Society (2). The ERS stated that ‘‘COPD is a

disorder characterized by reduced maximum expiratory flow and slow forced

emptying of the lungs—features which do not change markedly over several months.

Most of the airflow limitation is slowly progressive and irreversible. The airflow

limitation is due to varying combinations of airway disease and emphysema (1).

Similarly, the ATS defined COPD ‘‘as a disease state characterized by the

presence of airflow obstruction due to chronic bronchitis or emphysema; the airflow

obstruction is generally progressive, may be accompanied by airway hyperreactivity

and may be partially reversible’’ (2). Both definitions separated asthma from COPD.

Recently, the NIH=WHO GOLD* definition seems more appropriate to

describe the disease. It states that ‘‘COPD is a disease state characterized by airflow

limitation that is not fully reversible. The airflow limitation is both progressive and

*NIH, National Institutes of Health; WHO, World Health Organization; GOLD, Global

Initiative for Chronic Obstructive Lung Disease.
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associated with an abnormal inflammatory response of the lungs to noxious particles

of gases’’ (3).

In 2002, a joint ATS=ERS committee working on the diagnosis and manage-

ment of COPD had agreed on the following definition: ‘‘COPD is a preventable and

treatable disease state characterized by airflow limitation that is not fully reversible.

The airflow limitation is usually progressive and is associated with an abnormal

inflammatory response of the lungs to noxious particles or gases, primarily caused

by cigarette smoking. Although COPD affects the lungs, it also produces significant

systemic consequences.’’ This definition must be approved by both scientific

societies.

II. Definition of Acute Exacerbation of Chronic
Obstructive Pulmonary Disease

Although it is well known that acute exacerbations of chronic obstructive pulmon-

ary disease (AECOPD) are associated with an increase in health-care utilization,

number of hospitalizations, and mortality, there is no widely accepted definition of

this disorder (4).

In the late 1980s, Anthonisen et al. (5) defined AECOPD as the presence of

any of one of the following conditions: (1) increased cough and sputum volume; (2)

increased sputum purulence; (3) increased dyspnea—in other words, worsening of

one of the common symptoms of COPD. In addition, the authors classified the

severity of an acute exacerbation as type 1, when COPD patients report worsening of

all three symptoms; type 2, when they had only two out of three symptoms; and

type 3, when they had any one out of three symptoms. Furthermore, patients may

have had fever, malaise, and chest congestion (5).

Since this classic paper (5), clinical symptoms were included in all subsequent

definitions.

ATS in the last consensus document (2) states that ‘‘an acute exacerbation of

COPD is difficult to define and its pathogenesis is poorly understood; impaired

lung function can lead to respiratory failure requiring intubation and mechanical

ventilation’’ which avoids giving a precise definition.

Similarly, the ERS consensus statement on the management of COPD

bypasses a definition and goes straight to the management of this condition (1).

Even the most recent, GOLD, although recognizing that exacerbations of respiratory

symptoms requiring medical intervention are important clinical events in COPD,

does not come with a precise definition of AECOPD (6).

Siafakas and Bouros reported a descriptive definition: ‘‘an acute, episode of

deterioration, superimposed on stable COPD with increased dyspnea, reduced daily

performance, with or without changes in sputum volume, color or purulence,

coughing or body temperature, and=or alterations in mental status’’ (6). In this

definition, the prime symptoms characterizing severity were worsening of dyspnea

and alteration in mental status. Similarly, other authors placed emphasis primarily on

symptoms (7–12).
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Rodriguez-Roisin summarized the discussions of a workshop entitled ‘‘COPD:

Working Toward a Greater Understanding.’’ He reported that the participants

proposed the following working definition of an exacerbation of COPD: ‘‘a

sustained worsening of the patient’s condition, from the stable state and beyond

normal day-to-day variations, that is acute in onset and necessitates a change in

regular medication in a patient with underlying COPD’’ (13).

This paper entitled ‘‘Toward a consensus definition for COPD exacerbations’’

proposed first to replace the term ‘‘acute exacerbation’’ with simple ‘‘exacerbation.’’

However, in the above definition the authors use the phrase ‘‘that is acute in onset.’’ The

editors of this book believe that the term ‘‘acute exacerbation’’describes the condition

better than ‘‘exacerbation with acute onset.’’ In addition ‘‘acute exacerbation of

COPD’’ is the most commonly used term in medical literature.

In addition, the above definition introduces the health-care utilization factor

(13). However, it is well known that health-care utilization is an extremely variable

parameter depending on the health system of various countries, the economic status

of the patient, and the patient’s perception of symptom severity in order to seek

medical attention.

More recently (Paris 2002), the ATS=ERS joint committee for the diagnosis

and management of COPD agreed to propose the following definition: ‘‘An acute

exacerbation of COPD (AECOPD) is an event in the natural course of the disease

characterized by a change in the patient’s baseline dyspnea, cough, and=or sputum
beyond day-to-day variability.’’ It also states that epidemiological studies should

consider the need for additional pharmacological therapy or therapeutic interven-

tions such as hospitalization, ventilatory support, etc. It remains to be seen whether

this definition will be endorsed by both societies.

It is obvious that a very broad definition of AECOPD is required in order to

cover the spectrum ranging from a mild episode that requires a few days in bed to a

severe one that requires admission to ICU and life-saving ventilatory support. Thus,

worsening of symptoms in a patient with COPD beyond the day-to-day variation is

the common denominator of the condition defined as AECOPD.
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I. Introduction and Definition

The epidemiology of exacerbations in chronic obstructive pulmonary disease

(COPD) does not differ from the epidemiology of other disorders. It attempts to

describe the characteristics of this feature of COPD in the population and relies on

usual epidemiological methodology. More than any other research area, however,

epidemiology is set back by the lack of a simple definition of an exacerbation easily

applied to larger population surveys. The recently proposed definition of an

exacerbation as ‘‘a sustained worsening of the patient’s condition, from the stable

state and beyond normal day-to-day variations, that is acute in onset and necessitates

a change in regular medication in a patient with underlying COPD’’ (1) needs to be

made operational to be included in epidemiology. To be useful in epidemiology,

information on exacerbations must be collected using questionnaires and=or diaries.
In the initial testing of what later became the British Medical Research Council

(MRC) questionnaire, Fletcher et al. included questions on ‘‘chest illness which has

kept you in bed, off work, or indoors’’ and this phrasing presumably captures most

moderate-to-severe exacerbations whereas its specificity is unknown. Before their

systematic testing (2), it had been reported that ‘‘out-patients with chronic bronchitis

tended to exaggerate the number and duration of past sickness absences,’’ but
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Fletcher et al. found no marked tendency to exaggerate or forget past illnesses. Also,

variability in answers seemed acceptable (3). The concept of counting number of

chest episodes was applied to several surveys in the 1950s but was then aban-

doned—paradoxically due to the findings by Fletcher et al. in their seminal study in

East London (4). Questions on ‘‘chest illnesses’’ still remain in the latest version of

the MRC questionnaire and they were included in the American Thoracic Society

questionnaire from 1978 (5) but are not used—or at least not reported. No

subsequent work has been done to try to define exacerbations for epidemiological

purposes.

Alternative measures that can be applied in epidemiology are acute hospita-

lization that can serve as a proxy measure of severe exacerbations or exacerbations

in severe COPD and episodes where acute treatment with corticosteroids, for

example, is initiated. The latter information is increasingly available in large

pharmacoepidemiological databases. Finally, the criteria based on worsening of

symptoms used by Anthonisen et al. in their often-cited study on antibiotics in

exacerbations in COPD (6) could be applied in epidemiology, but has not been.

II. Frequency of Exacerbations

Information on frequency can never be any better than the data on which it is based.

For this reason, we have very little available population-based data on frequency of

exacerbations.

In their paper on respiratory symptoms, Fletcher et al. (2) quote four studies

assessing frequency of bronchitis chest illness using questionnaires. The populations

studied are not well characterized in the paper but, apart from Fletcher’s own cohort

of London postmen, they are described as random samples of men and women aged

55 to 64, including approximately 350 men and 300 women. The percentage with

one bronchitis chest illness within the last year varies from 4.8 to 11.6% among men,

whereas 4.7 to 14.6 had experienced more than one. Percentages were similar in

women.

Other data sources on exacerbations in the general population are sparse. Data

on acute hospital admissions can be used to assess the number of severe exacerba-

tions and therefore the most costly part of exacerbations. According to the Global

Initiative for Chronic Obstructive Lung Disease (GOLD) (7), there were 448,000

hospitalizations or 1.7=1000 in 1997 in the United States, with COPD listed as

primary diagnosis; the number of COPD admissions in the United Kingdom in

1999=2000 was 107,000 or 2.0=1000 (8). In Denmark, the number of admissions in

1997 was 21,000 or 4=1000 (9). Whereas uncertainty exists in classification and

registration of admissions that can invalidate the tool for assessment of the exact size

of the problem, these data can be used to monitor changes in the pattern of

admissions over a period of time, given that the health service does not change

markedly in the observation period. Figure 1 shows an example of such changes in

hospitalizations for COPD for men and women in Denmark from 1979 to 1997. Risk

factors for hospitalization for COPD and=or readmission include age (10–13), female
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gender (12), FEV1 (10–13), previous admissions (14), smoking (11–14), chronic

mucus hypersecretion (10,11), other respiratory symptoms (10), socioeconomic

status (13), and underprescription of long-term oxygen treatment (14).

Among patients with established COPD, our information about frequency of

exacerbations is also limited. Data usually come from more-or-less standardized

collections of clinical data in departments with a specific interest in this particular

area. However, with increasing use of large registers with information on hospita-

lizations, consultations with general practitioners, and prescriptions, it is possible to

define larger cohorts for subsequent follow-up. An example of this comes from Sin

and Tu in their register linkage study from Ontario (15), where a group of elderly

COPD patients were defined on the basis of a recent hospital admission for COPD.

In this group of elderly patients with presumably moderate-to-severe COPD,

approximately 40% of patients not treated with inhaled corticosteroids experienced

at least one readmission within 12 months.

Using hospital admissions in patients with established COPD as a crude

measure of clinically significant exacerbations, we have learned a little about

predictors. Age and severity of COPD still play a role, but, in addition, presence

of chronic mucus hypersecretion (16), decreased health status (17), muscle weakness

(18), comorbidities (16), and presumably withdrawal of inhaled corticosteroids

(19,20) are also factors. Of more general importance is the rather consistent

relationship between episodic outdoor particulate pollution and hospitalization for

COPD (21,22).

Figure 1 Annual number of bed days (per 1000) for COPD in Denmark.
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Contrary to early belief (2), patients do not exaggerate the number of

exacerbations. In fact, studies from East London have indicated that patients tend

to underreport approximately half of their exacerbations when comparing recall with

criteria modified from Anthonisen (6) registered on diary cards (23,24). Seemungal

et al. (23) followed 70 well-characterized patients with COPD with a mean FEV of

1.05 L with MRC dyspnea scores ranging from 2 to 5. Patients completed daily diary

cards and measured peak expiratory flow rate at home. They were seen by a doctor

every 3 months. Exacerbations were defined based on symptoms and over a

12-month period 190 exacerbations were registered. Of these, 93 were reported at

clinic visits and thus the reported exacerbation rate was 1.5 per patient per year and

the registered rate was 2.7 per patient per year. Frequent past exacerbations, daily

wheeze, and bronchitic symptoms were significant predictors of frequent exacerba-

tions defined as 3þ exacerbations per year. In a subsequent study (25) in which the

cohort had been expanded and where the observation period was 2.5 years, the same

group found 504 exacerbations in 101 patients, which gives a registered exacerba-

tion rate of 2 per patient per year; again, only 50% of registered exacerbations were

reported (Fig. 2).

Self-reported number of exacerbations and=or diary cards are often used in

various forms in clinical trials for monitoring adverse events, but previous studieswere

too small to provide information on frequency and distribution of COPD exacerba-

tions. An important source of information on frequency and severity of COPD

Figure 2 Exacerbation rates according to baseline lung function. Numbers are reference

numbers.
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exacerbations, however, has been the knowledge obtained form the placebo arms of

recent well-conducted, large, randomized controlled trials in COPD, mainly investi-

gating the effect of inhaled corticosteroids in COPD (26–30). All of these studies

included some measure of exacerbation, although exacerbation rate and frequency

have not been the primary effect parameter in any of the studies. Table 1 shows the

characteristics of these studies with the exacerbation rate calculated. None of these

studies had exacerbation rate as a primary endpoint, but inmost of them it was included

among secondary endpoints. The placebo arms have been used for calculating

exacerbation rates. For practical purposes, mostly moderate-to-severe exacerbations

have been counted because they can be defined on the basis of contact with a doctor or

prescription of systemic corticosteroids and=or antibiotics.
Subsequent large trials in COPD have all included exacerbations as primary or

secondary endpoints and additional information can be obtained as these studies are

published.
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I. Introduction

The natural history of chronic obstructive pulmonary disease (COPD) is character-

ized by slowly progressive limitation of expiratory airflow. This can be well assessed

by simple spirometry and only two parameters, the FEV1 and the FVC, need to be

measured to obtain almost all the useful information available. Variations in natural

history are probably related to differences in the dose and influence of various risk

factors.

II. COPD and Exacerbations

COPD is often associated with acute exacerbations of symptoms. In patients with

mild-to-moderate COPD, an exacerbation is associated with increased breathless-

ness, often accompanied by increases in cough and sputum production, and may

require medical attention outside the hospital. Exacerbations in severe COPD are

associated with acute respiratory failure and require hospitalization. The most

common causes of an exacerbation are infection of the tracheobronchial tree and

air pollution, but the cause of about one-third of severe exacerbations cannot be
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identified. Acute exacerbations of COPD are usually attended by decreases in lung

function (1–5).

COPD is a leading cause of death, a major medical problem, and an increasing

economic burden. Despite the fact that COPD patients may experience as many as

1.7 exacerbations per year, the influence of exacerbations on the progression of

COPD has not been established. The vast majority of hospitalizations for COPD are

for the management of acute exacerbations in patients with severe baseline disease.

If baseline lung function is very poor, or if the change in lung function with the

exacerbation is large, the exacerbations are potentially fatal. Hospital mortality of

patients admitted for an acute exacerbation of COPD is approximately 10%, and the

long-term outcome is poor. Mortality reaches 40% in 1 year, and is even higher for

up to 59% for patients older than 65 years (6–11). These figures vary from country

to country depending on the health-care system and the availability of intensive-

care-unit beds (10). The long-term prognosis of COPD patients hospitalized for

exacerbations remains poor (Fig. 1). Predictors of subsequent mortality include the

overall health status of the individual (comorbidities), the prior functional status, the

severity of the exacerbation, and indices of poor nutrition such as low body mass

index and serum albumin (6).

In the 1960s, British investigators framed the hypothesis that airway obstruc-

tion in chronic bronchitis was due to repetitive and perhaps chronic airways

infection. The so-called British hypothesis was based on the evidence that COPD

patients, especially in Britain, have periodic exacerbations of chronic cough and

Figure 1 One-year survival in 1016 patients with COPD hospitalized for exacerbations.

The in-hospital mortality was 11%. (From Ref. 6 with permission.)
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sputum with clinical evidence of airways obstruction, and sputum cultures reveal the

same organisms as those associated with exacerbations, mainly H. influenza and

S. pneumoniae (12–15). Repetitive airways infection, perhaps triggered by viruses,

caused permanent damage to the airways and lungs resulting in the airways

obstruction (16). That hypothesis implied that antimicrobial therapy might avert

the chronic airways obstruction.

Fletcher et al. designed a study in order to test the British hypothesis. They

studied 792 London transit workers over 8 years, with assessment of smoking habits,

sputum, chest infections, and FEV1 (17). The results were published in 1976. They

found that chronic cough and sputum were not necessarily associated with rapid

decline of FEV1. They concluded that there were two components of COPD (chronic

cough and sputum), which were largely independent of each other but usually

coexisted because smoking caused both and predisposed to repetitive ‘‘chest

infections.’’ Rapid decline in FEV1 was also associated with smoking, but was

less common and did not relate to either chronic cough and sputum or to chest colds.

The Fletcher results were corroborated by two other long-term studies.

Howord et al. and Bates et al. found that acute respiratory illnesses did not influence

the rate of decline of lung function (18,19). Although the British hypothesis was not

entirely discarded by infectious disease specialists, it was discounted by COPD

experts (20,21).

One study did indicate that infectious episodes were associated with rapid

decline of FEV1, but it examined a small group of heterogeneous patients (22).

The presence of chronic cough and sputum has been related to mortality and

individuals with symptomatic chronic bronchitis, after correction for confounding

Figure 2 Median peak-flow data for 504 exacerbation in 91 patients over 14 days before

the exacerbation to 35 days after its onset. Peak flows are expressed as a percentage of that

observed at baseline. (From Ref. 27 with permission.)
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variables, had higher mortality rates as showed in two large studies (23,24). Further

studies of rate of decline of FEV1 in smokers contradicted the Fletcher results in that

decline was faster in people with chronic cough and sputum than in those without

after statistical correction for baseline lung function and smoking habits (25,26).

While many studies have shown recovery of lung function during these events,

pre-exacerbation function had been unknown, and so the extent of the recovery was

also unknown. This gap in the literature has been at least partially filled by the

studies of Seemungal et al., who prospectively followed COPD patients and

measured lung function before, during, and after outpatient exacerbations (27).

They found transient decrease in lung function with recovery; however, they noted

that in 25% of patients recovery was not complete 35 days after onset and that in 7%

of patients there was not complete recovery at 3 months (Fig. 2). A retrospective

analysis of the Lung Health Study (LHS) was designed to test the influence of

smoking cessation and inhaled bronchodilators (28). The frequency of acute

respiratory illnesses was assesed by questionaire at annual visits, a common

technique in such studies (29). Acute respiratory illnesses were about twice as

common in participants with chronic cough and sputum as in those without these

symptoms. These findings were in accord with the data of Fletcher et al. (17). Of

great interest was the influence of respiratory illnesses on rate of decline of FEV1

over the 5-year study duration. In people who quit smoking, respiratory illnesses had

no influence on rate of decline, but in participants who continued to smoke there was

an increased rate of decline that was proportional to exacerbation frequency (Fig. 3).

The increase in rate of decline amounted to 7mL=year for one respiratory infection,

and approximately twice this number for two. The authors noted that in smokers

Figure 3 Effect of lower respiratory infections (LRI) on annual decline of FEV1 in the

Lung Health Study. There was no effect in people who stopped smoking at the onset of the

study, but in those who continued to smoke, LRI were associated with an increased loss of

lung function. (From Ref. 28 with permission.)
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with repetitive acute respiratory illnesses, the effect may be important. Obviously,

the association of acute respiratory illnesses with accelerated decline of lung

function did not prove a cause-and-effect relationship, but such a relationship is

inherently credible and in agreement with the incomplete recovery of function noted

by Seemungal et al. (27). The LHS findings contradicted those of Fletcher and

others, possibly because the LHS had more participants and better lung function

measurements, and possibly because the LHS analyzed smokers and nonsmokers

separately.

Therefore, it is possible that acute exacerbations of COPD do influence

the long-term course of the disease by causing accelerated decline in lung function,

and that this effect, more common in those with chronic bronchitis, may be an

important one.
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I. Introduction

The worldwide social burden of chronic obstructive pulmonary disease (COPD) in

terms of days lost to disability is expected to increase from twelfth to fifth among all

chronic diseases from 1990 to 2020 (1). In the United States, COPD affects

approximately 1.9 million Americans and is one of the fastest growing causes of

morbidity and mortality (2,3). Given COPD’s prevalence and the duration of illness,

its economic impact—in terms of medical treatment expenditures and work loss due

to morbidity and premature mortality—is substantial for all societies. Studies have

shown that the primary ‘‘cost-driver’’ for COPD in developed countries is hospital

care for exacerbations, accounting for nearly 70% of all direct medical costs for this

disease (1). Therefore, new treatments to reduce the severity or frequency of

exacerbations could have a tremendous impact on the overall economic burden of

the disease.

With constrained resources and ever-rising health-care expenditures, evaluat-

ing the economic impact of new therapies has become nearly as important as

understanding their clinical impact. This chapter reviews the available evidence

regarding the economic impact of acute exacerbations of chronic obstructive

pulmonary disease (AECOPD). It will then review studies exploring the cost-

effectiveness of treatments aimed at reducing the frequency and severity of

AECOPD. Finally, it will outline a framework for evaluating the cost-effectiveness

of new therapies designed to reduce this aspect of the COPD burden.
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II. Issues for Evaluating the Economic Burden
of AECOPD

Treatment of COPD contains many elements: prevention of slow progression of the

disease (primarily smoking cessation), treatment of chronic day-to-day symptoms,

and treatment of exacerbations related to COPD. The clinical definition of an

exacerbation is protean and is reviewed in Chapter 1 of this book. From the

economic perspective, we define a COPD exacerbation as an event that results in

a rise in medical expenditures needed to treat a sudden, transient increase in severity

of symptoms. The event can vary in duration, and ends with either death or a return

to baseline or near-baseline health status. It is important to note that both the initial

event and the ‘‘tail end’’ of an AECOPD can be difficult to define both from a

clinical and economic perspective. This fact can complicate efforts to estimate costs

attributable to AECOPD.

Defining the beginning and end of an AECOPD for economic evaluations is

further complicated because researchers can take two general approaches: one based

on using medical records (charts) to determine the beginning and end of the

exacerbation; the second based on administrative claims records. These two methods

may yield different durations of illness, and therefore different costs attributable to

the exacerbation.

Although a health services definition of an AECOPD is defined as a rise in

medical expenditures to treat a transient increase in severity of symptoms, the

expenditures will be for a variety of services in several settings, such as drug or

oxygen costs, clinic visits, emergency room visits, and hospital days. At one extreme

might be a mild exacerbation that causes the patient to increase the use of his

bronchodilator medication without ever visiting a physician; at the other would be

one that requires an extensive stay in an intensive care unit. Depending on the

database that is available for estimating costs, one may miss exacerbations of mild

severity or portions of the event where care was used in a way that could not be

captured.

Another issue that may limit comparability of economic studies of AECOPD

relates to the type of costs that are included in the analysis. Costs can be divided into

direct medical, direct nonmedical, and productivity costs.

Direct medical costs include all medical goods and services used to treat the

illness. Usually, these costs are the easiest ones to identify and thus are part of most

economic studies. Direct nonmedical costs include items related to an AECOPD

event but not directly linked to the health-care system. Such costs can include hired

caregiver expenses, costs to the family, lost wages of family caregivers, and

transportation and parking costs for patients visiting their physicians. Because

these costs usually are not reimbursed by health insurance and are difficult to

track, they are often excluded from economic studies. As a result, almost no

information exists on the value of direct nonmedical costs in COPD. This might

be an important oversight, particularly for developing countries. For example,

transportation costs may be one of the largest expenses for those who have to travel

from remote areas to receive care. Productivity costs refer to the value of lost wages
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resulting from illness and from seeking treatment. They are particularly difficult to

estimate and are usually excluded from economic evaluations. Nevertheless, pro-

ductivity reduced by sporadic absences related to AECOPD is important, because it

limits income and may inhibit the person’s ability to maintain regular employment.

International comparisons of the cost of AECOPD are influenced by country-

specific variations in patterns of care for this condition.

Important clinical issues limit the comparability of economic evaluations of

AECOPD. First, the definition of COPD can vary. For example, in the Netherlands,

COPD and asthma are often considered to be a spectrum of the same disease, and

thus patients with both conditions are evaluated together. Second, the severity of

illness of cohorts of patients followed vary from study to study. Those who are more

severely affected are likely to have a greater number and more severe exacerbations

(the latter translating into more use of medical resources). Patients also vary from

study to study in the number and severity of comorbidities. Comorbidities also

influence resource use when individuals suffer an AECOPD. Finally, duration of

follow-up is critical. Longer follow-up times will influence the number of exacer-

bations captured in the database.

III. Economic Evaluations of AECOPD

To summarize the evidence regarding the economic impact of AECOPD, we

searched the Medline (4), EconLit, and the United Kingdom’s National Health

Service Economic Evaluation Database (NHS-EED) (5). Articles were searched

using the MESH headings ‘‘Pulmonary Disease, Chronic Obstructive’’ AND

‘‘Economics’’ AND the term ‘‘exacerbation(s).’’ To limit studies that reflected recent

trends in therapy, only articles dating from 1985 were reviewed. A total of 20 articles

were retrieved from Medline, 1 from EconLit, and 34 from the NHS-EED.

IV. Results: Economic Burden of AECOPD

Few studies have reported the cost of exacerbations in persons with COPD; the

studies that have are summarized in Table 1. The comparability of these studies is

limited due to variations in perspectives, data sources, and methods. In addition,

practice patterns for AECOPD will vary by country of origin, further limiting

comparability.

V. Cost-Effectiveness Studies of Treatments
for AECOPD

Cost-effectiveness studies are now common in medicine and have been applied to

therapies for AECOPD. Cost-effectiveness studies examine the value of expenditure

for new treatments for AECOPD compared to existing therapies. Treatments for

AECOPD can be broadly classified into two categories: (1) those aimed at reducing
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the frequency of AECOPD and (2) those aimed at reducing the severity when an

exacerbation occurs. Ever-tightening health budgets will force payers to scrutinize

the value for expenditures of new therapies more closely. In this context, it is an

opportune time to review the important issues involved for conducting robust cost-

effectiveness studies of treatments for AECOPD.

A. Methodological Issues

Researchers have developed guidelines for conducting economic evaluations, or

cost-effectiveness analyses (CEA) of health-care interventions (10,11). Items of

particular interest to AECOPD evaluations are reviewed here.

Time Horizon

Chronic obstructive pulmonary disease is a lifelong illness, and AECOPD can be

expected to occur during the course of illness. As noted above, the duration of

follow-up will influence the number of exacerbations captured in the database. This

issue is important for CEA because short durations of follow-up may not capture a

representative sample of exacerbations (or none at all). Patients in one sample may

have very high costs (or frequencies) while others have low costs due to statistical

variation rather than true differences related to therapy. Ideally, costs and outcomes

should be tracked for a minimum of 12 months’ time to capture a sufficient number

of exacerbations and to account for seasonal variation.

Credible Alternatives to the Intervention of Interest

New interventions for AECOPD must be compared with the standard of care for

persons with similar age, gender, and comorbidity profiles. For this reason,

Table 1 Studies Reporting Costs of Exacerbations of COPD

Study and

origin (Ref.)

Method of

identifying

AECOPD

Average

duration (SD)

Cost

elements

included

Average cost

(SD) per

exacerbation

per person

(year of costs)

USA (6) Medical record 8.9 (3.3) All $942 (2173)a (1994)

UK (7) Administrative

datab
NA All £193c (1994)

Spain (8) Medical record NA All $159 (100) (1996)

USA (9) Medical record 9 (5 to 15)d Hospital $7100 ($4100

to $16,000)d (1994)

aCosts for treatment using ‘‘first-line’’ antibiotic choices. Duration and costs for therapy using ‘‘second-

line’’ or ‘‘third-line’’ therapies were lower. Charges were recorded rather than costs.
bConsidered only costs for persons with at diagnosis of chronic bronchitis (ICD-9 code 491).
cCosts per year rather than per exacerbation.
dInterquartile range.
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economic evaluations based on placebo-controlled studies usually are inappropriate.

Economic evaluations of new drugs should not be based on efficacy trials, unless the

trials include the full complement of usual therapy in the absence of the new

treatment, for example.

Selecting a Measure of Effectiveness

What is the best measure of effectiveness for treatments for AECOPD? The measure

of effectiveness should capture the impact of the AECOPD on the individual over

time. Frequency, severity, and duration of the events are important measures of

success. Finally, quality of life and survival—the summary measures of the impact of

any medical treatment—should ideally be evaluated. The episodic nature and

varying severity of AECOPD make it particularly challenging for the researcher

to capture all these issues in a single measure of effectiveness.

The most widely accepted measure combining quality of life and survival time

is the quality-adjusted-life-year (QALY) (11). Because QALYs are well studied, stem

from a solid theoretical foundation, and allow decision makers to compare health-

care interventions both within and across diseases, we recommend this measure for

studies in AECOPD whenever feasible. The difficulty for using QALYs as a measure

of effectiveness in AECOPD stems from their potential lack of responsiveness to

treatments, particularly those that impact severity rather than frequency. Other

‘‘clinical’’ measures of outcome, such as days without an exacerbation or days

without oxygen, also are often meaningful to both patients and clinicians. One must

use care with these measures, however, because some can influence both the

numerator and denominator of a CEA (e.g., exacerbations). Such ‘‘double counting’’

can severely influence the interpretability of these measures.

We suggest including at least one measure that captures quality of life in any

economic evaluation of AECOPD. The measure can be ‘‘generic’’ such as health-

state utilities that are used to derive QALYs, or disease-specific, that is, has questions

that are particularly relevant to persons with pulmonary disease. Providing multiple

measures of effectiveness improves decision makers’ understanding of the economic

impact of the treatment and complements the measure of effectiveness that is chosen

to derive the cost-effectiveness ratio.

B. Analysis Issues

Measuring Costs

Medical care costs are characterized by certain distributional properties that must be

accounted for in an analysis. Failure to account for these issues will result in biased

estimates of cost and, possibly, misguided conclusions for the study.

First, costs accrue unevenly over time, and months or years can go by with

‘‘zeros’’ in the database. Second, costs are skewed, with small numbers of patients

having very high costs compared with other, larger numbers of patient groups across

populations. Third, observations can be censored, that is, incomplete due to
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disenrollment or loss of follow-up. Fourth, retrospective studies are subject to

uncontrolled factors that can confound the analysis.

Important recent advances in cost estimation can effectively address these

issues. In rare cases where censoring is not an issue, two-part models with log

transformation of dependent variables have traditionally been used to estimate costs

in the setting of masses of observations with value equal to zero and skewed data

(12,13). More recently, generalized linear models have addressed the issue of

skewness with a more flexible and probably more robust modeling format (14,15).

Although almost universally present in economic databases, censoring has only

recently been recognized as an issue that can bias cost studies (16,17). Methods have

been developed to estimate costs in the face of censoring, including multivariate

methods that can address potential confounding in retrospective analyses (18).

Adjusting for Comorbidity

Individuals with AECOPD often have more comorbidity than age and gender-

matched persons without COPD because of the impact of smoking on developing

coronary artery disease, cancers, and other illnesses. In addition, persons with

COPD may come from different socioeconomic groups than those without the

disease because smoking is disproportionate among those with lower socioeconomic

standing and in certain racial and ethnic groups (19,20). To estimate the impact of

COPD on burden-of-illness or CEA studies, one must control for these factors. If

persons in the two treatment groups differ in terms of their comorbidity status, this

must be accounted for in the analysis.

Various methods used to control for comorbidity have been adapted to adjust

for the impact of comorbid conditions on costs of care in multivariate analyses

(21–24). It is important that the method accounts both for the mix of conditions and

the severity of each condition as they impact cost. Some studies have focused on

diagnoses for hospitalizations (25), but more recent studies show that comorbidities

found largely in the ambulatory setting can also be important (12). Other studies

have relied on pharmacy claims as measures of severity (13,26), although such data

are frequently unavailable from administrative or clinical trial databases.

VI. Cost-Effectiveness Studies of Therapies for AECOPD

We searched for studies reporting the cost-effectiveness of treatments for exacerba-

tions of COPD (Table 2). The databases used included the ones noted above for the

burden of illness of AECOPDs. The search was limited to treatments for AECOPDs.

Preventive therapies that may reduce the frequency exacerbations, but are difficult to

separate for therapies aimed at treating chronic symptoms, are not included. In

addition, studies of therapies for acute exacerbations of chronic bronchitis that are

not clearly limited to patients with coexisting COPD, are excluded.

The few available studies vary widely in terms of treatments considered. All

consider hospital costs only for individuals with severe exacerbations. Survival is a

common outcome, but measures that incorporate quality of life were not uniform.
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VII. Conclusions

Despite the incidence and economic and human burden of acute exacerbations for

persons with COPD, very little economic information is available regarding this

condition. Cost-effectiveness studies of treatments for AECOPDs are also important,

particularly for decision makers that must make resource allocation decisions under

budget constraints. Future studies of the burden of AECOPD and cost-effectiveness

studies of new treatments for AECOPD should consider standardized criteria for

case finding, identifying relevant costs, and specifying duration of follow-up.
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Pathophysiology of Acute Exacerbations
of Chronic Obstructive Pulmonary Disease
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I. Introduction

Exacerbation of a disease implies worsening of the underlying pathophysiological

process that characterizes the condition. Indeed the term exacerbate (derived from

the Latin exacerberi, to irritate) has a dictionary definition (to make more violent,

more severe) that suggests this. However, with respect to chronic obstructive

pulmonary disease (COPD), it is not clear if we are justified in using the term

‘‘an exacerbation of COPD,’’ which implies worsening of the underlying disease or

‘‘an exacerbation in COPD,’’ which does not necessarily suggest worsening of the

underlying disease process. However, since it has been shown that the cause of an

acute exacerbation in COPD is not determined in around 30% of cases (1), this

implies that in some cases exacerbations could be part of a cyclical worsening of

the disease process itself, with or without known triggers. Indeed patients report

that their condition is better or worse on some days than others, without

obvious precipitating factors, although factors other than infection and air pollution,

which are considered to be the major precipitants, seem to exacerbate symptoms and

may lead to an exacerbation in a patient with COPD, (such as changes in weather

and temperature and changes in physical activity). However, whether an exacerba-

tion of COPD is an extension of the disease itself or is different from the disease

process is still a matter of debate. Indeed, the term exacerbation—an endogenous or
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exogenous irritation—correctly describes the possible processes that create an

exacerbation.

There is no generally accepted definition of an exacerbation of COPD.

However, an operational definition has been produced recently (2): ‘‘a sustained

worsening of the patient’s condition, from the normal stable state and beyond normal

day-to-day variations, that is acute in onset and necessitates a change in regular

medication, in a patient with underlying COPD.’’ Thus an acute exacerbation is a

syndrome and its recognition is characterized by worsening of symptoms, particu-

larly breathlessness, that exceeds day-to-day variations and does not respond to

treatment with the patient’s regular medication.

Considering the huge health-care burden in mortality and morbidity from

COPD, and the fact that exacerbations account for a large proportion of this burden,

it is perhaps surprising that there is a relative paucity of studies in COPD

exacerbations. However, acute exacerbations in COPD (AECOPD) have been

difficult to study because of the acute nature of the disease, compounded by the

lack of a generally accepted definition of an AECOPD. A description of the

pathophysiology of COPD is also complicated by the fact that AECOPD are

heterogeneous, both in their etiology, known and unknown causes, and in their

severity, which ranges from mild exacerbations, which can be managed by the

patient at home with an increase in therapy, to severe exacerbations requiring

hospital admission, on occasion leading to acute on chronic respiratory failure.

Furthermore, the severity of the exacerbation clearly relates to the underlying disease

severity. An exacerbation in patients with severe underlying COPD, with perhaps

established chronic respiratory failure, is likely to result in more severe adverse

effects than in a patient with mild COPD.

The severity of the underlying disease is also a risk factor for the frequency of

AECOPD. This is clear from recent large studies of inhaled corticosteroids. The

mean number of exacerbation rates in the patients in the ISOLDE study (3), where

the FEV1 was 50% predicted, was 1.90 exacerbations per year, compared to 0.37

exacerbations per year in the Copenhagen City Lung Study, where the FEV1 was

87% predicted (4). Chronic hypermucus secretion is also a risk factor for AECOPD

(5). Recent data from the Lung Health Study has shown a relationship between

exacerbations of COPD requiring medical intervention and continued cigarette

smoking associated with chronic hypermucus secretion (6). The presence of

systemic features in patients with COPD is also a risk factor for AECOPD, as

shown by the fact that low body mass index (BMI< 20 kg=m3), limited exercise

tolerance measured by 6-min walking distance (�367m), significant gas exchange

impairment (PO2 � 65mmHg, PaCO2> 44mmHg) are all predictive factors for

hospitalization in AECOPD.

The cardinal symptom of the syndrome of an AECOPD is increased dyspnea,

which may have multiple causes, including changes in pulmonary mechanics and

gas exchange (7,8).

It has traditionally been considered that the clinical picture of an AECOPD

depends on the degree of worsening of airflow limitation, together with the severity

of the underlying COPD and the association of other comorbidities (9). The current
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view is that this increase in airflow limitation results from increased inflammation in

the airways, precipitated by a known or unknown trigger factor for the exacerbation.

Until recently, there was relatively little information to support or refute this view. In

recent years, however, there have been several studies that have assessed both the

symptomatic, physiological, and inflammatory changes in exacerbations of COPD.

However, these studies have to be interpreted in light of the heterogeneity of both the

underlying disease and of the exacerbation. Most studies have been cross-sectional,

usually with assessments made at one time point in the exacerbation with a lack of

longitudinal studies in AECOPD.

II. Inflammation in AECOPD

Around 60 to 70% of exacerbations of COPD appear to have a precipitating cause,

or at least an associated factor, commonly either viral or bacterial infection. A small

proportion, around 10%, are probably associated with inhalation of environmental

pollution, especially increases in particulate air pollution, and in about 30% a cause

is not apparent. However, it is assumed that an increase in the inflammatory response

in the large and small airways (i.e., a bronchitis and=or a bronchiolitis to a known or

unknown trigger) results in an AECOPD. There is, however, a relative lack of

histological descriptions of the pathology of AECOPD (10). Limited postmortem

studies in patients who died during AECOPD show increased airspace inflammation,

with inflammatory cell infiltration with a variety of cells in both airway and alveolar

walls, exudation of mucus, and mucus plugging (10). However, the findings in

patients who have died of the disease cannot be extrapolated to all exacerbations of

COPD. Furthermore, similar information is not available for mild or moderate

AECOPD. Whether or not in enhanced inflammatory response in the airways is

present in all AECOPD is unknown, but this is assumed to be the case. It is known,

however, that exacerbations of COPD are associated with events that cause the

initiation of an inflammatory response in the airspaces as shown by increased

sequestration of neutrophils in the pulmonary microcirculation and presumably also

in the bronchial circulation (11), and that these cells may be primed to release

reactive oxygen species (12). Recent studies in AECOPD, largely in patients with

mild disease, consisting of chronic bronchitis without much airflow limitation, have

shown a significant increase in both eosinophils and neutrophils both in sputum and

in bronchial biopsy specimens (13). But, in contrast to exacerbations of asthma,

where increased eosinophils are noted in the airways, in AECOPD these eosinophils

do not degranulate (14) and are not associated with increased expression of IL-5

(15). The cause of this eosinophilia in the airways is not known, but may be due to

viral infections and may only occur in a subset of patients characterized with

‘‘asthma-like features’’ who may be more responsive to corticosteroids. In more

severe AECOPD, predominantly in patients with exacerbations caused by bacterial

infection, there are increased numbers of neutrophils, increased myeloperoxidase

(a marker of neutrophil activation), and increased levels of interleukin-8, an
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important neutrophil chemoattractant in the airway lumen, all indicating increased

neutrophilic inflammation (16). These studies emphasize the difficulties in extra-

polating the results of studies in a disease that itself is heterogeneous, where there

are differences between patients in severity of the underlying disease when the

patients are clinically stable. Furthermore, the etiology of the exacerbations may be

different between and even within studies of AECOPD and, finally, there are

potential conflicting effects of preceding treatment on the inflammatory response

produced during an exacerbation. Similar problems have arisen in interpreting the

nature of the acute inflammatory response in studies where markers of inflammation

in both sputum, serum urine, and exhaled breath samples have been assessed

(16–22). In general, these studies all seem to show evidence of increased mediators

of bronchial inflammation, as shown by increased myeloperoxidase activity and

increased levels of interleukins-6 and -8, tumor necrosis factor, and leukotreine B4 in

sputum in AECOPD (16,17). There is also evidence that oxidative stress is increased

in the airways in AECOPD, which may enhance the inflammatory response by

increasing gene expression for proinflammatory mediators (23). This is evidenced by

increased levels of hydrogen peroxide, nitric oxide, and 8-isoprostane, a lipid

peroxidation product in exhaled breath in AECOPD (21,22,24). There is also

evidence of a systemic inflammatory response as shown by increased levels of

serum acute phase proteins, such as a1-antitrypsin and C-reactive protein (25) and

also systemic oxidative stress as shown by increased plasma levels of lipid

peroxidation products and a decrease in the antioxidant capacity in the blood of

patients during AECOPD (26). However, all of these studies are in relatively small

numbers of patients with COPD, without recognition of the different clinical

phenotypes or causes of the exacerbation. Few studies have made more than one

measurement in patients in and out of an exacerbation and the time course of the

changes in inflammatory events before and during the AECOPD have not been

studied in detail.

It is therefore possible that markers of inflammation may rise in response to

the exacerbation rather than triggering the exacerbation. Furthermore, most of the

studies which have assessed inflammatory markers and cells have largely used

samples derived from the large airways and it is likely that more important events in

the exacerbation may occur in the small airways. Indeed, historical autopsy studies of

patients dying of AECOPD describe a ‘‘bronchiolitis exudativa’’ and such a

bronchiolitis has been described in 26% of patients with AECOPD at autopsy (27).

The inflammatory response in AECOPD could increase airflow limitation in

small airways as a result of a number of events, such as vascular congestion of the

airway mucosa and plasma exudation (28,29) triggered by increased inflammation

(30) in already inflamed airways. Furthermore, goblet cell hyperplasia can occur

rapidly (31) resulting in increased mucus hypersecretion (32) stimulated, for example,

by the release of neutrophil elastase (33,34), which would result in increased airflow

limitation and mucus plugging in the small airway lumen. Mucus hypersecretion in

COPD could also be caused by a number of mediators such as leukotrienes,

proteinases, and neuropeptides released from inflammatory cells.
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It is presumed that the deterioration in symptoms, particularly breathlessness

in AECOPD, is due to increased airflow limitation (35). There are, however, few

sequential measurements of airflow limitation in patients with AECOPD. In a

randomized controlled trial of antibiotic therapy in 448 COPD exacerbations in

173 patients with moderate-to-severe COPD (mean� SD FEV1 % predicted

33.9� 13.7%), Anthonisen and colleagues showed an improvement in peak flow

during treatment of the exacerbation (Fig. 1) (36). The time course showed that the

peak expiratory flow (PEF) had returned to the baseline value by day 14. Similarly,

in a cohort of 155 patients with COPD in general practice followed over 3 years,

Sachs and coworkers (35) studied 71 exacerbations in 55 patients. However, these

were a younger group of patients (mean age 51.7 years) than in most studies of

AECOPD of whom 50% were asthmatics. Small changes in PEF were shown to

occur again over the course of 14 days, but there was still a slight decrease in the

PEF compared with the stable baseline values in both studies at what was considered

to be the time of the resolution of the exacerbation. Davies and colleagues (37)

Figure 1 PEFR recovery from day of onset of COPD exacerbation. (Based on Ref. 36.)
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measured FEV1 repeatedly in a group of patients with AECOPD and showed an

improvement in FEV1 during treatment of the exacerbations, with a greater

improvement in those treated with oral corticosteroid therapy compared with those

given a placebo (Fig. 2). PEF readings may underestimate the degree of airflow

limitation compared with FEV1, which may be a more useful measurement, although

there are no studies comparing these measurements in exacerbations (38).

Studies of the time course of recovery of AECOPD using spirometry or PEF

are confounded by lack of a universal agreement on the day of onset of the

exacerbation, which in some studies is taken as the day of presentation (36,38)

and in others is defined in terms of the onset of a sustained increase in breathlessness

(35). In a recent study of 101 patients with moderate-to-severe COPD (mean FEV1

42% predicted) followed over a period of 2.5 years, there were 405 exacerbations.

Over 60% of the exacerbations recorded were associated with increased dyspnea and

around 20% with increased cough (39). However, exacerbations in this study were

defined as the presence, for at least 2 consecutive days as recorded by the patient in a

daily diary card, of an increase in any two major symptoms (dyspnea, sputum

purulence, sputum amount) and one minor symptoms (wheeze, sore throat, cough, or

symptoms of the common cold, which were nasal congestion=discharge), a definition
modified from that used in the study by Anthonisen and colleagues (36). Based upon

this definition, almost 50% of the exacerbations were not reported by the patients,

confirming the findings of a previous study by the same group (40). This study also

showed that adverse changes in symptoms (but not peak expiratory flow) occurred

before the onset of the exacerbation (Fig. 3) and that there were very small decreases

in peak flow at the onset of the exacerbation, such that the mean change in peak

expiratory flow expressed as a percentage of baseline was 4.5%. Interestingly, there

was no difference in the decrease in PEF, FEV1, or FVC or increase in the symptom

score at the onset of exacerbation between the reported and unreported exacerba-

tions. Similarly, recovery times as measured by changes in PEF, FEV1, or symptom

score, which for PEF was around 7 days from the onset of the AECOPD, were not

different between reported and unreported exacerbations. In this study only 75% of

the patients were considered to have fully recovered their baseline PEFR at 5 weeks,

but the changes from baseline were very small and, interestingly, antibiotic therapy

had no effect on the time to or the completeness of the recovery from the

exacerbation (40) (Fig. 4). The changes in FEV1 during exacerbation in a smaller

cohort of 34 patients who measured daily FEV1 by hand-held spirometer, although

highly significant, were very small, amounting to a mean fall in FEV1 of 24mL

(range 16.1–84.3mL). This study also showed significantly greater falls in peak

expiratory flows in AECOPD, associated with increased dyspnea, increased wheeze,

or symptoms of a cold, but not associated with other symptoms (40).

Thus there is limited information that increased airways obstruction, at least in

terms of changes in FEV1 and PEF, occur acutely in AECOPD and largely recover at

the end of an exacerbation, although the changes in measurements of airflow

obstruction are small. In the largest study of the time course of changes in

pulmonary function in AECOPD there were no differences in the changes in

measurements of airflow obstruction between those patients who reported an
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Figure 3 Time course of symptoms of increased dyspnea, nasal congestion, and cough

for 504 exacerbations in 91 patients. Proportion of exacerbations with any one symptom

over the 14 days before to 35 days after onset of exacerbation, expressed as a percentage of

the total number of exacerbations. (From Ref. 40.)
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exacerbation and those in whom an exacerbation was obtained from a diary card of

symptom scores, without the patient feeling the need to report it (40). Thus, during

mild exacerbations of COPD, expiratory airflow is almost unchanged (13) and

indeed is only slightly reduced during severe exacerbations (8,40).

Therefore, what are the mechanisms that underlie the increased symptoms in

AECOPD? Expiratory airflow limitation, which is the hallmark of COPD, results

from pathological changes that occur in large and small airways and in the lung

parenchyma. Several factors, some of which are reversible and others irreversible,

account for the airflow limitation (Table 1). These changes result in airway

narrowing, with resulting increased resistance to airflow and loss of lung elastic

Figure 4 Median peak flow expressed as a percentage of baseline peak flow from 14

days prior to 35 days after onset of exacerbation for 504 exacerbations in 91 patients.

(From Ref. 40.)

Table 1 Causes of Airflow Limitation in COPD

Irreversible � Fibrosis and narrowing of airways

� Loss of elastic recoil due to alveolar destruction

� Destruction of alveolar support that maintains

patency of small airways

Reversible � Accumulation of inflammatory cells, mucus,

and plasma exudates in bronchi

� Smooth muscle contraction in peripheral and

central airways

� Dynamic hyperinflation during exercise
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recoil, with a resultant decrease in driving pressure for expiratory flow. Airway

narrowing results from several factors. Normally the lung parenchyma serves to keep

the airways open. In emphysema, due to loss of the supporting alveolar walls, this

effect is reduced. In addition, there is thickening and narrowing of bronchial and

bronchiolar walls, constriction of bronchial smooth muscle, and intraluminal mucus

and cell debris. In a normal subject, the expiratory limb of the maximum flow-

volume loop reaches a peak flow at around 80% of the vital capacity (i.e., near total

lung capacity). During tidal breathing, a very small proportion of the maximum

flow-volume loop is used and inspiratory and expiratory flows remain far from the

maximum. In this case, the pattern can be modified in any direction by increasing

inspiratory and expiratory flow or increasing or decreasing lung volume. In a patient

with severe COPD, the area of the expiratory flow-volume loop is markedly reduced

compared to the normal subject and this reduction is proportional to the severity of

the COPD (Fig. 5a,b). In this case, at any given lung volume, forced inspiratory and

expiratory flows are reduced, as is forced vital capacity. The inspiratory limb of the

flow-volume loop still remains far from the maximum possible value. By contrast,

expiratory flows are very close to the values obtained at the same lung volume

during forced expiration. Thus, tidal expiratory flow can be equal to forced

expiratory flow and at times it can exceed it, resulting in expiratory flow limitation.

This is a reflection of the collapsibility of the airways in severe COPD.

In order to compensate for airflow limitation, attempts can be made to increase

inspiratory flow, allowing more time for exhalation, or overinflation can occur, which

increases end-expiratory volume and functional residual capacity (FRC), but which

takes advantage of higher expiratory flows at higher lung volumes due to both

decreased airways resistance and increased elastic recoil. Eventually a new equili-

brium is reached at some end-expiratory volume above FRC. This results in an

inability to return to passive FRC before the next breath occurs, a process called

dynamic hyperinflation. Both of these compensatory mechanisms result in an

increased work of breathing and therefore place the inspiratory muscles, particularly

the diaphragm, at a mechanical disadvantage due to length-tension effects. In

addition, when the respiratory system rests above FRC at end-expiration, this creates

a residual lung recoil pressure, producing a positive alveolar pressure (41). Thus,

before air can enter the lung, alveolar pressure must be negative relative to

atmospheric pressure. It follows that a proportion of the inspiratory muscle pressure

generated with each breath will be wasted in overcoming the residual recoil pressure

of the respiratory system. In addition, because breathing takes place at a higher lung

volume, it occurs over the less compliant portion of the lung pressure–volume cycle

and thus increases the work of breathing. This dynamic hyperinflation is probably a

major contributor to the sensation of dyspnea in stable patients and probably also to

the increased dyspnea in AECOPD (42). In patients with exacerbations of COPD,

there is a further reduction in the forced expiratory flow-volume loop under these

circumstances in severe exacerbations of COPD and the ability to compensate may

be impossible.

Respiratory failure will occur against this background as a result of changes in

the characteristics of the respiratory system, either an increase in the overall load
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beyond the possible compensatory mechanisms or changes that impair the function

or effectiveness of the respiratory muscles and central nervous system to compen-

sate. In severe exacerbations, the primary physiological change is worsening of gas

exchange, induced by increase in ventilation=perfusion (VA=Q) inequality. As VA=Q

relationships worsen, increased work of the respiratory muscles produces greater

oxygen consumption, and hence decreased oxygen tensions, which further amplifies

the gas exchange abnormalities (8). The pathological changes that result in abnormal

VA=Q relationships in AECOPD are due to airway inflammation, edema, mucus

Figure 5 (A) Flow volume loop demonstrating the typical pattern seen in severe chronic

obstructive pulmonary disease (solid line). Relative to the normal loop (dashed line), the

total lung capacity (TLC) and residual volume (RV) are elevated, consistent with

hyperinflation and gas trapping as is functional residual capacity (FRC). Expiratory flow

limb is concave with a marked decrease in expiratory flows, particularly at lower

lung volumes. (B) In severe airflow limitation, flows with tidal breathing (dashed line)

often exceed maximal expiratory flow as determined by the maximal flow volume loop

(solid line).
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hypersecretion, and bronchoconstriction, all of which may contribute to the changes

in the distribution of ventilation. Hypoxic vasoconstriction of pulmonary arteries

may modify the distribution of perfusion. Worsening gas exchange in AECOPD is

also contributed to by abnormal patterns of breathing and fatigue of the respiratory

muscles. All of these factors can lead to further deterioration in blood gases and

worsening respiratory acidosis, which may lead to severe respiratory failure and

death (8,43). Alveolar hypoventilation also contributes to hypoxemia, hypercapnia,

and respiratory acidosis and also promotes pulmonary vasoconstriction, which

increases pulmonary artery pressure and puts an added load on the right ventricle.

Other vascular events may play an adverse role in AECOPD. Although the

most common cause of death in exacerbations of COPD is due to respiratory failure

(44), other causes may contribute, including pulmonary thromboembolic disease.

Postmortem studies have shown pulmonary arterial thrombi in a large proportion of

patients with COPD who died in respiratory failure (45). Thrombi in small vessels

occur in situ in patients with COPD, but it is not clear whether such events result in

acute exacerbations.

The most common circumstance of death in patients with COPD is respiratory

failure (44). In a cross-sectional study of 215 patients in whom detailed information

was available at the time of death, Zielinski and colleagues found that the most

common circumstances of death were respiratory failure (35%), cor pulmonale with

edema (13%), pulmonary infections (12%), and pulmonary embolism (10%) (44).

Although respiratory failure is a common cause of death, comorbidity also plays a

role. Several studies have investigated which variables predict death after admission

for an exacerbation of COPD and therefore identify at-risk subjects. In a cohort of

270 patients followed over 3 years from the index admission with an AECOPD,

Incalzi and coworkers (46) found the predictors of mortality were age, signs of right

ventricular hypertrophy, chronic renal failure, ischemic heart disease, and FEV1.

Connors and colleagues (47) studied a prospective cohort of 1016 adult

patients from five hospitals who were admitted with an exacerbation of COPD,

with a PaCO2 >5mmHg. In this population, survival was independently related to a

number of factors, including the severity of the illness, body mass index, age, prior

functional status, PaO2, inspiratory oxygen fraction (FiO2), congestive cardiac

failure, serum albumin, and the presence of cor pulmonale (47). Poor treatment

outcome, as assessed by a return visit with a respiratory problem requiring further

treatment within 4 weeks following an exacerbation, was also related to the severity

of the airways obstruction. Other factors associated with poor treatment outcome

following an exacerbation are the use of home oxygen therapy, frequency of

exacerbations, history of previous pneumonia, and the use of maintenance oral

corticosteroids (48,49).

III. Respiratory Drive to Breathing

The pattern of breathing in acute exacerbations of COPD is clearly different from the

chronic state. In stable COPD patients, the respiratory frequency increases and the
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tidal volume decreases as the disease progresses (50). In AECOPD, patients take

shorter and smaller breaths with a respiratory frequency approximately twice as high

as normal subjects.

The changes in blood gases in stable COPD patients have been attributed to

several factors including decreased sensitivity of the respiratory centers, ventilation

perfusion in homogeneity [increase in dead space (VDVT)], the Haldane effect, an

increase in carbon dioxide production (VCO2), mechanical limitation of active

ventilation, changes in the central setting of respiratory timing, or a combination of

all of these factors. The hypoxic drive to breathing is not the most important

determinant of the activity of the respiratory center (51). In addition, administration

of oxygen to patients with COPD in acute respiratory failure does not seem to induce

a major change in breathing pattern (50,52,53). P0.1 pressure, as a measure of

respiratory drive, is usually high in stable COPD and increases further in acute

respiratory failure.

IV. Gas Exchange

Ventilatory failure is defined conventionally by a higher than normal PaCO2. PaCO2

depends on both respiratory and nonrespiratory factors (54), metabolic regulation,

as well as on respiratory variables. Under normal circumstances, in a steady state,

CO2 removal by the lungs equals the VCO2. The relationship between ventilation of

perfused alveoli (V0A) PaCO2 is given by the equation

PaCO2 ¼
k� V0CO2

V0A

The normal response of the ventilatory system to any increase in VCO2 or in PaCO2

beyond the normocapnic level is by increasing minute ventilation (V0E). Only a

fraction of the ventilation that remains available for gas exchange after the dead

space ventilation is useful for CO2 elimination:

PaCO2 ¼
k� V0CO2

V0E� ð1� VD=VTÞ

One of the major determinants of PaCO2 in hypercapnic respiratory failure is

the VD=VT ratio, which is consistently increased in hypercapnic respiratory failure,

while changes in VCO2 are inconsistent (55–57).

Hypoxemia in respiratory failure is due to a combination of several factors

(hyperventilation, ventilation perfusion mismatch, right-to-left shunt, diffusion

alteration, and low mixed venous oxygen tension). As with the PaCO2 the degree

of heterogeneity of ventilatory and perfusion ratios seems the most important

underlying determinant for PaO2 (58). Hypoxemia itself produces pulmonary

vasoconstriction, resulting in pulmonary hypertension (59), and may eventually

lead to right ventricular dysfunction.
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V. Conclusion

It is clear that more information is required on the pathophysiology of AECOPD.

Certainly more information is required to understand what an exacerbation of COPD

really is before more specific treatments can be used both to prevent and to treat

AECOPD. The simple view of the development of exacerbations needs to be

extended by further research and, although inflammatory markers and biopsy studies

help us to understand the events in the large airways, events in the smaller airways

are clearly critical to both the pathology and the pathophysiology and hence the

symptoms that develop in these patients. Understanding the mechanisms associated

with changes in these airways could lead to benefits from new interventions in this

condition (Fig. 6).
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I. Introduction

By European consensus, COPD is defined as ‘‘a disorder characterized by reduced

maximum expiratory flow and slow forced emptying of the lungs; features which do

not change markedly over several months. Most of the airflow limitation is slowly

progressive and irreversible’’ (1). The most recently published world guidelines on

obstructive lung disease (GOLD) describe the airflow limitation as ‘‘associated with

an abnormal inflammatory response of the lungs to noxious particles or gases’’ (2).

Exacerbations of symptoms requiring medical intervention are important clinical

events in COPD. Infection and air pollution are important triggers, but the cause of

approximately one-third of severe exacerbations is unclear. Those in which infection

is identified show increases of sputum volume and change in its color; fever may

also be present.

At least three inflammatory conditions contribute to COPD: chronic bronchitis

(mucus hypersecretion), chronic bronchiolitis (small airways disease), and emphy-

sema. These conditions are interrelated but it is not clear whether they are part of a

single spectrum of progression (with respect to anatomical location, severity, or

time) or interrelated by their common association with smoking. While not all

COPD is associated with smoking, the relationship between cigarette smoking and

COPD is a strong one statistically. In genetically predisposed individuals, the
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inflammation initiated by cigarette smoke is probably responsible for most of the

symptoms and pathological abnormalities associated with COPD and its

progression. Even when relatively stable, there are influxes of inflammatory cells

into the airways and lung parenchyma of patients with COPD. Severity of airflow

limitation is associated with severity of airway inflammation even in stable disease

(3–5). It is generally considered, but not proven, that at these tissue sites, such

inflammatory cells release a myriad of inflammatory mediators that are ultimately

toxic, damaging tissue and contributing to disease progression. Direct examination

of airway and lung tissue support the presence of a marked inflammatory infiltrate

even in stable phases of both chronic bronchitis and COPD. The pattern of

inflammation is distinct to that found in asthma and to the balance of immune

cells found in the airways of normal subjects (6,7). There is both enlargement and

destruction of tissue structures and changes also occur in the pulmonary vasculature

and, in advanced disease, the right heart (8).

The importance of exacerbations associated with the proinflammatory effects

of acute infection requires clarification. With recurrent exacerbations, there is

increased inflammation that changes in character. The increased infiltration of tissues

by inflammatory cells is associated, in ways that are presently unclear, with increased

symptoms, worsening of clinical status, and, it is hypothesized, with decline of lung

function. Recent data have indicated that exacerbations may contribute to accelerated

decline of lung function in those who continue to smoke (9). We have learned and

continue to learn much about the immunopathology of the airway mucosa in patients

with relatively stable disease. However, relatively little is known about that which

occurs in association with an exacerbation no matter what its cause. This chapter

reviews first what is known of the airway immunopathology of stable disease and

then focuses on immunopathological observations of bronchial biopsies taken

following an exacerbation (i.e., an acute clinical worsening in patients with chronic

bronchitis or mild-to-moderate COPD). The focus is on changes in the bronchial wall

as nothing is known concerning the immunopathological changes during exacerba-

tions in the distal airways and lung parenchyma. Alterations identified in sputum and

BAL are mentioned only in passing.

II. Stable Chronic Bronchitis and COPD in Smokers

Smoking tobacco per se induces an inflammatory response. Smoking shortens the

transit time of neutrophils through the bone marrow, causes leukocytosis, and alters

the immunoregulatory balance of T-cell subsets found in blood, bronchoalveolar

lavage (BAL), and tissues of the conducting airways and lung (10–12). Smoking

initiates a peripheral blood leukocytosis and a reversible decrease in the normally

high CD4-to-CD8 cell ratio in blood of heavy smokers (i.e., >50 pack-years). There

is also a significant reduction of the CD4-to-CD8þ cell ratio in BAL fluid but

not in blood of a group of milder smokers (i.e., who have smoked on average
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14 pack-years). The increase in the number of BAL and tissue CD8þ T-cells is

positively associated with pack-years smoked (7,11,13).

A. Chronic Bronchitis

Histological examination of airway tissues (taken at resection for tumor) from

smokers demonstrates that inflammatory cells are present in and around the area of

mucus-secreting submucosal glands and that scores of inflammation show a better

association with the subjects who have symptoms of mucus hypersecretion than does

gland size per se (14). The safe use of the flexible fiberoptic bronchoscope as an

investigative tool has allowed us the opportunity to investigate the changes that

occur in the airway mucosa of proximal airways in relatively mild bronchitics and

those that occur during the genesis of COPD. Of course, this assumes that what is

sampled proximately reflects the inflammatory changes seen in smaller, more

peripheral airways and lung parenchyma and there is emerging evidence to support

this (5).

In bronchial biopsies of subjects with mild, stable chronic bronchitis and

COPD, there is infiltration of the mucosa by inflammatory cells (6,7,15,16): this is

associated with upregulation of cell-surface adhesion molecules of relevance to

the inflammatory process (17). In the surface epithelium, where, in contrast to the

subepithelium, CD8þ cells normally predominate, Fournier and colleagues origin-

ally demonstrated by comparison with nonsmokers an increase in lymphocytes of all

subsets in smokers with chronic bronchitis and mild COPD (18). In the subepithelial

zone, in mild-to-moderate disease and in the absence of an exacerbation, bronchial

lymphomononuclear cells appear to form the predominant cell type and neutrophils

are scanty. The mononuclear component is composed of lymphocytes, plasma cells,

and macrophages. Significant increases are reported in the numbers of CD45 (total

leukocytes), CD3 (T-lymphocytes), CD25 (i.e., activated), and VLA-1 (late activa-

tion) positive cells, presumed to be T-lymphocytes, and of macrophages (15). The

endobronchial biopsy studies of O’Shaughnessy and coworkers have demonstrated

that, by comparison with normal nonsmokers, T-lymphocytes and neutrophils

increase in the surface epithelium while T-lymphocytes and macrophages increase

in the subepithelium of smokers with COPD (6,19). In contrast to asthma, it is the

CD8þ T-cell and not the CD4þ T-cell subset, which increases in number and

proportion to become the predominant T-cell subset in COPD (Fig. 1). Furthermore,

the increase of CD8þ cells shows a statistically significant negative association with

forced expiratory volume in 1 s (FEV1 expressed as a percentage of predicted). This

novel distinction between the relative proportions of T-cell subsets of smokers with

mild, stable COPD and nonsmoking mild asthmatics has received the support of

subsequent studies of bronchial biopsies (13). The increase of the CD8=CD4 ratio

seen in the mucosa also occurs deeper in the submucosa of the bronchial wall in

association with submucosal mucus-secreting glands in bronchitic smokers (20).

Mucous glands are also characterized by neutrophil infiltration (20) (Fig. 2a, b).

Since neutrophil elastase is a remarkably potent secretagogue for cultured gland cells

(21), the location of neutrophils within the bronchial glands may be crucial for the
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activation of the secretory function of gland cells and therefore for the induction of

chronic sputum production in subjects with chronic bronchitis.

B. Chronic Bronchiolitis

Histologically, the earliest observed effect of cigarette smoke in small airways and

surrounding alveoli is a marked increase in the number of macrophages and

neutrophils, both in humans and experimentally in animal studies. The increase is

seen within both the tissue and lumena and can be detected in BAL (22).

Examination of small airways in lungs resected from smokers, stable at the time

of surgery, shows that the same profile of CD8-predominant inflammation reported

in bronchial biopsies of the larger airways occurs deeper in the lung in the small

airways (23) (Fig. 3). As with the findings in the large conducting airways, there is a

significant negative association of the numbers of CD8þ cells and FEV1% of

predicted in the small (peripheral) conducting airways also, suggesting an important

role for these cells in the pathophysiology of COPD. However, the cytokine profile

of these T-lymphocytes and their chemokine receptor expression has not been fully

investigated. It has been recently shown that the T-cells infiltrating the peripheral

airways in COPD express CXCR3, a chemokine receptor that is known to be

preferentially expressed on type 1 cells (24). The fact that, in COPD, CXCR3-

positive cells are CD8-positive and express IFN-g suggests a Tc-1 immune response

in this disease (25).

Figure 1 Histological section of an endobronchial biopsy of a large airway (i.e., second-

or third-order bronchus) from a smoker with COPD. The mucosa, immunostained with

anti-CD8 antibody, shows extensive inflammation composed predominantly of CD8þ
T-cells both within and below the epithelium (arrows). Scale bar¼ 150 mm.
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C. Emphysema

Normally, the macrophage is the resident phagocyte of the alveolus: neutrophils are

rarely present (26). Neutrophils may be recruited to the lung parenchyma in smokers

albeit the extent of tissue neutrophilia is variable. On exposure to cigarette smoke,

there is recruitment of macrophages and phagocytosis of cigarette smoke compo-

nents. A macrophage alveolitis and respiratory bronchiolitis are the early changes in

Figure 2 Neutrophil infiltration of the mucus-secreting bronchial submucosal glands in

lung tissue resected from smokers: (a) the asymptomatic smokers show few cells (arrow)

whereas (b) the smoker with symptoms of mucus hypersecretion (i.e., chronic bronchitis)

has many neutrophils infiltrating between the secretory acini. Scale bar¼ 50 mm. Neu-

trophils detected by immunostaining sections with anti-human neutrophil elastase.
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young cigarette smokers (27,28). As in the large and small conducting airways in

COPD, CD8þ cells are also increased in the alveolar wall and their numbers show a

similarly strong inverse correlation with FEV1% of predicted as that seen in the

small and large conducting airways (29,30). Thus the CD8þ cell increase is seen at

both proximal and distal sites. This consistency of change indicates that sampling the

large airways by biopsy does have the potential to provide information about the

broad patterns of inflammation occurring more distally in the lung.

When COPD progresses, there is a further increase of CD8þ cells both in

small airways and lung parenchyma, which is associated with an increase of other

inflammatory cell types, as recently demonstrated in patients undergoing lung

volume reduction surgery (LVRS) for severe emphysema (4,5). This enhanced

inflammatory response is correlated with the degrees of airflow limitation, lung

hyperinflation, CO diffusion impairment, and radiological emphysema, suggesting a

role for this inflammatory response in the clinical progression of the disease.

D. Inflammation in Vessel Walls

Surprisingly, there are only a few studies that examine the inflammatory process in

pulmonary arteries of subjects with COPD despite the fact that there is involvement

of these vessels due to the close approximation of airways and pulmonary arteries

and the spread of the inflammatory process from the bronchiolar wall to the adjacent

vessel. An inflammatory process similar to that present in the conducting airways

and in the lung parenchyma, consisting predominantly of increased numbers of

Figure 3 CD8 T-lymphocyte infiltration in a peripheral airway (bronchiole) in tissue

resected from a smoker with COPD demonstrating the same CD8 T-cell predominance

described in the mucosa of endobronchial biopsies of larger airways (bronchi). Immuno-

stained with anti-CD8 antibody.
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CD8þ T-lymphocytes, has been reported in the adventitia of pulmonary arteries in

smokers with COPD (30,31). The vascular infiltration of CD8þ cells correlates with

the degree of airflow limitation in these subjects (30), supporting the role of vascular

inflammation in the progression of the disease.

III. Mild Exacerbations of Bronchitis

COPD and asthma would seem to differ at the tissue level in a number of respects;

for example, the marked tissue eosinophilia and thickening of the reticular basement

membrane of asthma are not usually features of COPD (32). However, compared to

normal healthy control tissue, there are a number of studies that report small, but

significant, numbers of tissue eosinophils in subjects with chronic bronchitis or

COPD (6,14,33), particularly during an exacerbation of the disease (32,33) (Fig. 4).

Sputum eosinophilia is also reported in cases of ‘‘eosinophilic bronchitis’’ (i.e.,

patients without a history of asthma and without bronchial hyperresponsiveness but

who respond to inhaled corticosteroids) (34–36). In a recent report, these patients

with eosinophilic bronchitis have been shown to have a similar degree of eosino-

philia, a similar thickening of the basement membrane but a lower number of mast

cells in airway smooth muscle as compared to asthmatic patients (37).

In mild exacerbations of bronchitis, eosinophils are increased not only in

bronchial tissue, but also in sputum and BAL indicating a similar inflammatory

process in the airway wall and in the airway lumen. This eosinophilia is associated

with a marked recruitment of tissue neutrophils (Fig. 5a) and with an increased

expression of the cytokine TNF-a (Fig. 5b, c). TNF-a can induce an influx of

inflammatory cells in the airway tissue either through a direct chemotactic effect or

Figure 4 Counts of eosinophils in endobronchial biopsies of patients following an

exacerbation of bronchitis (column 2) demonstrating their increased numbers as compared

with chronic bronchitis in its stable phase and normal healthy controls (right). The

increased numbers of eosinophils seen in exacerbations approaches that found in stable

asthma (left). Immunostained with an antibody, EG2, against the cleaved or secreted form

of eosinophil cationic protein.
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through an increased expression of the adhesion molecules on endothelial cells. This

latter mechanism is supported by the observation of an enhanced vascular expression

of E-selectin in the bronchial mucosa of subjects with chronic bronchitis (17).

In asthma, the infiltration of tissue by eosinophils is an allergic reaction to

allergen exposure. It is part of a response in which memory T-helper cells regulate

specificity of the response. T-helper cells orchestrate the sequence of events via the

production and secretion of interleukins (IL), notably IL-4 and IL-5, and eosinophil

chemoattractants that include eotaxin, MCP-4 (monocyte chemoattractant protein),

and regulated on activation, normal T-cell expressed and secreted (RANTES)

Figure 5 (a) Neutrophil infiltration of the bronchial epithelium of a smoker with mild

COPD and an exacerbation of bronchitis. (b) Individual counts for neutrophils and (c)

TNF-a in bronchial biopsies of subjects with chronic bronchitis examined during

exacerbations and under baseline conditions. the results are expressed as number of

cells per mm2 of tissue examined. Immunostaining with anti-human neutrophil elastase.

54 Jeffery et al.



(38–40). These cytokines and chemokines are capable of multiple and interactive

effects and IL-4 and IL-5 are required for tissue eosinophilia to occur. Importantly,

the chemoattractant gradients that induce emigration and give direction to the

movements of eosinophils within the tissues are provided by the secretion of

chemokines produced by both inflammatory and structural cells, including airway

surface epithelium and even bronchial smooth muscle (41,42). The molecular

technique of ISH demonstrates that there is gene expression, for IL-4 and also for

IL-5 in mild COPD. IL-4 has also recently been demonstrated in abundance in

association with submucosal glands of patients with chronic bronchitis (43).

However, study of endobronchial biopsies shows that the number of cells expressing

these genes in stable bronchitis and in exacerbation are similar. The novel

identification in chronic bronchitis of gene expression for the eosinophil chemoat-

tractants, eotaxin, MCP-4, and RANTES, emphasizes the similarities that can exist

in bronchial tissues between mild COPD when there is an exacerbation of bronchitis

and exacerbations associated with asthma (44). As previously described in asthma,

eotaxin mRNA is expressed by surface epithelium (40) and it appears to be strongly

expressed by subepithelial mononuclear inflammatory cells. Gene expression and

tissue distribution of MCP-4 in chronic bronchitis is similar to that of eotaxin. While

eotaxin mRNA shows greater than normal expression in bronchitic smokers as

compared to healthy nonsmokers, neither chemokine is upregulated significantly in

association with an exacerbation nor does the number of cells expressing either of

these chemokines show a significant association with the observed increase in the

number of tissue eosinophils. The most striking finding associated with an exacer-

bation in mild disease is reported to be the upregulation of RANTES in both

inflammatory and epithelial cells of the bronchial mucosa (Fig. 6a–c). It is suggested

that the significant positive relationship between RANTES and tissue eosinophilia

(Fig. 7) supports a role for this mechanism in the initiation of a tissue eosinophilia in

the population of bronchitics with a recent exacerbation (44).

It is probable that the factors initiating the exacerbation are also responsible for

the upregulation of RANTES. Although bacteria may also play a role (45–48), it is

considered that viral infection is the most likely cause and inducer of epithelial

RANTES during an exacerbation of bronchitis. Previous studies have shown that

RSV upregulates RANTES experimentally following RSV inoculation of primary

bronchial epithelial cells and the airway epithelial cell line BEAS 2 B. During the

logarithmic phase of infectious virus production, only RANTES—and not MCP-1,

MCP-3, or MIP-1a—is upregulated in an infection-dependent manner (49). To

confirm these studies in vivo, RANTES has been measured in nasal lavage fluid

obtained from children. RANTES is significantly increased in children with RSV

infection as compared with the noninfected group in a stable phase of their disease.

There is also evidence that both RANTES and IL-8 can be upregulated by inactive

forms of RSV and can be detected along with MIP-1a in lower respiratory tract

secretions in infants with RSV bronchiolitis (50). Additional evidence for the central

role of RANTES production in response to viral infection comes from experimental

studies of infection by influenza virus A (51). RANTES, IL-6, and IL-8 are released

in significant amounts from the bronchial epithelial cell line, NCI-H292, and

Immunopathology of COPD 55



56 Jeffery et al.



RANTES mRNA and protein are detected in supernatants of cultured, primary

bronchial and nasal polyp epithelial cells 24 to 72 h after influenza virus A infection.

The supernatants of the virus-infected cells have potent chemotactic activity for

eosinophils, which is attenuated after addition of anti-RANTES antibody (52).

Sputum IL-6 has been shown to increase during exacerbations of patients with

COPD and raised sputum levels of IL-8, measured during the stable phase of

disease, are associated with relatively high exacerbation frequency (53). It would be

instructive to measure RANTES in the sputa during such exacerbations.

The numbers of CD4þ cells are significantly lower in bronchitis as compared

with normal healthy controls. In comparison with stable CB, exacerbations of CB

are associated with an increased number of CD4þ cells and there is a relative fall in

the CD8:CD4 ratio due primarily to the increase of the CD4 subset. The current

working hypothesis proposed by Jeffery and colleagues (44) is that an exacerbation

due to viral infection of airway surface epithelium in smokers with bronchitis

induces a marked upregulation of epithelial RANTES. RANTES, acting through

CCR3 receptors, is most responsible for the recruitment of tissue eosinophils in

Figure 6 Gene expression for RANTES (regulated on activation T-cell-expressed and

secreted) in endobronchial biopsies. (a) There is very little gene expression for this

eosinophil chemoattractant molecule in nonsmoking healthy controls. (b) There is

increased expression in inflammatory cells beneath the epithelium and moderate expres-

sion in the epithelium of smokers with chronic bronchitis. (c) In exacerbations of

bronchitis there is a marked increase of RANTES gene expression both in the epithelium

and in subepithelial inflammatory cells. In situ hybridization demonstrating RANTES

mRNA as black intracellular end-product. (From Ref. 44.)

Figure 7 Graph showing the positive association between the increased numbers of

tissue eosinophils (immunostained by EG2 antibody) and RANTES gene expression Data

are log2-transformed). (From Ref. 44.)

Immunopathology of COPD 57



virally induced exacerbations of bronchitis but also, via CCR3 and CCR4 receptors,

recruits CD4þ memory cells (54) with consequent reduction of the normally high

CD8:CD4 ratio present in stable disease. The prevailing balance between CD4þ and

CD8þ cells at the time of an exacerbation may be critical (Fig. 8). There is evidence

that RANTES acts synergistically with CD8þ cytolytic cells to enhance FAS-ligand-

dependent apoptosis of virally infected cells (55,56). Thus when CD8þ cells

predominate, exacerbations and increased RANTES may promote CD8-mediated

tissue damage. Increased frequency of viral exacerbations may thus destroy airway

and alveolar tissue directly, encouraging the development of microscopic

emphysema (57). In this way, repeated exacerbations due to viral infection may

accelerate decline in lung function in smokers whose CD8 T-cell numbers are

already raised (6). This would be particularly important in a subset of individuals

with an already high genetically determined CD8:CD4 ratio (58) and whose

smoking habit has elevated the numbers of CD8þ cells even further (11). It

would be reasonable to predict that CD8 cytolytic activity in response to viral

Figure 8 Proposed inflammatory mechanisms for exacerbations of COPD. The regula-

tory interleukins, IL-4 and IL-5 produced by CD4þ T-lymphocytes are associated with

mucus hypersecretion and tissue eosinophilia. In contrast, the cytokines and effector

molecules produced by CD8þ T-cells are associated with the cell lysis, development of

emphysema and suppression of eosinaphilia. IFN¼ interferon gamma. IL¼ interleukin.

(From Jeffery PK. The pathology of COPD and exacerbations. Eur Resp Rev 2002;

12:2–4.
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exposure would be more vigorous than normal in such individuals and result in

enhanced tissue destruction (41,42). This and other hypotheses require further

investigation both in vitro and in vivo.

IV. Severe Exacerbations in COPD

The numbers of neutrophils are significantly increased in both sputum and bronchial

biopsies in severe exacerbations of COPD compared to their stable phases

(3,59–65). The recent results of examination of biopsies of patients hospitalized

and intubated for their exacerbation demonstrate an approximately 100-fold increase

of neutrophil numbers as compared with the stable phase of the disease (66).

Neutrophil recruitment into airways is due, in part, to chemoattraction by neutrophil

chemokines including IL-8, epithelial-derived neutrophil attractant-78 (ENA-78),

growth-related protein-a, b, and g (Groa, b, and g), neutrophil-activating peptide-2

(NAP-2), and human granulocyte chemotactic protein 2 (GCP-2). IL-8 is well

known as a potent chemoattractant and activating cytokine for neutrophils and, to a

lesser extent, for eosinophils. Endothelial cells, fibroblasts, epithelial cells, alveolar

macrophages, and neutrophils are able to release IL-8 in response to specific stimuli

(TNF, IL-1, and endotoxin) (67). It is believed that these chemokines attract

neutrophils via their interaction with specific receptors on the cell surface, namely,

CXCR1 and CXCR2. IL-8 predominately binds to CXCR1 while Groa, b, and g,
NAP-2, GCP-2, ENA-78, as well as IL-8, bind mainly to CXCR2. Both receptors are

highly expressed on neutrophils and macrophages and have been demonstrated to

play functionally different roles on human neutrophils in vitro. The receptors are also

found to be expressed on activated T-lymphocytes, mast cells, dentritic cells,

basophils, and eosinophils; however, no functional significance for the presence of

the receptors on these cells has been demonstrated in vivo.

It has been suggested that despite similar affinities for IL-8 and similar

receptor numbers of CXCR1 and CXCR2, neutrophil chemotaxis is primarily

mediated by the CXCR1 (68,69). Patel et al. (70) recently studied expression and

function of such chemokine receptors in human peripheral blood leukocytes and

reported that upregulation of the receptor expression and strong calcium responses

were seen in neutrophils following stimulation with the CXCR1 and CXCR2

ligands, IL-8, GCP-2, and Gro-b. Using the molecular technique of ISH, CXCR1

and CXCR2 gene expression has been shown to be significantly increased in

bronchial biopsies from subjects with severe exacerbations of COPD in comparison

with both stable COPD and normal healthy nonsmoker controls (66). In comparison,

the intensity of CXCR2 mRNA expression within the cells was stronger than that of

CXCR1. There were significant positive correlations between the numbers of

neutrophils and CXCR2 mRNAþ cells in severe exacerbations of COPD, which

was not seen with CXCR1 mRNAþ cells. Considering CXCR1 and CXCR2 to be

appropriate targets for treatment in severe exacerbations of COPD, such studies

provide a basis for the development of potential and novel therapies to reduce

exacerbation frequency and severity in the future.
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Thus both eosinophil and neutrophil chemoattractants can be expressed also in

chronic bronchitic smokers in association with a mild exacerbation of symptoms: in

severe exacerbations requiring hospitalization, tissue neutrophilia appear to be the

predominant alteration.

V. Summary and Conclusion

At least three inflammatory conditions contribute to COPD: chronic bronchitis

(mucus hypersecretion), chronic bronchiolitis (small airways disease), and emphy-

sema. In genetically predisposed individuals, the inflammation initiated by cigarette

smoke is probably responsible for most of the symptoms and pathological abnorm-

alities associated with COPD and its progression. Direct examination of airway and

lung tissue support the presence of a marked inflammatory infiltrate even in stable

COPD. The pattern of inflammation is distinct from that found in asthma. In stable

COPD, significant increases are reported in the numbers of CD45 (total leukocytes),

CD3 (T-lymphocytes), CD25 (i.e., activated), and VLA-1 (late activation) positive

cells presumed to be T-lymphocytes, and of macrophages. By comparison with

normal nonsmokers, T-lymphocytes and neutrophils increase in the surface epithe-

lium while T-lymphocytes and macrophages increase in the subepithelium of

smokers with COPD. In contrast to asthma, it is the CD8þ cells and not CD4þ
T-cells that increase in number in COPD. Exacerbations of bronchitis in subjects

with very mild COPD are associated with a marked recruitment of tissue neutrophils

and also eosinophils. The novel identification in chronic bronchitis of gene

expression for the eosinophil chemoattractants eotaxin, MCP-4, and RANTES,

emphasizes the similarities that can exist in bronchial tissues between mild exacer-

bations in COPD and the inflammation of asthma. The most striking finding

associated with an exacerbation in mild COPD is the upregulation of RANTES.

The significant positive relationship between RANTES and tissue eosinophilia

supports a role for this chemoattractant in exacerbations. Putative synergy between

RANTES and CD8þ cells during repeated exacerbations due to viral infection may

accelerate decline in lung function in smokers whose CD8 T-cell numbers are

already raised. This would be particularly important in a subset of individuals with

an already high genetically determined CD8:CD4 ratio and whose smoking habit has

elevated the numbers of CD8þ cells even further.

Thus both eosinophil and neutrophil chemoattractants can be expressed also in

chronic bronchitic smokers in association with an exacerbation of symptoms: in

severe exacerbations requiring hospitalization, tissue neutrophilia appear to be the

predominant alteration. The recent results of examination of biopsies of patients

hospitalized and intubated for their exacerbation demonstrate an approximately

100-fold increase of neutrophil numbers as compared with the stable phase of the

disease. Neutrophil recruitment into airways is due in part to chemoattraction by

neutrophil chemokines including IL-8 and epithelial-derived neutrophil attractant-78

(ENA-78). There are significant positive correlations between the numbers of

neutrophils and CXCR2 mRNAþ cells in severe exacerbations of COPD that are
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not seen with CXCR1 mRNAþ cells. Considering CXCR1 and CXCR2 to be

appropriate therapeutic targets in severe exacerbations of COPD, these data provide a

basis for the development of novel therapies aimed at the attenuation of exacerbation

frequency and duration and, hopefully, a slowing of the relentless progression

of COPD.
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I. Introduction

It is now widely accepted that chronic obstructive pulmonary disease (COPD) is

an inflammatory disease in which there is luminal, bronchial wall, and interstitial

inflammatory cell activity (1–4) and resultant tissue damage (5). There is accumula-

ting evidence that acute exacerbations of COPD (AECOPD) are associated with

an increase in this inflammation and damage and that this is related predominantly

to neutrophilic inflammation, although there may be subsets of patients with a

bronchial eosinophilia (6–8). There is also evidence of increased oxidative stress

during exacerbations (9,10). The problem in reviewing the literature is the general

lack of information on the nature of the exacerbations described. The definitions of

AECOPD have often been somewhat vague but have included an increase in

symptoms for 2 or more days (11). The so-called ‘‘Anthonisen criteria’’ (12) of

major symptoms (increased dyspnea, sputum volume, and sputum production) and

minor symptoms (including sore throat, nasal discharge, fever, wheeze, and cough)

have often been employed (5,11). It is clear, however, that corticosteroids (12,13),

antibiotics (14,15) and antioxidants (16,17) may all have beneficial effects on some

exacerbations. This suggests that inflammation, bacteria, and oxidative stress all play

a role. An ideal biomarker would detect all such episodes or be specific to one

subtype. At present, few authors have attempted to characterize the nature of their

exacerbations in detail, which makes interpretation of the role of biomarkers often
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confusing rather than helpful. The aim of this chapter, therefore, is to discuss the

various changes in inflammation and its markers that have been reported during

AECOPD in order to describe the potential of these biomarkers for use as indicators

of an impending or current exacerbation. These may have applications in the clinical

management of patients with smoking-related chronic lung disease and the deve-

lopment of new treatments through future clinical research.

II. The Ideal Biomarker

The characteristics of an ideal biomarker include a molecule for which there is a

relatively noninvasive test that may be performed even in patients with severe

disease and one that can be undertaken repeatedly in the same individual (i.e., there

should be good subject acceptability). The test should be specific for the process

being assessed, have good reproducibility, and be sensitive to small and early

changes in disease status, ideally in a linear fashion. Prospective studies of the levels

of the parameter in the stable state and during the prodrome, onset, and resolution of

different types of exacerbation should be available. The ideal biomarker would be

easy and cheap to measure and sufficiently stable to allow measurement after a

period of sample storage. The laboratory assays should have been well validated in

appropriate specimens, including spiking experiments where appropriate (18).

Ultimately a suitable biomarker could be used to identify impending exacerbations

in prospective studies of COPD. It could also be used to facilitate early therapeutic

intervention in the clinical setting and hence to avoid full-blown exacerbations and

their economic impact (19) and personal consequences (20). It must be appreciated

that many studies of AECOPD have involved incompletely characterized patients

and=or different subsets of the COPD superfamily (19). Furthermore, different

definitions of exacerbation have been employed (8,11,21,22) and it is therefore

critical to define both the population of patients and the type of exacerbation to

which a particular potential biomarker may be applicable. Changes in airway

inflammatory cell numbers (in particular, neutrophils and eosinophils) occur during

AECOPD and may provide useful markers of exacerbation in sputum and broncho-

scopic specimens as well as influencing treatment. These changes have been

described in detail elsewhere in this text and are not discussed further here.

III. Noninvasive Biomarkers

Biomarkers that are detected using noninvasive methods are more likely to be

acceptable when repeated testing is required, for example, when patients are

followed prospectively to identify the onset of an impending exacerbation or

deterioration in inflammatory status. Samples can also be obtained noninvasively

in patients with severe disease and from individuals who are acutely unwell at the

time of exacerbation. Exhaled breath, airway secretions (spontaneous or induced

sputum), blood, and urine provide noninvasive samples for the measurement of

airway inflammation.
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A. Exhaled Breath and Exhaled Breath Condensates

Measuring airway inflammation using exhaled breath and exhaled breath conden-

sates is completely noninvasive. Furthermore, these samples can be measured

repeatedly, even in patients with severe disease. At present, exhaled breath and

condensate analyses are research tools but there is increasing evidence that they may

have an important role in the diagnosis and management of lung disease in the

future. This area forms the basis of a recent comprehensive review by Kharitonov

et al. (23), which describes in detail the literature published so far. Much of the data

are preliminary; however, the scanty evidence relating to changes during AECOPD

is discussed below.

Exhaled Breath

Nitric Oxide

Nitric oxide (NO) is probably the most intensively studied exhaled marker of airway

inflammation, but most of this effort has so far been directed at asthmatic patients.

NO is derived from L-arginine by the enzyme NO synthetase that has 3 isoforms

(NOS1–3) (23). Two of these enzymes are constitutively expressed (NOS1 and

NOS3) and are activated by small rises in intracellular calcium concentration. The

third member of the family, NOS2 or iNOS, is an inducible enzyme, which has much

greater activity than the other two isoforms and is independent of calcium

concentrations. The cellular source of NO in the airways is unclear, although

epithelial cells throughout the bronchial tree would appear to be important.

Inflammatory cells including alveolar macrophages, neutrophils, and eosinophils

may also express NO synthetase (24); however, the vast majority of the NO is

produced by the upper airways and sinuses rather than the lower respiratory

tract (23).

Patients with stable COPD have relatively low levels of exhaled NO pro-

duction (25,26). This could be related to current cigarette smoking (which

downregulates NO production) (26,27), high previous cigarette consumption (28),

and the conversion of NO to its product, peroxynitrite, during episodes of oxidative

stress. In contrast, patients with unstable or severe disease may have higher mean

(SEM) levels of nitric oxide than stable smokers or ex-smokers with COPD

[12.1� 1.5, 4.3� 0.4, and 6.3� 0.6 parts per billion (ppb), respectively (Fig. 1)

(29)]. However, these authors found that there was no difference in exhaled NO

levels between patients with exacerbations (n¼ 6) and those with severe disease

(FEV1< 35% predicted; n¼ 6). Much of the difference in NO between their

subgroups of patients may have been related to differences in disease severity and

a strong inverse correlation between FEV1 and NO. Corradi et al. (28) reported

significantly higher exhaled NO in patients with moderate-to-severe COPD than in

healthy controls. They also described a relationship between exhaled NO and FEV1;

however, the correlation they found was a positive one, indicating that there may be

many confounding influences on exhaled NO concentrations.
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In a study employing sputum induction every 2 weeks for a 6-week period, a

progressive worsening of airflow obstruction was observed associated with a

significant increase in the fractional concentration of exhaled nitric oxide (FENO),

(30). There was also a correlation between the changes in NO concentration and in

the proportion of neutrophils in the sputum induction samples, suggesting that

FENO may provide a useful marker of acutely worsening neutrophilic airway

inflammation and obstruction. Agusti et al. (31) measured exhaled NO concentra-

tions in 17 patients hospitalized with an exacerbation of COPD. NO was signifi-

cantly elevated on admission (41.0� 5.1 ppb) and remained so at discharge 9 to 10

days later. When repeated at least 1 month after discharge, NO concentrations had

fallen significantly ( p< 0.01) to 15.8� 3.8 ppb and were no longer different from

values for healthy nonsmoking controls.

Carbon Monoxide

Carbon monoxide (CO) is generated via activation of the inducible enzyme, hem

oxygenase-1 (HO-1). A major limitation to the use of exhaled CO in COPD is the

marked effect of continued smoking which masks any increase that would otherwise

occur because of a worsening of the underlying disease process. Exhaled CO is

understandably increased in cigarette smokers, but it is also increased in individuals

with COPD who have given up smoking (32), suggesting that it is a marker of

continued inflammation. Viral upper respiratory tract infections are thought to

increase exhaled CO by inducing the expression of HO-1 (33). Five days of

antibiotic treatment of purulent lower respiratory tract infections in otherwise

healthy individuals is associated with a significant reduction ( p< 0.05) in CO

Figure 1 Nitric oxide concentrations in exhaled air from patients with unstable or severe

COPD and stable COPD (current and ex-smokers). The asterisk indicates a significant

difference compared to current smokers ( p< 0.0001) and to ex-smokers ( p< 0.01).

ppb¼ parts per billion. (From Ref. 29.)
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from 5.0� 2.8 to 3.4� 1.1 ppm (34). There are, however, no data describing the

changes in exhaled carbon monoxide that occur during AECOPD.

Exhaled Breath Condensates

Exhaled breath condensates are obtained by cooling and freezing exhaled air. The

samples obtained are derived from aerosolization of airway lining fluid during

turbulent airflow in the mouth, oropharynx, tracheobronchial region, and alveoli;

however, the proportional contribution of each compartment has yet to be deter-

mined. Saliva may contain appreciable quantities of thromboxane B2, leukotriene

B4 (LTB4), prostaglandin (PG)F2a, low levels of PGE2, and prostacyclin, and it is

therefore important to minimize any salivary contamination (23). Furthermore, it is

unclear whether the aerosolization rates of large and small molecules are the same.

The collection procedure is, however, noninvasive, although low temperatures are

required to collect labile mediators such as the lipid molecules and the samples

should be stored at �70�C until analysis. A variety of molecules can be measured in

exhaled breath condensates including hydrogen peroxide (H2O2), eicosanoids,

products of lipid peroxidation, nitric oxide derivatives, proteins, and cytokines (23).

Hydrogen Peroxide (H2O2)

Inflammatory cell activation results in an increased production of O2
�, which

ultimately leads to the production of H2O2 (35). This molecule is less reactive

than other oxygen species (23) and its solubility ensures that airway epithelial H2O2

equilibrates with air and thus expired H2O2 provides a potential marker of oxidative

stress (36). Patients with stable COPD have increased exhaled hydrogen peroxide

concentrations compared to normal subjects, suggesting continued airway

inflammation (37,38) and these concentrations are increased further at exacerbation.

Dekhuijzen et al. (37) reported H2O2 concentrations of 0.205� 0.054 mM in patients

with stable COPD compared with 0.600� 0.075 mM in those with AECOPD

( p< 0.001).

Eicosanoids and Products of Lipid Peroxidation

Arachidonic acid derivatives (eicosanoids) include the prostaglandins, isoprostanes,

and leukotrienes. Prostaglandins are detectable in exhaled breath in COPD (39) but

there is no published literature on the changes occurring during AECOPD.

Leukotriene B4 (LTB4) is an important neutrophil chemoattractant that has been

implicated in the increased luminal neutrophil infiltrate found at exacerbation

(21,22,40). It has been detected in exhaled condensates from patients with COPD

(23) as well as moderate and severe asthmatics (41), although there are no data

relating to AECOPD. Nevertheless, it would be predicted to rise during such

episodes in line with the increase seen in airway secretions during neutrophilic

exacerbations (21,22,40).

Isoprostanes are formed by free radical–catalyzed lipid peroxidation of

arachidonic acid. They are stable compounds that are detectable in all normal

biological fluids and their concentrations are increased by systemic oxidative stress.

The concentration of 8-isoprostane in exhaled breath condensates is increased in
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healthy cigarette smokers and is further increased in patients with COPD (39).

Again, there are no data describing the changes occurring during AECOPD.

Products of lipid peroxidation and lipid peroxidation damage in tissues, cells,

and body fluids may be quantified in a number of other ways. These include

measurement of thiobarbituric acid reactive substances (TBARS), which are

increased in exhaled condensate from asthmatics (42). However, there is little

information from either stable or exacerbated individuals with COPD. More

sophisticated assays include the measurement of primary (diene conjugates) and

secondary (ketodiene) products of lipid peroxidation and these are elevated in

exhaled condensate from patients with COPD and chronic bronchitis (23). However,

there are no data relating products of lipid peroxidation to AECOPD.

NO-Related Products

Nitric oxide reacts with superoxide to produce peroxynitrite and can also be trapped

by thiol-containing molecules to form S-nitrosothiols or oxidized to nitrate and

nitrite. Nitrate and nitrite are reported (in unpublished observations) to be increased

in COPD (23), and there may be a negative correlation between nitrogen

intermediate formation and FEV1 in stable disease (43); however, there is no

published literature relating these products to AECOPD.

Proteins and Cytokines

The proinflammatory cytokines, interleukin-1b (IL-1b) and tumor necrosis factor-a
(TNF-a) have been measured in exhaled breath condensates from a small number of

patients with a variety of respiratory conditions including COPD (44). However,

once again, there is little information on any changes that would be expected during

AECOPD. Interleukin-8 (IL-8) has been implicated in the neutrophilic component of

COPD (2,45,46) and cystic fibrosis (CF) (47), which is also a neutrophil-mediated

bronchial disease. Further unpublished data (23) indicate that this important

neutrophil chemoattractant is also slightly elevated in exhaled breath condensates

from patients with stable CF and more markedly so in those with unstable disease.

However, there is no information related to exhaled IL-8 levels in COPD in the

stable state or at exacerbation.

B. Airway Secretions

Spontaneous Sputum

Sputum Color

Spontaneous sputum is derived from the airways and is composed of a pathological

mixture of normal bronchial secretions, cells, cellular debris, and cleared micro-

organisms. It is a reflection of increased airway inflammation but is variably

contaminated with saliva. However, there is good evidence that the degree of

macroscopic purulence relates well to increasing neutrophilic inflammation

(48,49) and increasing bacterial load (50) even in the stable state. A scientific

color chart has been well validated for use with spontaneous sputum samples

produced by patients with stable chronic bronchial disease (49) (Fig. 2). Exacer-
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bations characterized by worsening respiratory symptoms and purulent sputum

(color numbers of 3–8) are associated with significant neutrophilic bronchial

inflammation, positive sputum cultures, and significant systemic inflammation

(22). With resolution of the exacerbation and declining airway inflammation there

is a corresponding decrease in sputum color number. Exacerbations characterized by

mucoid sputum (color numbers of 0–2) are not associated with significant neutro-

philic bronchial inflammation, positive sputum cultures, or systemic inflammation

(22). Furthermore, values on a 5-point color chart have been shown to correlate well

with the symptoms of an exacerbation (51).

Sputum Microbiology

Although some 25 to 40% of patients with COPD have airways that are colonized in

the stable state (50,52–54), exacerbations may be associated with bacterial (55) and

viral (56,57) infection. Acquisition of airway micro-organisms (22,58) or an increase

in their numbers (40,48) might therefore indicate an impending bacterial exacerba-

tion. Colonization of airways in COPD is a dynamic process and acquisition and loss

of bacteria may also occur without changes in symptoms; however, in patients with

typical exacerbation symptoms, including, in particular, purulent sputum, a positive

bacterial culture provides a useful confirmatory marker of AECOPD. Large changes

in specific viral antibodies implicate acute viral infection as a cause of some

exacerbations (58) and the combination of typical symptoms of AECOPD together

Figure 2 The relationship between neutrophil elastase (NE) activity (mM) and sputum

color graded according to a 9-point color chart (Bronko Test, Heredilab Inc, Salt Lake City,

Utah, USA). 0¼ clear and colorless (no samples corresponded to this color number in this

data set); numbers 1–8 indicate increasing purulence; 8¼ the deepest green color observed

in patients with cystic fibrosis (no samples corresponded to this color number in this data

set). (From Ref. 49.)
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with acute seroconversion would again support the diagnosis of exacerbation.

Unfortunately, at present, this can only be determined in retrospect.

Biochemical Markers

A wide variety of derivatives of the inflammatory process have been measured in

spontaneous sputum samples in stable state and during AECOPD, and some of these

may provide useful markers of exacerbation. They can be divided into markers of

cellular activation and degranulation, nonspecific markers of bronchial inflamma-

tion, antiproteinases, cytokines, and other chemoattractants (Table 1).

Purulent outpatient exacerbations of COPD are associated with increases in

spontaneous sputum myeloperoxidase (MPO), neutrophil elastase (NE), protein

leakage (as reflected in the sputum : serum albumin ratios) and, finally, LTB4

concentrations (22). It is worthy of comment that in this study there were no

changes in IL-8 concentrations. However, more severe AECOPD requiring hospital

admission has, also been shown to involve an increase in sputum IL-8 levels and

sputum : serum a-1-antitrypsin ratios and the absolute level of bronchial inflamma-

tion is considerably greater (21). Time-course studies indicate that the bronchial

concentration of these inflammatory parameters decreases rapidly as the acute

exacerbation resolves; however, it is not known whether the increases precede the

onset of clinical exacerbation or rise simultaneously with it. Nevertheless, these

parameters are useful markers of purulent (bacterial) exacerbations and may there-

fore direct therapy. Indeed, Sethi et al. (59) have also reported that exacerbations

Table 1 Biochemical Markers of Airway Inflammation That Can Be Measured in

Spontaneous Sputum

Origin Role

Myeloperoxidase (MPO)a Neutrophil granules Oxidative processes

Neutrophil elastase (NE)a Neutrophil granules Bacterial killing

Sputum : serum albumin ratiob Serum Nonspecific marker

of bronchial leakiness

Sputum : serum

A1AT ratiob,c
Serum A1AT is an

antiproteinase

SLPIc Mucous glands

and Clara cells

Antiproteinase

Interleukin-8 (IL-8)d Macrophages,

neutrophils, and

airway epithelial cells

Potent neutrophil

chemoattractant

Leukotriene B4 (LTB4)d Macrophages, neutrophils Potent neutrophil

chemoattractant

A1AT¼alpha-1-antitrypsin; SLPI¼ secretory leukoprotease inhibitor.
aMarker of cellular activation or degranulation.
bNonspecifc marker of bronchial inflammation.
cAntiproteinase.
dCytokine or other chemoattractant.
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related to Moraxella catarrhalis or Haemophilus influenzae infection are associated

with higher sputum concentrations of TNF-a (as well as NE and IL-8) than

pathogen-negative exacerbations, suggesting a role in differentiating the different

types of exacerbation and, hence, treatment.

Concentrations of the important bronchial antiprotease, secretory leukopro-

tease inhibitor (SLPI) are depressed at the onset of purulent exacerbations (60),

probably secondary to the increase in elastase activity that results in a suppression of

SLPI secretion (61,62). A decrease in stable state levels of SLPI might therefore be a

useful indicator of increasing neutrophil influx and activation and impending

neutrophilic exacerbation. Mucoid exacerbations, on the other hand, are associated

with little change in any neutrophilic parameters except perhaps a slight increase in

SLPI concentrations at presentation (60).

Induced Sputum

Induced sputum is a technique developed to obtain airway secretions from asthmatic

patients (63,64) that has been adapted to the study of airway inflammation in

smoking-related lung disease (2,11). Its use in COPD to date may have been

confined largely to subjects who do not expectorate regularly and the results from

these individuals may be different and, hence, not directly comparable to those who

do expectorate spontaneously.

Microbiology in Induced Sputum

Outpatient exacerbations are associated with the acquisition of rhinovirus in induced

sputum samples in nearly 25% of cases (10 out of 43) (57). In this study, the

associated change in IL-6 concentrations in induced sputum was greatest in those

with confirmed rhinovirus infection. Therefore, raised IL-6 may provide a more

specific indication of viral AECOPD in this population.

Biochemical Markers in Induced Sputum

Endothelin-1 (ET-1) is a potent vaso- and bronchoconstrictor peptide that is

produced by bronchial epithelium, pulmonary epithelium, and alveolar macrophages

and is a cellular chemoattractant and upregulator of the inflammatory response (65).

Increased spontaneous sputum concentrations and urinary excretion have been

reported in patients with stable COPD (66,67). Furthermore, Roland et al. (65)

found marked increases in sputum ET-1 concentrations during exacerbations of

COPD (n¼ 14), from a median (IQR) of 5.37 (0.97–21.95) pg=mL in the stable state

to 34.68 (13.77–51.95) pg=mL during the exacerbation ( p¼ 0.028).

A nonpaired analysis of 81 samples (stable state, n¼ 44; AECOPD, n¼ 37)

revealed raised IL-6 concentrations in induced sputum at exacerbation but no change

in IL-8 levels (11). Other authors using sputum induction (68) have found raised

concentrations of the matrix metalloprotein, MMP-9, at exacerbation, which

persisted for up to 6 weeks. The implications are that it may take longer for some

aspects of bronchial inflammation to resolve than for the exacerbation symptoms to

subside and MMP, for example, could act as a marker of return to full biochemical

stability.
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Aaron et al. (69) followed patients prospectively for 15 months and reported

exacerbations in 14 of 50 patients. Sputum induction was performed at baseline, at

exacerbation, and 1 month later and demonstrated significant increases in both IL-8

and TNF-a from baseline to exacerbation, and these elevated values fell significantly

1 month after the AECOPD (Fig. 3). These two parameters might therefore prove to

be suitable biomarkers of impending or active exacerbations in patients under long-

Figure 3 Changes in inflammation in sputum induction samples obtained prospectively

at baseline, at exacerbation, and in the subsequent stable state for (a) TNF-a and (b) IL-8.

The asterisks indicate significant differences; *p¼ 0.05 vs. baseline and p< 0.05 vs. stable

state; **p¼ 0.01 vs. both baseline and stable state. (From Ref. 69.)
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term follow-up. However, once again, further prospective studies with more frequent

sampling would be required to determine whether these increases in inflammation

preceded the clinical symptoms of exacerbation. Repetitive nebulization of hyper-

tonic saline to obtain sputum induction samples may, however, cause increased

neutrophilic inflammation in its own right (70) and thus limit the utility of this

approach.

C. Blood

Raised plasma fibrinogen concentrations have been noted during exacerbations,

particularly when there is purulent sputum or symptoms of a cold or cough (71).

Bacterial exacerbations with purulent sputum requiring hospital admission are also

associated with high serum C-reactive protein concentrations (CRP) (mean� SE;

135� 36.2mg=L) indicating a significant systemic acute-phase response (21). Even

outpatient exacerbations characterized by purulent sputum are associated with

elevated (median; IQR) concentrations of CRP albeit to a lesser degree (16.7;

6.2–40.3mg=L) (22), whereas mucoid exacerbations are associated with low normal

concentrations (4.6; 1.0–9.1mg=L). This protein may therefore provide some

guidance as to the nature of the episode and hence its treatment. Nevertheless, at

present, it seems to add little to the observation of sputum color (22).

Absolute concentrations of endothelin-1 in plasma samples are an order of

magnitude lower than those found in sputum from the same patients (0.54�
0.30 pg=mL) but rise significantly at AECOPD (n¼ 28; 0.67� 0.35 pg=mL;

p¼ 0.004), again suggesting that this molecule may be a useful marker of exacer-

bation (65). The concentrations of the cytokine granulocyte-macrophage colony

stimulating factor (GM-CSF) are also higher in serum from individuals with

exacerbations of chronic bronchitis (n¼ 5; 13� 1 pg=mL) compared to stable

subjects (n¼ 8, 1.4� 0.4 pg=mL; p< 0.0001) (6). Furthermore, patients with

AECOPD have higher serum concentrations of MPO ( p< 0.01) than those with

stable disease (853� 168 mg=L vs. 469� 71 mg=L) and higher serum levels of ECP

(22.2� 4.2 mg=L vs. 13.1� 2.7 mg=L; p< 0.02), suggesting increased activation of

neutrophils and eosinophils, respectively (72).

Sahin et al. (73) demonstrated that erythrocyte glutathione peroxidase

activity (a marker of antioxidant capacity) is deceased during exacerbations of

COPD compared with the tenth day of treatment (45.54� 9.04 vs. 72.77 �
9.68 units=g Hb). The same authors also found an increased concentration of the

lipid peroxidation product, malondialdehyde, at the onset of the exacerbation

(2.68� 1.28 nmol=mL) and this returned to the normal range by day 10 of treat-

ment (1.08� 0.36 nmol=mL). Rahman et al. (9) measured the Trolox equivalent

antioxidant capacity of plasma (TEAC) and the plasma levels of products of lipid

peroxidation [thiobarbituric acid (TBA)–malondialdehyde (MDA) adducts] as mar-

kers of the overall plasma antioxidant–oxidant balance. They found that patients

with exacerbations of COPD had lower plasma TEAC concentrations than those

with stable disease (Fig. 4). Furthermore, in seven patients who were studied at

exacerbation and in the stable state, TEAC levels increased from a mean (SEM)
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value of 0.49� 0.09mmol=L to 0.99� 0.19mmol=L ( p< 0.001). Plasma concen-

trations of TBA–MDA derivatives were also significantly higher in patients with

unstable disease, confirming increased oxidant stress. Rahman et al. (10) subse-

quently followed 13 more patients prospectively throughout the course of an

exacerbation and again reported low TEAC levels and high TBA–MDA levels on

admission. By discharge, the TEAC concentrations had increased significantly and

the TBA–MDA levels had fallen indicating an improvement in the antioxidant–

oxidant balance.

D. Urine

Isoprostanes

The prostaglandin isomer, iPF2a-III, is a free-radical-dependent oxidation product

of arachidonic acid for which there is a sensitive and specific assay. Pratico et al.

(74) reported increased concentrations of iPF2a-III in urine from individuals with

COPD when compared with matched control subjects and the concentration was

related to disease severity. In five patients hospitalized for exacerbations of

COPD (median; range) urinary isoprostane iPF2a was increased at admission

(125; 110–170 pmol= mmol creatinine) and declined as clinical parameters improved

(90; 70–110 pmol=mmol creatinine; p< 0.001).

Elastin Degradation Products

Degradation of extracellular matrix (including elastin) and hence tissue damage are

features that are characteristic of COPD (75,76). Measurements of the specific

elastin degradation products, desmosine and isodesmosine, in urine samples from

Figure 4 Plasma antioxidant capacity (TEAC) in patients with stable COPD (n¼ 29)

and AECOPD (n¼ 20). The plasma TEAC levels are presented as mean and SEM and

were lower for those individuals with an exacerbation. (From Ref. 9.)
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patients with stable COPD are reproducible in the short term (5). These authors

reported significantly higher ( p< 0.05) urinary desmosine (mean� SD;

17.15� 3.42 vs. 14.17� 2.33 mg=g creatinine�1) and isodesmosine (13.67� 2.87

vs. 10.59� 2.17 mg=g creatinine�1) concentrations in individuals with AECOPD

compared to those with stable disease (5). However, the patients with exacerbations

were significantly more obstructed than those with stable disease and some of the

differences may be accounted for by a significant inverse relationship between

urinary concentrations of the elastin degradation products and FEV1.

E. Invasive Biomarkers

Bronchoscopy with bronchial lavage and bronchoalveolar lavage can be used to

obtain samples from the smaller airways and alveoli, respectively, and can give an

indication of luminal inflammation at these anatomical sites. However, broncho-

scopy is an invasive technique that cannot readily be applied to patients with severe

airflow obstruction, particularly during an exacerbation. Furthermore, repeated

bronchoscopic examinations are unlikely to be acceptable in day-to-day clinical

practice and may cause airway inflammation. Bronchial biopsies could provide some

insight into the nature of bronchial wall inflammation but are even more invasive.

Bronchoscopic sampling is therefore likely to remain a research tool and will not be

used to provide useful biomarkers of AECOPD for day-to-day clinical practice.

Nevertheless, the changes that have been detected in limited studies during

exacerbations are described below.

The protected specimen brush (PSB) provides access to lower airway secre-

tions through the bronchoscope without the risk of contamination of samples with

upper respiratory tract commensals (55). PSB studies have demonstrated increased

bacterial numbers and an increased proportion of patients with a positive bacterial

isolate during exacerbations. Monso et al. (52) reported high bacterial loads

[> 10,000 colony forming units=mL (cfu=mL)] in 24% of samples from patients

with an AECOPD but in only 5% of those from stable patients ( p< 0.05). Overall, a

positive bacterial culture (> 1000 cfu=mL) was found in samples from 52% of the

patients with an exacerbation but only 25% of those with stable disease ( p< 0.05).

In patients with symptoms suggestive of exacerbation quantitative culture of PSB

specimens may be used as a marker of bacterial exacerbation. However, it must be

emphasized that a significant proportion of patients will have positive cultures even

while clinically stable.

Bronchoalveolar lavage (BAL) studies have revealed higher numbers of cells,

including eosinophils and neutrophils, in samples from patients with nonpurulent

exacerbations (n¼ 8) compared with patients in the stable state (n¼ 5) (6). The same

study revealed greater concentrations of GM-CSF in BAL fluid from individuals

with an exacerbation (54� 8 vs. 25� 5 pgm=L; p¼ 0.009).

Zhu et al. (77) reported increases in eosinophil numbers in bronchial biopsy

specimens from chronic bronchitics during an exacerbation and this was associated

with greater expression of the eosinophil chemoattractant, RANTES. However, over

half of the patients studied (11=20) had no airflow obstruction and hence no COPD.
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In a similar study (78), 16 of 21 patients with chronic bronchitis had airflow

obstruction (76%). Eleven of these individuals were examined during an exacerba-

tion and 10 in the stable clinical state. AECOPD was associated with a marked

increase in the number of eosinophils in biopsy specimens ( p< 0.001) and an

increase in the proportion of patients with biopsies showing immunoreactivity for

the eosinophil cytokine, interleukin-5 (1 out of 10 in the stable state and 5 out of 11

who had an exacerbation), although this difference failed to reach statistical

significance ( p> 0.05). The same group has also demonstrated increased numbers

of cells staining for very late activation antigen-1 (VLA-1) and TNF-a during an

exacerbation in a similar patient population (8), although the relationship to COPD

remains uncertain.

V. Summary

The inflammatory processes underlying AECOPD have been described only

relatively recently and our understanding of this area continues to expand. Suitable

biomarkers of acute exacerbation will allow the onset of impending exacerbations to

be detected and=or will provide laboratory confirmation of the clinical impression of

a significant exacerbation. More importantly, the different patterns of markers may

help determine the pathogenic nature and hence management of the episode. At

present, although these tests may have clear applications in clinical research, their

role in patient management is far from certain. The development of ideal biomarkers

of AECOPD using noninvasive tests that can be performed repeatedly and in patients

with severe disease remains a realistic aim. There are numerous potential candidates,

including exhaled breath molecules (NO, H2O2), markers of oxidative stress (plasma

TEAC and TBA–MDA; urinary isoprostane PF2a-III derivatives), and sputum

parameters (neutrophilic inflammation and spontaneous sputum color). However,

at present, none of these is able to predict an impending exacerbation, but they can

confirm the clinical diagnosis of an AECOPD. As the nature of the subtypes of

exacerbation becomes clearer (perhaps through the use of biomarkers), it may be

possible to target management for each patient and episode more specifically.
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I. Introduction

Chronic obstructive pulmonary disease (COPD) comprises a heterogeneous group of

conditions, characterized by chronic airflow limitation and parenchymal destruction

of lung parenchyma, with clinical manifestations of dyspnea, cough, sputum

production, and impaired exercise tolerance. The clinical course of COPD is one

of gradual progressive impairment, which may eventually lead to respiratory failure.

Periods of relative clinical stability are interrupted by recurrent exacerbations.

However, the definition of exacerbation is still imprecise and generally based on

varying combinations of symptoms such as an increase in cough or sputum

production, worsening of dyspnea, or changes in sputum purulence (1). An acute

exacerbation has also been described as a sustained worsening of the patient’s

condition, from the stable state and beyond normal day-to-day variations, that is

acute in onset and necessitates a change in regular medication in a patient with

underlying COPD (2). This imprecise definition of COPD, largely based on

experienced symptomatology by the patient without measurable parameters in

order to define severity or outcome hampers at present every systematic approach

of this disease condition. Based on the complexity of the sensation of breathlessness,

generally considered as a key symptom during exacerbations, it can hypothesized
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that AECOPD is a heterogeneous condition in the clinical course of COPD. The

imprecise pathogenesis related to infectious or noninfectious agents, as well as the

wide variation in pathophysiological changes, make it very difficult to approach

AECOPD as a unique disease condition, especially related to systemic effects.

Systemic effects related to AECOPD can be considered as part of the pathogenesis

or are related to complications of AECOPD, such as hypoxemia and hypercapnia.

Systemic disease manifestations can also predispose the COPD patient to occurrence

or recurrence of exacerbations or can contribute to the outcome of the treatment of

AECOPD. Furthermore, considering an AECOPD as a sustained worsening of the

patient’s condition from the stable state and beyond normal day-to-day variations,

systemic effects can be considered as part of this baseline or stable condition.

II. COPD: An Inflammatory Disease with
Systemic Manifestations

Chronic obstructive pulmonary disease (COPD) is characterized by airway inflam-

mation, which is considered to play a pathogenic role in this disorder. Polymorpho-

nuclear leukocytes (PMN) are present at enhanced numbers in bronchoalveolar

lavage fluid (BALF) and in sputum. In addition, an influx of macrophages and

lymphocytes in bronchial mucosa, and enhanced levels of the proinflammatory

cytokine tumor necrosis factor (TNF)a and the chemokine interleukin (IL)-8 in the

sputum of patients with COPD, have been observed (3). Besides the local airway

inflammation, indications for a systemic inflammatory process in COPD are also

present. Similarly to the observation in the airways, increased amounts of PMN,

which were activated as demonstrated by enhanced expression of the adhesion

molecule CD11b=CD18, were detected in the circulation of COPD patients in a

clinical stable condition (4). Furthermore, the expression of Gas, which is involved

in many cell signaling pathways, was reduced, although the potential implications of

that observation are unclear. In the latter study, a reduction of circulating levels of

the soluble adhesion molecule ICAM-1 was detected, whereas Riise et al. detected

enhanced levels of both slCAM-1 and sE-selectin (5). This discrepancy could be due

to differences in severity of COPD in the two patient populations studied. In line

with the observation of enhanced amounts of circulating PMN, cells that have a

strong potential to produce oxygen radicals, proof for systemic oxidative stress in

smokers and COPD patients was obtained by the observation of a reduction of the

total antioxidative capacity, parallelled by enhanced levels of lipid peroxidation

products, as indices of overall oxidative stress (6). Besides activation of PMN,

activation status of circulating lymphocytes has also been demonstrated indicated by

enhanced expression of cytochrome oxidase (7).

Changes in circulating levels of acute-phase proteins have been reported to

accompany both acute and chronic inflammatory disorders (8). In line herewith, it

has been demonstrated that in stable COPD patients, enhanced levels of both

C-reactive protein (CRP) and the acute-phase protein LPS binding protein (LBP)

are present (9,10). Furthermore, the acute-phase reactant and blood clotting factor
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fibrinogen has also been associated with COPD. A prospective epidemiological

study in a cohort of 8955 subjects from a Danish general adult population study

revealed that increased plasma levels of fibrinogen are associated with reduced lung

function and increased risk of COPD, independent of smoking status (11).

The rise in the systemic levels of acute phase proteins suggest that the

hepatocytes are activated to produce these reactants, although increasing evidence

indicates that tissue-specific cells, like lung epithelial cells, are also able to produce

acute-phase proteins (12). The formation of acute-phase proteins is strongly induced

by cytokines such as IL-6 or TNF (8). Indeed, enhanced circulating levels of IL-6

(10) and TNF (10–13) have been reported in COPD. The detection of biological

active TNF can be hampered by its short half-life (approximately 6 to 7min), the

formation of complexes with both soluble TNF-Rs and its renal clearance (14).

Enhanced circulating levels of both sTNF-Rs (sTNF-R55 and sTNF-R75) have also

been demonstrated in COPD (9,13,15). Since inflammatory stimuli, including TNF,

will induce shedding of membrane-bound TNF-R, the enhanced levels of sTNF-R

could reflect the enhanced inflammatory status of the patients (14,16).

Since in vitro studies have revealed that hypoxia will result into enhanced

cytokine production by macrophages (17), Takabatake postulated that systemic

hypoxemia observed in patients with COPD might contribute to the activation of the

TNF system (13). Indeed, significant inverse correlations between PaO2 and

circulating TNF and sTNF-R levels in patients were detected. These results suggests

that changes in circulation due to the deterioration of lung function will lead to

enhanced levels of the systemic inflammatory markers, implying that they are not

derived from leakage out of the local compartment. Further evidence for the

hypothesis that the inflammatory processes in the airways and the systemic

circulation are independent from each other comes from recent studies by Michel

et al. (18). It was shown that healthy subjects exposed to the proinflammatory

compound LPS via inhalation express differences in changes in body temperature,

airway responsiveness (AR), and FEV1. Subjects who had an increase in temperature

showed an increase in indicators of inflammation in the blood (systemic response);

those with an increase in AR showed an increase in indicators of airway inflamma-

tion (local response) but not in the blood; and those who had a decrease in FEV1 did

not shown an increase in inflammatory markers. The LPS-induced increase in body

temperature and change in AR were not associated in a given subject, suggesting that

the underlying mechanisms are dissociated. Further studies are urgently needed to

assess whether these systemic changes are continuously present as part of the stable

state of the COPD process or refelect day-to-day variations in the inflammatory state.

III. Systemic Inflammatory Responses During AECOPD

The events that increase the susceptibility of developing an exacerbation of COPD

are poorly identified. Evidence indicates prominent changes in the local inflamma-

tory profile during exacerbation, reflected by airway eosinophilia and increased

levels of sputum proteins such as IL-8, myeloperoxidase (MPO), elastase, and
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endothelin-1 (19–22). In addition, changes in systemic inflammatory profile have

been reported. Compared to patients in stable condition, the amounts of PMN in the

circulation were further increased, although markers of activation could no longer be

detected on the cells themselves (4). It could be hypothesized that this is due to

sequestration of activated cells to the lungs, leaving the nonactivated cells behind.

Activation of PMN during exacerbation has further been indicated by enhanced

circulating levels of granulocyte=macrophage colony-stimulating factor, and of

MPO (23,24). In the latter study, enhanced circulating levels of eosinophilic cationic

protein were reported, suggesting that eosinophils are involved in the pathogenesis of

exacerbation of COPD, in line with the observation of Saetta et al. (19). The

oxidant–antioxidant imbalance, present in smokers and COPD patients, as reported

above is even more pronounced during exacerbation of disease. Treatment of

patients resulted in a return of this imbalance toward normal values (25).

Furthermore, also increased systemic levels of acute-phase proteins CRP,

al-proteinase inhibitor, and a1-antichymotrypsin were reported in patients with a

clear bacterial infective exacerbation. Treatment of patients with antibiotics resulted

in reduction of acute-phase proteins to levels present in stable conditions (20).

Discrimination of exacerbations of chronic bronchitis patients on sputum color

revealed that the enhancement of systemic CRP levels in purulent sputum exacer-

bations was significantly higher as compared to mucoid sputum exacerbation (21).

Enhancement of systemic levels of fibrinogen and IL-6 was also detected during

exacerbation of disease. In those patients with viral infection, a tendency toward

higher levels of these mediators could be detected (26).

Besides activation of leukocytes and enhanced levels of acute-phase proteins a

rise in circulating levels of the bronchoconstrictor peptide endothelin was also

observed during exacerbation of disease (22). However, this enhancement was much

more pronounced in sputum of the patients. Likewise, circulating levels of the

leukotriene E4, which has bronchoconstrictive capacity, were elevated during

exacerbation of COPD. Treatment with prednisolone resulted in reduction in the

systemic levels of this leukotriene (27).

In general, the balance between pro- and anti-inflammatory mediators will

determine the course of an inflammatory process. In a recent study, the hypothesis

was made as to whether the chronic inflammatory process present in COPD is due to

a defective anti-inflammatory mechanism (15). To this end, the systemic levels of the

soluble forms of both TNF-Rs, and of IL-1RII, which could function as naturally

occurring cytokine inhibitors (28), were analyzed in patients with stable COPD and

compared with levels as present in control subjects. In addition, the time course of

these inhibitors was studied in a group of patients hospitalized for an acute

exacerbation of COPD during the first 7 days of hospitalization. Patients with stable

COPD were characterized by a systemic inflammatory process indicated by an

increased leukocyte count and enhanced levels of CRP and LBP. Both sTNF-Rs were

only moderately enhanced and, therefore, were considered mainly as markers for a

proinflammatory state (16). In contrast, sIL-1RII level was not different between

patients and controls. These data suggest an imbalance in systemic levels of pro- and

anti-inflammatory mediators in patients with stable COPD. During treatment of
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patients for exacerbation of disease, systemic levels of both CRP and LBP

significantly declined, in line with other studies (20,21). The levels of both sTNF-Rs,

however, showed only moderate changes. Furthermore, the levels of the anti-

inflammatory mediator sIL-1RII strongly increased during treatment of exacerba-

tion. This could be due to the effect of corticosteroids, which were part of the

standard medications, known to induce shedding of membrane-bound IL-1RII (29).

The authors speculated that the rise in sIL-1RII level could contribute to clinical

improvement of patients.

Although the above-mentioned studies convincingly demonstrated the

presence of a systemic inflammatory profile in COPD and a flare-up during

exacerbation of disease, the source and the cause of this phenomenon still have to

be elucidated. Since inflammatory processes are known to be affected by various

factors like smoking status, bacterial colonization, treatment procedure, and other

factors, in future studies of the role of inflammatory processes in the causes and

progression of COPD, stratification of patient groups for these confounding factors

is required.

IV. Muscle Wasting in COPD and During
Acute Exacerbations

Systemic effects of a disease condition like COPD can be approached from

structural or biochemical alterations in nonpulmonary structures or organs related

to primary disease characteristics. Wasting of body cell mass (BCM) has to be

considered as an important systemic manifestation, as a loss of more than 40% of

actively metabolizing tissue is incompatible with life. The BCM represents the

actively metabolizing and contracting tissue and can be clinically recognized by

weight loss in general and loss of fat-free mass (FFM) in particular. Muscle mass is

the single largest component of BCM and can be measured by assessment of FFM.

In clinically stable patients with moderate-to-severe COPD, depletion of FFM has

been reported in 20% of COPD outpatients and in 35% of those eligible for

pulmonary rehabilitation (30,31). However, weight loss in COPD is not restricted to

patients with moderate-to-severe COPD, but is also a frequent finding in mild COPD

(32,33). During the last decade, it has been clearly shown that in addition to airflow

limitation and loss of alveolar structure, respiratory and peripheral skeletal muscle

weakness is an important determinant of dyspnea and exercise intolerance in COPD

(34,35). Recent studies demonstrated that peripheral skeletal muscle dysfunction in

COPD is characterized in part by reduced skeletal muscle mass (36). Moreover, FFM

is a significant determinant of muscle strength (37), exercise capacity, and exercise

response in patients with COPD (38–40). The functional consequences of being

underweight and particularly of FFM depletion as quantified in exercise tests have

also been reflected in a decreased health-related quality of life as measured by the

St. George’s Respiratory Questionnaire (SGRQ) (41). Patients with depleted FFM,

regardless of body weight, also showed greater impairment in the activity and impact

scores of the SGRQ and the domain invalidity of the Medical Psychological
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Questionnaire for Lung Diseases, in comparison with depleted patients with relative

preservation of FFM (42). The effects of FFM depletion on activity and impact of

the SGRQ were mediated by a decreased exercise performance, but independent

of exercise capacity a relationship was found between FFM depletion and the

experienced invalidity of the patients.

Depletion of FFM can therefore been considered as an important determining

factor of the ‘‘patient’s condition,’’ at least in a stable condition. In addition, several

reports have provided evidence that weight loss negatively affects the prevalence and

outcome of acute disease exacerbations. The risk of being hospitalized for an acute

exacerbation is increased in patients with a low body mass index (BMI) (43). A low

BMI and weight loss are also reported as an unfavorable index of outcome during an

acute exacerbation of COPD (i.e., predicting the need for mechanical ventilation)

(44). Furthermore, the survival time following disease exacerbation was indepen-

dently related to the BMI (45). Early nonelective readmission in COPD patients for

exacerbations is also found to be associated with weight loss during prior hospita-

lization and low body weight on prior admission for an acute exacerbation (46).

Different metabolic alterations during acute exacerbations can contribute to weight

loss and wasting of body cell mass: disturbances in energy metabolism, protein

disturbances, or possible effects on muscle cell turnover.

A. Disturbances in Energy Balance

Depletion of FFM under chronic conditions like COPD can be approached by

alterations in energy metabolism. Weight loss, in particular loss of fat mass (FM),

occurs if energy, expenditure exceeds (EE) dietary intake. Total daily energy

expenditure is usually divided into three components: (1) resting energy expenditure

(REE), comprising sleeping metabolic rate and the energy cost of arousal; (2) diet-

induced thermogenesis; and (3) physical activity-induced thermogenesis. Several

studies have reported increases in REE in patients with COPD after adjustment for

the metabolically active FFM. REE was found to be elevated in 25% of patients with

COPD (47). Increasing evidence is present in the literature indicating that this

increase in REE is related to the level of systemic inflammation (48,49). Ngyuen

reported a significant relationship between REE and plasma levels of TNF-a. This
polypeptide also triggers the release of other cytokines that mediate an increase in

energy expenditure, as well as mobilization of amino acids and muscle protein

catabolism. Otherwise, changes in total daily energy expenditure seem highly related

to the energy spent for activities in patients suffering from COPD (50).

During acute exacerbations a temporary increase in metabolic rate has been

reported (51). Especially during the initial days of onset of the exacerbation, an

increase in REE can be measured. Remarkably, the improvement in energy balance

during treatment of the acute exacerbation is accompanied by a significant

improvement in symptoms such as dyspnea and fatigue (51).

In the same study, dietary intake was significantly lower than habitual intake

and, especially during the initial phase, of the exacerbation, a negative energy

balance could be demonstrated. These temporary disturbances in the energy balance
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during an acute exacerbation were related to increased leptin concentrations as well

as to the systemic inflammatory response (52). Evidence was found that the elevated

leptin concentrations during exacerbations were in turn under control of the systemic

inflammatory response, and, presumably, the high-dose systemic glucocorticoid

treatment. Leptin is a hormone produced by the adipose tissue and its circulating

concentrations are proportional to the amount of fat mass. Leptin regulates the

energy balance in a feedback mechanism in which the hypothalamus is involved

(53). In animals, administration, of leptin results in a reduction in food intake (54) as

well as in an increase in energy expenditure (55). The normal leptin feedback

mechanism can be disturbed by several factors. In animals, administration of

endotoxin, TNF-a or interleukin-1, inflammatory cytokines known for their anor-

ectic effects, resulted dose-dependently in an upregulation of leptin mRNA in fat

cells and in an increase in circulating leptin concentrations (56,57). Glucocorticos-

teroids stimulate leptin production directly or via the induction of insulin resistance,

since glucose and insulin are also able to induce leptin expression (58–60). Besides

function in weight homeostasis, leptin may also play a role in immunoregulation and

ventilatory control (61,62). Whether these additional functions of leptin play a role

during acute exacerbations of the disease deserves further attention.

B. Disturbances in Protein Metabolism

The ability to maintain homeostatic regulation of metabolic processes is an

important key to survival of living organisms. While the regulation of energy

balance in relation to weight loss has been extensively explored in COPD,

investigation into intermediary metabolism is in its infancy. Protein turnover refers

to a dynamic flux in protein metabolism whereby proteins are degraded and

synthesized simultaneously. Protein turnover rates may differ considerably depend-

ing on function and specific need. Recently, substantial changes in whole-body

protein metabolism after overnight fasting were reported in a group of clinically and

weight-stable COPD patients. Significantly elevated levels of whole-body protein

synthesis and breakdown were found (63), indicating a disease-related increase in

whole-body protein turnover. Also in other chronic wasting diseases like cancer,

human immunodeficiency virus infection, and advanced chronic renal failure,

elevated levels for whole-body protein turnover were found (64–66). Several reports

have provided evidence that weight loss negatively affects the prevalence and

outcome of acute disease exacerbations of COPD (43–45). It can be hypothesized

that these acute disease exacerbations induce a stepwise pattern of weight loss in

COPD patients.

Weight loss and muscle wasting during an exacerbation has to be considered

as a complex process, being a consequence of changes in the control of intermediary

metabolism. Protein metabolism in disease states is regulated by various factors,

which among others influence intermediary metabolism. The individual effects of

several disease characteristics on intermediary metabolism have been investigated

in healthy subjects and in other wasting conditions and are possibly also involved in

COPD patients during acute phases of the disease process.
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Factors Accelerating Protein Turnover in COPD

Increased Inflammatory Response

COPD is characterized by the presence of a chronic low-grade systemic inflamma-

tory respons (15–68). Previous studies in other chronic wasting diseases showed that

an acute inflammatory condition accelerates protein turnover (64,69). Evoked in

inflammatory conditions, the acute-phase response includes hepatic synthesis of

large quantities of proteins with a wide variety of functions. This is an energy-

intensive process requiring large quantities of essential amino acids. The need for

essential amino acids may drive the loss of skeletal muscle. In line with this, an

inverse relationship between the acute-phase protein level and the total sum of

plasma amino acid levels in stable patients with COPD is reported (70), suggesting

that the elevated protein turnover in COPD may also be mediated by an activation of

the cytokine network. It is likely that the increased inflammatory state associated

with an exacerbation of COPD further accelerates protein turnover in these patients.

Intracellular Protein Degradation

The provision of the essential amino acids required for protein synthesis and energy

metabolism requires the overall breakdown of cell proteins, especially in the

muscles. Mammalian cells contain multiple proteolytic systems that serve distinct

functions. However, most cellular proteins are degraded by a multienzymatic

process, the ubiquitin-proteasome pathway (71). Degradation of proteins via this

multistep pathway requires adenosine triphosphate (ATP) hydrolysis, the protein

cofactor ubiquitin, and the 26S proteasome. The proteasome is a very large complex

made up of at least 50 subunits, which may comprise as much as 1% of total cell

proteins (72). Proteins are digested within the central core of the 26S proteasome,

the 20S particle, which is a cylindrical complex containing three different proteolytic

activities. In most cases, protein substrates are marked for degradation by covalent

linkage of a chain of ubiquitin molecules. The ATP-ubiquitin-dependent proteolytic

system can be activated by different factors: cytokines (71), glucocorticosteroids

(73), acidosis (74), inactivity (75), or low insulin levels.

Proinflammatory cytokines such as TNF-a and IL-6 can activate the ubiquitin

proteasome pathway. In stable COPD patients, muscle wasting was associated with

increased serum levels of TNF-a as well as both TNF receptors, IL-6, and the soluble

IL-6 receptor levels (76).

Acidosis

Respiratory acidosis often accompanies an exacerbation of COPD. Although no

studies have been performed examining the effects of respiratory acidosis on

intermediary metabolism, the protein metabolic effects of metabolic acidosis have

extensively been studied in patients with chronic renal failure. Acidosis is known to

increase degradation of proteins via stimulation of branched-chain amino acid

(BCAA) dehydrogenase and to enhance the oxidation of the essential BCAAs

(77,78). Moreover, acidosis stimulates cortisol secretion, which in itself results in

proteolysis. In line with this, correction of acidosis for 4 weeks in hemodialysis
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patients decreased whole-body protein breakdown and synthesis (79). Glucocorti-

costeroids are required, together with other signals, for the increase in mRNAs

encoding ubiquitin and proteasome subunits and in ubiquitin-protein conjugates in

muscles from rats in the fasting state (80,81). The chief factor opposing the catabolic

effects of glucocorticosteroids is insulin (78). Activation of muscle proteolysis in the

fasting state requires two signals: the presence of glucocorticosteroids and a decrease

in insulin. In subjects who have an excess of glucocorticosteroids and are not in a

fasting state, the high glucocorticoid level overcomes the inhibitory effect of insulin

and causes muscle wasting (71). The catabolic response to acidification also requires

glucocorticoids. These negative effects of systemic corticosteroid administration in

the management of acute exacerbations are unexplored, yet based on the targeting of

the primary organ failure (82).

Factors Reducing Protein Turnover in COPD

Hypoxia

An acute exacerbation in COPD is often accompanied by arterial hypoxemia.

Hypoxia has been shown to depress muscle protein synthesis rate in animals and

humans: 6 h of hypoxia (FiO2: 11%) in rat decreased muscle protein synthesis rate by

14 to 17% (83). In line with this, ischemia and low flow conditions resulted in a

reduced protein synthesis in perfused rat hindlimb muscle. Not only is PS an energy-

consuming process (formation of peptide bindings, amino acid transport, RNA

turnover) but also the ubiquitin proteosome pathway is ATP-requiring. Therefore, it

is likely that in conditions of decreased ATP availability such as hypoxia, muscle

protein turnover is depressed in COPD. However, it remains unclear whether and to

what extent tissue hypoxia actually occurs during respiratory failure in COPD.

Insulin Resistance

Insulin has a central regulatory role in the regulation of intermediary metabolism. It

inhibits glucose production by liver and kidney and stimulates peripheral glucose

disposal. Previous longitudinal and cross-sectional studies found increased fasting

insulin levels and a decreased fasting glucose=insulin ratio in stable COPD patients

(37). Insulin resistance seems to be at the basis of this metabolic disturbance,

although the few available data on COPD are not always consistent (84–86).

Insulin resistance also seems to be present during an exacerbation of COPD,

based on the high insulin concentrations and the temporary increased glucose

concentration (87). A significant correlation was found between glucose and

sTNF-R55 in patients with COPD on day 7 of an acute exacerbation (68). Also

TNF-a is known for its role in insulin resistance (78). In addition, the kinetics of

glucose and insulin response during the exacerbation may (partly) be related to

tapering off the systemic prednisolone treatment. Therefore, enhanced chronic and

acute inflammatory state and glucocorticosteroid treatment will enhance peripheral

insulin resistance in chronic wasting disease like COPD. In contrast, hypoxia is

known to influence glucose metabolism by increasing glucose production and

stimulating peripheral glucose transport, even in insulin-resistant human skeletal
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muscle. In healthy subjects, basal glucose production is almost twice as high at

chronic altitude exposure as at sea level. This suggests that the balance between

factors positively and negatively influencing insulin sensitivity in COPD will

determine its effect on intermediary metabolism. It is not well understood whether

insulin resistance regarding glucose metabolism also extends to the antiproteolytic

effect of this hormone. Recently, an association was found between insulin levels

and skeletal muscle amino acid status, and in particular that of the BCAAs in COPD

(37). Also other studies examining the relationship between insulin and leucine

metabolism indicate that hyperinsulinemia may negatively influence amino acid and

thus protein metabolism. It is therefore very possible that insulin resistance, not only

at the glucose level, but also at the protein level, may contribute to loss of muscle

mass in COPD.

Corticosteroid Therapy

Glucocorticosteroids are often used in the treatment of an acute exacerbation of

COPD (82). In Crohn’s disease, corticosteroid use for 4 days resulted in decreased

values for whole-body protein synthesis and breakdown (88). In contrast, in the

same disease, corticosteroid use for 7 days resulted in an increase in whole-body PS

and PB (89). In muscle of rheumatoid arthritis patients, negative effects have been

shown on PS. Skeletal muscle protein synthesis was reduced when comparing a

group of rheumatoid arthritis patients using 8mg prednisolone=day for 9 years

versus a group who were not using corticosteroids (90).

Physical Inactivity

The protracted decrease in muscle activity that accompanies bed rest is associated

with muscle atrophy, weakness, and a loss of body nitrogen. Prolonged (14 days) bed

rest showed a 50% decrease in skeletal muscle protein synthesis as measured by an

arteriovenous flux model based on infusion of tracer as well as measured by

fractional synthetic rate by tracer incorporation into muscle protein (91). These

results indicate that the loss of body protein with physical inactivity is predominantly

due to a decrease in protein synthesis and that this decrease was reflected in whole-

body measures.

Depressed Dietary (Protein) Intake

An impaired energy balance in patients with COPD was reported during the first

days of an acute exacerbation of their disease, predominantly due to severely

depressed dietary intake (68). A depressed dietary (protein) intake is known to

negatively influence protein balance. A study by Mortil showed that reduced or

absent protein intake (short-term starvation) results in a sharp reduction in whole-

body and muscle protein breakdown (92). Changes in protein synthesis are less

reliable.

In conclusion, the pathogenesis of protein wasting during an acute exacerba-

tion of COPD is multifactorally determined (Fig. 1). Whereas at the molecular level

protein synthesis and degradation appear to be regulated by independent factors and

mechanisms, in vivo the flux rates of free amino acids to protein synthesis and from

protein degradation appear strictly related and changes in the opposite direction are
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very rare. However, a small difference between rates of protein synthesis and

breakdown determines protein accretion or loss. The inflammatory condition that

evokes an acute-phase response is an important stressor increasing protein degrada-

tion in muscle during an acute exacerbation of COPD. It can be hypothesized that

acute high-grade inflammation may negatively influence the balance between

anabolic and catabolic responses at least partly through insulin resistance. Stressors

like acidosis and increased cortisol secretion may further aggravate the acceleration

in protein turnover.

A reduced protein-energy intake due to anorexia is likely the most common

pathophysiological mechanism leading to decreased protein turnover. Other slow

protein turnover conditions include low physical activity and insulin resistance. The

presence of tissue hypoxia and insulin resistance and its modulating role in

intermediary metabolism under conditions like an acute exacerbation of COPD

remains elusive. Information on the exact contribution of each factor, and insight in

the protein metabolic pathways and related mechanisms underlying muscle wasting

during an acute exacerbation, is warranted in order to improve the efficacy of current

treatment of muscle wasting.

V. Abnormalities in Gas Exchange During AECOPD:
Effects on Muscle Energy Metabolism

Hypoxemia is a common finding during acute exacerbations of COPD. The

consequences of hypoxemia and particularly impaired tissue oxygenation in the

clinical course of acute exacerbations is poorly documented and at present impaired

tissue oxygenation is mainly studied in relation to the energy-rich phosphate

metabolism. Indeed, although over 100 enzymes require O2 as a substrate, the

most critical requirement for O2 is to support mitochondrial ATP production.

Figure 1 Factors contributing to disturbed protein turnover during AECOPD.

Is AECOPD a Systemic Disease? 97



In all cells, energy is needed for metabolic processes and maintenance of

membrane potentials. In muscle cells, energy is further needed for cross-bridge

cycling during contraction. Because muscle cell activity ranges from basal metabolic

rate to vigorous contractile activity, muscle cells must be capable of large changes in

metabolic activity. Therefore, energy metabolism is at present largely studied in

muscle cells. Adenosine triphosphate (ATP) is the common energetic currency of the

cell. Several strategies are available to muscle cells to ensure that enough ATP is

generated under various circumstances. At the onset of contractile activity, energy is

derived from a small pool of high-energy phosphates. To prevent a substantial

decrease in ATP, phosphocreatine (PC) is available to provide phosphate for

rephosphorylation of adenosine diphosphate (ADP) to ATP. Although in muscle

cells relatively large quantities of PC are available, these stores can only supply

energy for a short time. In the meantime, the rates of glycogenolysis and glycolysis

accelerate to provide a more sustainable energy source (93,94). During glycolysis,

glucose is metabolized to pyruvate in the cytosol. Pyruvate is either reduced to lactic

acid, following an anaerobic pathway, or enters the mitochondrion to be metabolized

aerobically. Within the mitochondrion, pyruvate is converted to acetyl CoA, which in

turn enters the tricarboxylic acid cycle. In the inner mitochondrial membrane,

reducing agents such as nicotinamide adenine dinucleotide, produced during

glycolysis and in the tricarboxylic acid cycle, transfer electrons to O2 to form

H2O. Energy derived from the passage of electrons along this so-called electron

transport chain, is used to produce ATP in the oxidative phosphorylation process. In

health, the processes of electron transport and oxidative phosphorylation are tightly

coupled. Next to the formation of ATP via PC and the anaerobic glycolysis, the

myokinase reaction (2 ADP!AMPþATP) is a third pathway for anaerobic

formation of ATP (95).

Aerobic metabolism has several important advantages over anaerobic meta-

bolism. First, it produces more energy: 38 ATP per mole of glucose versus 2 ATP per

mole glucose in anaerobic glycolysis. Second, in aerobic metabolism, except for

glucose lipid can be used as fuel via beta-oxidation (96).

Energy metabolism in resting muscle has been investigated in biopsy studies,

evaluating muscle fiber-type distribution, muscle enzyme activities, and muscle

high-energy phosphate content. By histochemical analysis using ATPase staining, a

low proportion of type I fibers was positively related to the arterial PaO2. In a recent

study comparing COPD patients with age-matched healthy control subjects, the

reduction in the proportion of type I fibers in quadriceps femoris muscle was

confirmed and was found to be accompanied by an increase in the proportion of type

IIb fibers (97). Furthermore, in COPD patients, the cross-sectional areas of type I,

IIa, and IIab fibers were smaller as compared with the healthy controls (97). Further

evaluation of energy metabolism in resting muscle of COPD patients comprised

assessment of enzyme capacities in biopsies. Two studies investigated oxidative and

glycolytic enzyme capacities in resting quadriceps femoris muscle of stable COPD

patients. Jakobsson and coworkers (98) found decreased oxidative enzyme capacity

as measured by a decreased citrate synthase (CS) capacity, and an increased

glycolytic capacity, as measured by an increased phosphofructokinase (PFK)
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capacity. Maltais and coworkers (99) found a decreased CS and 3-hydroxyacyl-CoA

dehydrogenase (HAD) capacity, but found PFK capacity to be unchanged.

Increased cytochrome oxidase capacity and upregulated mitochondrial gene

expression of cytochrome oxidase have also been reported in resting quadriceps

femoris muscle of stable COPD patients with chronic hypoxemia (100). Cytochrome

oxidase is a key oxidative enzyme, being the terminal enzyme in the mitochondrial

electron transport chain. It is as yet unclear how to interpret the variable results

regarding parameters of oxidative metabolism. Further studies, investigating well-

defined patient groups, and key enzymes of different metabolic pathways, are

warranted.

Muscle high-energy phosphate content was analyzed in quadriceps femoris

muscle comparing stable COPD patients to healthy control subjects (101). Muscle

ATP and glycogen were lower and muscle creatine (C) and lactate were increased in

COPD patients. In this study COPD patients were mildly hypoxemic (mean PaO2

7.8 kPa). Comparing stable COPD patients with and without chronic respiratory

failure (102) lower muscle ATP, PC, and glycogen levels, and higher C levels were

found in patients with chronic respiratory failure. Furthermore, PaO2 was positively

and PaCO2 was negatively related with muscle glycogen and PC. Present data stress

the need to explore the role of hypoxemia and tissue oxygenation during these

episodes of acute exacerbation of the disease process. Better insights in the

alterations in energy metabolism can provide new therapeutic approaches in the

management of the more severe acute exacerbations.

VI. Hypercapnia-Induced Changes in Energy Metabolism

The intracellular acidification that accompanies hypercapnia in skeletal muscle cells

also affects the energy state of the muscle. It has been proposed that hypercapnia-

induced acidosis results in glycolytic enzyme inhibition (103). Furthermore, it is

well known that the creatine kinase reaction is near equilibrium in skeletal muscles

(104) and that the equilibrium position of this reaction is pH-dependent (105).

Therefore, decreases in intracellular pH should result in a significant decrease

in PCr levels in intact muscle (106). Meyer et al. (104) clearly demonstrated that the

effects of intracellular acidification reflect both the creatine kinase equilibrium as

well as the balance between all of the ATPase and ATPsynthetase reactions in the

cell. They demonstrated that the effect of decreased pH in quiescent slow-twitch

muscle is a relative stimulation of ATP synthesis or decrease in ATP hydrolysis rate,

resulting in an increase in PCr levels.

Bioenergetics under hypercapnia-induced acidosis seems to be muscle fiber–

type dependent: slow oxidative fibers, which have more mitochondria, are stimulated

by acidosis (107) and fast fibers, which have fewer mitochondria, are depressed by

acidosis (108–111). These findings again support a more systematic approach of

energy metabolism in the assessment of AECOPD.
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VII. Conclusion

Better insigths into the pathophysiology of COPD stress the complexity and

heterogeneity of COPD. Growing evidence supports that AECOPD has to be

considered as a complex inflammatory and metabolic derangement in the clinical

course of the COPD patient. Gas exchange abnormalities complicating the acute

exacerbation can have marked effects on energy and intermediary metabolism and

on organ dysfunction. A more integrative approach of AECOPD can unravel new

future therapeutic strategies in the management of AECOPD.
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I. Introduction

Exacerbations of chronic obstructive pulmonary disease (COPD) are an important

cause of the considerable morbidity and mortality found in COPD (1). Some patients

are prone to frequent exacerbations that are an important cause of hospital admission

and readmission, and these frequent exacerbations may have considerable impact on

quality of life and activities of daily living (2). Strategies to reduce exacerbation

frequency are urgently required and depend on an understanding of the etiological

factors associated with exacerbations. COPD exacerbations are caused by a variety

of factors such as viruses, bacteria, and possibly common pollutants (Fig. 1).

II. Viral Infections

COPD exacerbations are frequently triggered by upper respiratory tract infections

and these are more common in the cold winter months (3) when there are more

respiratory viral infections prevalent in the community. Patients may also be more

prone to exacerbations during the winter because lung function in COPD patients

shows small, but significant, decreases with reduction in outdoor temperature (3).
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Further evidence that respiratory viral infections are important triggers of

exacerbations comes from the association of colds with exacerbations. In a

prospective analysis of 504 exacerbations, where daily monitoring was performed,

larger falls in peak flow were associated with symptoms of dyspnea and presence of

colds, and were related to longer recovery time from exacerbations (4). We have

recently reported that up to 64% of exacerbations were associated with symptomatic

colds as assessed using daily diary card monitoring and thus it is likely that these

exacerbations were precipitated by viruses (5). Viruses that may lead to respiratory

tract infections are listed in Table 1.

A. Detection of Respiratory Viruses

Rhinovirus is responsible for the common cold and is currently the most important

cause of COPD exacerbation. Since the introduction of influenza immunization for

patients with chronic lung disease, influenza has become a less prominent cause of

exacerbation, although this is still likely to be an important factor at times of

influenza epidemics. Together with enteroviruses, rhinoviruses belong to the

picornavirus group of RNA viruses. Rhinoviruses are spread directly from one

Figure 1 Graph showing the cumulative percentage of viral and nonviral exacerbations

recovering symptomatically with respect to time after onset during 150 COPD exacerba-

tions ( p¼ 0.006). (Reproduced with permission from Ref. 5.)
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person to another by infected respiratory secretions. Although rhinovirus has been

recognized as an important cause of asthma exacerbations (6,7), until recently

rhinovirus had not been considered significant during exacerbations of COPD

because techniques for detection used only isolation by cell culture and serology.

This virus has fastidious growth requirements and over 100 serotypes, which make

detection by culture or serological methods very difficult.

Early studies using serological and cell culture diagnostic methods reported

relatively small effects of rhinovirus at COPD exacerbations. In a study of 44 chronic

bronchitics over 2 years, Stott and colleagues found rhinovirus in 13 (14.9%) of 87

exacerbations of chronic bronchitis (8). In a more detailed study of 25 chronic

bronchitics with 116 exacerbations over 4 years, Gump et al. found that only 3.4% of

exacerbations could be attributed to rhinoviruses (9). In a study of 35 episodes of

COPD exacerbation that used serological methods and nasal samples for viral

culture, little evidence was found for a rhinovirus etiology of COPD exacerbation

(10). Greenberg and colleagues recently also studied viral etiologies of COPD

exacerbations and, using viral culture and serology, found that 27% of COPD

exacerbations were associated with respiratory viruses, while 44% of acute respira-

tory illnesses in control subjects were associated with viruses (11). In COPD

patients, rhinoviruses accounted for 43% of the virus infections and thus were

responsible for about 12% of exacerbations.

Table 1 Etiology of COPD Exacerbations

Viruses

Rhinovirus (common cold)

Coronavirus

Influenza A and B

Parainfluenza

Adenovirus

RSV

Atypical organisms

Chlamydia pneumoniae

Mycoplasma pneumoniae

Bacteria

Haemophilus influenzae

Streptococcus penumoniae

Branhamella cattarhalis

Staphylococcus aureus

Pseudomonas aeruginosa

Common pollutants

Nitrogen dioxide

Particulates

Sulfur dioxide

Ozone
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B. Virus Detection with PCR Techniques

The advent of polymerase chain reaction (PCR) techniques for viral detection

enabled a more detailed evaluation of the role of viruses in asthma and COPD

exacerbations. Studies in childhood asthma have shown that rhinovirus can be

detected by polymerase chain reaction from a large number of these exacerbations

(7). We have recently reported a study to evaluate the nature of respiratory viruses at

COPD exacerbation using PCR techniques for the major respiratory viruses (5).

Samples consisted of nasopharyngeal aspirates or throat swabs at exacerbation and

also when patients were stable. Up to 40% of COPD exacerbations were associated

with viral infections, although this may be an underestimate due to difficulties in

sampling at the very onset of an exacerbation. Rhinovirus was the most common

respiratory virus detected and found in 58% of viral exacerbations. The other viruses

detected included coronavirus (11%), influenza A and B (16%), and parainfluenza,

adenovirus, and Chlamydia pneumoniae were each detected in one exacerbation.

The relatively low levels of influenza were related to the fact that 74% of the patients

had received influenza immunization.

Viruses are less likely to be associated with exacerbations with increased

sputum volume or purulence. This observation may explain the finding in the study

reported by Anthonisen and colleagues that the effects of antibiotics were not

significantly different from placebo in the treatment of exacerbations without the

presence of purulent sputum (12). In our study, respiratory viruses were associated

with a longer median symptom recovery time at exacerbation of 13 days compared

to 6 days for nonviral exacerbations. Viruses were also found to be associated with a

slower rate of symptom score resolution (Fig. 1). Thus viruses are associated with

more severe exacerbations and therefore with greater morbidity. Measures to prevent

viral infection may lead to a reduction in exacerbation frequency, exacerbation

severity, and reduction in hospital admission, and thus may have important economic

consequences.

Using the median number of exacerbations as a cut-off point, we have

previously classified COPD patients as frequent and infrequent exacerbators (2).

Quality of life was significantly worse in the frequent, compared to the infrequent,

exacerbators. Factors predictive of frequent exacerbations included the exacerbation

frequency in the previous year. This suggests that exacerbation frequency is an

important determinant of health status in COPD and is thus an important outcome

measure. In the study by Seemungal and colleagues of respiratory virus detection by

PCR (5), at least one virus was detected in 64% of patients and these patients had a

higher exacerbation frequency than patients where viruses were not detected. Thus

patients with a history of frequent exacerbations may be more susceptible to

respiratory viral infections and further work is required to study the nature of this

susceptibility.

We also found that 19 exacerbations were associated with respiratory syncytial

virus (RSV), although more patients had RSV detected in the stable state than at ex-

acerbation. In none of these samples was RSV detected by culture or serology and

detection disappeared when the sensitivity of the PCR was reduced, suggesting that
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the colonization with virus was low grade. However, we found that patients in whom

RSV was detected were more likely to have elevated systemic inflammatory

markers. This implies that RSV may be a cause of chronic infection in COPD

and further evaluation of the role of RSV at COPD exacerbation is required. Viruses

apart from RSV were detected in 16.2% of patients with stable COPD by PCR.

Rhinoviruses were most commonly detected in the stable state as well as at

exacerbation, and were found in 7.3% of stable COPD patients; coronaviruses

were found in 5.9% of stable patients. There was a tendency for patients in whom

these viruses were detected in stable COPD to give a history of more frequent

exacerbations in the year prior to recruitment. Recent work by Retmales and

colleagues shows that latent expression of adenoviral E1A protein in alveolar

epithelial cells may amplify the effects of cigarette smoke–induced lung

inflammation (13). Thus chronic viral infection may be linked to disease severity

in COPD.

C. Detection of Rhinovirus in the Lower Airway

There is now increasing evidence from experimental rhinovirus infections that

respiratory viruses can infect the lower airway (14,15). Seemungal and colleagues

showed that rhinovirus can be recovered from induced sputum more frequently using

PCR techniques than from nasal aspirates at exacerbation, suggesting that wild-type

rhinovirus can infect the lower airway and contribute to inflammatory changes at

exacerbation (16). They also found that exacerbations associated with the presence

of rhinovirus in induced sputum had larger increases in airway IL-6 levels compared

to exacerbations where rhinovirus was not detected. This suggests that viruses

increase the severity of airway inflammation at exacerbation. This finding is in

agreement with the data that respiratory viruses produce longer and more severe

exacerbations and have a major impact on health care utilization (4,5).

D. Mechanisms of Virus-Induced Exacerbations

There are a number of mechanisms that may be involved in the association between

viruses and exacerbations. The major group of rhinoviruses (accounting for 90% of

total rhinovirus types) attach to airway epithelium through ICAM-l, inducing ICAM-1

expression, which promotes inflammatory cell recruitment and activation as seen in

exacerbations (17). The minor rhinovirus group use members of the LDL-receptor

family as cell surface receptors, although ICAM-1 surface expression may also be

upregulated (17). There is some evidence for upregulation of ICAM-1 in the

bronchial mucosa of patients with chronic bronchitis (18), and thus ICAM-1 is an

important therapeutic target in COPD exacerbation associated with rhinoviruses.

In a prospectively followed cohort of patients from the East London COPD

Study, inflammatory markers in induced sputum were related to symptoms and

physiological changes at COPD exacerbation (19). At exacerbation, increases were

found in induced sputum IL-6 levels and the levels of IL-6 were higher when

exacerbations were associated with symptoms of the common cold (Fig. 2).
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Experimental rhinovirus infection has been shown to increase sputum IL-6 in normal

subjects and asthmatics (20–22). However, rises in cell counts and IL-8 were more

variable with exacerbation and did not reach statistical significance, suggesting

marked heterogeneity in the degree of the inflammatory response at exacerbation.

The exacerbation IL-8 levels were related to sputum neutrophil and total cell counts,

indicating that neutrophil recruitment is the major source of airway IL-8 at

exacerbation. Lower airway IL-8 has been shown to increase with experimental

rhinovirus infection in normal and asthmatic patients in some studies (21) but not in

others (22). However, COPD patients have already upregulated airway IL-8 levels

when stable due to their high sputum neutrophil load (23) and further increases in

IL-8 would be unlikely. COPD exacerbations are associated with a less pronounced

airway inflammatory response than asthmatic exacerbations (24), and this may

explain the relatively reduced response to steroids seen at exacerbation in COPD

patients relative to asthma (25–31).

Viral infections have been associated with increased oxidant stress that is

increased at COPD exacerbation (32). Rhinovirus infection of human respiratory

epithelial cells increases production of reactive oxygen species and stimulates the

activation of nuclear factor kappa B (NF-kB), which is important in the regulation of

the IL-8 gene (33). In patients with experimental rhinovirus infections, nasal IL-8

levels have been related to common cold symptoms (34). Viral infections can also

induce the expression of stress-response genes (e.g., heme-oxygenase-1) and genes

Figure 2 Induced sputum IL-6 levels in the absence and presence of a natural cold. Data

are expressed as medians (IQR). (Reproduced with permission from Ref. 19.)
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encoding antioxidant enzymes (e.g., glutathione peroxidase, MnSOD) (35) and these

responses may be important in potentiating the effects of the virally mediated

inflammation at COPD exacerbation. We have also shown that exacerbations are

associated with increased airway and systemic endothelin-1 levels (36). Endothelin-1

is an important bronchoconstrictor peptide that has been found to be proinflamma-

tory and mucogenic and has been also implicated in the pathogenesis of virally

mediated inflammation (37). Sputum ET-1 levels increase at COPD exacerbation and

these increases are related to sputum IL-6 levels. Further work with specific ET

receptor antagonists may provide a new therapeutic option for virus-induced

inflammation associated with COPD exacerbations.

E. Relation of Viruses to Systemic Inflammation in COPD

Recently, associations have been described between chronic bronchitis and death

from cardiovascular disease (38). Plasma fibrinogen is an independent risk factor for

cardiovascular disease (39) and we have shown that plasma fibrinogen is increased in

COPD thus making COPD patients with moderate-to-severe disease more suscep-

tible to ischemic events (40). At exacerbation we found further increased levels of

plasma fibrinogen and Il-6, which is produced by blood monocytes and stimulates

the production of fibrinogen in the liver. We found that plasma fibrinogen levels were

higher in the presence of colds and respiratory viral infections at COPD exacerbation

(5,40). This suggests that viral infections are associated with increased systemic

inflammatory markers and also may predispose to an increased risk from vascular

disease. Epidemiological studies have suggested that infections, especially those of

the respiratory tract, may be involved in the onset of myocardial infarction and

stroke (41) and thus patients who are frequent exacerbators with their recurrent

infections may be particularly susceptible to cardiovascular disease.

III. Role of Bacterial Infection in COPD Exacerbation

The precise role of bacteria in COPD exacerbation has been difficult to evaluate

because airway bacterial colonization in the stable state has been found in

approximately 30% of COPD patients. The most common organism isolated is

Haemophilus influenzae, but others isolated include Streptococcus pneumoniae,

Branhamella cattarhalis, Staphylococcus aureus, and Pseudomonas aeruginosa.

Bacterial colonization has been shown to be related to the degree of airflow

obstruction and current cigarette smoking status, as well as associated with an

increased exacerbation frequency (42–45). Soler and colleagues showed that the

presence of potentially pathogenic organisms in bronchoalveolar lavage from COPD

patients at bronchoscopy was associated with a greater degree of neutrophilia and

higher TNF-a levels (43). In a large study, Hill and colleagues showed that the

airway bacterial load was related to inflammatory markers (46). They also found that

the bacterial species was related to the degree of inflammation, with P. aeruginosa

colonization showing greater myeloperoxidase activity (an indirect measure of

neutrophil activation).
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Although bacteria such as H. influenzae and Strep. pneumoniae have been

associated with COPD exacerbation, early studies have produced conflicting results

on bacterial isolation during exacerbation (47). Evidence for the involvement of

bacteria at COPD exacerbation has come from studies of antibiotic therapy. Acute

exacerbations of COPD often present with increased sputum purulence and volume

and antibiotics have traditionally been used as first-line therapy in such exacerba-

tions. A study investigating the benefit of antibiotics in over 300 acute exacerbations

demonstrated a greater treatment success rate in patients treated with antibiotics,

especially if their initial presentation was with the symptoms of increased dyspnea,

sputum volume, and purulence (12). Patients with mild COPD obtained less benefit

from antibiotic therapy. However, a randomized placebo-controlled study investigating

the value of antibiotics in patients with mild obstructive lung disease in the com-

munity concluded that antibiotic therapy neither accelerated recovery nor reduced

the number of relapses (48). A meta-analysis of trials of antibiotic therapy in COPD

identified only nine studies of significant duration and concluded that antibiotic

therapy offered a small, but significant, benefit in outcome in acute exacerbations

(49).

Recent studies have reexamined the effects of bacteria at acute exacerbation

with more detailed evaluation of the nature of the COPD exacerbation and bacterial

culture. Stockley and colleagues showed that COPD exacerbations associated with

purulent sputum are more likely to produce positive bacterial cultures than exacer-

bations where the sputum production was mucoid (50). Sethi and colleagues have

shown that exacerbations associated with H. influenzae and B. catarrhalis are

associated with significantly higher levels of airway inflammatory markers and

neutrophil elastase, compared to pathogen-negative exacerbations (51). Miravitlles

and colleagues also showed that patients with the highest degree of functional

impairment were more likely to have P. aeruginosa and H. influenzae isolated,

although this group of patients are also more likely to have airway bacterial

colonization (52). However, the degree of airway bacterial load may be a more

important determinant of airway infection at exacerbation rather than the type of

bacteria isolated, as different types of bacteria and different strains may be present in

individual patients at exacerbation, especially those with more severe COPD. Bandi

and colleagues have recently reported that different strains of H. influenzae were

recovered from the upper and lower airway in patients with chronic bronchitis (53).

At exacerbation, there was a low recovery of H. influenzae in the lower airway due

to early administration of antibiotics but, in 87% of biopsies taken from acute

exacerbations in intubated patients, H. influenzae could be detected intracellularly.

Thus, during an exacerbation, there is intracellular invasion of H. influenzae and this

will contribute to the increased airway inflammation associated with exacerbation.

However, in view of the presence of airway bacterial colonization, detection of

bacteria at exacerbation does not prove the bacterial etiology of the exacerbation and

important viral–bacterial interactions may exist and require further study.
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IV. Other Infective Agents

A. Chlamydia pneumoniae

Chlamydia pneumoniae has also been related to exacerbations in COPD patients.

Using IgM and IgG antibody titers, C. pneumoniae has been identified as the

etiological factor in 5% of outpatient COPD exacerbations (54). This is similar to the

results obtained by Blasi and coworkers who identified C. pneumoniae in 4% of

COPD exacerbations (55). A recent study by Mogulkoc and colleagues in a

relatively small sample of patients with exacerbations detected high IgG titers to

C. pneumoniae in 7 of 49 exacerbations, suggesting that C. pneumoniae was

associated with about 16% of COPD exacerbations (56). Karnak and colleagues

detected serological evidence of recent C. pneumoniae infection in 34% of COPD

patients having acute exacerbations, although microbiological examination of the

sputum found potentially pathogenic microorganisms in 60% of the COPD patients,

suggesting that C. pneumoniae was not the sole agent responsible for the exacer-

bation (57).

However, one of the problems with relating C. pneumoniae infection to

exacerbation is that many COPD patients have had exposure to previous C.

pneumoniae infection and thus chlamydial serology is not the best technique for

evaluating the cause of COPD exacerbation. In addition, chronic infection with C.

pneumoniae may be a feature of COPD. One study using tissue samples from lung

resections found increased immunohistochemical staining for C. pneumoniae in

patients with COPD as compared to that in patients with normal lung function (58).

However, a recent study has suggested that the presence of antibodies to C.

pneumoniae has no effect on the natural history of COPD (59) and thus the

significance of persistent antibodies against C. pneumoniae is not known. Evaluation

of the role of C. pneumoniae at COPD exacerbation is required using sensitive PCR

techniques both when the patients are stable and at exacerbation.

B. Mycoplasma pneumoniae

Mycoplasma pneumoniae is an uncommon cause of COPD exacerbation with less

than 1% of exacerbations diagnosed by complement fixation or culture methods

(9,60). Another, more recent, study that also uses serological techniques found that

M. pneumoniae was associated with only 6% of COPD exacerbations (56). However,

the results of sample analysis for M. pneumoniae using PCR has not been reported.

C. Pollution

There has been considerable interest in the effects of air pollution on COPD

exacerbation, especially with respect to the effects of common pollutants on hospital

admissions. COPD patients have been found to have increased hospital admissions,

suggesting increased exacerbation when increasing environmental pollution occurs.

During the December 1991 pollution episode in the United Kingdom, COPD

mortality as well as hospital admissions were increased in elderly COPD patients

(61). Data from a study of air pollution in six European cities (APHEA project)
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showed that the relative risks for COPD admissions for a 50 mg=m3 increase in daily

mean level of pollutant, with lags for the effects seen from 1 to 3 days, were 1.02 for

SO2, NO2, and total suspendable particles, and 1.04 for ozone (62). Analysis of data

form Birmingham, Alabama, also showed that inhalation of particles was a 1.27

relative risk for admissions for COPD (63). A study from Australia suggested

an increase of 4.6% in COPD admissions with NO2 exposure (64). Generally, the

most convincing relationship between COPD admission has been with particulate

pollution.

Although there are considerable epidemiological data that increased pollutants

are associated with COPD admission, the mechanisms involved are largely un-

known. As COPD exacerbations are closely linked to respiratory infections, the

hypothesis that pollutants can increase susceptibility to viral infections has been

proposed. Another possibility is that pollutants may directly increase the infectivity

of the virus, although it is more likely that the effects are mediated through increased

airway inflammation, as both viruses and NO2 can lead to increases in expression of

inflammatory markers in airway epithelial cells (65,66). One study investigated the

effect of NO2 exposure in a controlled chamber on the susceptibility to infection

with influenza and found some small increases in effect with the combination of

virus and pollutant (67). Another recent study investigated the effect of personal

exposure of NO2 and the risk of airflow obstruction in asthmatic children with

respiratory infections (68). This study suggested that with higher personal pollutant

exposure there was a greater risk of an asthmatic exacerbation following a

respiratory infection. Thus similar mechanisms may be operating in patients with

COPD and further studies are required on the association of pollution and infection.

It is likely that the adverse effects of pollutants in COPD are more likely to be

associated with exacerbations either directly or through interactions with infective

factors rather than affecting patients when in a stable clinical condition.

V. Conclusions

The etiology of COPD exacerbation is complex and a number of factors have been

shown to be associated with exacerbations. However, the available evidence suggests

that respiratory viruses, especially infections with rhinovirus, the cause of the

common cold are the most important triggers of exacerbations. Respiratory viruses

are also associated with more severe exacerbations and may have important

interactions with cold temperature and common pollutants. Although bacteria

have been implicated in COPD exacerbations for many years and antibiotics are

used for therapy, there is much less information available about their actual role at

exacerbation. Further research is required on the nature of interactions between

viruses and bacteria. Respiratory viral infections are an important target for therapy

in COPD and prevention of viral infection will reduce exacerbation frequency.

Reduction of COPD exacerbation will have an important impact on the considerable

morbidity and mortality associated with COPD.
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I. Introduction

The diagnosis of chronic obstructive pulmonary disease (COPD) is usually made on

the basis of history and physical examination with laboratory studies being used to

validate the initial clinical impression (1–3). Acute exacerbation of symptoms is an

important characteristic of the disease and has a great impact on the quality of life as

well as on the economic burden of the disease (1–3). Since exacerbations are usually

defined in terms of symptoms, they are essential to making the diagnosis. Acute

exacerbations of symptoms are usually associated with worsening of lung function,

which may or may not be reflected in various signs. The symptoms and, to a much

lesser degree, the signs of acute exacerbations are used to assess both their severity

and the response to therapy.

It has been stated that the most common causes of acute exacerbations

of COPD are air pollution and infections of the tracheobronchial tree (4–10).

However, in the majority of patients, the cause of acute exacerbations cannot be

determined, and the role of infection and air pollution in their etiology is

controversial (3). Nevertheless, during acute exacerbation the patient may present

with the common symptoms and signs of infection of the upper respiratory tract,

such as fever, sore throat, and nasal congestion or discharge (11,12).

As a general statement, the symptoms and signs of acute exacerbation depend

on the cause of exacerbation (if apparent), the degree of additional airflow limitation
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and blood gas derangement, the severity of the underlying COPD, comorbidities, and

body build. Although specific severity criteria are not well defined, severity of

exacerbations varies widely, from being mere nuisances to being life threatening,

largely depending on the degree of airways obstruction and associated blood gas

abnormalities. The most commonly used system to assess the severity of an acute

exacerbation was developed by Anthonisen et al. (11) and was based only on

symptom description. Acute exacerbation was defined as the presence of any one of

the following three symptoms: (1) increased sputum volume; (2) increased sputum

purulence; and (3) increased dyspnea. Patients with type 1 (severe) exacerbations

have all three of the above symptoms; those with type 2 (moderate) have two of three

of the symptoms; patients with type 3 (mild) exacerbations have one of these

symptoms, as well as one of the following clinical criteria: an upper respiratory tract

infection in the past 5 days, fever without another apparent cause, increased

wheezing, increased cough, or increase in respiratory or heart rate by 20% above

baseline (11). Classifying the severity of an acute exacerbation is useful for

epidemiological purposes and may have therapeutic implications and prognostic

value. Indeed, it has been shown that patients with severe exacerbations are at

highest risk of treatment failure and more likely to experience benefit from antibiotic

therapy than those with mild exacerbations (11,13).

Finally, it should be noted that other conditions may mimic the symptoms of

an acute exacerbation, such as pneumonia, congestive heart failure, pneumothorax,

pleural effusion, pulmonary embolism, and arrhythmia (3). For this reason, it is

essential during the assessment of the acute exacerbation to search for symptoms and

signs of the above conditions and treat the patient accordingly.

II. Characteristics of Exacerbations

Worsening of dyspnea and increases in cough and sputum volume and sputum

purulence are the most common symptoms characterizing an acute exacerbation

(11,12). Anthonisen et al. (11) followed 362 exacerbations of COPD and observed

that at the onset of the exacerbation the most common symptoms were worsening of

dyspnea, increased sputum production, increased cough, wheezing, and sputum

purulence (Table 1). Seemungal et al. (12) studied 101 patients with moderate-to-

severe COPD over a period of 2.5 years and followed them regularly when stable and

during 504 exacerbations. On the day of onset of exacerbation, reports of symptoms

increased sharply (Fig. 1), with 64% of exacerbations associated with increased

dyspnea, 26% with increased sputum volume, 42% with sputum purulence, 35%

with symptoms of common colds, 35% with wheeze, 12% with sore throat, and 20%

with cough (12).

III. Symptoms

Dyspnea, cough with or without sputum production, and wheezing are the most

common symptoms in stable COPD patients. Although stable patients have good
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days and bad days, there is never any time when they are entirely asymptomatic.

Thus, it is very important in assessing acute exacerbations to obtain a detailed

history of how long worsening or new symptoms have been present (12). This

includes the frequency and severity of breathlessness and coughing attacks, sputum

volume and color, limitation of daily activities, any previous episodes of exacerba-

tion, and whether the patient may require hospitalization. Finally, current therapy

should be carefully reviewed. Knowledge of the severity of symptoms of an

individual patient when stable greatly contributes to evaluating whether new or

worse symptoms are present. Quantitative assessment of symptoms, although it is

not an easy task, is therefore of great value.

Increased dyspnea or breathlessness is the most significant symptom in acute

exacerbations of COPD. Dyspnea can be defined as an awareness of increased or

inappropriate inspiratory effort. It is a symptom perceived by the patient and is

believed to relate to an awareness of the motor command to breathe (14). It

correlates with mouth occlusion pressure, swings in pleural pressure, and magnitude

of dynamic hyperinflation in healthy subjects during loaded breathing at rest

(15–17). Changes in the arterial blood gases, especially increases in arterial carbon

dioxide tension (PaCO2) increase the intensity of perceived effort for a given level of

ventilation (18). The terms used to describe dyspnea may vary with the stimulus

used to provoke it (19). However, patients with COPD commonly describe the

sensation of dyspnea as being one of inspiratory difficulty (20).

O’Donnell et al. have shown that the intensity of breathlessness in moderate to

advanced COPD is best related to increases in end-expiratory lung volumes during

exercise, something that does not occur in normals (20). Furthermore, they have

shown that the changes in dyspnea are mirrored by a mechanical ratio reflecting both

the pressure developed by the respiratory muscles and the resulting change in tidal

volume with each breath (20). These observations indicate that measurements such

as inspiratory capacity may correlate better with the sensation of breathlessness than

with FEV1 or peak flow (17,21–23).

The quantification of dyspnea is an important goal in the overall assessment of

the patient with COPD. Quantitative measurements of dyspnea provide baseline data

to assess the efficacy of various therapeutic regimens and the stability of the patient

Table 1 Symptoms at the Onset of Acute Exacerbation

(n¼ 362) of COPDa

Symptoms Proportion of appearance

Increased dyspnea 90%

Increased sputum production 70%

Sputum purulence 60%

Increased wheeze 70%

Increased cough 82%

Fever 30%

aSource: Based on Ref. 11.
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Figure 1 Time course of symptoms of increased dyspnea, nasal congestion, and cough

for 504 exacerbations in 91 patients. Proportion of exacerbations with any one symptom

over the 14 days before to 35 days after onset of exacerbation, expressed as a percentage of

the total number of exacerbations.
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over time. The MRC dyspnea scale may be used for dyspnea grading because it is

simple and allows the patients to indicate the extent to which their breathlessness

affects their mobility (24). The MRC dyspnea scale is a questionnaire consisting of

five statements about perceived breathlessness: grade 1, ‘‘I only get breathless with

strenuous exercise;’’ grade 2, ‘‘I get short of breath when hurrying on the level or up

a slight hill;’’ grade 3, ‘‘I walk slower than people of the same age on the level

because of breathlessness or have to stop for breath when walking at my own pace

on the level;’’ grade 4, ‘‘I stop for breath after walking 100 yards or after a few

minutes on the level;’’ grade 5, ‘‘I am too breathless to leave the house’’ (24). A

relationship between MRC dyspnea grade and walking test performance has been

established (25). The visual analog scale (VAS) (26), the oxygen cost diagram (27),

the baseline dyspnea index (BEI) (28), and the Borg category scale (29) are some of

the other techniques used for dyspnea quantification. The VAS consists of a vertical

line 100mm long connecting two points that represent ‘‘no breathlessness’’ and

‘‘greatest breathlessness’’ (26). The patient marks a point in the line that corresponds

to his or her breathlessness and the distance above the ‘‘no breathlessness’’ point is

an index of the severity of the dyspnea. The oxygen cost diagram is a type of VAS in

which everyday activities are placed proportionally to their oxygen cost along the

100-mm vertical line (27). The baseline dyspnea index quantifies the intensity of

dyspnea based on grades for components, including task magnitude, effort, and

functional impairment (28). The Borg category scale is used for rating breathlessness

during exercise testing (29). The clinical measurements of dyspnea by these methods

are reproducible and can be completed in a few minutes. The results generally

correlate with lung function and respiratory muscle strength (28).

The severity of dyspnea may be used as a guide to estimate lung function,

although the latter should be evaluated with the appropriate tests. Dyspnea at rest or

on minimal exertion indicates severe respiratory impairment. In stable COPD this

sign indicates that the FEV1 has fallen to less than 30% of predicted normal and the

oxygen uptake is less than 15mL=kg=min (23). In acute exacerbations of COPD

there are a paucity of data because even simple lung function tests can be difficult for

a sick patient to perform properly. Furthermore, individuals with similar lung

function can be surprisingly variable in their symptom intensity. The situation

is further complicated if it is taken into account that the intensity of dyspnea

depends on the patient’s body weight (30). Sahebjami et al. (30) quantitated dyspnea

(using the MRC dyspnea scale) in 33 underweight and 56 normal-weight COPD

patients and demonstrated that, despite the similar lung function, underweight

patients were more dyspneic. Notwithstanding that the severity of dyspnea is multi-

factorial, these results indicate that body weight may affect the process of patient

evaluation.

Cough is an important respiratory defense mechanism that protects the airways

from unwanted inhaled particulates and is the major method of clearing excess

mucus production (31). In stable COPD patients, the cough is chronic, usually

productive, occasionally episodic, and worse in the morning upon rising. The patient

is seldom awakened from sleep by coughing (31). All these features should be

considered when the patient reports an increased cough. Whether cough in COPD is
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a normal nonspecific physiological response to increased mucus production or is

itself due to specific pathological changes in the airways is unknown (32,33).

Sputum production is a frequent complaint especially in the early stages of

COPD but accurate measurements of volume are difficult as much is swallowed. The

physicochemical and clinical significance of mucus production has been reviewed in

detail (34). Typically, a normal person produces about 10mL of colorless sputum, an

amount that is unnoticed and swallowed. Therefore, as a general rule, any sputum

production reported by the patient is abnormal. Patients with stable COPD usually

produce white mucoid sputum usually in the morning and often throughout the day.

Increases in sputum volume and change in color to yellow or green (purulent) are

probably the most reliable symptoms of acute exacerbation due to endobronchial

infection treatable with antibiotics (5,8,10–12,31). It should be noted that changes in

sputum color do not always denote purulence, since eosinophil accumulation may

cause yellow sputum and a yellow–green color may be imparted by myeloperoxidase

(35). Foul-tasting or foul-smelling sputum is extremely rare in acute exacerbations of

COPD and, if present, strongly suggests superinfection with anaerobic organisms.

As the severity of airflow limitation increases, sputum production may become

more variable and many patients produce only small volumes daily (31). Whether

this relates to impaction of mucus in the small airways, reduced goblet cell function,

or smoking cessation is unclear. Some patients during exacerbations feel unable to

raise sputum that they believe is present, and it is possible that due to increased

airway resistance dynamic airway collapse during coughing prevents sputum

expectoration. This may explain the observation that in some patients sputum

production may increase during the recovery phase of exacerbations.

A history of wheezing is not unusual in patients with COPD and may indicate

a reversible component of the disease (36). Between 35 to 70% of exacerbations are

associated with wheeze and this symptom may correlate positively with the response

to inhaled bronchodilators (36). However, bronchospasm is not the sole cause of

wheezing. Some patients can produce convincing wheeze from their larynx as

infactitious asthma (37). Whether these changes represent a way of increasing airway

stability during expiration or are a psychological response has not been addressed.

Many patients also experience wheeze with exertion, presumably because of

increased gas flow through airways narrowed by inflammation or scarring (38).

Finally, abdominal muscle contraction, common in severe exacerbation, may cause

wheezing (39). Studies in asthmatic patients during induced bronchoconstriction

indicate that wheeze does not occur at the onset of flow limitation but probably

requires additional abdominal contraction (39). Nocturnal wheeze is uncommon in

COPD and suggests asthma or heart failure.

Approximately 30% of patients with acute exacerbation have fever (11).

However, fever should probably not be considered as a cardinal symptom of an

exacerbation and other causes should be thoroughly investigated. Specifically, in the

presence of fever, a chest x-ray should be performed to exclude pneumonia, since

pneumonia is associated with high morbidity and mortality in COPD (13).

Occasionally patients with COPD complain of chest pain or hemoptysis. Chest

pain usually is not due to the disease. Ischemic heart disease is frequent in any
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population of heavy smokers and may be difficult to distinguish from symptoms of

esophageal reflux. Acid reflux occurs in up to 40% of COPD patients possibly

reflecting mechanical inefficiency of the diaphragm and the use of xanthines and

cigarette smoking (40–42). A sudden onset of chest pain, pleuritic and sharp in

character, associated with worsening of dyspnea and diaphoresis, is against the

diagnosis of acute exacerbation and strongly suggests pulmonary embolism or

pneumothorax (43–46). Pneumothorax, although not very common in patients with

COPD, may have serious consequences because of limited respiratory reserve (46).

Pulmonary embolism may complicate COPD, particularly when right heart failure

and pulmonary hypertension are present.

Hemoptysis may occur during acute exacerbations of COPD. The blood

presumably originates in inflamed airways and the typical episode of hemoptysis

consists of blood-streaked purulent sputum (47,48). Grossly bloody sputum is

uncommon during exacerbations and should be investigated. Other causes of

hemoptysis, such as pneumonia, tumor, bronchiectasis, or heart failure should

always be considered (49).

Finally, mental status should be carefully evaluated. Psychiatric morbidity is

high in stable COPD, reflecting both the social isolation the disease produces, its

chronic nature, and the neurological effects of hypoxemia (50–53). In addition, sleep

quality is impaired in advanced disease and this may also contribute to abnormal

neuropsychiatric performance (54). Acute or subacute changes in mental status may

indicate a severe exacerbation and impending acute respiratory failure (1–3). These

patients usually need to be admitted to the intensive care unit (1–3).

IV. Physical Signs

Physical examination, although an integral part in the assessment of acute exacer-

bation of COPD, is not used either for definition or for classifying acute exacerba-

tions. Usually physical signs are specific and sensitive only for severe obstruction to

airflow. Indeed, in less severe cases, physical examination is often normal.

Respiratory distress elicited by minimal exertion such as undressing or

entering the examining room is a sign of severely impaired lung function with an

FEV1 of less than 50% of predicted (55). The respiratory distress manifested by

tachypnea and speaking in an interrupted fashion reflects expiratory flow limitation

during tidal expiration, also indicative of severe disease (55). In order to meet the

higher ventilatory demands encountered even during minimal exertion, these

patients must increase end-expiratory lung volume (dynamic hyperinflation), a

highly inefficient strategy from an energetic point of view (56). They frequently

sit leaning forward with their arms resting on a stationary object, allowing the

muscles connecting the limb girdle and the rib cage such as the latissimus dorsi to

perform an inspiratory function (31). Some patients also develop pursed-lip breathing

(pursing the lips during expiration) with exertion. Although the reason for adopting

this strategy remains uncertain, flow limitation during tidal expiration with deforma-

tion of the airways downstream from the choke point may be responsible (57).
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Indeed, it has been shown that the collapse of airways downstream of the choke point

increases the sense of dyspnea (57). Pursed-lip breathing, by increasing the

intraluminal pressure in large airways, may reduce the unpleasant sensation related

to airways deformation during tidal expiration (58). Also pursed-lip breathing tends

to decrease respiratory frequency and this may reduce dynamic hyperinflation and

improve gas exchange.

The pattern of breathing should be assessed carefully. Patients with stable

COPD invariably demonstrate resting breathing frequency above 16 breaths=min

(59). Breathing frequency is roughly proportional to the disease severity, with

hypercapnia being associated with rates of 20 to 25 breaths=min (60,61). However,

breathing frequency is an unreliable sign of evolving hypercapnia or hypoxemia and

should not be used during exacerbations as a substitute for arterial blood gas analysis

(62). Accessory muscle use indicates severe disease, excessive work of breathing,

and diaphragmatic dysfunction or fatigue. In these patients, FEV1 is less than 1 L

(63). Contrary to widespread belief, the sternocleidomastoid muscles are usually

inactive during resting breathing in stable COPD (64). Contraction of these muscles

during resting breathing indicates an acute exacerbation of the disease and is an

ominous sign of impending acute respiratory failure (64).

Expiratory muscle activity may be detected during acute exacerbation (65,66).

The functional significance of this activity is uncertain. Expiratory muscle contrac-

tion cannot increase expiratory flow when it is limited during tidal breathing, but it

may cause greater deformation of the airways downstream of the flow-limiting

segments (65,67). It has been proposed that contraction of expiratory muscles may

place the diaphragm in a better position for pressure generation by altering its shape

and length. However, this advantage is likely to be lost as soon as inspiration begins

when expiratory muscles relax (68).

During acute exacerbations, several breathing patterns have been associated

with fatigue of the inspiratory muscles due to excessive work of breathing combined

with reduced muscle efficiency. Nevertheless, inspiratory muscle fatigue is ex-

tremely difficult to characterize accurately and these associations have not been

verified. It is clear, however, that both paradoxical breathing and respiratory alter-

nans occur in patients with very severe ventilatory limitation, usually with acute

respiratory failure (69,70).

Paradoxical breathing consists of an inward motion of the upper abdominal

wall with inspiration (71). This sign in stable COPD is mainly due to pulmonary

hyperinflation, which causes the diaphragm to be flatter and lower than that in

normal subjects and thus the apposition zone between diaphragm and ribcage is

reduced in size (72). On the other hand, paradoxical breathing in a patient with acute

exacerbation of COPD may be due to diaphragmatic fatigue (73,74). With severe

hyperinflation, the patient may breath close to total lung capacity where the normal

curvature of the diaphragm is reversed and the apposition zone disappears. As a

result contraction of the diaphragm pulls the lower ribs inward and the abdominal

pressure becomes negative as pleural pressure falls due to vigorous activity of the

ribcage inspiratory muscles. Thus, during inspiration, the dimensions of the

abdominal wall may be reduced rather than increased. In this situation, the ribcage
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inspiratory muscles are the only functional muscles of respiration (73,74). These

patients are not able to sustain adequate ventilation indefinitely and, if not treated,

inspiratory muscle fatigue and overt respiratory failure will ensue.

Respiratory alternans is a cyclic alteration in breathing movements so that the

diaphragm dominates a series of breaths with outward movement of the abdominal

wall during inspiration, and then a series of breaths are taken largely using ribcage

muscles with expansion of the ribcage and reduced or even paradoxical abdominal

motion (75,76). This sign is not observed in stable COPD but may be observed

during acute exacerbation and respiratory failure. The Hoover sign is an inward

motion of the lower lateral ribcage with inspiration and is seen in severe COPD (77).

It is probably similar in significance to paradoxical breathing, although other

potential causes have been cited (71,78). Increased thoracic anteroposterior diameter,

reduced anterioposterior motion of the ribcage, tracheal tug or pulsus paradoxus, and

continuous chest wall incursion (inward movement) that persists up until the

moment the next inspiration occurs are other signs that may indicate dynamic

hyperinflation in patients with acute exacerbation of COPD (79). However, these

signs are not very sensitive and may not be present in patients with substantial

dynamic hyperinflation.

Peripheral edema, jugular venous distention, and hepatomegaly have been

considered as signs of pulmonary hypertension and right ventricular failure (cor

pulmonale) (80). None of these signs, however, are specific for cor pulmonale (80).

Peripheral edema can be due to other causes such as hypoalbuminemia, renal

dysfunction, or venous obstruction, which may occur in patients with severe COPD.

Furthermore, the jugular venous pressure is usually difficult to assess in COPD

patients with severe acute exacerbation because of accessory muscle activity and

large swings in intrathoracic pressure due to dynamic hyperinflation. Finally,

hepatomegaly may be elusive due to downward displacement of the liver by the

diaphragm.

Percussion of the chest is not very helpful in patients with acute exacerbation

of COPD. The tympanic percussion may reflect a sign of pulmonary hyperinflation,

but this is neither a sensitive nor a specific sign. Note that pneumothorax, as a cause

of tympanic percussion, must be ruled out when this sign is present. Some

physicians use percussion to estimate diaphragmatic motion during inspiration

(81). However, there is considerable disagreement as to whether diaphragmatic

motion can be determined accurately by percussion.

Unlike percussion, auscultation of the chest may give valuable information

during exacerbations, especially if findings had been noted when the patient was

stable. Abnormal sounds on auscultation such as wheezing, crackles, rales, and

decreased breath sounds are commonly heard during an acute exacerbation (49).

Diminished breath sounds is a common auscultatory finding in pulmonary

emphysema (82–86). This finding is independent of parenchyma destruction and

well correlated with the degree of flow limitation. Schreur et al. (86) compared lung

sound intensity in normal and emphysematous subjects at standardized airflows and

demonstrated that there was no significant difference in lung sound intensity at any

flow rate between normal and emphysematous subjects, suggesting that the reduc-
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tion in lung sound intensity in patients with emphysema is predominantly due to

airflow limitation.

Wheezing—a high-pitched continuous sound best heard over the trachea or

the neck area—is an important sign of severe flow limitation (39,87–89). Wheezing

heard during unforced tidal breathing has been shown to be a specific sign of flow

limitation, and its intensity correlated with the severity of the limitation as well as

with the bronchodilator response (89). Wheezing, however, is not a sensitive sign

and obstruction can be present in the absence of wheezing.

Discontinuous adventitious sounds (crackles or rales) are commonly found in

chest auscultation of COPD patients during an acute exacerbation, but are not

uncommon in stable patients either (49). These sounds (well heard at the lung bases),

begin at the onset of the inspiration, last for less than 20ms, and represent the

explosion of gas bubbles in pulmonary secretions (88,90–92). The timing of their

occurrence differentiates them from the end-inspiratory crackles, usually heard in

congestive heart failure and restrictive lung diseases (91,92).

Dynamic hyperinflation may be suspected by listening for the persistence of

breath sounds during exhalation up until the moment the next breath occurs (93).

Kress et al. (93) have shown that this sign combined with the persistence of chest

wall incursion at the end of expiration has a good specificity (0.91) but relatively

poor sensitivity (0.72) for the presence of dynamic hyperinflation and intrinsic

positive end-expiratory pressure. Although these results were obtained in mecha-

nically ventilated patients, they underscore the value of clinical examination in

detecting the presence of dynamic hyperinflation (93).

Cardiac auscultation is an essential part of the examination in patients with

acute exacerbations of COPD. It should be noted that heart sounds are often difficult

to hear due to hyperinflation and the presence of adventitious sounds. Usually, in

these patients heart sounds are best heard in the subxiphoid area (94). Tachycardia

and arrhythmias are common and should be treated (11,13,95,96). In a recent study,

an increase in heart rate above 100 beats=min was found in 18% of exacerbations

(13). Signs of cor pulmonale, such as right ventricular gallop or an increase in the

second sound, may be detected indicating pulmonary hypertension, while murmurs

of pulmonary or tricuspid insufficiency may represent acute or chronic right

ventricular failure (79,80). A systolic left parasternal heave indicates right ventri-

cular hypertrophy (80). These signs, however, are often not present in COPD patients

with acute exacerbations and are relatively insensitive for detecting pulmonary

hypertension or right ventricular dysfunction (79,80).
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I. Introduction

The chief function of the lung is pulmonary gas exchange, which requires adequate

levels of ventilation and perfusion of the alveoli. The lung must match pulmonary

O2 uptake ( _VVO2) and elimination of CO2 ( _VVCO2) to the whole-body metabolic O2

consumption and CO2 production, whatever the O2 and CO2 partial pressures in the

arterial blood. In normal conditions, the cardiovascular and the pulmonary systems

interact to reach this adequate matching, both at rest and during stress conditions

such as physical exercise.

In patients with chronic obstructive pulmonary disease (COPD), in particular

during episodes of exacerbation, the interplay between the cardiovascular and

pulmonary systems plays a critical pathophysiological role leading to either adaptive

and compensatory effects or, conversely, accentuating the disease state requiring

advanced medical support.

The diagnosis of exacerbation is mainly defined by the impairment of

respiratory symptoms, such as progressive dyspnea and increased sputum production

and cough requiring therapeutic intervention. Nevertheless, symptoms of impaired

cardiovascular function are commonly present in patients with moderate-to-severe

exacerbations and, in some instances, could account for the precipitating cause of

the symptoms. Coexistence of left ventricular failure with pulmonary edema, or
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‘‘cardiogenic’’ bronchial hyperresponsiveness, may mimic the classic respiratory

behavior of COPD exacerbation, including gas exchange abnormalities. Similarly,

development or impairment of preexisting pulmonary hypertension and right ven-

tricular failure in hypoxemic patients is commonly seen as a complicating event

during exacerbations while these conditions could themselves be precipitating condi-

tions in some patients. Management of episodes of exacerbations of COPD should

take into account cardiac and pulmonary interactions, especially in more severely

affected patients in whom clinical and functional outcomes and survival could be

critically affected.

This review outlines the interactions between the cardiovascular and pulmon-

ary systems during episodes of exacerbation in patients with COPD in different

clinical conditions, paying special attention to those factors that affect pulmonary

gas exchange.

II. Pulmonary and Systemic Determinants of Oxygen
and Carbon Dioxide Exchange

Adequate management of patients with respiratory failure in the clinical setting

requires proper assessment of pulmonary gas exchange. Partial pressures of arterial

respiratory blood gases (PaO2 and PaCO2) and pH are the directly measurable

variables used by most clinicians for this purpose. Although respiratory blood gases

have become increasingly easy to obtain in the intensive or emergency care setting,

often the interpretation of the pathophysiological determinants of abnormal PaO2

and=or PaCO2 in the clinical arena is not straightforward. This is because arterial

respiratory blood gases reflect not only the functional conditions of the lung as a gas

exchanger, thereby their intrapulmonary determinants (i.e., ventilation–perfusion

heterogeneities, increased intrapulmonary shunt, and=or alveolar to end-capillary

diffusion limitation to oxygen), but also the conditions under which the lung

operates, namely, the composition of inspired gas and mixed venous blood (i.e.,

minute ventilation, cardiac output, inspired PO2 and oxygen uptake) (1–6). We will

focus essentially on the determinants of arterial PO2 and PCO2 in the light of the

evidences shown by means of the multiple inert gas elimination technique (MIGET)

(3,7).

A. Intrapulmonary Factors

The highest efficiency of the lung as O2 and CO2 exchanger should be achieved

when ventilation and blood flow to each individual alveolar unit are adequately

balanced ( _VVA= _QQ¼ 1.0) and, consequently, homogeneity of _VVA= _QQ ratios among

alveolar units is present. This so-called ‘‘perfect lung’’ is not seen in normal subjects

because mild heterogeneities of pulmonary _VVA= _QQ ratios are always present due to

the gravity and a slight amount of physiological post-pulmonary shunt (approxi-

mately 1%) due to both the Thebesian veins draining blood flow from the coronary

veins directly to the left atrium and the bronchial venous blood going to pulmonary
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(arterialized) veins. The characteristic _VVA= _QQ distribution in normals obtained with

the MIGET consists of narrow perfusion and ventilation distributions (second

moment) centered around a _VVA= _QQ ratio of 1.0 (first moment). Mean values for

the second moment of both blood flow and ventilation distributions range from 0.35

to 0.43 (8,9). The upper 95% confidence limit for the dispersion of perfusion dis-

tribution (log SD _QQ) is 0.60 and for that of ventilation distribution (log SD _VV) is 0.65
(10–13), but, at age 70 years, these are 0.70 and 0.75, respectively (14). No (or

virtually no) perfusion to _VVA= _QQ ratios <0.005 (by convention, accepted as

intrapulmonary shunt) is present (9). Likewise, the amount of ventilation to _VVA= _QQ
ratios >100 (dead space) (including instrumental, anatomical, and physiological

dead space) is approximately 30%. No perfusion to lung units with _VVA= _QQ ratios

<0.1 (low _VVA= _QQ) is observed; similarly, ventilation to lung units with _VVA= _QQ ratios

>10 (high _VVA= _QQ) is not present. In most instances, _VVA= _QQ mismatch is the

predominant factor disturbing both pulmonary O2 uptake and CO2 output and,

consequently, inducing hypoxemia and hypercapnia (15,16). It should be noted,

however, that patients with _VVA= _QQ inequality exhibit hypoxemia but not hypercapnia

regardless of their causal disease state. This is because increased activity of central

chemoreceptors provokes a rise in total ventilation (extrapulmonary factor) that

returns PaCO2 back to normal values, but it is not as effective on PaO2 because of

the different shape of the oxygen and carbon dioxide dissociation curves (2,8).

Particular features of uneven _VVA= _QQ relationships in different clinical conditions

related to exacerbation of COPD are described below. The amount of _VVA= _QQ
inequality observed in a given patient is essentially the combined end result of

three distinct factors: (1) functional consequences of pulmonary impairment caused

by the underlying disease; (2) efficiency of the ventilatory pattern (for a given minute

ventilation, the combination of deep tidal volume and slow respiratory rate improves
_VVA= _QQ balance); and (3) magnitude of hypoxic pulmonary vasoconstriction

(increased arteriolar tone in low _VVA= _QQ areas constitutes a well-known compensatory

phenomenon that reduces _VVA= _QQ inequality). Increased intrapulmonary shunt is the

foremost factor causing hypoxemia in acute respiratory distress syndrome (ARDS).

Since it refers to perfusion to unventilated alveolar units ( _VVA= _QQ <0.005), it should

be considered as a particular condition of _VVA= _QQ inequality. However, because its

pathophysiological and therapeutic implications (hypoxemia refractory to high

inspired oxygen therapy), it is considered a separate entity rarely involved as a

cause of hypoxemia in patients with COPD, even in the most life-threatening

conditions. Similarly, alveolar-end capillary diffusion limitation to oxygen is a

rather uncommon cause of arterial hypoxemia in patients with COPD. It has been

only demonstrated in idiopathic pulmonary fibrosis (17), both at rest and during

exercise, and in the hepatopulmonary syndrome under resting conditions (18).

B. Extrapulmonary Factors

Extrapulmonary factors of primary importance are: (1) inspired O2 fraction (FIO2);

(2) total ventilation ( _VVE); (3) cardiac output ( _QQT); and (4) metabolic rate ( _VVO2). The
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importance of FIO2 as a key determinant of alveolar PO2 (PAO2), and in turn of

PaO2, is indicated by the components of the ideal alveolar gas equation (2,8):

PAO2 ¼ ðPb� PH2OÞ � FIO2 � PaCO2=R þ ½PaCO2 � FIO2 � ð1� RÞ=R�;

where, Pb is the barometric pressure, PH2O corresponds to the partial pressure of

water vapor at 37�C, and R is the respiratory exchange ratio ( _VVCO2= _VVO2, _VVCO2

being carbon dioxide production). However, the relationships between FIO2 and

PaO2 are also modulated by the degree of pulmonary _VVA= _QQ inequality, as described

in Refs. 1,2,4. Total ventilation is considered an extrapulmonary factor because it is

essentially set by the respiratory centers (central drive). The impact of _VVE on

respiratory blood gases (PaO2 and PaCO2) also varies with the degree of _VVA= _QQ
mismatch. However, as mentioned above, the increase in _VVE is always more efficient

to remove CO2 from the blood (decrease PaCO2) than to increase PaO2. Because the

CO2 dissociation curve is almost linear in its working range, an increase in _VVE to a

lung with substantial _VVA= _QQ inequality continues to be effective in eliminating more

CO2. This is why arterial PCO2 is so sensitive to changes in _VVE (15,16). It should be

noted that the equation:

PACO2 ¼ K � _VVCO2= _VVA;

where PACO2 is alveolar PO2, K is a constant term, _VVCO2 is carbon dioxide

production, and _VVA is alveolar ventilation [ _VVA¼ _VVE (1�VD=VT)], can be mean-

ingfully applied only to a single alveolar unit or to a homogeneous lung. But the

above equation does not hold to describe the relationships between PaCO2 and _VVE in

diseased lungs because effective alveolar ventilation cannot be assessed (15). By

contrast, the nonlinear O2 dissociation curve determines that an increase in _VVE

typically results in a modest gain in PaO2. This is because the high _VVA= _QQ units that

are operating in the ‘‘plateau’’ of the oxyhemoglobin dissociation curve are unable to

compensate for the depressive effect on PaO2 of the low _VVA= _QQ units.

It is important here to emphasize the role of mixed venous PO2 (PvO2) and

how extrapulmonary factors (other than inspired PO2 and total ventilation) may

contribute to reduce PaO2 through the effects on PvO2. In this regard, a diminished

PvO2 may result from: (1) a low cardiac output; (2) an increased oxygen uptake;

and=or (3) a decreased blood oxygen content due to several alterations in the

principal factors modulating the oxyhemoglobin dissociation curve. It should be

noted that the impact of PvO2 on arterial PO2 also varies with the pattern of _VVA= _QQ
mismatch. The more affected _VVA= _QQ relationships, the greater deleterious impact of

reduced PvO2 on arterial PO2, hence amplifying its detrimental effects.

In addition to the four primary extrapulmonary factors, secondary variables

such as hemoglobin concentration, hemoglobin P50, body temperature, and blood

acid–base status play an additional role in the clinical setting (19). Metabolic

alkalosis deteriorates in critically sick patients with more severe respiratory failure

needing mechanical support, both increased intrapulmonary shunt and _VVA= _QQ
imbalance, whereas its correction by hydrochloric acid (HCl) improves overall
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pulmonary gas exchange (20). The most likely mechanism is that acidosis amelio-

rates the intrapulmonary determinants of hypoxemia, possibly causing an enhance-

ment of hypoxic pulmonary areas of the lung; in contrast, shifts of the

oxyhemoglobin dissociation curve related to the Bohr effect accounts for a marginal

improvement in arterial oxygenation (20). In a canine model of permeability

pulmonary edema (21), metabolic acidosis improved arterial oxygenation, and, to

the contrary, metabolic alkalosis deteriorated it. Because cardiac output and minute

ventilation remained unchanged, changes in intrapulmonary shunt and _VVA= _QQ
mismatch, either enhancing or releasing hypoxic pulmonary vasoconstriction,

respectively, mostly influenced pulmonary gas exchange.

As described by West et al. (4), it is possible to predict the arterial PO2

expected from the measured _VVA= _QQ inequality and the particular combination of

extrapulmonary factors that existed at the time of measurement. The MIGET

algorithm, however, allows the observer to change any or all of the extrapulmonary

factors (primary and=or secondary), and then to compute the expected value of

arterial PO2. Such flexibility is useful to understand not only potential expected

effects of therapeutic interventions, but also to separately determine the quantitative

role of each extrapulmonary factor when they change between two conditions of

MIGET measurement. This can be particularly useful to analyze the underlying

physiological effects of different ventilatory settings on arterial PO2.

In clinical research, to analyze separately the influence of the increase in

cardiac output, it is a simple matter to execute the MIGET algorithm using: (1) the

data during mechanical ventilation; (2) the spontaneous breathing variables with the

cardiac output measured during mechanical ventilation; and (3) all spontaneous

breathing parameters to assess the individual influences on arterial PO2 of each

factor. By the same token, it is possible to use the _VVA= _QQ algorithm to differentiate

separately, for example, the effect of increased intrapulmonary shunt versus that of
_VVA= _QQ inequality on arterial PO2.

III. Ventilation–Perfusion Inequality: Natural History

Regardless of the precipitating factor, episodes of exacerbation of COPD are

characterized by worsening of pulmonary gas exchange that results in severe

hypoxemia with or without hypercapnia (22). The characteristics of the _VVA= _QQ
distributions and their interrelations with extrapulmonary factors are critical condi-

tions that ultimately influence arterial blood gases. The mechanisms of gas exchange

worsening during exacerbations have been well characterized using the MIGET

technique. In this regard, Barberà et al. (23) have precisely addressed several aspects

of the natural history of that dismal condition. Thus, a group of patients with

COPD suffering from an episode of exacerbation were sequentially studied at the

beginning of the exacerbation and more than 1 month later when they were clinically

stable (23).

In stable conditions (23), these patients showed severe airflow limitation

(mean� SD) (FEV1, 0.91� 0.19 L, 29� 6% predicted) that worsens during
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exacerbations (0.74� 0.17 L). In all cases, the exacerbation was attributed to

nonspecific bronchial infection without evidences of heart failure or requirement

of mechanical ventilation. Gas exchange abnormalities in patients with severe

exacerbations of COPD who still breathe spontaneously were characterized,

as expected, by the decrease in PaO2 (PaO2 53� 12mmHg, at FIO2¼ 0.21;

PaO2=FIO2¼ 245� 58mmHg) and the increase of PaCO2 (51� 12mmHg) accom-

panied by a further worsening of _VVA= _QQ relationships compared with stable

conditions (Fig. 1). The pattern of _VVA= _QQ abnormalities included a low (L) bimodal

perfusion pattern, characterized by a low _VVA= _QQ mode or a broad unimodal blood

flow and ventilation pattern mainly due to the increased perfusion in poorly

ventilated areas with low _VVA= _QQ ratios, as shown by the increase in log SD _QQ
(1.10� 0.29 during exacerbations, 0.96� 0.27 under stable conditions) and in areas

of low _VVA= _QQ (9.2� 12.9% of _QQT during exacerbations, 4.1� 8.6% of _QQT in stable

conditions), the latter also reflected in the former. This _VVA= _QQ pattern of abnorma-

lities is consistent with the presence of airway narrowing induced by inflammation,

bronchospasm, bronchoconstriction, mucus secretion, increased intrinsic positive

end-expiratory pressure (PEEP), and=or gas trapping and dynamic hyperinflation

during exacerbations. By contrast, intrapulmonary shunt, which was relatively trivial

under stable conditions, increased marginally during exacerbations (to less than 5%

of cardiac output). This gives further support to the finding that increased intra-

pulmonary shunt is not a crucial mechanism contributing to hypoxemia in COPD,

probably because these patients never have completely occluded airways, possess

efficient collateral ventilation, and=or preserve an active hypoxic pulmonary vaso-

Figure 1 Change in (A) ratio of arterial oxygen tension to inspired oxygen fraction

(PaO2=FIO2); (B) ventilation–perfusion ( _VVA= _QQ) inequality (expressed as the dispersion of

the retention minus excretion of inert gases corrected by dead space (DISP R-E*)); and (C)

oxygen consumption ( _VVO2), from acute exacerbations (E) to stable conditions (S). Open

symbols and vertical bars denote mean� SD. (From Ref. 23.)
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constriction. Likewise, dead space was substantially increased with values above the

normal 30% of overall ventilation (41� 7% of _VVE).

On the side of extrapulmonary factors, both cardiac output and _VVO2 were sig-

nificantly increased during exacerbations (6.1� 2.4 L=min and 300� 49mL=min,

respectively) compared with the results observed during stable conditions (respec-

tively, 5.1� 1.7 L=min and 248� 59mL=min). By contrast, minute ventilation was

moderately increased during exacerbations, essentially due to a high respiratory

frequency (21� 7 breath=min) with a sustained tidal volume (526� 154mL). In

spite of this slight increase in _VVE, the ventilatory pattern during exacerbations was

essentially unchanged in comparison with the values observed under stable condi-

tions ( _VVE, 10.5� 2.2 L=min vs. 9.2� 1.8 L=min, respectively). Dead space,

increased during exacerbations, did not differ at all with the values observed during

stable conditions (43� 9% of _VVE). These findings reinforce the concept that the

increased _VVA= _QQ inequality is a very important determinant for the development of

hypercapnia during COPD exacerbations, regardless of the development of both

muscle fatigue and alveolar hypoventilation (23).

Of particular interest in the analysis of these results is that the moderate

increase in _VVA= _QQ imbalance did not completely explain the worsening of arterial

oxygenation, implying that other factors contributed to reduce PaO2 (23) (Fig. 2).

Among them, the principal factor involved was the increased _VVO2 which, according

to the Fick principle, produce a reduction in PvO2. Indeed, PvO2 calculated by mass

balance in COPD patients was actually reduced during exacerbation (32� 7mmHg)

in comparison with stable condition (37� 5mmHg; p< 0.01) (23). Such a

decreased PvO2 may further reduce PaO2 by a direct effect but also, and more

importantly, by amplifying the impact of increase _VVA= _QQ inequality on end-capillary

PO2 (2). The increase in _VVO2 was attributed to an increased oxygen demand of the

respiratory muscles as a result of the increase in airway resistance and the efforts to

overcome dynamic hyperinflation, let alone the effects of a high dose of short-acting

b2-agonists (24) and=or an increased metabolic activity. It is important to emphasize

that, other things being equal, the negative effect of increased _VVO2 on PvO2 was

partially counterbalanced by an increase in cardiac output that tends to increase

oxygen concentrations of mixed venous blood without altering the degree of _VVA= _QQ
inequality. Accordingly, it was estimated that 46% of the decrease in arterial

oxygenation during exacerbations was caused by increased _VVA= _QQ inequality, 28%

to the combined changes in oxygen consumption and in cardiac output, and the

remaining 26% to the amplifying effects that a decreased PvO2 has on _VVA= _QQ
mismatch in further decreasing end-capillary PO2 (23).

Additional studies of COPD patients during exacerbations have shown

comparable results (25–27). This is the case of the study performed by Dı́az et al.

(25) in patients with exacerbations of COPD with hypercapnic respiratory failure,

while breathing spontaneously before the application of noninvasive positive

pressure ventilation (NIPPV). This subset of patients, studied within 36 h of

admission to the emergency room, was more severely affected than those alluded

to above (23) showing a worse, rapid, and shallow breathing ( f, 26� 5 breath=min;
_VVT, 311� 42mL), a more pronounced hypercapnia (PaCO2, 66� 10mmHg), and
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a greater dead space (60� 7% of _VVE). However, the general pattern of _VVA= _QQ
abnormalities was qualitatively similar to that observed during less severe exacer-

bations, showing a moderate-to-severe increase in _VVA= _QQ inequality (log SD _QQ,
1.08� 0.23), increased perfusion to areas with low _VVA= _QQ ratios (low _VVA= _QQ,
13� 11% of _QQT), and a marginal contribution of increased intrapulmonary shunt

(5� 5% of _QQT) (25). Inert gas data from two additional studies have confirmed the

depicted general traits of _VVA= _QQ abnormalities, although in both studies patients were

included some time later during the sequence of the time course of the exacerbation

(26,27).

These gas exchange findings shown during exacerbations of COPD contrast

with the larger degree of _VVA= _QQ inequality developed during acute severe asthma. In

acute exacerbated asthmatics needing hospitalization but not requiring ventilatory

support (28), the changes in the _VVA= _QQ relationships were much more dramatic,

including a greater impairment during the exacerbation and a near normalization

after recovery. Accordingly, the log SD _QQ changed from 1.41� 0.12 in the acute

phase to 0.53� 0.07 during stable conditions (28). This greater degree of _VVA= _QQ
imbalance may imply that airway narrowing during asthma attacks is much more

pronounced than during COPD exacerbations, leading to the development of a

Figure 2 Theoretical analysis of the relative contributions of the factors that determined

the change in the ratio of arterial oxygen tension to inspired oxygen fraction (PaO2=FIO2)

during an exacerbation of chronic obstructive pulmonary disease (COPD). Values are the

mean difference in PaO2=FIO2 measured under stable clinical conditions minus that

predicted to results from a specific change, at the level corresponding to exacerbation,

in: minute ventilation ( _VVE), cardiac output ( _QQ), oxygen consumption ( _VVO2), and ventila-

tion–perfusion ( _VVA= _QQ) inequality (closed symbols). The open symbol shows the actual

change in PaO2=FIO2 during exacerbation. Lines indicate the 95% confidence intervals.
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greater proportion of alveolar units with low _VVA= _QQ ratios. This is consistent with a

very active smooth muscle contraction in peripheral airways acting together with

airway wall thickening induced by submucosal edema, which further enhances

airway narrowing. The possible influences of the different extrapulmonary factors in

the patients with asthma are less clear. By contrast, dead space remained relatively

stable with mild increases.

In the study by Barberà et al. (23), 10 of the patients admitted to the hospital

for an exacerbation of COPD were reevaluated sequentially during their hospital

stay. Accordingly, measurements of _VVA= _QQ distributions were performed within the

first week (day 6� 1) of hospitalization and at discharge (day 15� 13), along with

the measurements performed at admission and some time later during stable

conditions. This time sequence allowed a more detailed description of the outcomes

studied and gave additional insights into the interrelation between pulmonary and

extrapulmonary factors governing pulmonary gas exchange in COPD. The time

course of spirometric and gas exchange measurements developed during the follow-

up study is illustrated in Figure 3. FEV1 increased progressively during hospitaliza-

Figure 3 Sequential evolution of spirometric and gas exchange measurements during

hospitalization and after discharge (day 15� 4). Values are the mean (�SEM) percentage

change from the value obtained at the initial study of (A) forced expiratory volume in one

second (FEV1); (B) oxygen consumption ( _VVO2); (C) ratio of arterial oxygen tension to

inspired oxygen fraction (PaO2=FIO2); and (D) ventilation–perfusion ( _VVA= _QQ) inequality
(expressed as DISP R-E*). The asterisks indicate significant differences (p<0.05)

compared with the values at the initial assessment.
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tion, reaching at discharge the levels seen under stable conditions. A similar

favorable time course was observed by and large for gas exchange variables,

although with specifics depending on the parameter analyzed. Thus, _VVA= _QQ distribu-

tions expressed as an overall index of heterogeneity (DISP R-E*) reached the

maximal improvement at day 6 of hospitalization and did not change significantly

thereafter, whereas the PaO2=FIO2 ratio improved some later, at the end of the

hospital stay. The further increase in _VVO2 observed at day 6, most likely related

to the increment in metabolic rate possibly due to the effects of the massive use of

b2-agonists as alluded to, could account for this lack of increase in PaO2=FIO2 in

spite of a simultaneous improvement of _VVA= _QQ distributions at this point in time.

These findings emphasize the possible influence of pharmacological interventions on

extrapulmonary factors that could affect pulmonary gas exchange during exacerba-

tion. Treatments that may reduce cardiac performance (diuretics, negative inotropic

agents) should be employed with caution as they could be inappropriate in part for

the purposes of an optimal gas exchange (23).

A. Mechanical Ventilation

Invasive Mechanical Ventilation

Mechanical ventilation is often a necessary intervention for life support in patients

with COPD during severe exacerbations and acute respiratory failure. Studies of

COPD patients needing mechanical ventilation have shown essentially similar

qualitative _VVA= _QQ patterns, although quantitatively more severe than those observed

in patients breathing spontaneously. During mechanical ventilation in patients with

exacerbations of COPD, Torres et al. (29) reported a bimodal perfusion pattern or

broad unimodal pattern in six out of eight patients, whereas only one patient showed

a pure high _VVA= _QQ distribution pattern. The increased severity of the abnormal _VVA= _QQ
distributions in patients mechanically ventilated during COPD exacerbations is

reflected by the greater dispersion of _VVA= _QQ distributions, as shown by the elevated

values of log SD _QQ (1.37� 0.30) reported by Castaing et al. (30), Rossi et al.

(1.33� 0.16) (31), and Torres et al. (29) (1.40� 0.1). The main difference with the

findings observed in patients breathing spontaneously is that in mechanically

ventilated patients there is an additional greater amount of increased intrapulmonary

shunt, although never greater than 10% of cardiac output (29) (Fig. 4). This suggests

that some airways could be completely occluded, possibly by inspissated bronchial

secretions. However, in patients with COPD, a substantial increase in intrapulmonary

shunt, excluding atelectasis, pleural effusions, pneumonia, or pulmonary edema,

should also alert the clinician about the possibility of a reopening of the foramen

ovale due to the increase in right atrial pressure promoted by the inception of

mechanical ventilation. In the presence of a true shunt, 100% oxygen breathing fails

to increase PaO2 substantially (>300–350mmHg).

As expected, the improved efficiency of the ventilatory pattern during

mechanical ventilation is reflected by the larger tidal volume, the less affected

dispersion of ventilation (log SD _VV), and a near-normal dead space. The importance

of this ventilatory profile becomes evident when patients are weaned from the
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ventilator (see below). By contrast, mechanical ventilation impacts negatively on

the hemodynamic profile by reducing cardiac output, oxygen delivery, and, conse-

quently, PvO2 (29). Arterial PO2 will reflect the integrated effects of all these

changes.

At the time of weaning from mechanical ventilation in patients with COPD,

both cardiac output and ventilatory pattern play a crucial influencing role for the

purposes of gas exchange. The change from mechanical ventilation to spontaneous

breathing in a COPD patient may increase considerably cardiac output (29,32) due to

the abrupt increment of the preload of the right ventricle secondary to the marked

elevation of venous return (following the reduction in intrathoracic pressure due to

the less positive pressure). The consequent increase in pulmonary blood flow may be

preferentially redistributed to poorly ventilated areas with low _VVA= _QQ ratios, leading

to a further worsening of _VVA= _QQ mismatch. In fact, the perfusion to areas with low
_VVA= _QQ ratios increased significantly from 9.4� 4.4% of cardiac output (during

mechanical ventilation) to 19.6� 5.3% (during spontaneous ventilation) during

weaning in a group of COPD patients (29). It is of note that only a small increase

of the shunt fraction has been observed despite the marked increase in cardiac

output. On the other hand, the removal of the patient from the ventilator may lead to

the development of a less efficient ventilatory pattern due to a fall in tidal volume

together with an increase in the respiratory rate (rapid and shallow breathing)

without changes in total minute ventilation ( _VVE). As a result, both the dispersion of

the alveolar ventilation (log SD _VV) and the overall _VVA= _QQ heterogeneity (DISP R-E*)

increase leading to further _VVA= _QQ mismatch. In addition to the changes in hemody-

namics and ventilatory pattern, an eventual rise in _VVO2 due to the increase in the

metabolic requirements of respiratory muscles during weaning may potentially

decrease mixed venous PO2 which, in turn, may have a deleterious effect on

PaO2. On the other hand, the increase of cardiac output also increases the PvO2

which, as previously stated, has a direct beneficial effect on pulmonary gas

exchange.

Combining inert gas data and isotopic scans, Beydon et al. (33) complemented

and extended these data in a group of patients with COPD after more than 5 days of

attempted weaning from the ventilator. It was suggested that the abnormal ventila-

tory pattern during spontaneous breathing was the major determinant of _VVA= _QQ
mismatch by showing that the critical alteration of the ventilation during weaning led

to the development of basal regions of very low _VVA= _QQ ratios.

Noninvasive Mechanical Ventilation

Noninvasive positive pressure ventilation (NIPPV) is an increasing demanding

therapeutic approach for management of respiratory failure that can reduce both

hypercapnia and respiratory acidosis, thus preventing tracheal intubation in several

clinical situations, such as COPD exacerbation. The effects of NIPPV on _VVA= _QQ
distributions of exacerbated patients with COPD and hypercapnic respiratory failure

have been investigated in detail (25). Ten patients admitted to the hospital with

hypercapnic respiratory failure (PaO2, 44� 8mmHg; PaCO2, 71� 13mmHg; FIO2,
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0.22� 0.01, at admission in the emergency room) were studied at baseline, and after

15 and 30min of NIPPV, implemented by pressure support (10 to 16 cmH2O) and

PEEP (up to 5 cmH2O) combination. Compared to baseline (Fig. 5), NIPPV clearly

showed a beneficial effect on pulmonary gas exchange demonstrated by the

reduction of PaCO2 and the increase in both PaO2 and pH. This improvement was

essentially due to a more optimal ventilatory pattern induced by an increased tidal

volume, minute ventilation, and alveolar ventilation associated with a reduction in

breathing frequency. By contrast, dead space remained constant. It is of note that,

contrary to the hypothesis that noninvasive ventilation could result in recruitment of

nonventilated or poorly ventilated alveolar units, the implementation of NIPPV to

this group of patients did not produce any beneficial influence on their underlying
_VVA= _QQ inequalities (DISP R-E*, 17� 5 at baseline; 17� 6, and 16� 5 after 15 and

30min of NIPPV, respectively). Similar to what has been observed during the use of

invasive ventilatory support, a significant reduction in both cardiac output and

oxygen delivery were seen during NIPPV, although in this case the changes were of

Figure 5 Sequential time course (mean� SD) of ventilatory and gas exchange

measurements at baseline (BL), during 15 and 30min of noninvasive positive pressure

ventilation (NIPPV) and after withdrawal (POST), in patients with COPD and hypercap-

nic respiratory failure. Whereas arterial oxygen tension (PaO2) and arterial carbon dioxide

tension (PaCO2) improves, no changes were observed in _VVA= _QQ inequality (expressed as

DISP R-E*). The improvement in respiratory blood gases was due to a more optimal

ventilatory pattern, induced by an increased tidal volume ( _VVT) associated with a reduction

in breathing frequency ( f ). (Reproduced from Ref. 25.)
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little magnitude and did not result in any detrimental effect on either arterial PO2 or

PvO2. However, it should be underscored that delivery of high-pressure ventilatory

support to these patients may enhance the deleterious effect of NIPPV on cardiac

output (by depressing it) or pulmonary gas exchange as well as increasing the

patient’s discomfort. One intriguing finding of this study was that AaPO2 increased,

thus apparently reflecting gas exchange impairment during NIPPV in spite of the

moderate improvement in PaO2 and the decrease of PaCO2 by a similar amount. As

AaPO2 was calculated using the actual R (i.e., _VVCO2= _VVO2), which was increased

during NIPPV as a result of an enhanced pulmonary clearance of the body stores of

CO2 and a mild reduction in O2 consumption, the paradoxical increase in AaPO2

could be explained by the observed increase in R, but not as an indicator that the

lung was less efficient as a gas exchanger during NIPPV.

In summary, taken together all these findings point to the view that respiratory

gas disturbances (arterial hypoxemia and hypercapnia) are the integrative endpoint

of _VVA= _QQ abnormalities plus the interaction of overall indices of gas exchange,

namely, total alveolar ventilation, cardiac output, and the metabolic demands

including O2 consumption and CO2 production.

IV. Gas Exchange Response to High Oxygen Breathing

Controlled oxygen therapy is the cornerstone for hospital treatment of COPD

exacerbations. Adequate levels of oxygenation (PaO2 >60mmHg or SaO2 >90–

92%) are easy to achieve in uncomplicated exacerbations, but CO2 retention can

occur insidiously with little change in symptoms. In clinical practice, however,

physicians administer low inspired O2 concentrations (either 0.24 or 0.28) delivered

through high-flow masks to patients with COPD and acute respiratory failure. This

provides modest but effective increases in PaO2 (of the order of 10–15mmHg)

without inducing detrimental CO2 retention, to optimize O2 delivery to peripheral

tissues by facilitating reasonable levels of oxygen saturation.

The response to high oxygen concentrations in patients with COPD is similar

regardless of the clinical severity of the disease. With little _VVA= _QQ mismatch, PaO2

rises almost linearly as the inspired O2 is increased. As the severity of _VVA= _QQ
inequality worsens, the rate of rise of PaO2 is reduced and becomes more curvilinear.

We have shown in patients with COPD and acute respiratory failure needing

mechanical ventilation that full nitrogen washout of alveolar units, even in patients

with poorly ventilated alveolar units with low or very low _VVA= _QQ ratios, is rapid and

that steady-state conditions are easily reached even before 30min (34). The

coexistence of a modest increased intrapulmonary shunt, however, should decrease

the elevation of PaO2, other things being equal.

Although _VVA= _QQ inequality is no longer a barrier to O2 exchange when 100%

O2 is breathed, 100% O2 always worsens _VVA= _QQ mismatch, as assessed by a

significant increase in the dispersion of blood flow (log SD _QQ), without changes
in intrapulmonary shunt or the dispersion of alveolar ventilation; in contrast,

pulmonary arterial pressure and pulmonary vascular resistance remain essentially
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unchanged. The impairment in _VVA= _QQ relationships indicates release or abolition of

hypoxic pulmonary vasoconstriction. The total absence of further increases in

intrapulmonary shunt suggests that reabsorption atelectasis does not take place,

suggesting that either collateral ventilation is very efficient or regional airway

obstruction is never complete, or both. By contrast, in patients with ARDS a

mild-to-moderate increase in shunt (of the order of 25%) without release of hypoxic

pulmonary vasoconstriction results (34). This response suggests the presence of

critical alveolar units (with low inspired _VVA= _QQ ratios) unstable and vulnerable to

high O2 concentrations over time. These units tend to collapse easily, hence leading

to the development of reabsorption atelectasis (35). When there is no release of

hypoxic vasoconstriction, the amount of shunt is always greater, regardless of the

FIO2. The contention is that alveolar units with poorly ventilated _VVA= _QQ ratios are not

able to redistribute blood flow if their vascular resistance remains unaltered.

Alternatively, in patients with COPD, it has been shown that breathing high inspired

O2 concentrations reduces the degree of airways resistance (36). This should tend to

improve the distribution of ventilation, other factors being equal, thus reducing the

amount of areas with low _VVA= _QQ ratios and, consequently, the dispersion of

pulmonary blood flow.

Using traditional gas exchange measurements, such as Bohr’s dead space,

Aubier et al. (37) concluded that, in patients with COPD and acute respiratory

insufficiency breathing spontaneously, the administration of 100% O2 resulted in a

remarkable increase in PaCO2. Since the respiratory muscles maintained ventilation

at nearly the same level as when breathing room air, they suggested that the increase

in PaCO2 was mainly attributed to an increased dead space; additional mechanisms

included a small reduction in both tidal volume and the Haldane effect, namely, the

changes in the CO2 dissociation curve facilitating the release of CO2 from

bicarbonate and also from that directly bound as carbamate during 100% O2. This

conclusion has been disputed by Stradling (38), who advocated that the increase in

PaCO2 could be explained entirely by the latter two mechanisms together with that

from flattening the slope of the CO2 pressure=content relationship with a rise in

PaCO2. Our group has also shown an increase in PaCO2 during 100% O2 breathing

in COPD patients needing mechanical support (34). Conceivably, the increased dead

space and the experimental evidence that increased _VVA= _QQ disturbances can worsen

not only the O2 transfer but also CO2 exchange are behind this increase. We

estimated that the hyperoxia-induced increments of PaCO2 in this subset of patients

could be attributed almost entirely to the simultaneous increased dead space, thereby

indicating a marginal role of the Haldane effect. This was further supported by the

persistence of hypercapnia when maintenance FIO2 was restarted. The increased

dead space suggests redistribution of pulmonary blood flow from high _VVA= _QQ ratios

to poorly but still ventilated units (low _VVA= _QQ ratios). An alternative or complemen-

tary mechanism could be bronchodilation secondary to the hypercapnia, as postu-

lated by Sydney et al. (27) in patients with COPD breathing spontaneously during

exacerbations. A similar conclusion was reached when data derived from a computer

model of the pulmonary circulation were compared with data from a case series of

patients with COPD (39). In this study, changes in physiological dead space were
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sufficient to account for the hypercarbia developed by patients with exacerbations of

COPD when treated with supplemental oxygen.

Robinson et al. (27) have shown recently, in hyperoxia-induced CO2-retaining

patients with COPD that during exacerbations ventilation fell by an average of 20%

and that the dispersion of alveolar ventilation (log SD _VV), as a reflection of an inert

gas measurement of alveolar dead space, increased by about 25% while breathing

100% O2. Likewise, patients who were CO2 retainers showed a significant increase

in alveolar dead space, indicating a higher CO2 retention, perhaps related to

bronchodilation. Moreover, there was an increase in the dispersion of pulmonary

blood flow (i.e., areas with low _VVA= _QQ ratios) from release of hypoxic vasoconstric-

tion, regardless of the presence or absence of CO2 retention.

V. Effects of Pharmacological Interventions

A. Bronchodilators

High doses of inhaled bronchodilators are commonly employed for the treatment

of severe exacerbations of COPD, both at home and during hospital management

(40–44). Short-acting inhaled b2-agonists and=or anticholinergics are usually

recommended, principally based on their spirometric effects. Nevertheless, the

effects of these bronchodilating agents on the cardiopulmonary function and the

major factors that may affect pulmonary gas exchange during episodes of COPD

exacerbations have not been assessed in full.

In patients with severe COPD suffering from an exacerbation, Karpel et al.

(45) compared the effects of the short-acting inhaled b2-agonist, metaproterenol,

with those of the anticholinergic ipratropium, in a double-blind, randomized trial

using conventional arterial blood gas measurements in the emergency room setting.

At 30min after administration, patients receiving ipratropium showed a small, but

significant, rise in PaO2 (from 68.5� 4.0 to 74.5� 4.3mmHg), while those treated

with metaproterenol had a significant fall in PaO2 (from 64.8� 4.3 to

58.6� 5.1mmHg). These differences were noted when neither of the two drugs

had reached their maximal bronchodilatory effect and disappeared at 90min when

both drugs had reached a similar improvement in FEV1. The investigators attributed

these changes to pulmonary vasodilatation induced by the b2-agonist, whereas it was
speculated that ipratropium has less effect on pulmonary circulation or that anti-

cholinergics are not as well absorbed. In addition, they speculated that the changes in

arterial PO2 could be more pronounced in patients with more severe hypoxemia on

initial presentation, an issue that still remains unsolved when the case is an

exacerbation. Interestingly enough, this is the only investigation of the acute effects

of short-acting bronchodilators in the setting of COPD exacerbations, a lack of

information that is available in acute severe asthma. Yet, the assessment of these

agents has been done under stable conditions, a fact that will be reviewed in detail

for the sake of comparison.

Thus, in patients with advanced COPD in stable condition Ringsted et al. (46)

studied the effects of a continuous intravenous infusion of terbutaline (b2-agonist
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bronchodilator). They explored the role of the pulmonary vascular tone in modu-

lating gas exchange in these patients. Following terbutaline, cardiac output increased

and systemic blood pressure and pulmonary vascular resistance decreased. In

addition, while PaO2 decreased and PvO2 and O2 delivery increased, PaCO2

remained unchanged. There was further _VVA= _QQ worsening, as assessed by increases

both in the perfusion to low _VVA= _QQ ratios and in the dispersion of blood flow.

Although FEV1 and minute ventilation increased, these increments were not

significant. Thus, the _VVA= _QQ worsening could have resulted from an increased

dispersion of pulmonary blood flow and=or a decrease in the overall _VVA= _QQ ratio

due to the increased cardiac output, not efficiently counterbalanced by the simulta-

neous increased minute ventilation. The concomitant significant increase in PvO2

may have also contributed to further worsen _VVA= _QQ mismatch by releasing hypoxic

pulmonary vasoconstriction. However, from these data it was not possible to

differentiate between increased cardiac output, inducing an increase in the amount

of dispersion of pulmonary blood flow, or an active reduction in pulmonary vascular

tone. In the same study, it was shown in another small group of patients with COPD

with more airflow obstruction, more hypoxemia, more hypercapnia, and more

pulmonary hypertension, that cardiac output increased in response to terbutaline

without changes in concomitant pulmonary hemodynamics (i.e., pulmonary artery

pressure, pulmonary vascular resistance). Minute ventilation increased modestly, but

without improvement in the indices of airflow obstruction. Yet respiratory arterial

blood gases did not change, nor did the underlying _VVA= _QQ abnormalities. In

summary, despite the fact that terbutaline caused an increased cardiac output and,

consequently, mixed venous PO2 similar to the former group of patients, this subset

of patients with more severe airways obstruction, higher pulmonary hypertension,

and worse pulmonary gas exchange, did not modify their gas exchange profile

following terbutaline. Conceivably, hypoxic vascular response could have played a

pivotal role in modulating pulmonary gas exchange before and after the adminis-

tration of the drug. Thus, these patients with more severe COPD could have weaker

or even absent hypoxic vascular response. This lack of hypoxic vascular response in

advanced severe COPD could be related to either severe chronically established

alveolar hypoxia or to structural changes in the pulmonary circulation coupled with

areas of parenchymal destruction due to emphysema, or both. This is in keeping with

the concept that the progressive increase of pulmonary vascular resistance seen in

advanced COPD is not only due to irreversible structural vascular lesions but also

includes a reversible vascular component. This interpretation would be consistent

with the work of Barberà et al. (47) investigating the influence of the structure of

pulmonary arteries and the contribution of the hypoxic vascular response in

preserving an adequate matching of ventilation and blood flow in patients with

mild COPD.

The acute effects of salmeterol, a long-acting b2-adrenergic agonist in stable

patients with COPD, have been compared with those of salbutamol and ipratropium,

given in recommended doses, using conventional arterial blood gas measurements

(48). Arterial blood gases were measured at baseline and at intervals to 120min on

separate days in a double-blind, crossover design. The decline in PaO2 following
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salmeterol was of lesser magnitude but more prolonged, of about �2.8mmHg at

30min, than that after salbutamol, of about �3.5mmHg at 20min; after ipratropium,

the corresponding change was about �1.3mmHg at 20min. These marginal

decrements of PaO2, almost entirely explained by increases in the AaPO2, hence

suggesting further _VVA= _QQworsening, were more evident in those patients with higher

baseline PaO2 values. The study, which did not show differences among the three

agents, concluded that despite small negative changes in PaO2 after each of the three

bronchodilators, the decreases were marginal, transient, and above all, of doubtful

clinical relevance.

We have also compared the short-term effect on gas exchange of fenoterol,

another short-acting b2-agonist, against that of ipratropium bromide, both given by

nebulization, in a double-blind, placebo-controlled study in a series of patients with

severe COPD and mild-to-moderate hypoxemia (49). It was shown that while

fenoterol slightly decreased mean PaO2 (about 6mmHg) due to further worsening

in the dispersion of pulmonary blood flow, gas exchange remained unaltered after

ipratropium. Although pulmonary hemodynamics were not measured, it was sug-

gested that the pulmonary vascular tone was probably decreased, hence inducing

further _VVA= _QQ mismatch. This varies from the effects of intravenous salbutamol

given to patients with acute severe asthma (50), in whom PaO2 remains unchanged

despite marked increases in cardiac output and further _VVA= _QQ worsening. This

suggests that fenoterol may have a greater direct effect on the pulmonary vascu-

lature, which decreases the vascular tone. At doses used in clinical practice, it has

been shown that fenoterol causes more adverse effects (namely, cardiac, metabolic,

and systemic) than salbutamol or terbutaline in patients with mild asthma (51). The

most likely explanation is that fenoterol has been marketed at a higher dose than the

other two b2-agonists, despite having in vitro the same potency than isoproterenol;

furthermore, it is suggested that fenoterol may be less selective for b2 receptors.
The effects on _VVA= _QQ distributions on the intravenous administration of

aminophylline have been also investigated in a group of patients recovering from

an exacerbation of COPD (26). Although aminophylline, at therapeutic plasma

levels, did not exhibit any significant effect on _VVA= _QQ distributions for the whole

group, individual patients, particularly those with substantial low _VVA= _QQ areas at

baseline, showed deteriorations in their _VVA= _QQ distributions in response to the drug in

spite of a slight, but significant, improvement of the FEV1. In addition, the same

patients who worsen gas exchange during aminophylline infusion showed a further

increase in blood flow to low _VVA= _QQ areas when breathing 100% oxygen, suggesting

that the partial release of hypoxic pulmonary vasoconstriction could be the most

likely mechanism implicated in the deleterious effect of aminophylline on gas

exchange in some patients.

B. Other Agents

Inhalation of nitric oxide (NO) can improve arterial oxygenation due to the reduction

of increased intrapulmonary shunt in patients with acute respiratory distress

syndrome (ARDS). By contrast, in patients with stable COPD in whom hypoxemia
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is caused essentially by _VVA= _QQ imbalance rather than by shunt, inhaled NO can

worsen gas exchange by inhibiting hypoxic pulmonary vasoconstriction; hence the

hypoxic regulation of the matching between ventilation and perfusion. Blanch et al.

(52) investigated the effects of inhaled NO in patients with severe COPD (FEV1,

0.91� 0.11 L) mechanically ventilated due to acute respiratory failure, most of them

with a superimposed pneumonia, which is expected to increase the intrapulmonary

shunt. Compared with a parallel group of patients with ARDS, patients with COPD

showed a similar degree of decrease in pulmonary artery pressure and pulmonary

vascular resistance (PVR), but demonstrate an unpredictable effect on arterial PO2 in

response to inhaled NO. Whereas patients with ARDS had improved PaO2, mean

values of PaO2 where not affected by NO inhalation in patients with COPD,

although four out of nine patients experienced a decrease in PaO2. These findings

reinforce the notion that the net results of inhaled NO on gas exchange depends on

the balance between the different effects on the normal and abnormal areas that

receive the gas (53). This could be the case of a COPD patient with pneumonia, in

which areas with different degrees of _VVA= _QQ inequality coexist with increased

intrapulmonary shunt. Improvements of gas exchange with inhaled NO may be

due to shift of blood flow from nonventilated to ventilated lung units accessible to

NO by increasing blood flow to normal areas. Nevertheless, inhaled NO oxide can

reach poorly ventilated lung units with low _VVA= _QQ ratios and then dilate pulmonary

arteries already constricted by hypoxia, thus impairing _VVA= _QQ balance and reducing

PaO2. Similar detrimental effects on gas exchange have been shown following the

use of vasoactive agents, such as dopamine and dobutamine, in patients with COPD

and acute respiratory failure needing artificial ventilation (54), prostaglandin E1

(55), atrial natriuretic factor (56), and acetylcholine (57).

There have been three other studies (30,58,59) in patients with COPD and

different degrees of ventilatory respiratory failure in which, by investigating the

effects of oral almitrine bismesylate, a peripheral chemoreceptor, the influence of

pulmonary vascular tone played a key role in improving pulmonary gas exchange. In

the first report (59), it was observed in a few patients, some with hypercapnic

respiratory failure, that respiratory arterial blood gases improved significantly due to
_VVA= _QQ amelioration. The only associated hemodynamic change was a modest

increase in pulmonary vascular resistance without increases in pulmonary artery

pressure. In another study (30), in patients requiring mechanical ventilation because

of severe respiratory failure, conventional and inert gas exchange indices improved

significantly together with a small, but significant, decrease in cardiac output and a

mild increase in pulmonary vascular resistance. In all three studies, there was

essentially a redistribution of pulmonary blood flow from regions of low _VVA= _QQ units

to areas with normal _VVA= _QQ ratios. An even more dramatic improvement in

pulmonary gas exchange, by markedly reducing the amount of shunt [of an order

of magnitude much greater than that induced by NO (60)], has been shown in

patients with ARDS following intravenous almitrine (61). In both disorders, COPD

and ARDS, it was suggested that enhancement of hypoxic pulmonary vasoconstric-

tion was possible at the origin of the overall improvement in pulmonary gas

exchange. However, this beneficial effect on gas exchange in patients with COPD
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needs to be balanced against some of the unwanted side effects of almitrine, such as

peripheral neuropathy and body weight loss, particularly if long-term administration

of the drug is decided upon.
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I. Introduction

A. Radiology in COPD: An Overview

Chronic obstructive pulmonary disease (COPD) is defined physiologically as a

disorder characterized by a slowly progressive airflow obstruction, only partially

reversible (1–3). Cigarette smoking is by far the main risk factor for COPD but

genetic, environmental, and occupational risk factors also contribute. Most of the

airflow limitation is due to varying combinations of emphysema and chronic

bronchitis. The airway component consists mainly of decreased luminal diameters

of the larger airways due to increased wall thickening and mucus gland hyperplasia

as well as small airways inflammation, edema, fibrosis, and obliteration (4–8).

The severity of an acute exacerbation of COPD is strongly related to the

severity of the underlying COPD (1,9). It is therefore mandatory to know what is

expected from radiology in this context.

Imaging methods assess primarily morphological changes in the lung caused

by COPD. Radiographic features of hyperinflation are the most reliable signs of

emphysema, although chest radiography is insensitive for the detection of mild and

moderate emphysema (10–16). On the contrary, CT, particularly high-resolution

computed tomography (HRCT) and minimum intensity projection technique

(MINIP) are the most accurate means of detecting emphysema in vivo (17–19).
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CT-based grading and quantification of the severity and extent of emphysema either

by subjective visual or objective methods using standard CT software have shown

good correlation with pathology scores and pulmonary function tests (20–25).

Recently, hyperpolarized noble gases have opened the way to functional imaging

of pulmonary ventilation in emphysema using magnetic resonance imaging (MRI)

techniques (26–29).

The majority of patients with chronic bronchitis have a normal chest radio-

graph. The most frequently reported radiographic features of chronic bronchitis—

bronchial wall thickening and increased lung markings known as ‘‘dirty lung’’—are

quite subjective and not fully elucidated by HRCT (30). However, HRCT studies

have shown bronchial wall thickening in 33% of smokers compared to 16% of

ex-smokers and 18% of control subjects (31). CT measurements of both airway wall

thickening and emphysema correlate with measurements of lung function (32).

B. Acute Exacerbation of COPD: Introductory Notes

A relative clinical stability is frequently interrupted by recurrent acute exacerbation

of COPD (AECOPD), defined as sustained worsening of the patient’s condition,

from the stable state and beyond normal day-to-day variations, which is acute in

onset and necessitates a change in regular medication (9,33). It may also be

considered as an episode of worsening dyspnea and increased sputum purulence

and production, the latter definition being more indicative of an infectious etiology

(4). Slight differences of definitions of AECOPD as stated by several authors arise

from the heterogeneous nature of etiology and pathophysiology, comorbid condi-

tions and variable degree of severity of underlying COPD (1,2,33–35).

Conditions that may be confused with AECOPD include infection of tracheo-

bronchial tree, pneumonia, air pollution, pneumothorax, pneumomediastinum, right

or left heart failure, pulmonary artery hypertension, pulmonary embolism, and

fatigue of the respiratory muscles. Most of them are now considered triggering

factors or comorbidities that may provoke an exacerbation (1–4,9,34). However,

there is an established causal association with bacterial and viral infections in

approximately 50 to 70% and 20 to 30% of COPD exacerbations, respectively.

Besides infectious association, response to steroids may imply other mechanisms as

well (4,9).

This variety of infectious and noninfectious insult results in functional

deterioration. However, these functional changes, despite their impact on gas

exchange, produce no radiologically detectable findings. Therefore, the role of

imaging in AECOPD reflected in the structure of this chapter is to (1) identify

changes from previous imaging findings and address specific, potentially treatable,

causes of symptoms; (2) assist in monitoring patients under noninvasive intermittent

positive pressure ventilation (NIPPV) or mechanical ventilation; (3) provide early

evidence-based recognition of complications; and (4) monitor comorbidities.
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II. Imaging Modalities

A. Chest Radiography

Chest radiographs (posteroanterior and lateral) are seldom diagnostic in AECOPD

but they are useful in identifying alternative diagnoses that can mimic the symptoms

of an exacerbation. There are no dedicated studies reporting the performance of

CXR in the diagnosis of AECOPD. However, chest radiography is established as an

initial tool for the detection of conditions that mimic, provoke, or complicate

AECOPD and its specific role in the diagnosis of each one of them is described

in the following paragraphs.

In AECOPD, imaging patterns are distorted by the underlying emphysematous

or chronic bronchitis changes. In patients with severe AECOPD admitted in the ICU,

sequential film comparison may be of value (Fig. 1). Additional difficulties in film

interpretation are associated with the considerable intra- and interobserver variation

in relation to radiographic signs; the higher variation is observed in vascular signs

compared to signs of hyperinflation. Moreover, heart failure and edema may result in

a more rounded and elevated diaphragm as lung compliance falls. Provided that there

is consistency of film technique, comparisons provide suggestive information for the

diagnosis. Digital radiography allows consistency of images over a wide range of

actual exposure factors (36,37) and may be at advantage for the radiographic

recognition of AECOPD.

For practical purposes, it should be kept in mind that most studies report

overall accuracy of CXR in the diagnosis of emphysema at 65 to 80% depending on

sample size and selection criteria. However, although severe disease is diagnosed in

more than 90%, miss rates for mild disease are well above 50% (38). To the contrary,

specificity is good, especially for moderate or advanced disease with less than 5%

false-positive diagnoses.

B. Computed Tomography

In contrast to the chest radiograph, computed tomography (CT) has proved very

sensitive and specific in assessing emphysema (Fig. 1C) and recognizing alternative

causes of AECOPD symptoms. Besides the patterns of the underlying COPD

changes, CT can identify local consolidations, detect early pneumothorax or pneu-

momediastinum, small pleural effusions, pulmonary embolism, pleural effusions,

and assess air-trapping bullae that compress adjacent lung parenchyma (39–41).

HRCT methods for the quantification of COPD described in the introduction

of this chapter at the moment have no applications in AECOPD since there is

substantial evidence that overestimation and moderate interobserver agreement may

compromise subjective visual grading techniques while the more objective com-

puter-aided methods need more improvement (23,25).

C. Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is not in clinical use in AECOPD.
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Figure 1 AECOPD. Sequential chest radiographs reveal impairment of overinflation in

(B) compared to (A) that was obtained a month earlier. HRCT (C) reveals no specific cause

for the exacerbation. Note the emphysematous parenchymal destruction with thin-wall

bullae, and bronchial wall thickening at the periphery, compatible with the coexisting

chronic bronchitis.

III. Imaging Pathological Conditions Provoking,
Precipitating, or Mimicking AECOPD

A. Pneumonia

COPD related to lifetime smoking history has proved to be a major risk factor for

community-acquired pneumonia diagnosed either by general practitioners in the

community or upon hospital admission (42,43).
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Figure 1 (continued )

Imaging has an important role in patients with suspected pulmonary infection.

The chest radiograph is the method of choice for the detection of pneumonia and for

the assessment of its location, extent, and complications such as abscess formation,

pleural effusion, and empyema, as well as response to treatment. Review of previous

radiographs, repeat chest radiographs, and different views may be helpful especially

if other abnormalities such as pulmonary embolism, cardiogenic edema, or neoplasm

coexist, as the progression and time course of various etiologies can be quite

different (44).
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CT is reserved for select cases showing radiographically complex images,

suspicion of abscess, or loculated pleural fluid. An incidentally found carcinoma is

not an unexpected finding. A 5% rate of stage I primary lung cancer was found

incidentally on chest CT of patients selected for lung volume reduction surgery (45)

and a 2% rate of unsuspected malignancy was diagnosed in patients undergoing

HRCT 2 months after an episode of AECOPD (46).

Morphological patterns based on the chest radiographic appearances, bron-

chopneumonia, lobar pneumonia, and interstitial pneumonia are still widely used

(47,48). In bronchopneumonia, which is the most common pattern, imaging findings

consist of a nodular pattern, patchy consolidation, volume loss, and absence of air

bronchograms. In lobar pneumonia, often homogeneous consolidation is bounded by

fissures, with or without air bronchograms. It is the most common manifestation of

Figure 1 (continued )
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community-acquired pneumonia. Finally, interstitial pneumonia corresponds to a

radiographic pattern comprising extensive peribronchial thickening and reticulonod-

ular shadowing. The most common causes are viral and Mycoplasma pneumoniae

infections. Although the pattern depends to some extent on the causal agent,

radiography—and to a lesser degree CT—are usually poor at predicting the specific

infective organism because the same organism may produce several patterns and

different patterns often overlap in the same patient (49,50). HRCT is superior to

radiography in revealing acute infectious bronchiolitis, most often caused by

mycoplasma, viral, and Haemophilus influenzae infection (51). The tree-in-bud

sign corresponds to bronchiolar dilatation and filling by mucus, pus, or fluid,

resulting in a pattern of centrilobular nodular, branching, or Y-shaped densities,

usually visible in the lung periphery (52–54).

The awareness of unusual appearance of pneumonia in patients with emphy-

sema is of great importance. If the emphysema is mild, the well-known patterns of

air-space consolidation with or without air bronchograms may be expected. In the

presence of severe emphysema, the radiographic appearance is atypical, ranging

from inhomogeneous consolidation to a coarse reticular pattern mimicking inter-

stitial edema or honeycombing, even for organisms that typically cause dense

consolidation (Fig. 2) (50,55–57). Multiple radiolucencies resembling abscesses

may be seen representing aerated emphysematous spaces outlined against the

opacity of adjacent pulmonary consolidation rather than true areas of lung necrosis.

In a series, 17 of 38 patients over the age of 40 demonstrated this atypical pattern

(58). Comparison with previous radiographs or CT may be helpful in questionable

cases.

B. Congestive Heart Failure, Pulmonary Hypertension,
and Cor Pulmonale

Over 40% of patients with COPD may present comorbid conditions (59). Cardio-

vascular events such as congestive heart failure, pulmonary hypertension, and right

heart failure are most frequent in this population and may provoke, precipitate, or

mimic an exacerbation (1,2,60), contributing to the mortality associated with

AECOPD. Cigarette smoking, raised plasma fibrinogen levels, elevation of pulmon-

ary vascular resistance probably due to a combination of destruction of the capillary

bed, hypecapnia, acidemia, erythrocytosis, hypervolemia, and reflex vasoconstriction

due to hypoxia are all factors leading to increased cardiovascular risk in COPD

(15,35,61,62).

It is important to be aware of the unusual appearances of congestive heart

failure and pulmonary edema in COPD patients, especially those with emphysema.

The accumulation of fluid in the airspaces and in the interstitial compartment

reduces the radiability of emphysematous lung and decreases pulmonary compliance

(63). Thus, the diaphragm tends to become more rounded and elevated since it

cannot be driven to its usual low level by the less compliant lung. Comparison with

previous films may give the wrong impression of improvement of hyperinflation

rather than diagnosing that cardiac failure has supervened (47). Obliteration of the
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pulmonary vascular bed and redistribution of blood flow in the presence of

pulmonary venous hypertension and pulmonary edema may produce bizarre radio-

graphic patterns (Fig. 3) due to the nonuniform character of the capillary bed

destruction of emphysematous lung which causes a ‘‘patchy’’ distribution of

pulmonary edema (Fig. 4) (64).

Pulmonary arterial hypertension leading to right heart failure known as

‘‘cor pulmonale’’ is a recognized complication of emphysema and chronic bronchitis

especially in hypoxic patients at the end of the spectrum (1,15,65). Although

imaging methods cannot measure the pulmonary arterial pressure, they can depict

the morphological changes due to pulmonary hypertension, which are right

ventricular hypertrophy and dilatation of right ventricle, right atrium, vena cava,

coronary sinus, and enlargement of the main and central pulmonary arteries with

rapid tapering as they proceed distally (66). The distal vessels may be large, normal,

or reduced in caliber but there is always a disparity in the relative size of the central

Figure 2 Pneumonia involving both upper lobes due to Hemophilus influenzae in an

emphysematous patient, shows an interstitial pattern rather than the expected dense

consolidation.
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and peripheral vessels. The most widely used measurement of pulmonary artery on

chest radiograph is that of the right descending pulmonary artery (67). Measurement

of the transverse diameter at the midpoint of the right descending artery equal to

17mm or greater is strongly indicative of dilatation. An increase in caliber,

presuming to reflect worsening of pulmonary hypertension, is the only radiographic

correlate of AECOPD. Radiographic changes are quite specific, but they are neither

sensitive nor well correlated with the severity of the hypertension (15).

CT provides more precise measurements of pulmonary arteries (68,69). A

CT-determined main pulmonary artery diameter greater than 2.9 cm, measured at its

Figure 3 Pulmonary edema in a patient with emphysema, shows rather unilateral

distribution evident on the right. Emphysematous left lung shows impressively less

vascular engorgement probably due to variable degree of destruction of the capillary bed.
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widest portion, has a positive predictive value of 0.97 for predicting pulmonary

arterial hypertension in patients with parenchymal lung disease (70). A simple,

practical rule based on the ratio of the diameter of the main pulmonary artery to the

diameter of the aorta has been reported. If this ratio is greater than 1, pulmonary

hypertension is likely, with a positive predictive value of 96%. However, a negative

predictive value of 52% is low, and a nondilated main pulmonary artery in relation to

the aorta does not exclude pulmonary arterial hypertension (71). Interestingly, peri-

cardial thickening or effusion is a frequent CT finding in patients with

severe pulmonary hypertension, although the pathophysiological mechanism is

unclear (72).

Right ventricular volume, mass, and ejection fraction can be calculated

quantitatively by MRI (73). Reasonable correlations have been found between

pulmonary artery pressure estimated with right-sided heart catheterization and

Figure 4 (A) HRCT shows emphysematous parenchymal changes and subpleural cysts

bilaterally. (B) CT obtained 2 years later at the same level as (A) depicts pulmonary edema

sparing emphysematous areas resulting in inhomogeneous lung involvement.
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MRI measures of pulmonary artery diameter, flow characteristics, and other

variables based on several MR techniques (74–76). The ratio of the caliber of the

main pulmonary artery to the mid-descending aorta using MR imaging is signifi-

cantly higher in patients with pulmonary arterial hypertension (77). Velocity-

encoded MR imaging demonstrates an inhomogeneous flow profile in the main

pulmonary artery in cases with pulmonary hypertension (78), and can provide

accurate pulmonary arterial blood-flow measurements (75).

The severity of pulmonary hypertension can be accurately assessed with

pulsed Doppler echocardiography from the subxiphoid region, using a general

purpose ultrasound device. This technique is considered a simple and reliable

adjunct to the noninvasive evaluation of COPD and represents a satisfactory

alternative to the classic parasternal approach preferred by cardiologists but often

not suitable for emphysematous patients (78,79).

With the onset of heart failure, the heart and hilar and intermediate lung

vessels become enlarged. Enlargement of vessels is present in all zones and affects

particularly segmental vessels and a few divisions beyond giving the appearance of

plethora (15,47,48,65).

Figure 4 (continued )
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C. Complicated Bullous Emphysema

Complications of bullae, principally infection, hemorrhage, pneumothorax, and

atelectasis, may mimic or complicate AECOPD. Thickening of a previously thin

wall on a plain radiograph and development of air–fluid levels into bullae are

findings strongly suggestive of infection (Fig. 5). Differential diagnosis from an

abscess may be difficult. The clinical condition of the patient is relatively mild

compared to that expected in the presence of an abscess, the wall of the cystic lesion

is thinner with a sharp inner margin, and there is less adjacent pneumonitis

(48,80,81). The above findings are better estimated on CT. Therapeutic approach

consists of antibiotic administration and occasionally of infected bullae drainage

(81,82).

Hemorrhage into a bulla, seen as air–fluid level, is a much less common

complication, which may be accompanied by hemoptysis. Following infection or

hemorrhage, bullae often resolve probably because of collapse and scarring (15,83),

although spontaneous regression of multiple emphysematous bullae has been

reported (83).

Figure 5 Chest radiographs of a COPD patient focused on the right lung, obtained with

a time interval of 1 month. In the left image, emphysematous changes are obvious,

especially at the upper lung zone where a translucent area with reduced vasculature is

compatible with the presence of a bulla. In the right image, during an AECOPD event,

thickening of the bulla wall and increased interstitial markings are suggestive of infection.
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The presence of pneumothorax may be quite difficult to diagnose especially in

cases of idiopathic giant bullous disease, an entity known as vanishing lung

syndrome, involving predominantly the upper lobes (84). The diagnosis of giant

bullous emphysema is made if the chest radiograph shows one or more bullae

occuping at least one-third of a hemithorax and compressing surrounding lung

parenchyma (85). Radiological distinction from pneumothorax may be difficult even

with CT, which is advantageous over plain radiograph (Fig. 6) (86–90). In the study

Figure 6 (A) Chest x-ray, in a patient with a left upper lobe bullectomy 5 years ago with

rapid deterioration shows an avascular area displacing mediastinum and lung tissue,

suggesting a possible pneumothorax. (B) CT reveals remnants of lung tissue pointing to

expansion of a bulla rather than pneumothorax.
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Figure 6 (continued )

of Waitches et al. (91), ‘‘the double wall sign,’’ defined as air outlining both sides of

the bulla wall parallel to the chest wall, was seen in all patients with pneumothorax

and was absent in those without. Absence of this CT sign provides increased

confidence against pneumothorax, which can prevent unnecessary chest tube place-

ment and avoidance of bronchopleural fistula.

Bullae may become large enough to cause compression of the adjacent lung

parenchyma, resulting in atelectasis, causing further impairment of lung function.

Atelectatic lung may mimic a mass on radiological studies. The diagnosis should be

suspected when central, sharply marginated, masslike opacities that are oblong,

lenticular, or triangular in shape are bordered by severe bullous emphysema. CT

often reveals subsegmental atelectasis in other lobes adjacent to the bullous lung

(84,92,93). Atelectatic lung often re-expands in patients who undergo resection of

bullous lung. If bullectomy is considered, CT is important in determining the

presence of compressed lung tissue that can be re-expanded by removal of the

bulla, in assessing the severity of emphysema in the remainder of the lung

parenchyma, and may assist the surgeon in operative planning (94–96).

D. Pleural Effusion

Pleural fluid collections may mimic AECOPD and are readily recognized by

imaging. The distribution of fluid within the pleural space depends primarily on
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gravity, elastic recoil of the lung, and the presence of pleural adhesions. In COPD

patients, elastic recoil is definitely altered while the presence of pleural thickening

from previous infections or pneumothorax increase the likelihood of loculation (97).

For these reasons, atypical distribution of pleural fluid is not uncommon in COPD,

and differential diagnosis from non–pleural effusion associated AECOPD may be

difficult.

In posteroanterior (PA) and lateral chest radiographs obtained at TLC, pleural

effusion is recognized if it is at least 175mL in volume. However, fluid volume

greater than 200mL is usually necessary to cause posterior sulcus blunting. Lateral

decubitus radiographs are considerably more sensitive in the detection of pleural

effusions but are difficult to obtain for technical reasons. In AECOPD, blunting of

the lateral or posterior sulcus may be difficult to differentiate from the wide

costophrenic sulcus due to diaphragmatic flattening; film comparisons may be

particularly useful (98). In the COPD setting, and given the flattening of the

diaphragm, subpulmonic localization of fluid is recognized as ‘‘diaphragmatic

elevation.’’ Should this occur to the left, recognition is facilitated by the increase

of the distance of the diaphragm apex to the fundus of the stomach, normally not

exceeding 2 cm.

In the supine position, the most dependent pleural spaces are the posterobasal

and the apices in which free fluid accumulates. This results in a posterior layering

of pleural fluid that produces a homogeneous increase of density of the affected

hemithorax without obscuration of the bronchovascular markings depending on

the amount of the accumulation. However, the density of the opacity may be

missed because of its uniformity; even moderately large effusions may go unde-

tected, particularly if they are bilateral. Overall, supine chest radiographs

have low diagnostic accuracy (<67%) in the detection of pleural effusion

(47,99,100).

Ultrasonograply and computed tomography (CT), are more sensitive in the

detection of small or loculated effusions and the distinction of effusions from pleural

thickening. Ultrasonography has become a particularly useful tool available at

bedside, for confirmation of pleural fluid, early recognition of internal septa,

compartmentalization and image-guided aspiration. Prior to aspiration, ultrasono-

graphy allows precise location and quantification of the amount of fluid within a

pleural pocket.

CT is particularly useful in the presence of pleuroparenchymal disease; CT

attenuation values between those of water (0HU) and soft tissue (approximately

100HU) are obtained in pleural effusions and allow differential diagnosis (97).

Although measurement of the attenuation of pleural fluid per se is of limited value in

differentiating transudates, exudates, and chylous effusions, with the occasional

exception of hemothorax that is characterized by increased density, contrast

enhancement may be of value to this end (101,102). Exudates are frequently

associated with pleural enhancement and increased thickness of the extrapleural

tissues that normally measure � 2mm (101). Moreover, contrast enhancement is

necessary in the AECOPD patient for accurate assessment of complicated pleuro-

parenchymal disease and for early detection of development of pleural thickening or
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pleural masses (101,103,104). Passive atelectasis of the lower lobe associated with

pleural effusion has to be differentiated from true parenchymal consolidation.

Magnetic resonance imaging (MRI) is difficult to perform in the AECOPD

setting since the respiratory gating motion artifacts cannot be eliminated in dyspneic

patients and is only reserved for the evaluation of pleural masses.

E. Pulmonary Embolism

Pulmonary embolism (PE) may complicate or mimic AECOPD. Although there are

no dedicated studies on the frequency of PE in COPD population or during

AECOPD, COPD patient groups have been included in large studies designed for

imaging evaluation of PE; in the PIOPED study, the incidence of PE reached 19% in

COPD patients, while postmortem data indicate high prevalence ranging from 28

to 51% (105–107).

To safely establish or refute the diagnosis of PE in the COPD setting, objective

diagnostic examinations are mandatory. The role of imaging in differential diagnosis

of PE from a non-PE-related AECOPD is increased since pretest probability

evaluation is hampered by the fact that clinical and ECG findings may be altered

by the underlying disease and particularly right heart strain. For the general

population, the examinations established for the diagnosis of PE include ventila-

tion-perfusion (V-P) lung scanning, pulmonary angiography, spiral and electron-

beam computed tomography (CT), and, perhaps in the near future, magnetic

resonance (MR) angiography (108–112).

Since chest radiography has a low sensitivity and specificity (0.33 and 0.59,

respectively) its principal role is to exclude other diagnoses that might mimic

pulmonary embolism (pneumothorax, pneumonia, pleural effusion, rib fractures),

and to assist in the interpretation of V-P scintigraphy.

The classic signs of pulmonary embolism without infarction on chest radio-

graphs, notably oligemia of the lung beyond the occluded vessel (Westermark’s

sign), increase in the size of the main pulmonary artery, and elevation of a

hemidiaphragm, are not recognized in the COPD patient since emphysema causes

similar pulmonary vascular changes, and the position of the diaphragm is low from

overinflation (113). Pulmonary infarction results in radiographically detectable

consolidation assuming atypical shapes in severe emphysema. Cavitation within

the infarct is rare. However, aseptic cavitation may occur in large infarcts (>4 cm).

Pleural effusions (small and unilateral) may reach an incidence of 50% and may be

the only manifestation of PE.

V-P scintigraphy in the AECOPD setting is difficult to perform, and less than

10% fall in the clear-cut categories of normal or high probability. Thus, the diagnosis

of PE can only be resolved definitively by proceeding to spiral CT and=or angio-
graphy (108,111,112).

Spiral computed tomographic pulmonary angiography (herein referred to as

spiral CT) has become an important imaging tool for the detection of PE. It is a rapid

examination, safe for critically ill patients. Technical improvements in spiral CT

(thinner sections, shorter scanning times, higher pitch, multiple detectors, and
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workstation viewing) have improved the diagnostic accuracy in the evaluation of PE.

Moreover, reduced scanning time allows short breath-holds that COPD patients are

able to perform, and markedly improves the visibility of the smaller arteries.

Signs of acute pulmonary embolism on spiral CT include central or eccentric

filling defects producing a ‘‘railway track’’ sign in in-plane artery sections (Figs. 7,

8). Ancillary signs include pleural effusions or infarcts. On CT, the pleural-based

location and wedge shape of infarcts are seen at better advantage (114).

Several recent studies have shown that contrast-enhanced spiral CT has

sensitivity 90 to 92% and specificity 86 to 96% in the diagnosis of PE involving

large or segmental vessels (Figs. 7–9). These levels of diagnostic accuracy surpass

those of ventilation-perfusion (V-P) scintigraphy in the general population (72%

sensitivity and 94% specificity) and certainly those in the COPD subgroups, since

they also apply for the intermediate category scintigraphy results (115,116).

Figure 7 Spiral CT for PE. Central filling defects in the right pulmonary artery and in

the left lingular branch imaged in-plane producing the railway track sign.
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Reported negative predictive value of spiral CT for PE is 0.99, similar to the

clinical predictive value of a negative scintigram (1.0) and a low-probability

scintigram (0.97) (117). Garg et al. recently reported similar negative predictive

values in patients with negative spiral CT scans (118). However, it has to be pointed

out that in none of the large studies examining the accuracy of spiral CT in the

diagnosis of PE a large number of COPD or AECOPD patients has been included,

and therefore specially designed, controlled, prospective studies are necessary

(119,120).

Spiral CT examination for PE may also provide important additional diag-

nostic information and may depict other conditions that have similar physiological

sequelae with AECOPD such as pneumonia, atelectasis, pleural effusion, or pneu-

mothorax, excluding at the same time PE (120).

Especially troubling is the limitation of spiral CT to reliably depict isolated

small emboli. The incidence of this situation within patients with PE is not exactly

known; reported incidence ranges from 6 to 30% among various studies (121). In the

Prospective Investigation of Pulmonary Embolism Diagnosis (PIOPED) study, 17%

of patients with low-probability scintigrams had clots limited to the subsegmental

Figure 8 Spiral CT for PE. Central filling defects in segmental vessels seen in (A) axial

plane and (B) longitudinally in reconstructed images. Small pleural effusions are noted

bilaterally.

178 Malagari and Voloudaki



vessels at angiography (106). More recent large series indicate that isolated

subsegmental clots occur in 4 to 6% (120,123), whereas series with different patient

samples show that subsegmental clots are more frequent (124,125). On the subseg-

mental level, when scanning in a caudocranial direction, the less adequately

enhanced vessels are those of the upper lobes, and those running obliquely to the

transverse scanning plane (middle lobe and lingular vessels) (125).

The physiological consequences of solitary small clots in subsegmental

pulmonary arteries have been widely investigated with contradictory results; a

prospective 3-month follow-up study showed that the prevalence of clinically

apparent PE after a negative spiral CT scan was low (1.0%) and not significantly

different from that after a normal V-P scan (0%) (126,127). Mayo et al. (128)

followed 44 patients with negative spiral CT scans for 3 months, and none of these

patients had a recurrence. In addition, the prevalence of PE after a negative spiral CT

scan was slightly, but not significantly, lower than that after a low-probability V-P

scan (3.1%), results that were in concordance with other studies (129). Other series

with similar design report 2.7 to 4.9% rates of subsequent PE (130,131). Despite this

controversy regarding the clinical importance of such isolated, small, nontreated

peripheral clots, in the absence of central emboli in the general population

Figure 8 (continued )
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(132,133), in patients with AECOPD—which present limited cardiopulmonary

reserve—small emboli may become physiologically important or have prognostic

relevance for the development of chronic pulmonary hypertension. There is no doubt

that the goal is to increase the sensitivity of spiral CT in this respect; the

development of faster imaging systems with submillimeter isotropic imaging are

expected to improve imaging at the subsegmental level, with optimal spatial and

temporal resolution, in the very near future.

It is generally agreed that the presence of pulmonary emboli is an important

indicator for current deep venous thrombosis, which thus potentially heralds more

severe embolic events. The combination of spiral CT of the chest for PE with CT

venography thus emerged; CT venography is performed by scanning pelvic and leg

veins immediately after spiral CT of the chest. This is achieved without additional

contrast (indirect CT venography) and can demonstrate deep venous thrombosis in a

single session in the CT suite prolonging the initial examination 3 to 4min. Reported

data indicate that indirect CT venography can detect DVT with high concordance

with the standard examination, namely, ultrasound (134,135). In studies comparing

indirect CT venography with ultrasound for deep venous thrombosis (DVT), Loud et

Figure 9 Large clot is seen at this level in a AECOPD treated for middle-lobe

pneumonia. There is also ipsilateral pleural effusion.
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al. (136) found sensitivity and specificity of 100% for both of them, while Shah et al.

(137) found 94% agreement between the two examinations.

The addition of CT venography has been reported to increase the diagnosis of

thromboembolism by 18% and may be preferred over algorithms that include US for

DVT in institutions where it is available (134–138). Furthermore, for AECOPD

patients who have a considerable lower belly distention, CT may be preferable to US

for the detection of iliac vein thrombosis (incidence 22–30%) (138). Direct lower

limb venography was the traditional standard to assure that no substantial clots

reside in the femoropopliteal system but is no longer in routine use mainly because

of its invasive nature. US has become the most commonly used diagnostic tool for

the detection of DVT with a 97% sensitivity and specificity (139), also providing

information for the exact morphology of the clots (floating, adhering to vein walls).

Before a final agreement is settled on the exact algorithm for the detection of PE,

especially in the AECOPD patient, further controlled studies are needed.

Indeterminate spiral CT studies range from 6 to 11% because of motion

artifacts, poor contrast opacification, or poor signal-to-noise ratio. False-positive

results are associated with hilar and bronchopulmonary lymph nodes, incomplete

vessel opacification, or partial volume effect and are currently less than 6%

(140).

Pulmonary angiography is recognized as the gold standard for the diagnosis of

PE. Angiographic signs of acute pulmonary embolism include intraluminal filling

defects, obstruction of a pulmonary artery branch, and delayed branch opacification

(141). Both sensitivity and specificity rates exceed 95% in the hands of experienced

operators (142). Nevertheless, pulmonary angiography is invasive and has been

shown to have 4 to 6% morbidity and 0.2 to 0.5% mortality rates (143). Moreover,

pulmonary artery pressures greater than 35mmHg are a relative contraindication for

angiography. Major complications of pulmonary angiography occur in approxi-

mately 1% of patients (143).

A frequently overlooked aspect of selective pulmonary arteriography is that it

also has limitations in the diagnosis of subsegmental emboli, as demonstrated by the

high interobserver variability reported at this level (144,145). In the PIOPED study,

20 patients who had small clots were missed at the initial pulmonary angiogram

reading (146). Miss rates significantly increase in dyspneic patients (40,41).

For all the above reasons, pulmonary angiography should be reserved for

selected patients with an unresolved diagnosis.

IV. Imaging Complications of AECOPD

In this section, complications of AECOPD diagnosed by imaging studies are

described. These may complicate spontaneously breathing AECOPD patients or

may be associated with barotrauma in assisted ventilation. Of the three ventilatory

modes most widely used in AECOPD, pressure support ventilation is associated with

the higher incidence of these complications.
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A. Pneumothorax

Pneumothorax may mimic or complicate AECOPD. The radiological diagnosis can

be made by the identification of the visceral pleural line. The latter is visualized as a

sharply defined line of increased opacity associated with a negative Mach band

(black) (Fig. 10A). The Mach effect is particularly useful in differentiation from the

projection of skin folds (always associated with a positive Mach band) that constitute

common pitfalls leading to false-positive diagnosis of pneumothorax (1) (Fig. 10B).

The Mach effect may also be of value to differentiate a true pleural line from a

peripheral bulla (147).

In the erect position, and in the absence of pleural adhesions, pneumothorax is

seen at the apices. Recognition is facilitated by expiratory films. High-frequency

enhancing algorithms used in digital radiographs demonstrate at better advantage the

thin pleural line (148,149) (Fig. 11). Large bullae may resemble pneumothorax and

CT is required for differential diagnosis (Fig. 12).

Atypical (non–gravity dependent) distributions of pneumothorax may be

related to large bullae, pleural adhesions, atelectasis, and anatomical variations of

Figure 10 (A) Bilateral pneumothoraces complicating AECOPD. The thin pleural line

on the left has a negative Mach band. Pneumomediastinum is also present, visualized as

lucent stripes along mediastinal vessels. (B) In another patient, skin folds on the left are

associated with a positive Mach band.
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Figure 10 (continued )
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the pulmonary ligament. Atypical distributions include subpulmonary, within the

pulmonary ligament, and paramediastinal locations and need to be distinguished

from bullae (CT is required). In particular, subpulmonic pneumothorax (Fig. 13) is

not infrequent in patients with chronic obstructive pulmonary disease and may be the

first sign of barotrauma especially during AECOPD. Localized pneumothorax of

paramediastinal distribution or pneumothorax within the pulmonary ligament can be

easily detected by CT and distinguished from pneumomediastinum and bullae. To

this end, inspiratory and expiratory CT is necessary.

Figure 11 (A) Portable computed radiography in a semirecumbent position. (A) Low-

and (B) high-frequency-enhancing algorithms. The latter facilitates the visualization of

lines and interfaces (the pleural line of pneumothorax on the right is enhanced), while it

produces a pseudointerstitial parenchymal pattern.
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Hydropneumothorax is easily recognized by the presence of an air–fluid level

and differentiation from infected bullae is based on distribution and shape. In the

supine position air–fluid levels cannot be demonstrated due to beam–fluid surface

geometry and hydropneumothorax may only be suspected by the visualization of a

pleural line surrounded by a band of increased homogeneous opacity.

In films obtained in the supine position—in the intensive care unit—pneu-

mothorax is recognized by a number of radiological signs produced by the

distribution of free air in the anteromedial, subpulmonic, or apicolateral pleural

Figure 11 (continued )
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Figure 12 (A) Localized view of the chest at the right apex demonstrates an avascular

area. (B,C) Continuous CT slices document the presence of a large bulla with tags of

remaining lung parenchyma around it. This configuration virtually excludes pneumo-

thorax.
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spaces. However, more than one-third of pneumothoraces may be missed at supine

chest films. Supine views have a sensitivity of only 37% in the detection of moderate

pneumothorax (150). Portable computerized radiography with edge enhancement

has slightly better results (148,149) (Fig. 11).

Notably, depending on the amount of pneumothorax, radiological signs in the

supine position (Figs. 10,14,15) include (1) deep radiolucent costophrenic sulcus

(deep sulcus sign); (2) increased lucency over the hemidiaphragms; (3) increased

sharpness and enhancement of the negative Mach band of the cardiac boarder (air

anteromedially); (4) collection of air within the minor fissure; (5) further depression

and flattening of the ipsilateral hemidiaphragm; and (6) visualization of the anterior

costophrenic sulcus seen as an interface outlining the dome of the ipsilateral

hemidiaphragm (double diaphragm sign) (150,151). Recognition of these signs in

the AECOPD setting requires comparisons of sequential films. Positive-pressure

ventilation increases the risk of tension pneumothorax, which is visualized on chest

radiographs as an excessive shift of the mediastinum associated with clinical signs of

hemodynamic compromise.

CT is very sensitive, detecting even a few milliliters of air (Fig. 15); CT

depiction may suggest early prophylactic chest-tube placement in patients under

mechanical ventilation since one-third of them will develop tension pneumothorax if

untreated. CT may also assist in revealing malpositioned chest tubes and residual

pneumothorax.

Figure 12 (continued )
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B. Pneumomediastinum

Pneumomediastinum due to the Macklin effect may complicate AECOPD, resulting

from ruptured alveoli and subsequent passage of air into the interstitium along the

bronchovascular bundle to the hilum and mediastinum (152). The initially resulting

interstitial emphysema and subsequent course of air along the peribronchovascular

interstitium has been recently demonstrated by CT (153,154). From the mediastinal

areolar tissue, air can leak peripherally and cause pneumothorax that is a common

concurrent finding (154).

Imaging (chest radiographs or CT) reveals linear radiolucencies within the

mediastinal structures, often extending into the neck. These lucencies (produced as

air lifts the mediastinal pleura off the heart and the other mediastinal structures),

outline the margins of the aortic knob, the descending aorta, and the extrapericardial

parts of the pulmonary artery (Fig. 10A). CT is very sensitive in the detection of

pneumomediastinum and can easily differentiate it from paramediastinal bullae or

pneumothorax.

At chest radiographs, air interposed between the heart and the diaphragm

allows visualization of the central portion of the diaphragm that is normally obscured

by the heart producing the ‘‘continuous diaphragm sign’’ (155). The concurrent

Figure 12 (continued )
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visualization of paraspinal and extrapleural supradiaphragmatic air described as

‘‘V sign’’ by Naclerio is another finding of pneumomediastinum (156). However, in

plain films, the latter is difficult to distinguish from subpulmonary pneumothorax, or

paramediastinal bullae, and CT is necessary.

Figure 13 Subpulmonary lucency indicating small pneumothorax.
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C. Pulmonary Aspiration

Pulmonary aspiration associated AECOPD may be observed in general anesthesia,

loss of consciousness, structural abnormalities of the pharynx and esophagus,

or neuromuscular disorders with deglutition abnormalities. The radiological mani-

festations depend on the aspirated material and have been described in detail

(157,158). However, underlying emphysema contributes in inhomogeneity of the

Figure 14 Pneumothorax complicating AECOPD. Chest roentgenogram in the supine

position demonstrates a deep sulcus on the right associated with increased transradiancy of

the ipsilateral hemidiaphragm. These findings are highly suggestive of pneumothorax.
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consolidations (Fig. 16), while in COPD patients complication with pulmonary

infection pneumonia, bronchopneumonia, lung abscess, and empyema is more likely.

In the supine patient, the posterior segment of the upper lobes and the superior

segment of the lower lobes are the most commonly involved locations (Fig. 16).

Computed tomography allows better evaluation of aspiration not visible on conven-

tional chest radiographs, while in exogenous lipoid pneumonia images can be

pathognomonic demonstrating negative attenuation values (159–161). Chronic

endogenous accumulation of lipid material may mimic lung neoplasms (160,161).

In aspiration of gastric fluid, the extent of findings is directly related to the pH

and volume of the aspirated material (162). Chest radiography reveals bilateral

perihilar, ill-defined, alveolar consolidations or multifocal patchy infiltrates (Fig. 16).

Aspiration of contaminated material from the oropharynx and gastrointestinal tract

in patients with poor oral hygiene may result in severe necrotizing bronchopneu-

monia (163). Chest radiography and=or CT reveal focal or patchy, ill-defined lung

consolidations and progressive abscess formation. The visualization of small

lucencies within the consolidated area may represent early cavitation or preexisting

emphysematous areas; comparison of sequential images is necessary for differential

diagnosis (164).

There is evidence that a significant number of patients with chronic bronchitis

have gastrointestinal reflux (165), and that an association between reflux and asthma

(166) does exist. Moreover, gastroesophageal reflux and aspiration have been

Figure 15 The small pneumothorax on the right and the visceral pleural line are readily

visualized by CT.

Radiology of AECOPD 191



considered predisposing factors in the development of obliterative bronchiolitis

(167). High-resolution CT findings associated with obliterative bronchiolitis are

demonstrated with inspiratory, expiratory sections and include bronchial dilatation,

mosaic perfusion, bronchial wall thickening, and regional air trapping (168) that are

virtually indistinguishable from the underlying COPD abnormalities. Barium studies

or esophageal pH measurements may be of use for confirmation of gastroesophageal

reflux.

V. Future Imaging Research

Improved methods for early detection, and identification of the most susceptible

subjects may reduce the severity and improve the management of exacerbations.

Figure 16 Aspiration in the right lower lobe. (A,B) Consolidation appears quite

inhomogeneous due to the underlying emphysema, best depicted on HRCT (B).
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Considerable research is currently underway for the use of MRI in the assessment of

ventilation and perfusion globally and regionally (169–171). Moreover, standardized

protocols with spiral CT as a major tool for the detection of pulmonary embolism in

AECOPD, not including ventilation-perfusion scintigraphy, are going to be pre-

sented in the very near future.
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160. Franquet T, Giménez A, Bordes R, Rodriguez-Arias JM, Castella J. The crazy-paving

pattern in exogenous lipoid pneumonia: CT-pathologic correlation. Am J Roentgenol

1997; 170:315–317.

161. Lee KS, Müller NL, Hale V, Newell JDJ, Lynch DA, Im JG. Lipoid pneumonia: CT

findings. J Comput Assist Tomogr 1995; 19:48–51.

162. Bynum LD, Pierce AK. Pulmonary aspiration of gastric contents. Am Rev Resp Dis

1976; 114:1129–1136.

163. DePaso WJ. Aspiration pneumonia. Clin Chest Med 1991; 12:269–284.

164. Groskin SA, Panicek DM, Ewing DK, Rivera F, Math K, Teixeira J, Heitzman ER,

Markarian B. Bacterial lung abscess: a review of the clinical and radiographic features of

50 cases. J Thorac Imaging 1991; 6:62–67.

165. David P, Denis P, Nouvet G, Pasquis P, Lefrancois R, Morere P. Fonction respiratoire

et reflux gastro-oesophagien au cours de la bronchite chronique. Bull Eur Physiopathol

Respir 1982; 18:81–86.

166. Ayres JG, Miles JF. Oesophageal reflux and asthma. Eur Respir J 1996; 9:1073–1078.

167. Matsuse T, Oka T, Kida K, Fukuchi Y. Importance of diffuse aspiration caused by

chronic occult aspiration in the elderly. Chest 1996; 110:1289–1293.

168. Arakawa H, Webb WR. Air trapping on expiratory high-resolution CT scans in the

absence of inspiratory scan abnormalities: correlation with pulmonary function tests and

differential diagnosis. Am J Roentgenol 1998; 170:1349–1353.

169. Kauczor HU, Chen XJ, van Beek EJ, Schreiber WG. Pulmonary ventilation imaged by

magnetic resonance: at the door step of clinical application. Eur Respir J, 2001;

17(5):1008–1023.

170. Schreiber WG, Eberle B, Laukemper-Ostendorf S, Markstaller K, Weiler N, Scholz A,

Burger K., Heussel CP, Thelen M, Kauczor HU. Dynamic (19)F-MR1 of pulmonary

ventilation using sulfur hexafluoride (SF(6) gas. Magn Reson Med 2001; 45(4):605–

613.

171. Kauczor HU, Markstaller K, Puderbach M, Lill J, Eberle B, Hanisch G, Grossman T,

Heussel CP, Schreiber W, Thelen M. Volumetry of ventilated airspaces by 3He MRI:

preliminary results. Invest Radiol 2001; 36(2):110–142.

202 Malagari and Voloudaki



13

Assessment of Severity of Acute Exacerbations
of Chronic Obstructive Pulmonary Disease

CRAIG A. PIQUETTE and STEPHEN I. RENNARD

University of Nebraska Medical Center

Omaha, Nebraska, U.S.A.

I. Introduction

There are several reasons to assess the severity of COPD exacerbations. First,

assessment of severity can be helpful clinically to triage the patient to the appropriate

level of medical care. It helps the physician target the intensity of therapy and may

help to prognosticate patient outcomes. Second, a severity assessment may be

helpful from a health-care economic standpoint. In a single-payer health-care

system, resources can be directed to areas based on the numbers and severity of

exacerbations. In a third-party payer system, payment might be tied to the severity

level of the exacerbation. Finally, assessment of the severity of an exacerbation could

provide a standard by which various studies of exacerbation can be compared. This

is important for evaluating new therapies and for examining the natural history of the

disease.

COPD is a heterogeneous collection of conditions characterized by the

progressive loss of lung function associated with the insidious limitation of physical

activity and development of symptoms. Superimposed on this inexorable, but

gradual, decline are exacerbations when a patient is acutely, but transiently, worse

for a period of days to weeks. Not only is COPD heterogeneous, but exacerbations

are as well. A diverse set of etiologies can lead to worsening, which can manifest a
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variety of clinical presentations and follow variable natural histories. Not surpris-

ingly, no completely satisfactory definition of an exacerbation or a system to gauge

exacerbation severity has emerged.

The situation, however, is not entirely hopelessly confused. Many, if not the

majority, of exacerbations are characterized by increased inflammation of the lower

respiratory tract, suggesting a set of measures for both classifying and for staging

exacerbations. Exacerbations, despite the semantic difficulties, appear to be a robust

clinical endpoint. Avariety of clinical interventions have been demonstrated to affect

measures of clinical status including health status, health-care resource utilization,

and mortality. That various studies of exacerbations reveal similar results despite the

difficulty of defining exacerbations suggests they are a highly relevant and robust

clinical feature of COPD. Perhaps what is required is a better nosology reflecting the

diversity of exacerbations rather than a single unifying definition and severity scale.

II. Definition of an Exacerbation

Exacerbations of COPD are well recognized by clinicians but opinions vary on what

defines an exacerbation. A number of definitions have been offered for the

exacerbation of COPD but currently there is no consensus (1). Most clinicians

would agree that an exacerbation is a relatively sudden and prolonged worsening of

symptoms in a patient with COPD. These patients are often older and have or are at

risk for other comorbidities. The American Thoracic Society statement on COPD

states that ‘‘Accurate diagnosis (of an acute exacerbation) in a patient experiencing

rapid deterioration of respiratory function may be confounded by underlying

myocardial ischemia, congestive heart failure, thromboemboli or recurrent aspira-

tion, which can simulate an exacerbation of airway disease’’ (2). Clearly, the ability

to diagnose the presence of an exacerbation depends on the assessment of the

individual patient and knowledge of preexisting conditions. The European Respira-

tory Society Consensus Statement adds: ‘‘During exacerbations, the clinical findings

depend on the degree of additional airflow limitation, the severity of the underlying

COPD, and the presence of coexisting conditions’’ (3).

Many clinical studies investigating exacerbations of COPD have used a

definition based on symptoms established by Anthonisen and colleagues for their

landmark study on the use of antibiotics in exacerbations of COPD (4). They defined

a type I exacerbation as the presence of increased sputum volume, increased sputum

purulence, and increased dyspnea. A type II exacerbation was defined as the

presence of two of the above symptoms. A type III exacerbation was defined as

the presence of only one of these symptoms. This study identified a group of patients

more likely to benefit from the use of antibiotics to treat their exacerbation. Others

have extended Anthonisen’s original definition of exacerbations by defining

increased sputum volume, increased sputum purulence, and increased dyspnea as

major symptoms and have included minor symptoms, such as increase in nasal

discharge, wheeze, sore throat, cough, or fever in the definition (5). This expanded

definition of an exacerbation required two of the three major symptoms or one of the
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major symptoms and any one of the minor symptoms. Exacerbations based on

different sets of symptoms, particularly if related to the nose and throat, may reflect

different etiologies (see Table 1). This definition has not been standardized and

consensus is required to advance the field of exacerbation research. Recently, a

group of experts convened and arrived at a consensus definition (6). ‘‘An exacer-

bation is a sustained worsening of the patient’s condition from the stable state and

beyond normal day-to-day variations that is acute in onset and necessitates a change

in regular medication in a patient with underlying COPD.’’ Such a definition has

operational validity. However, patients may be more or less likely to seek or receive

new medications depending on many factors, including access to health care, local

reimbursement practices, concurrent depression, and social support. Moreover, a

definition requiring an increase in medication is likely to miss milder exacerbations

as well as exacerbations in patients with less severe disease.

III. Definition of Severity

Several scales can be used to judge the severity of an exacerbation. As noted above,

a staging system for severity of the exacerbation based on health-care utilization has

been proposed (6). A mild exacerbation is defined as one in which the patient has an

increased need for medication but can manage the exacerbation in the home

environment; a moderate exacerbation is one in which the patient needs to seek

additional medical assistance to manage the exacerbation, and a severe exacerbation

requires hospitalization. This definition of severity is not ideal as it depends on the

discretion of the patient to decide if symptoms are severe enough to seek medical

attention. Until we have better means for patients to track the development of an

exacerbation and its severity, however, this may be the best definition.

Table 1 Investigational Definitions of Exacerbation

Anthonisena Seemungalb

Two or more of the following symptoms Major symptoms

Increased dyspnea Increased dyspnea

Increased sputum volume Increased sputum volume

Increased sputum purulence Increased sputum purulence

Minor symptoms

Nasal discharge=congestion
Wheeze

Cough

Sore throat

Fever

Requires two major symptoms or one major

and one minor symptom

aRef. 4
bRef. 5
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IV. Clinical Assessment

Worsening of symptoms and alterations in physiological homeostasis are key

components of an exacerbation. Among the symptoms to assess at the time of

presentation are cough, quantity and purulence of sputum, dyspnea, wheezing, chest

tightness, fever, and the ability to perform activities of daily living (4, 7). Other

nonspecific symptoms may be present, including malaise, depression, fatigue,

insomnia, sleepiness, and confusion (8). The most important physical findings

reflect the patient’s work of breathing. This assessment includes observing the

presence of a prolonged expiratory phase indicating worsening airway obstruction,

the use of accessory muscles, respiratory rate, breathing pattern, and the presence of

tripoding, a position assumed by using the arms or elbows to support a forward-

leaning chest. A loud pulmonary component of the second heart sound or increasing

peripheral edema may be a clue to worsening cor pulmonale and right heart failure

(9). Diagnostic tests to assess the severity of the exacerbation should include

pulmonary function tests, arterial blood gases, blood chemistry to include electro-

lytes, complete blood cell count, and a chest roentgenogram. The three latter tests

help to elucidate any comorbid conditions that may be complicating or mimicking

the presentation of an exacerbation. If the symptoms or the physiological derange-

ments are severe enough or comorbidities complicate the therapy, admission to the

hospital is advised. A number of published guidelines suggest indications for

admission to the hospital (see Table 2) (2, 3, 8, 10).

V. Predicting Patient Outcomes

A. Risk Factors for Admission

The level of health-care utilization by a COPD patient experiencing sudden

worsening of symptoms defines exacerbation severity using the proposal of

Rodriguez-Roisin and colleagues. Factors that contribute to increased frequency of

exacerbation and=or hospitalizations, will affect exacerbation severity. Several

studies have addressed this issue. Among the factors that led to relapse or treatment

failure of an exacerbation, in a study reported by Dewan and colleagues, were stage

III COPD denoted by an FEV1< 35% of predicted normal value, use of home

oxygen, the frequency of exacerbations over the previous 24 months, the average

cumulative steroid dose over 24 months, history of previous pneumonia, and history

of sinusitis (11). Individuals with these risk factors, therefore, are more likely to be

hospitalized and, by the system of Rodriguez-Roisin, to have severe exacerbations.

Adams and colleagues, evaluating relapse at 2 weeks following treatment of an

acute exacerbation, found that use of amoxicillin increased the rate of relapse while

all other antibiotics decreased the risk of relapse (12). Coronary heart disease and

active smoking both contributed to an increased risk of relapse in this study as well.

Ball et al. reported that a history of greater than four chest infections per year and a

history of cardiopulmonary disease were associated with an increased risk of relapse

and cardiopulmonary disease was also associated with increased risk for admission
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to the hospital (13). Miravitlles and colleagues found that increasing age, severity of

FEV1 impairment, and the presence of chronic mucus hypersecretion were indepen-

dently associated with the increased risk of having two or more acute exacerbations

of COPD per year (14). They also found that FEV1 impairment was associated with

increased risk of hospital admission, as was the presence of comorbidity such as

diabetes mellitus, congestive heart failure, or ischemic heart disease.

Kessler et al. evaluated 64 patients presenting for exacerbation of COPD for

predictive factors of hospitalization (15). These patients were enrolled in the stable

state and followed for at least 2.5 years. The criteria for hospitalization were those

outlined by the ATS guidelines. They found that a low body mass index

(BMI< 20 kg=m2), a decreased PaO2 and increased PaCO2 and an increased

mean pulmonary artery pressure were associated with significantly increasing

Table 2 Guidelines for Admission to Hospital and ICU

Indication Guideline

Hospital admission

Marked increase in intensity of symptoms (e.g., resting

dyspnea, inability to perform activities of daily living)

ATS, BTS, ERS, GOLD

Failure to respond to outpatient management ATS, BTS, ERS, GOLD

Onset of new physical signs (e.g., cyanosis, peripheral

edema, cor pulmonale)

ATS, BTS, ERS, GOLD

Insufficient home support ATS, BTS, GOLD

Altered mentation ATS, BTS, ERS, GOLD

Significant comorbid conditions (e.g., older age, changes on

CXR, steroid myopathy, compression fractures, planned

procedure requiring sedation=analgesia)

ATS, BTS, GOLD

Severe background COPD (e.g., requires LTOT, etc.) BTS, GOLD

pH< 7.35 BTS

Diagnostic uncertainty GOLD

Newly occurring arrhythmias GOLD

ICU admissiona

Severe dyspnea that responds adequately to initial emergency

therapy

ATS, GOLD

Confusion, lethargy, coma or respiratory muscle fatigue

(paradoxical abdominal motion)

ATS, ERS, GOLD

Persistent or worsening hypoxemia (PaO2< 6.7 kPa or

< 50mmHg) despite supplemental O2 or severe=
worsening hypercapnia (PaCO2> 9.3 kPa or 70mmHg) or

severe=worsening respiratory acidosis (pH< 7.30) despite

supplemental O2 and NIPPV

ATS, GOLD

Assisted mechanical ventilation is required (ETT or NIPPV) ATS

ATS¼American Thoracic Society; BTS¼British Thoracic Society; ERS¼European Respiratory

Society; GOLD¼Global Initiative for Chronic Obstructive Lung Disease.
aBTS did not provide guidelines on ICU admission.
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rates of hospitalization at 1 year. Garcia-Aymerich et al. found that the most frequent

risk factors for exacerbation were lack of pulmonary rehabilitation in the previous

year and a poor working knowledge of metered-dose-inhaler technique (16). Thus,

the severity of both the underlying COPD and comorbid conditions contribute to the

risk of relapse following outpatient treatment and to the hospitalization rate.

B. Risk Factors for Mortality

Admission for an exacerbation indicates increased severity, but factors that predict

mortality suggest extreme severity. One of the most comprehensive outcome studies

for acute exacerbations of COPD is the SUPPORT trial (17). All patients enrolled in

this trial were expected to have a 20 to 80% chance of dying in the following 6

months. Consequently, the COPD patients had to have breathlessness, respiratory

failure, or change in mental status due to exacerbation and documentation of

hypercapnia (PaCO2 	 50mmHg) on the day of admission or within the previous

week. There were eight variables that demonstrated a significant independent

relationship to survival in a multivariate analysis. Those variables and differences

were a 10-point difference in the acute physiological score (Apache III); a difference

of 1 point in the Katz Activities of Daily Living (ADL) scale; a 5-kg=m2 difference

in the body mass index (BMI); a difference of 1 g=dL in albumin level; a 10-year

difference in age; a 100-mm difference in the PaO2=FiO2 (P=F) ratio; the presence of
cor pulmonale and congestive heart failure as a cause of the acute exacerbation. A

lower acute physiology score, lower ADL score, lower age, higher BMI, higher

albumin, higher P=F ratio, cor pulmonale, and CHF were all associated with higher

survival.

In a smaller study of 270 patients exploring the role of comorbidity on

mortality for COPD, Antonelli Incalzi and colleagues found that age, ECG signs of

right ventricular failure or ischemic heart disease, and chronic renal failure were

associated with an increased rate of death (18). Connors et al. did not find that a

history of cardiac disease or the number of comorbid illnesses were associated with a

higher death rate in patients admitted for exacerbation of COPD. These studies

suggest that in older, less functional, and more malnourished patients without

evidence of cardiac disease the risk of death is much higher. Consequently, these

factors are indicative of the most severe exacerbations.

C. Symptoms

Symptom scores were measured in a group of 10 asthma and 61 COPD patients at

baseline and during an exacerbation of their disease (19). Symptoms of wheeze or

dyspnea, cough with mucus production, cough without mucus production, and

awakening with dyspnea were recorded using a 4-point scale ranging from 0 to 3.

The mean severity score at baseline was 0.6 and on the day of presentation for

exacerbation rose to approximately 1.4 and returned to baseline at approximately day

10 or 11.

One-hundred-one COPD patients recorded changes in daily symptoms on

diary cards in a study by Seemungal and colleagues (5). Major symptoms were
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dyspnea, sputum purulence, and sputum amount while minor symptoms were

wheeze, sore throat, cough, and nasal congestion or discharge. Symptoms increased

dramatically on the day of onset of exacerbation. Symptoms of dyspnea were part of

the presentation in 64% of exacerbations, sputum purulence in 42%, wheeze in 35%,

nasal congestion or discharge in 35%, sputum volume in 26%, cough in 20% and

sore throat in 12%. Increased dyspnea and increased wheeze or cold symptoms were

associated with a greater decrease in peak expiratory flow rate (PEFR). Presentations

with dyspnea or cold symptoms (nasal congestion=discharge) were associated with

longer recovery times while presentations with wheeze or sore throat had shorter

recovery times. Prednisolone had no effect on recovery times of the symptom score.

The median time to recovery of symptom scores was 7 days. Dyspnea was the

greatest indicator symptom of severity, but this study also defined cold symptoms as

having an impact on severity. However, symptoms alone do not provide a complete

picture of exacerbation severity. Therefore, physiological measures of gas exchange

must be made to contribute to the decision-making process for intensity of therapy.

VI. Physiological Measurements

A. Arterial Blood Gases

Arterial blood gases are recommended and frequently obtained at presentation of an

acute exacerbation. Emerman and colleagues have demonstrated that spirometry

cannot reliably predict results of arterial blood gases, but there was a moderate

correlation between PaCO2 and the FEV1 and the percent predicted FEV1 (20).

Hypercapnia is felt to be a poor prognostic sign but it has been recognized that some

patients with COPD develop hypercapnia only with acute exacerbations. Costello et

al. investigated long-term outcomes of patients who have reversible hypercapnia

(21). They found no significant difference in the PaCO2 on room air or on low-flow

oxygen obtained on admission from a patient who survived versus one who did not.

Patients with irreversible hypercapnia had significantly worse survival over 5 years

than did patients who were nonhypercapnic or those who had reversible hypercapnia.

Also, patients with reversible hypercapnia did not progress to chronic hypercapnia

over time. In this study, hypercapnia did not predict survival of an admission for

COPD and this corroborates earlier work that determined that PaCO2 independent of

pH did not influence the prognosis during an acute exacerbation (22). Recent

guidelines suggest that respiratory failure is present when PaO2< 60mmHg or

SaO2< 90% on room air and that pH< 7.30, PaO2< 50mmHg and

PaCO2> 70mmHg indicate a life-threatening exacerbation requiring intensive

monitoring (see Table 3) (8).

B. Measures of Cardiac Function

COPD patients presenting with symptoms of exacerbation should be evaluated for

the presence of cor pulmonale and other signs of cardiac compromise. Data from the

SUPPORT trial demonstrated that congestive heart failure as a cause of the

exacerbation and cor pulmonale were predictive of longer survival in patients
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predicted to have higher mortality, based on the entry criteria for the trial (17). Cor

pulmonale was felt to be present if there were two or more of the following clinical

signs: right ventricular hypertrophy or right atrial enlargement on electrocardiogram;

enlarged pulmonary arteries on chest roentgenogram; pedal edema; jugular venous

distention; or a mean pulmonary artery pressure > 20mmHg, measured by

pulmonary artery catheter. In this study, heart failure was felt to be the cause of

exacerbation in 25.7% of patients, with arrhythmias accounting for 4.8% of

exacerbations. This represents a relatively large proportion of exacerbations for

which the etiology would be undetermined if cardiac function is not assessed.

In a study by Antonelli Incalzi and colleagues, patients with ECG signs of cor

pulmonale were more likely to be younger, but with a longer length of hospital stay

following an exacerbation, were more likely to have been on mechanical ventilation

during their exacerbation, and more likely to have a history of systolic hypertension

(23). Patients with cor pulmonale had a lower PaO2 on room air and during oxygen

therapy and had a higher PaCO2 on room air. The ECG patterns with the strongest

predictive factors for death included the S1, S2, S3 pattern and right atrial overload

indicated by a P-wave axis of plus 90 degrees or more. A shorter survival occurred in

patients who had at least one ECG sign of chronic cor pulmonale and an A-a

gradient of > 48mmHg. This increased mortality with chronic cor pulmonale

contrasts with the SUPPORT trial, showing improved survival with cor pulmonale;

however, SUPPORT used clinical signs rather than the specific ECG signs to define

the presence of cor pulmonale.

Pulmonary artery catheterization is a much more accurate measure of

pulmonary hypertension in patients with exacerbation of COPD. However, the use

of pulmonary artery catheterization has recently come under scrutiny. Using a

decision analysis model, Smith and Pesce determined that pulmonary artery

catheterization in patients with exacerbation of COPD was not cost effective, even

under conditions that favored the use of the pulmonary artery catheter (24).

Noninvasive measures of pulmonary artery pressures are well correlated with the

pulmonary artery catheter. However, echocardiograms done in COPD patients are

often technically difficult because the Doppler-detected tricuspid regurgitation

jet is often lacking (25). Measures of cardiac function at presentation with acute

Table 3 Physiological Signs of Exacerbation Severity

Severity

Sign Moderate Severe

pH < 7.35 < 7.30

PaCO2 > 70mmHg

PaO2 < 50mmHg

ECG S1, S2, S3

P axis>þ90�

Post-treatment FEV1 < 40% predicted normal
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exacerbation of COPD may be helpful for predicting long-term outcome but not

severity of the exacerbation itself.

C. Chest X-Ray

The chest radiograph (posterior=anterior plus lateral views) can be used to identify

alternative diagnoses that simulate an acute exacerbation of COPD. They may also

be predictive of airflow obstruction but cannot replace objective measurements of

airflow (26). Evaluation of the chest radiograph has not been correlated with the

severity of the exacerbation.

D. Pulmonary Function

Measures of airflow obstruction such as FEV1 and peak expiratory flow rate (PEFR)

are markers of severity of COPD and these measures worsen during an exacerbation.

Emerman et al. demonstrated that a post-treatment FEV1 of < 40% predicted

normal, at the time of presentation with exacerbation, identified patients who either

required hospital admission or subsequently relapsed (27). The sensitivity and

specificity were 0.96 and 0.58, respectively, the positive predictive value was 0.73,

and the overall accuracy of this measurement was 0.78. The area under the receiver

operating characteristic curve using the post-treatment FEV1 was 0.81. A post-

treatment FEV1 of < 70% of the baseline FEV1 at initial presentation identified a

later admission for relapse with a sensitivity of 0.83 and a specificity of 0.56. This

study also demonstrated that physicians’ estimates of lung function were poor and

physicians tended to overestimate the FEV1 (28). This suggests that an objective

measure of lung function should be made on presentation with an exacerbation.

Vitacca has shown that a discriminant equation including an index of nutritional

status and FVC had a 76% accuracy rate, with a 64% positive predictive value to

predict the need for mechanical ventilation in patients admitted for exacerbation of

COPD (29). Thus FEV1 and FVC may be important for evaluating the severity of the

exacerbation.

The drop in lung function from baseline levels may also be predictive of the

severity of the exacerbation. Sachs et al. measured PEFR in a group of 10 asthma

and 61 COPD patients at baseline and during an exacerbation of their disease (19).

At the time of presentation for exacerbation, PEFR had decreased approximately

20% from baseline. It was then measured daily through the course of the exacer-

bation. After 14 days, PEFR had risen to within 95% of the baseline values. In a

similar study, Seemungal and colleagues followed 101 patients over two-and-a-half

years to determine the time course of recovery of exacerbations (5). They demon-

strated that a greater fall in PEFR, FEV1, and forced vital capacity (FVC) was related

to the respective recovery time of these parameters. On the day of presentation,

PEFR had fallen by a median 8.6 L=min, FEV1 fell by 24mL, and FVC fell by

76mL; all decreases were highly significant. The medium time to recover was 6

days, with 75.2% of exacerbations recovering within 35 days. The use of steroids

increased the rate of recovery of PEFR. This corroborated previous findings (30, 31).

Bhowmik et al., in a group of COPD patients who were part of the same cohort in
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the study by Seemungal et al., demonstrated a decrease in FEV1, measured during

stable conditions at 1.07 L down to 0.99 L at the time of exacerbation (32). PEFR fell

from 239 L=min to 225 L=min at the time of exacerbation. The magnitude of the fall

in lung function at the time of exacerbation is predictive of the time to recovery, and

recovery is hastened by the use of steroids. Presumably this would be due to the

downregulation of the inflammatory processes that are thought to play a role in many

exacerbations.

VII. Biological Inflammatory Markers of Exacerbations

As we have seen from the discussion of the definition of an exacerbation, an increase

in symptoms is an important determinant of when the exacerbation starts and its

severity. The etiology of exacerbations has been reviewed elsewhere, but most

exacerbations are caused by infection or some other mechanism that alters gas

exchange homeostasis (3). Inflammation plays a key role in most exacerbations.

Thus, many investigators have pursued measurements of inflammatory markers as a

means of determining when an exacerbation is present and of assessing its severity.

A noninvasive means of measuring these inflammatory markers is most readily

applicable clinically. Hence, sputum and serum are the most frequently evaluated

fluids. How to compare values obtained by such means among patients or in a given

patient at different times, however, is unclear. Among the markers that have been

evaluated are the absolute and relative numbers of inflammatory cells, the color of

expectorated sputum, C-reactive protein, cytokines and their soluble receptors,

proteins released from inflammatory cells, and the acute-phase reactants (see

Table 4). A discussion of these follows.

A. Inflammatory Cells

Neutrophils have been found in large amounts in the airways of patients with chronic

bronchitis and are retained in the lung for longer periods of time in patients with

active symptoms of COPD (33, 34). Neutrophils have also been found in higher

amounts in BAL and blood from patients with an exacerbation of chronic bronchitis

versus patients under baseline conditions (35). The neutrophil plays an important

role in the inflammation that develops during an exacerbation of COPD and there are

increasing numbers in sputum and blood, an indication of ongoing and acute

inflammation.

The eosinophil plays an important role in the airway inflammation that is

present in patients with asthma but it may also contribute to the development of

airway inflammation in chronic bronchitis. Eosinophils are present in the mucosa of

the airways in chronic bronchitis and increase dramatically during exacerbations (36,

37). The numbers of the eosinophils in the sputum also increase during exacerba-

tions compared with baseline.

In summary, in exacerbations of COPD there are airway neutrophilia and

eosinophilia but the absolute numbers have not been correlated with the severity of

the exacerbation. Such studies are urgently needed.
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B. Cytokines

Cytokines such as the interleukins (IL) mediate the inflammatory response in the

airways. These intercellular signals are released in response to an inflammatory

stimulus and initiate cellular mechanisms that amplify or modulate the inflammatory

response. Cytokine levels can be measured in sputum and in serum and may be used

to track the inflammatory response.

C. Tumor Necrosis Factor-a

Many cells in the airway release tumor necrosis factor-a (TNF-a) in response to

infection or other stimulus. TNF-a release is one of the initial steps in the

inflammatory pathway and levels are found to be elevated in sputum from patients

with COPD exacerbation relative to baseline (38). In exacerbations caused by

Haemophilus influenza and Moraxella catarrhalis, Aaron and colleagues found

that mean concentrations of TNF-a rose from 404 pg=mL at baseline up to

1649 pg=mL at the time of the exacerbation and then fell back to baseline 1

month later. Sethi and colleagues found that TNF-a measured at the time of the

exacerbation had a 25th=75th interquartile range (IQR) from 0 to 1250 pg=mL (39).

In neither study was TNF-a measured throughout the time course of exacerbation,

and was not evaluated for correlation with an assessment of severity of the

exacerbation.

Table 4 Biological Markers of Exacerbation

Sputum, BAL, or Biopsy Serum Urine

Increased neutrophils Increased neutrophils Increased desmosine

Increased eosinophils Increased eosinophils Increased isodesmosine

Increased leukotriene B4 Increased fibrinogen

Increased myeloperoxidase Increased endothelin-1

Increased eosinophil cationic

protein

Increased C-reactive protein

Increased elastase Breath

Decreased SLPI Increased nitric oxide

Increased a1-protease inhibitor

Increased endothelin-1

Increased Cytokines=Cytokine Receptors

GM-CSF GM-CSF

TNF-a IL-6

IL-6 TNF-R55

IL-8 TNF-R75

RANTES IL-1RII

sFas
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D. Granulocytes=Macrophage Colony-Stimulating Factor

Maturation of granulocytes and monocytes is under the control of several growth

factors including granulocyte=macrophage colony-stimulating factor (GM-CSF).

Balbi and colleagues measured serum levels of GM-CSF in patients with chronic

bronchitis during an exacerbation and compared them with patients under baseline

conditions (35). Bronchoalveolar lavage (BAL) levels were also measured. Serum

levels of GM-CSF in patients with stable chronic bronchitis were 1.4 pg=mL and

levels in BAL fluid were 25 pg=mL. When measured in patients during an

exacerbation, GM-CSF levels in serum were 13 pg=mL and in BAL were

54 pg=mL. The levels of GM-CSF in this study were not evaluated for correlation

with the severity of the exacerbation.

E. Interleukin-5 and RANTES

Interleukin-5 promotes maturation and survival of eosinophils and enhances their

adherence to vascular endothelium. As noted above, eosinophilia is present during

exacerbations of chronic bronchitis. Saetta and colleagues also evaluated the

expression of IL-5 in patients with exacerbations of bronchitis and at baseline

conditions (40). They found that although there were increased numbers of

eosinophils in the bronchial biopsies of patients with chronic bronchitis during

exacerbations compared to baseline, there was no increase in the number of IL-5-

positive cells between chronic bronchitis patients at baseline and during an

exacerbation. Zhu and colleagues demonstrated that there are increased numbers

of eosinophils in the mucosa of patients with an exacerbation of chronic bronchitis

compared to stable chronic bronchitis and control patients (37). They also demon-

strated an increase in RANTES in chronic bronchitis patients during stable condi-

tions and a further increase during exacerbation.

RANTES is another cytokine that promotes chemotaxis of inflammatory cells

and viruses and bacteria increases its expression. An association was demonstrated

between the number of eosinophils and the number of cells expressing RANTES in

mucosal biopsies (37). This evidence suggests that RANTES and not IL-5 may be

responsible for the eosinophilia seen in chronic bronchitis. Neither RANTES nor

IL-5 levels have been evaluated for correlation with the severity of exacerbations

of COPD.

F. Interleukin-6

This cytokine induces the production of many acute-phase reactants by the

hepatocytes. Wedzicha and colleagues have demonstrated that IL-6 levels in plasma

from patients with stable chronic bronchitis at baseline were approximately 4 pg=mL

increasing to 6 pg=mL at the time of exacerbation and returning to baseline levels

later (41). The levels in sputum demonstrated by Bhowmik and colleagues increased

from stable levels of 65 pg=mL up to 122.7 pg=mL during an exacerbation (32). IL-6

levels were also found to correlate with frequency of exacerbations. Those patients

with higher levels during stable periods were more likely to exacerbate more
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frequently. Cough and cold symptoms were associated with increased sputum IL-6

levels compared with sputum levels during the absence of those symptoms. There

was no significant relationship between IL-6 levels and severity of exacerbation or

the time to recovery of the peak expiratory flow to baseline values in these patients.

G. Interleukin-8

Interleukin-8 is a powerful chemotactic factor for neutrophils and, as neutrophils are

present in greater numbers during exacerbations of COPD, it might be expected that

interleukin-8 levels would precede this rise in neutrophil numbers. Two groups have

recently demonstrated this. Aaron and colleagues demonstrated that IL-8 in sputum

rose from 69.8 ng=mL at baseline to 127.3 ng=mL at the time of exacerbation,

returning to 67.2 ng=mL when measured 1 month later (38). Sethi and his colleagues

found IL-8 in sputum was elevated in patients with an exacerbation due to

Haemophilus influenza and the 25th=75th interquartile range was from

11,000 pg=mL to 20,000 pg=mL (39). The levels of IL-8 in these two studies differ,

but they were not evaluated for correlation with an assessment of the severity of

exacerbation in individual patients or as a group. Therefore, it is difficult to

extrapolate that higher IL-8 levels indicate a more severe exacerbation.

Stockley and colleagues found IL-8 levels in stable chronic bronchitis patients

varied between 4.02 nM and 6.05 nM and in another study found that sputum IL-8 in

COPD subjects during acute exacerbation was 10.4 nM versus 30.9 nM in COPD

patients with a1-antitrypsin (AAT) deficiency during exacerbation (42, 43). IL-8

levels, in sputum of COPD patients with AAT deficiency experiencing an exacer-

bation, dropped to baseline levels by day 7. The baseline in these patients was

12.6 nM and at resolution on day 28 was measured at 10.4 nM (42). Culpitt and

colleagues found that inhaled steroids in stable COPD patients did not significantly

decrease IL-8 levels (44). Patients with frequent exacerbations had IL-8 levels during

stable conditions of 6694 pg=mL and those with infrequent exacerbations had a

median IL-8 level of 1628 pg=mL (32). This same relationship was also demon-

strated for IL-6. When the results for the frequent and infrequent exacerbators in this

study were pooled, the median IL-8 levels in stable chronic bronchitis patients were

3953 pg=mL, increasing to 4085 pg=mL during exacerbation. These results contrast

with those of Aaron and colleagues, who processed the sputum in a different manner

but measured IL-8 using the same method (38). Fourteen COPD patients had mean

IL-8 concentrations of 69.8� 26.1 ng=mL at baseline, increasing to 127.3�
46.2 ng=mL at the time of exacerbation. Kanazawa and colleagues found that IL-8

levels in serum correlated with the smoking index of emphysema patients but did not

correlate with pulmonary function tests, although it was correlated with the degree of

annual decrease in FEV1 (45).

Levels of IL-8 in sputum are higher in patients who have more severe disease

evidenced by more frequent exacerbations or earlier onset of emphysema and levels

in serum correlate with the annual decline in lung function (45). Inhaled steroids had

no effect on decreasing sputum IL-8 levels in stable patients, but data exist that

suggest that inhaled steroids decrease exacerbation rates (46). Noting the response of
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IL-8 during the evolution of an exacerbation would provide some interesting data

and following the response to systemic steroids would complete the picture.

H. Cytokine Receptor Levels

During an acute inflammatory response, the levels of selected soluble cytokine

receptors increase in the serum. These soluble receptors are thought to be part of the

downregulation process for the acute inflammatory response. Dentener and collea-

gues recently measured IL-1-receptor II (IL-1RII), TNF-receptor 55 (TNF-R55), and

TNF-receptor 75 (TNF-R75) levels during an exacerbation of COPD (47). They

found that soluble TNF-R55 levels were higher in stable COPD patients than in

healthy controls, and following exacerbations, there was a significant increase in

TNF-R55 and TNF-R75 levels from day 1 to day 3 but a return to levels that were

not different from day 1 at day 5 and day 7. Soluble IL-1RII levels continued to

increase for 7 days following the start of the exacerbation. The exacerbations were

characterized by higher PaCO2 and lower PaO2 than in the stable state and 9 of 13

patients had a bacterial infection. Presence of a positive bacterial culture was not

associated with the levels of inflammatory mediators found in the serum. A

significant improvement in FEV1 was seen on days 3 and 7. The increase in soluble

IL-1RII levels coincided with treatment of the exacerbation with corticosteroids and

the authors suggest that ‘‘the continuous administration of corticosteroids is

responsible for the increase in soluble IL-1RII levels and may thus contribute to

the clinical improvement of these patients.’’

Schols and colleagues, investigating the relationship of resting energy expen-

diture (REE) to inflammatory mediators in patients with stable COPD found that

soluble TNF-receptor 55 (sTNF-R55) levels were not significantly different in these

patients compared with healthy subjects but sTNF-R75 levels were significantly

higher in COPD patients (48). There was no significant difference in either soluble

receptor level between patients with normal REE and those with high REE. Patients

receiving theophylline had lower levels of both sTNF-R55 and sTNF-R75 than did

patients not on theophylline. Given these data, it appears that sTNF-R and sIL-1RII

levels may be correlated with therapy during an exacerbation. TNF-receptor levels,

especially TNF-R75, may indicate the initial timeframe of the exacerbation, but do

not appear to correlate with severity of the exacerbation.

I. Acute-Phase Reactants

One clinically important acute-phase reactant is C-reactive protein (CRP). Dev and

colleagues demonstrated that CRP levels were elevated in all patients with an

exacerbation associated with a recognized bacterial pathogen and in 62% of patients

where no evidence of bacterial infection was present (49). Only one of the control

patients had elevated CRP levels. The CRP levels correlated with the peripheral

blood white-cell count and levels fell with adequate treatment of the exacerbation.

Given that CRP levels were elevated in most patients who did not have evidence of a

bacterial infection, the authors concluded that CRP might be a marker of COPD but

not necessarily a marker for bacterial infections. Stockley and colleagues report that
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CRP levels were significantly elevated in patients with an exacerbation with purulent

sputum when compared to patients with an exacerbation having mucoid sputum

(50). When evaluated in the stable clinical state, the CRP levels in the two groups

were statistically significantly different. Hill and colleagues evaluated the time

course of exacerbations in COPD patients deficient of a1-antitrypsin (AAT) and

found that CRP levels were elevated on presentation and continued to rise for the

next 24 h, returning to baseline by day 3 (43) CRP levels in the AAT-deficient

patients were not significantly higher than the control group (COPD patients without

AAT deficiency) at the start of exacerbation. CRP levels are elevated in most

exacerbations but this is not a consistent finding in individual patients and CRP

levels fall as the exacerbation resolves.

Fibrinogen is also an acute-phase reactant and concentrations rise in response

to infection. Wedzicha and colleagues measured fibrinogen levels in patients

presenting with acute exacerbations of COPD and found a significant increase in

fibrinogen levels during an exacerbation compared to the stable state (41). The

fibrinogen level during an exacerbation was dependent on the level during the steady

state and was higher if the exacerbation manifested with purulent sputum, increased

cough, and the presence of a cold. Elevated fibrinogen levels have been found in

some stable COPD patients and infection increases fibrinogen levels (51). A further

increase in fibrinogen with an exacerbation increases the risk for cardiovascular

events and possibly contributes to the comorbidity of the exacerbation.

J. Other Inflammatory Mediators

Leukotriene B4 (LTB4) is an important chemoattractant for neutrophils and is

produced by the metabolism of arachidonic acid released during the acute inflam-

matory response. Crooks et al. studied eight patients admitted for an exacerbation of

COPD and measured LTB4 levels in the sol phase of sputum during an exacerbation

and when clinically stable (	 2 weeks after the end of antibiotic therapy) (52).

LTB4 levels were 82.0� 20.8 nM at the start of the exacerbation and fell by the end

of antibiotic treatment to 6.0� 3.1 nM. LTB4 levels were significantly reduced at 5

days when compared to those at the onset of antibiotic treatment and rose again

following cessation of antibiotic treatment. When measured during the stable period,

LTB4 levels were 10.2� 4.5 nM. Hill et al. compared LTB4 levels in COPD patients

at the start of exacerbation with levels in patients with alpha-1 antitrypsin deficiency

experiencing an exacerbation of COPD. They found that LTB4 levels were higher in

the COPD patients with AAT deficiency, 15.9� 4.9 nM versus 33.2� 8.3 nM. They

also found that LTB4 levels in the AAT-deficient patients fell from the time of

presentation after initiation of antibiotic therapy, reaching their lowest point at day 14

of antibiotics and then rose again to approximately 16 nM at day 28 (43). Gompertz

et al. measured LTB4 levels in two groups of COPD patients who were stratified by

the frequency of exacerbations in 1 year. Frequent exacerbators were characterized

as those having three or more exacerbations in the preceding 12 months; infrequent

exacerbators had two or less in the previous year (53). There were no significant

differences in the LTB4 levels in these two groups of patients. These data suggest
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that although leukotriene levels in the sputum are elevated at the start of the

exacerbation and fall with treatment, they do not correlate with the severity of the

disease and no association with the severity of exacerbation has been demonstrated.

LTB4 levels in samples other than sputum have not been reported in this patient

population.

K. Cellular Products of Neutrophils and Eosinophils

Myeloperoxidase and elastase are elaborated from neutrophils during the acute

inflammatory process and the eosinophil cationic protein (ECP) is elaborated from

eosinophils. Myeloperoxidase levels are higher in patients with stable COPD versus

control patients and are markedly elevated at the time of an exacerbation and are not

significantly different between frequent and infrequent exacerbators (53, 54).

Myeloperoxidase is elevated at the time of exacerbation and decreases with

treatment in COPD with or without AAT deficiency (43, 52). Stockley et al. have

shown a correlation between the mean color of the sputum and the myeloperoxidase

concentrations in patients with exacerbation (42). Although myeloperoxidase levels

and sputum color have been shown to be associated with the onset of an

exacerbation, they have not been evaluated for correlation with severity of the

exacerbation.

Elastase activity has also been measured during exacerbations and found to

increase at the time of presentation and decrease by day 5 (43, 52). Neutrophil

elastase is also increased significantly in the presence of known respiratory

pathogens, such as Haemophilus influenza, Haemophilus parainfluenza, and Mor-

axella catarrhalis (39). In this study by Sethi and colleagues, a clinical score was

assessed at each visit and compared with the neutrophil elastase present in the

sputum at that time. This showed a correlation between the free sputum elastase

activity and the clinical score during each exacerbation. Stockley et al. demonstrated

a correlation between elastase activity and myeloperoxidase (42). Thus, by inference,

the myeloperoxidase levels should correlate with the severity of the exacerbation,

given the results of these two studies, but this has not been evaluated directly.

Eosinophil cationic protein (ECP) is elevated in patients with stable COPD

and further increased with acute exacerbation (54, 55). ECP has not been correlated

with the severity of the exacerbation.

L. Sputum Antiprotease Levels

Secretory leukocyte protease inhibitor (SLPI) and a1-protease inhibitor (a1-PI), also
known as AAT, are the most abundant antiproteases found in the airways. Stockley

and colleagues found that the sputum a1-PI concentration rose progressively through

the course of an exacerbation and showed a positive relationship with the color of the

sputum (50). In contrast, SLPI decreased with increasing purulence of the sputum.

Gompertz found lower sputum SLPI concentrations in patients who experienced 	
three exacerbations over the preceding 12 months, than those who had two or less

exacerbations (53). Sputum levels of SLPI at the start of an exacerbation were lower

in COPD patients with a1-PI deficiency, compared with levels found in COPD
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patients. In the a1-PI deficient patients, SLPI increased through the course of the

exacerbation as elastase levels fell. The antiprotease levels were not examined in

relationship to severity during the exacerbation (43).

M. Nitric Oxide

Nitric oxide is an important bronchodilator and vasodilator in the lung and is

produced by the enzyme nitric oxide synthase (NOS). TNF-a increases the expres-

sion of the inducible form of this enzyme, resulting in increased nitric oxide levels

during acute inflammation. Maziak measured exhaled nitric oxide in patients with

chronic COPD under various conditions and in normal smokers (56). Nitric oxide

levels were highest for those in the unstable COPD group, those experiencing an

exacerbation, or those who had severe disease. Separating the group of 12 unstable

COPD patients into those with exacerbation and those with severe disease did not

demonstrate any statistically significant difference between nitric oxide levels.

Agusti et al. demonstrated that nitric oxide exhaled from patients with COPD at

admission for an exacerbation was higher than levels during stable conditions (57).

Nitric oxide levels did not change significantly during the course of hospitalization

despite the use of I.V. steroids. This is in agreement with previous studies (58). Nitric

oxide levels, therefore, do not appear to correlate with the severity of the exacer-

bation, although it is likely that levels parallel the acute inflammation. Severity of

inflammation may not correlate with the clinical symptomatology.

N. Desmosine and Isodesmosine

Degradation of mature lung elastin results in the excretion of peptides containing

desmosine and isodesmosine in the urine (59). The urinary levels of these cross-

linked amino acids are considered to represent the breakdown of total body elastin.

Urinary desmosine levels are elevated in patients with COPD when compared to

normal healthy smokers and urinary excretion of desmosine has been correlated with

the decline in lung function over time (60, 61). In a recent study, Viglio et al.

measured desmosine and isodesmosine levels in smokers with normal lung function,

patients with stable COPD, and patients with COPD with an exacerbation (62). The

levels in stable COPD were significantly elevated over those in smokers with normal

lung function and were elevated even further in patients with exacerbations with

COPD. Urinary desmosine and isodesmosine levels were stable over 3 days in

patients with stable COPD. It is not known how these levels vary during the course

of an exacerbation. The implication of these studies is that breakdown of elastin by

elastases during times of chronic or acute inflammation is responsible for the

decrement in lung function over time. The levels of desmosine and isodesmosine,

however, have not been correlated with severity of the exacerbation.
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O. Other Markers of Inflammation

Fas is a cell-surface protein that belongs to the TNF-a-receptor family and is

designated as CD95. The binding of Fas ligand (Fas-L) to Fas induces apoptosis.

Fas-L can be converted to a soluble form (sFas-L) by a matrix metalloproteinase and

sFas-L can inhibit the binding of Fas-L to its receptor, thereby inhibiting apoptosis.

Yasuda et al. recently demonstrated that plasma levels of sFas were significantly

increased in severe COPD compared to mild-to-moderate COPD and healthy

controls (63). In COPD patients, neither TNF-a nor IL-6 were correlated with

sFas levels. Higher plasma sFas levels were associated with higher levels of dyspnea

on a standardized exercise test. Patients were studied in a stable condition and

correlations between sFas levels and exacerbations were not performed.

Endothelin-1 (ET-1) is a vasoconstrictive and bronchoconstrictive peptide that

is produced by the bronchial epithelium, pulmonary endothelium, and alveolar

macrophages. It is induced by hypoxia and viral infections, as well as by several

cytokines, including TNF-a and IL-6. Roland et al., using a rolling cohort of COPD

patients followed in the East London COPD study, reported an inverse correlation

between stable plasma ET-1 levels and baseline FEV1 and FVC (64). These levels

were unrelated to the baseline PaO2, PaCO2, and exacerbation frequency of these

patients. ET-1 levels increased significantly at exacerbation and the change in levels

was universally related to the change in SaO2, between baseline and exacerbation but

not related to the symptom score. Levels of ET-1 in sputum were also measured

during the stable state and during exacerbation and, with exacerbation, ET-1 levels

significantly increased. The change in sputum ET-1 levels was related to the change

in plasma ET-1 levels and in sputum IL-6 levels. The rise in sputum ET-1 levels was

not related to the dose of inhaled corticosteroids and was not related to the symptom

score.

VIII. Functional Measurements

A. Quality of Life

Health status, often termed ‘‘quality of life’’ is a measure that provides important

information about many aspects of a COPD patient’s state of health. Various

instruments have been developed to investigate this parameter in COPD patients.

These include general health and disease-specific measures. The most common

include generic measures—the Medical Outcome Study Short Form-36, the Sickness

Impact Profile, and the Nottingham Health Profile; and the disease-specific mea-

sures—the St. Georges’s Respiratory Questionnaire (SGRQ) and the Chronic

Respiratory Disease Questionnaire (CRQ). Current practice is to use both a

disease-specific and a generic measure whenever possible (65). Ferrer and collea-

gues demonstrated that scores on a disease-specific measure of quality of life were

associated with the categories of staging by FEV1 as proposed by the ATS (66).

Comorbid conditions contribute to the worsening of scores in the more severe stages

of COPD and scores were more dependent on the severity of the COPD. Another

interesting finding from this study was that in stage I disease patients with an
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FEV1>50% had a significant decrease in their health-related quality of life on the

disease-specific measure, as compared to the normal reference group.

A severe exacerbation of COPD has been defined as one that requires

admission to the hospital and two recent studies indicate that worsening health-

related quality of life is associated with a greater risk for readmission to the hospital.

Osman et al. administered the SGRQ to 266 patients admitted for exacerbations of

COPD and found that patients who had higher scores were more likely to be

readmitted or die within 12 months of the initial admission for exacerbation of

COPD (67). A four-point difference in score on the SGRQ is felt to be clinically

significant and this difference was achieved for all scores in this study except the

activity subscore of the SGRQ (68). In a recent study of COPD patients with

exacerbation randomized to hospital or home care, Davies et al. found that there was

no difference in initial SGRQ scores between the two randomized groups (69).

However, total scores were higher in the 32 patients who were readmitted within

3 months compared with the 58 who were not readmitted. This would suggest that

the health status at the time of exacerbation reflects the severity of the disease

and, consequently, the probability of admission to the hospital and severity of

exacerbation.

The ISOLDE trial evaluated COPD patients with mild-to-severe disease

receiving inhaled steroids or placebo and found that the rate of decline in health

status was lower in the steroid-treated group (46). The mean change in the SGRQ

score per year in the placebo group was 3.2 units compared with 2 units per year in

the steroid-treated group. A four-point change in the SGRQ is clinically significant

(68). Therefore, the time to a clinically significant change in health status was 15

months in the placebo group and 24 months in the steroid group. The rate of

exacerbations was also reduced by 25% in the steroid group. This suggested that a

higher exacerbation rate contributed to a decline in health status, but the relationship

of exacerbation severity to this decline has not been investigated.

Seemungal and colleagues followed COPD patients closely with daily PEFR

and daily respiratory symptoms for 1 year (7). The SGRQ was administered at the

last clinic visit for the study. Exacerbations were diagnosed when patients reported

deterioration in their symptoms compatible with an exacerbation, or a review of the

diary cards revealed an unreported exacerbation. There were 184 exacerbations in 70

patients for which data were available, and the group was stratified into those with

two or fewer exacerbations and those with three or more. There was strong

correlation between the SGRQ total score and each of the subscores. Only 16%

of the exacerbations required hospital admission and there was no relation between

exacerbation frequency and hospital admission. Increased exacerbation frequency is

associated with decreased health status, but health-status scores may not predict the

severity of the exacerbation.

Pulmonary rehabilitation has been shown to improve scores on disease-

specific health-status measures. A recent study by Behnke et al. demonstrates that,

after an exacerbation of COPD, patients trained with a daily walking exercise

regimen had improved health status measured by the CRQ over that of a control

group (70). The CRQ was administered at baseline (during hospitalization), at 3
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months, and at 6 months. This study is important in light of the findings of Garcia-

Aymerich and colleagues who demonstrated in a group of patients admitted for

exacerbation of COPD, that one of the most frequent risk factors for exacerbation

was no pulmonary rehabilitation during the year preceding their exacerbation (16).

This is indirect evidence that pulmonary rehabilitation with exercise training

can improve health-status scores and may decrease exacerbations requiring

hospitalization.

B. Functional Status

Functional status can be measured with physical testing or by questionnaire (71, 72).

This has not been reported often in the setting of exacerbations of COPD but there

are some data from the SUPPORT trial (17). Patients were asked to estimate their

functional status 2 weeks prior to admission using the Katz Activities of Daily

Living (ADL) Scale and the Duke Activity Status Index (DASI) (71, 72). There was

a bivariable relationship to survival with both the ADL scale and the DASI. When

subjected to multivariate analysis, only a lower ADL score was associated with

longer survival.

In a study of nutritional support for patients hospitalized with COPD

exacerbation, Saudny-Unterberger and colleagues demonstrated that respiratory

muscle strength and handgrip strength were not improved with supplementation

compared to controls (73). A general well-being score and FVC were improved in

the treatment group. Muscle wasting as measured by nitrogen balance and handgrip

strength was negatively correlated with the methylprednisolone dose. More research

needs to be done before functional tests can be used to gauge the severity of an

exacerbation.

IX. Summary

The severity of an exacerbation of COPD may be assessed for a variety of reasons.

The clinician may want to adjust the intensity of therapy, the health economist may

want to determine if quality care can be provided at a lower cost outside the hospital

setting, and the researcher may want to compare results of one clinical trial with

another. The scale of severity will differ based on the needs of the person making the

assessment. Certain truths remain a constant, however. Acute changes in symptoms

resulting in marked alterations in pH, oxygenation, hemodynamics or mental status

will always require intensive therapy and monitoring. As more data become

available, we may develop noninvasive tests, available clinically, which will indicate

the severity of the pathophysiological mechanisms underlying the exacerbation.

Then specific therapies to target those mechanisms can be used to modulate the

clinical symptoms experienced by the patient during exacerbations and decrease the

morbidity and mortality of this aspect of COPD.
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I. Introduction

The interaction between the heart and lungs, even under physiological conditions, is

not surprising for several reasons:

1. The effects of transpulmonary pressure (Ptp , alveolar minus pleural

pressure), on pulmonary vascular dimensions at all levels (alveolar and

extra-alveolar), and hence, pulmonary vascular resistance (PVR).

2. The effects of pleural pressure (Ppl) and PVR on right- and left-ventricular

preload and afterload.

3. The effect of changes in pleural and abdominal pressures on venous return

(VR).

The assessment of pulmonary hemodynamics requires the measurement of pulmon-

ary arterial pressure (PPA), pulmonary capillary wedge pressure (PCWP), and cardiac

output (CO) through right heart catheterization. Right heart catheterization is an

invasive procedure that is not often employed in patients with COPD exacerbation

even when mechanical ventilation is required. Also, assessment of right-ventricular

function in COPD by echocardiography is confounded by increased retrosternal air

space, secondary to hyperinflation, which interferes with sound-wave transmission

making echocardiography difficult to interpret. In addition, factors that contribute to
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the development of worsening pulmonary arterial hypertension (PAH) in acute

exacerbation of COPD are likely multifactorial and assessing the relative contribu-

tion of each factor is not always possible. Therefore, to better understand the effects

of the various pathophysiological processes that occur during acute exacerbation of

COPD on right- and left-ventricular performance, and the pulmonary circulation

overall, one must rely on either indirect evidence or model predictions. In this

section, we first examine the degree and the various factors that contribute to the

development of PAH in stable COPD. We also examine the effect of PAH on RV

function and the interaction between the right and left ventricles. We then extend our

discussion to exacerbation of COPD. A basic knowledge of the interaction between

CO and VR and the cardiac and vascular factors that affect this interaction is

assumed.

II. PAH and RV Function in COPD

Preload is the force per unit cross-sectional area acting on the ventricular wall

immediately prior to contraction (1). This force is directly related to ventricular end-

diastolic pressure (PED) and volume (VED) and inversely related to ventricular wall

thickness. In spite of a normal right-ventricular PED in most patients with COPD, a

large variability in VED makes preload difficult to predict in this group of patients

(2). Nevertheless, right-ventricular VED is an important determinant of RV function

and stroke volume (SV) and, hence, is often substituted for preload.

Similarly, afterload is the force per unit cross-sectional area acting on the

ventricular wall during active contraction (1). This force is directly related to

ventricular systolic pressure (PS) and volume, and inversely related to ventricular

wall thickness. PPA is an important determinant of right-ventricular PS and is often

used as an estimate of right-ventricular afterload.

Contractility is a measure of the ability of cardiac muscle to perform stroke

work. Ventricular function (SV) is dependent on preload, afterload, and myocardial

contractility and, hence, changes in ejection fraction (EF) do not always reflect

changes in contractility. Adverse loading conditions can cause the ventricle to fail as

a pump without depressed contractility, and ventricular pump function may be

maintained by favorable loading conditions in spite of poor myocardial contractility.

The independent assessment of myocardial contractility in COPD is especially

important for two reasons. First, the large variability in preload and afterload in this

group of patients and second, contractility is the best predictor of the ability of the

right ventricle to handle large changes in preload and afterload without failing at

rest, during exercise, or acute exacerbation of COPD. One measure of contractility is

the relationship between end-systolic pressure (PES) and volume (VES) (3). Based on

such measurements, several investigators have shown normal, if not supernormal,

right-ventricular contractility in COPD patients (4, 5) even during exercise (6). For

this discussion, we will assume that myocardial contractility is normal in most

patients with COPD and that it remains normal in spite of large changes in preload

and afterload (see also discussion under intrinsic positive end-expiratory pressure,
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iPEEP). This information is also very important for our model predictions (see

below).

Most patients with stable COPD have normal PPA (6–10) and CO (9–11) at

rest and, hence, PVR. During exercise (9, 10, 12, 13) and exacerbation of COPD

(14–20), PPA may rise to abnormal levels. With the development of worsening

airflow limitation, PAH may become evident at rest (2, 21, 22). However, even in

patients with very severe airflow limitation with hypoxemia and hypercapnia, PPA is

only moderately elevated (23–29). In a study by Naeji et al. (24) of 74 patients with

severe but clinically stable COPD, with FEV1 25.7� 1% predicted (mean � SD), the

majority having hypoxemia and hypercapnia, mean PPA (PPA) was only 35mmHg.

The progression of PAH in COPD is slow (29) and, therefore, its effect on

right-ventricular dimensions and function is different from what is observed in acute

pulmonary hypertension secondary to a massive pulmonary embolism (30) or in

patients with primary pulmonary hypertension where PPA is quite high (31). In

COPD, the right ventricle has time to adapt to the modest increase in PPA and right-

ventricular end-diastolic pressure is normal in most patients at rest (2, 23, 32–34).

However, the correlation between right-ventricular end-diastolic pressure and

volume in COPD is poor and, hence, a normal pressure does not necessarily indicate

a normal right-ventricular end-diastolic volume (2). Right-ventricular end-diastolic

pressure and stroke work increase to abnormal levels with exercise due to a high

PPA (2).

III. Right- and Left-Ventricular Interaction in COPD

The right and left ventricles share the interventricular septum and are both enclosed

in the pericardial sac. As such, alterations in RV size and function may influence left-

ventricular (LV) performance. LV systolic dysfunction is rare in COPD unless there

is an associated history of heart disease. In a study by Boussuges et al. (35), standard

indices of LV dimensions and systolic function (LV end-diastolic and end-systolic

diameters, LV mass, EF, and fractional shortening) at rest were not different between

patients with stable COPD and control subjects in spite of enlarged RV dimensions

(RV end-systolic and end-diastolic diameters) in the former group.

In another study by Slutsky et al. (36), 10 normal subjects were compared to

12 patients with COPD and without coronary artery disease at rest and during

exercise. In the COPD group, LV end-diastolic and end-systolic volumes and SV

decreased significantly during exercise, whereas in the normal subjects LV end-

diastolic volume did not change, while LV end-systolic volume decreased, thus

increasing SV. As a result, when considering heart rate, CO rose by only 41% at

maximal exercise in the COPD group compared with 137% in normal subjects.

Exercise capacity (% predicted) was not stated in this study and, therefore,

commenting on whether the attenuated rise in CO was exercise limiting in this

group of patients is not possible. The authors hypothesized that the drop in LV end-

diastolic volume (decreased preload) in COPD patients was due to the development

of pulmonary hypertension, and hence increased pressure load on the RV causing
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RV dilatation and possible encroachment on LV filling. The effects of hyperventila-

tion and the possible development of iPEEP and the contribution of the latter to the

decrease in LV end-diastolic and end-systolic volumes were not explored in this

study.

IV. Factors Contributing to the Development of PAH
in COPD

Several factors have been implicated in the development of PAH in COPD patients.

The relative contribution of each factor to the development of PAH is not known.

These factors will be discussed individually below. Model predictions will be used to

assess the severity of an abnormality required to induce PAH at levels seen in severe

COPD.

A. Changes in Arterial Blood Gases

It is well established that acute hypoxia increases PPA in normal subjects (37–40)

without a change in pulmonary capillary wedge pressure (40) suggesting that the rise

in PPA is the result of pulmonary arterial constriction. Also, a negative correlation

between PPA and arterial saturation (SaO2) has been reported by many investigators

(41–48) in COPD patients. Similarly, a positive correlation between arterial carbon

dioxide (PaCO2) and PPA has been described (44, 49), although the rise in PPA with

hypercapnia may not be due to vasoconstriction but a rise in CO (50, 51). Decreasing

pH by infusing hydrochloric acid (53, 54) or by the oral administration of

ammonium chloride (55) had inconsistent effects on PPA in patients with COPD.

However, acidemia potentiated hypoxic vasoconstriction (52). The contribution of

pulmonary vascular constriction to the development of PAH in COPD patients will

be further examined.

B. Loss of Capillary Bed

In COPD patients with hypoxemia, the acute administration of oxygen, even in high

concentrations, often produces a trivial drop in PPA (44, 56–58). This suggests that

the mechanisms for the rise in PPA in COPD include other irreversible factors besides

simple vasoconstriction. It has long been thought that the development of PAH in

COPD patients is the result of destruction of small pulmonary vessels and capillary

bed. This occurs because of small vessel thrombosis (59) and alveolar destruction,

respectively, and hence, is irreversible. However, it is well known that emphysema

patients with significant vessel destruction do not develop PAH until late in their

disease course (60). The lack of correlation between right-ventricular hypertrophy

and total alveolar surface area (61), reflecting the size of the capillary bed, suggests

that loss of capillary bed per se is not a major determinant of the development of

PAH. Structural changes in peripheral pulmonary arteries of COPD patients,

presumed to be the result of persistent hypoxemia, have been documented (62–

66). Not only does the luminal surface area of these resistive vessels diminish, but

232 Bshouty



also the distensibility of each vessel diminishes (i.e., becomes more stiff, less

distension for an equivalent transmural pressure compared with normal). The

contribution of these two factors to the development of PAH will be examined.

C. Intrinsic Positive End-Expiratory Pressure (iPEEP)

The increase in lung volume, above functional residual capacity (FRC), at end-

expiration is termed dynamic hyperinflation. Dynamic hyperinflation cannot occur

without a concomitant increase in Ptp unless lung compliance changes. This increase

in Ptp infers that alveolar pressure (Pal) remains positive throughout expiration. At

end-expiration, this positive pressure is termed auto PEEP or iPEEP (67, 68). The

development of iPEEP with dynamic hyperinflation is an important consequence of

increased minute ventilation in COPD such as occurs during exercise or acute

exacerbation (69). Also, the presence of dynamic hyperinflation infers that the

inspiratory muscles must generate sufficient force to overcome iPEEP to initiate a

breath. This results in more negative swings in Ppl during inspiration (70, 71).

Various, and at times opposing, hemodynamic effects may occur as direct or indirect

consequences of iPEEP and dynamic hyperinflation. Increasing lung volume, for

example, has opposing effects on alveolar and extra-alveolar vessels. Whereas

pulmonary capillary resistance may increase (72) through derecruitment with

increasing Pal, resistance of extra-alveolar vessels actually decreases (73). The end

result will ultimately depend on the relationship between pressure and resistance of

the individual compartment and the contribution of each vascular bed to total PVR.

It has been hypothesized that iPEEP ultimately increases PVR (72) and that this

increase is further enhanced during exercise or acute exacerbation of COPD (69, 72,

74). At the same time, the increase in lung volume may impede VR directly through

compression of the vena cava (71) and the right heart (76), or indirectly through an

increase in right atrial pressure (PRA) and, hence, a decrease in the pressure gradient

for VR (77). On the other hand, the pressure gradient for VR may increase due to a

drop in PRA because of the large negative swings in Ppl and a concomitant rise in

abdominal pressure (Pabd) due to diaphragmatic descent during inspiration or the

activation of abdominal muscles during expiration. This potential increase in VR,

however, may be limited as it may lie in the flat portion of the VR curve (78). The

relationship between PRA, atmospheric pressure (Patm), and Pabd in determining VR

has been described by Takata et al. (79, 80). An increase in Pabd would enhance VR

when PRA exceeds Patm (abdominal zone III conditions, similar to pulmonary zone

III of West). However, when PRA decreases below Patm, large veins collapse as they

enter the thorax producing a Starling resistor effect (abdominal zone II conditions).

In a study by Dhainaut et al. (17), in 10 spontaneously breathing COPD patients,

pulmonary hemodynamics and dimensional changes in the RVand inferior vena cava

(IVC) were simultaneously assessed. During inspiration, RV end-diastolic diameter

increased while IVC collapsed, suggesting an increase in VR and RV preload. Settle

et al. (81) and Jardin et al. (82), studying stable and mild acute exacerbation of

COPD, respectively, further showed that the increase in RV dimensions during

inspiration is associated with a reduction in LV dimensions and, hence, LV preload.
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However, in the study of Dhainaut et al. (17), right-ventricular EF and right-

ventricular and pulmonary artery pressures did not rise.

D. Other Factors

Other factors that may contribute to increased PVR are pulmonary thrombosis (59)

through loss of vascular bed, and polycythemia, through its effect on viscosity, and

hence, resistance under laminar flow conditions (R¼ 8pml=A2).

Given this complex relationship between iPEEP, preload, and afterload, and the

importance of preload and afterload in determining SV and, hence, CO, it is not

surprising that results in the literature are inconsistent. Several important questions

remain. Is RV function preserved in COPD, and is the RV able to accommodate

changes in preload and afterload during an exacerbation? And does CO eventually

rise or fall during an exacerbation? Also, what is the effect of iPEEP and dynamic

hyperinflation alone (i.e., without changes in preload and CO), on total PVR? The

answers to these questions have significant impact on the degree of interaction

between the cardiac and pulmonary systems and eventually determine the outcome

during an exacerbation. It is quite reasonable to expect that not all patients with

COPD will respond in the same way. Patients with mild COPD may have quite a

different response from patients with very severe COPD. In the next section, using a

multibranched model of the pulmonary circulation, we will attempt to answer some

of these questions. Assumptions will be made based on clinical evidence where

possible.

V. Model Predictions

A. Multibranched Model of the Pulmonary Circulation

The details of the multibranched model (Fig. 1) have been previously described (83,

84). In brief, starting from the pulmonary artery, the model bifurcates sequentially to

eight capillary levels and converges on the venous side to end in the left atrium (LA).

The behavior of the extra-alveolar vessels (both arteries and veins) is based on data

obtained by Smith and Mitzner (73) and the behavior of the capillary bed is based on

the model of Fung and Sobin (85). The model accounts for various factors including

the effect of gravity, independent changes in alveolar and pleural pressures, and lung

compliance. For individual vessels within the model, resistance, smooth muscle

tone, and the characteristic behavior of each vessel can be determined. Cardiac

output and LA pressure (LAP) are entered and the computer iterates until a stable

solution for the model is reached. The model has been based on data obtained in the

dog and model predictions have been previously validated. The agreement between

model predictions and animal data was striking both qualitatively and quantitatively

(83, 84). There is no reason to believe that model predictions are not applicable to

humans, at least qualitatively.

Using the multibranched model of the pulmonary circulation described above,

it is possible to examine the various pathophysiological processes that contribute to

PAH in COPD. The severity of each process required to induce a significant rise in
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PPA can be examined individually or in combination with other processes. Model

predictions can be extended to exercise and acute exacerbation of COPD by raising

or lowering CO, increasing the swings in pleural pressure between inspiration and

expiration, with and without the development of iPEEP.

To establish baseline (normal) conditions, we assumed a lung height (LH) of

30 cm (assuming an erect position), lung compliance (CL) of 0.25 L=cmH2O, mean

Pal (Pal) of 0 cmH2O, mean Ppl (Ppl) of �5 cmH2O, left atrial pressure (LAP) of

2mmHg, and a CO of 5 L=min. All pressures are referenced to the LA. Total PVR

was adjusted to yield a PPA of 17.93mmHg. Under these conditions, total PVR was

3.19mmHg=L=min distributed almost equally between upstream (arterial bed),

capillary bed, and downstream (venous bed) (1.14, 0.95, and 1.10mmHg=L=min,

respectively). Flow in the capillary bed at the lung apices (through vessels R4a) was

2% of total flow and, hence, most of the capillary bed at the lung apices was

considered derecruited.

As a first step, we examined the effect of raising lung compliance alone

(simulating worse COPD) on pulmonary arterial pressure. Raising compliance from

0.25 to 0.50 L=cmH2O caused PPA to rise minimally from 17.93 to 18.38mmHg.

This increase was considered insignificant and unlikely to explain the higher

pulmonary arterial pressures seen with disease progression and, therefore, for the

rest of the simulations lung compliance was left at 0.25 L=cmH2O.

Figure 1 Multibranched model. Starting at the pulmonary artery (PA), the arterial bed

bifurcates sequentially up to eight parallel channels that converge and reunite, on the

venous side, to end in the left atrium (LA). Separating the two vascular beds are eight

capillary sheets (rectangles) representing the capillary bed. By assigning the model a

certain height, gravity effects are included in the simulations.
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The increase in PPA secondary to alveolar hypoxia is mainly due to constric-

tion of pulmonary arteries that are smaller than 1000 mm in diameter (86, 87). To test

whether vasoconstriction alone could contribute to the development of PAH in

COPD at rest, we added smooth muscle tone evenly to the precapillary level (level 4,

vessels R4a through R4h) in increasing amounts to achieve a PPA of approximately

35mmHg. A smooth muscle tone of 35mmHg resulted in a mean PPA of

36.32mmHg. In a 100 mm diameter vessel, with a muscular layer of 5 mm, this

pressure translates to a stress of approximately 1� 106 dyne=cm2. Under these

conditions, derecruitment occurred in capillary beds a, b, and c (equivalent to 37.5%

derecruitment). Eliminating smooth muscle tone from vessel R4h caused a drop in

PPA to 32.07mmHg in spite a rise in derecruitment to 50% (vessels a, b, c, and d).

Eliminating smooth muscle tone in vessels R4g and R4h caused PPA to drop to

26.87mmHg in spite a further rise in derecruitment to 75% (vessels a, b, c, d, e, and

f). These findings suggest that, in order for smooth muscle tone alone to induce a rise

in PPA to levels seen in COPD at rest, vasoconstriction has to be applied diffusely

and in significant amounts. Furthermore, derecruitment alone is unlikely to cause

PAH at rest if the remainder of the pulmonary circulation remains intact. When

capillary beds a, d, f, and h (randomly selected) were destroyed (50% destruction)

leaving capillary beds b, c, e, and g intact, PPA rose from 17.93 to 22.29mmHg at

rest. A smooth muscle tone of 29mmHg applied to the remainder of the vessels was

needed to raise PPA to 36.54mmHg. When capillary beds a, c, d, f, g, and h were

destroyed (75% destruction), PPA rose to 31.69mmHg and a smooth muscle tone of

15mmHg caused PPA to further rise to 36.12mmHg. This suggests that even in

the presence of significant (50%) vessel destruction, an almost equivalent amount

of smooth muscle tone (29 vs. 35mmHg) is still needed in the remainder of the

vessels to cause a significant rise in PPA. However, when more than 75% of

the vessels are destroyed, lower, but not insignificant, levels of smooth muscle

tone (15mmHg vs. 35mmHg) were still needed to cause PPA to rise to levels seen in

COPD.

To simulate vessel narrowing, the cross-sectional area of vessels R4b, R4c,

R4e, and R4g in the first example (50% destruction) and vessels R4b and R4e in the

second example (75% destruction) were reduced by half. In the first example, a

smooth muscle tone of only 15mmHg caused PPA to rise to 36.43mmHg, whereas in

the second example, without any smooth muscle tone, PPA rose to 39.37mmHg.

These findings suggest that the mechanisms for the development of PAH in COPD

patients at rest must be multifactorial. The contribution of each factor to the

development of PAH may vary and depend on the degree of alveolar destruction

and, hence, severity of COPD.

During exercise, CO and minute ventilation rise with the possible development

of iPEEP. Depending on the severity of COPD, desaturation with or without CO2

retention and worsening acidemia may also develop. As mentioned above, worsen-

ing hypoxemia is likely to cause more vasoconstriction, which is further potentiated

by acidemia (52), and the rise in CO2 causes an increase in CO (50, 51). The effects

of vasoconstriction have already been described. To examine the effects of increas-

ing CO on PPA, realizing that the mechanisms contributing to PAH are multifactorial,
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we doubled CO (from 5 to 10 L=min) in four conditions; normal lungs (condition 1),

mild, severe, and very severe COPD (conditions 2, 3, and 4, respectively) (Table 1).

Condition 2 had 25% vessel destruction (vessels R4b and R4g) and 7.5mmHg

vasoconstriction in the remainder of the vessels at level 4 without other vessel

narrowing. Condition 3 had 50% vessel destruction (vessels R4a, R4d, R4f, and

R4h), 15mmHg smooth muscle tone, and 50% reduction in cross-sectional area in

the remaining vessels at level 4. Condition 4 had 75% vessel destruction (vessels

R4a, R4c, R4d, R4f, R4g, and R4h) without added smooth muscle tone but with

50% reduction in cross-sectional area in the remaining vessels. Smooth muscle tone

was removed from the last condition to explore whether, in very severe COPD with

most vessels being destroyed, PAH would occur without added smooth muscle tone.

Raising CO from 5 to 10 L=min caused PPA to rise from 17.93 to 25.72 (7.79mmHg,

43.4%) in condition 1, from 20.67 to 29.15mmHg (8.48mmHg, 41%) in condition

2, from 36.43 to 46.83mmHg (10.4mmHg, 28.5%) in condition 3, and from 39.37

to 54.19mmHg (14.82mmHg, 37.6%) in condition 4. These findings confirm that

although PAH may not be apparent at rest in COPD, PPA does rise to significant

levels during exercise. Furthermore, PPA is quite sensitive to changes in CO even in

mild COPD if vasoconstriction is present and in very severe COPD without

vasoconstriction. Notice that it is the absolute rise, and not the percent rise, in

PPA that correlates with the severity of disease.

To simulate the effect of large swings in alveolar and pleural pressures on

pulmonary hemodynamics, we divided the respiratory cycle into inspiratory (I) and

expiratory (E) phases with an I : E ratio of 1 : 2. Pal during inspiration was decreased

from 0 (C1) to �10 (C2) to �20 (C3) and Ppl was decreased from �5 to �15 to

�25 cmH2O, respectively (Table 2). During expiration, Pal was increased from 0 to

þ5 to þ10 and Ppl from �5 to 0 to þ5 cmH2O, respectively. Notice that Ptp under

these conditions was kept constant (5 cmH2O), thus simulating large swings in

alveolar and pleural pressures without the development of dynamic hyperinflation.

The degree of variation in alveolar and pleural pressures between inspiration and

expiration therefore varied from 0 (C1) to 15 (C2) to 30 cmH2O (C3). Although

these swings may be considered large, they enabled us to explore extreme conditions

such as occur during exercise and acute exacerbation of COPD. We also reasoned

Table 1 Details of Vessel Destruction, Smooth Muscle Tone, and Vessel Narrowing

Simulating Normal Lungs and Patients with Mild, Severe, and Very Severe COPD

Condition

% Vessel

destruction

Vessels

destructed

Smooth muscle

tone in

remainder of

vessels

Narrowing in

remainder of

vessels

1 0 None None None

2 25 R4b, R4g 7.5mmHg None

3 50 R4a, R4d, R4f, R4h 15.0mmHg 50%

4 75 R4a, R4c, R4d, R4f, R4g, R4h None 50%
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that by examining extremes we were likely to cover intermediate situations. This was

done under three conditions; healthy lungs, severe and very severe COPD (condi-

tions 1, 3, and 4 as described in Table 1, respectively). Table 2 shows the effects on

PPA assuming a constant CO of 5 L=min and Table 3 shows the effects on CO

assuming a constant PPA of 17.93mmHg for normal lungs, 36.43mmHg for severe

COPD, and 39.37mmHg for very severe COPD. From Table 2 it is evident that, at a

fixed CO, large swings in alveolar and pleural pressures between inspiration and

expiration will cause large swings in PPA (in healthy subjects and in patients with

severe and very severe COPD), in a direct relation, without a change in mean PPA
when averaged over the whole respiratory cycle. It is also evident from Table 3 that a

constant PPA, as described by Dhainaut et al. (17), will cause large swings in CO

between inspiration and expiration without a change in overall CO compared to

baseline. These large swings in CO may be the result of large swings in VR which,

in turn, are the result of the effects of Ppl on right atrial pressure. We conclude that,

during an exacerbation, the large swings in alveolar and pleural pressures per se,

although they may cause large swings in PPA and CO between inspiration and

expiration, do not affect CO and PPA overall.

With the development of iPEEP and dynamic hyperinflation, Pal may increase

significantly as does lung volume with Ppl increasing to a lesser extent. Changes in

Table 2 The Effects of Large Swings in Alveolar and Pleural Pressure, Without the

Development of iPEEP and at a Fixed CO, on PPA During Inspiration, Expiration, and

Averaged Over the Whole Respiratory Cycle with an I : E of 1 : 2

I E Mean

I E PPA PPA PPA

C1
Pal 0 0

17.93 17.93 17.93
Ppl �5 �5

Normal
C2

Pal �10 þ5
13.97 20.61 18.40

lungs Ppl �15 0

C3
Pal �20 þ10

11.55 24.65 20.28
Ppl �25 þ5

C1
Pal 0 0

36.43 36.43 36.43
Ppl �5 �5

Severe
C2

Pal �10 þ5
30.17 39.88 36.64

COPD Ppl �15 0

C3
Pal �20 þ10

24.92 43.64 37.40
Ppl �25 þ5

C1
Pal 0 0

39.37 39.37 39.37
Ppl �5 �5

Very severe
C2

Pal �10 þ5
33.33 42.79 39.64

COPD Ppl �15 0

C3
Pal �20 þ10

29.14 46.55 40.75
Ppl �25 þ5
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Pal, Ppl, and lung volume have independent effects on alveolar and extra-alveolar

vessels (73, 85). To examine the effects of iPEEP with dynamic hyperinflation on

PPA, we raised Pal from 0 to 10 and then to 20 cmH2O while raising Ppl from �5 to 0

and then to þ5 cmH2O, respectively. Resting lung volume under these conditions

increased from 1.35 to 2.6 and then to 3.85 L. We examined this effect in conditions

1, 3, and 4, as described in Table 1. The results are shown in Table 4. From Table 4,

it is evident that the combination of a rise in CO and the development of iPEEP and

hyperinflation cause a significant rise in PPA even in normal lungs. However, the rise

in PPA is higher with worsening COPD as previously hypothesized.

In conclusion, given the distensibility of the pulmonary circulation, a sub-

stantial amount of smooth muscle tone, applied diffusely at the precapillary level, is

needed to increase PPA to levels seen in COPD at rest. Similarly, a large degree of

alveolar vascular destruction with vascular narrowing in the remainder of the

pulmonary circulation is needed to induce such an increase in PPA. Under these

conditions, no additional vascular tone is needed. However, during an exacerbation

with worsening hypoxemia and acidosis, further vasoconstriction may occur thus

worsening PPA. Furthermore, with the development of iPEEP and the concomitant

increase in CO, PPA may rise to very high levels. The clinical outcome under these

conditions will highly depend on whether the RV can accommodate such acute

Table 3 The Effects of Large Swings in Alveolar and Pleural Pressure, Without the

Development of iPEEP and at a Fixed PPA, on CO During Inspiration, Expiration, and

Averaged Over the Whole Respiratory Cycle with an I : E of 1 : 2

I E Mean

I E CO CO CO

C1
Pal 0 0

5.0 5.0 5.0
Ppl �5 �5

Normal
C2

Pal �10 þ5
7.5 3.7 5.0

lungs Ppl �15 0

C3
Pal �20 þ10

9.5 2.3 4.8
Ppl �25 þ5

C1
Pal 0 0

5.0 5.0 5.0
Ppl �5 �5

Severe
C2

Pal �10 þ5
7.75 3.8 5.11

COPD Ppl �15 0

C3
Pal �20 þ10

10.35 2.73 5.27
Ppl �25 þ5

C1
Pal 0 0

5.0 5.0 5.0
Ppl �5 �5

Very severe
C2

Pal �10 þ5
6.75 4.1 4.98

COPD Ppl �15 0

C3
Pal �20 þ10

8.1 3.2 4.83
Ppl �25 þ5
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changes which in turn depends on the acuity and severity of the derangement and the

status of the myocardium.
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I. Introduction: Relevance of Skeletal Muscles in COPD

During the last decade, impaired skeletal muscle function has been identified as an

independent contributor to both morbidity and mortality in COPD. We showed that

patients with recurrent hospitalizations and high medical consumption were char-

acterized by muscle weakness rather than impaired pulmonary function (1). In

addition, exacerbations may have devastating effects on skeletal muscle function in

patients with COPD. This chapter will deal with both these aspects.

First, skeletal muscle weakness and, more generally, deconditioning, will be

discussed as risk factors for exacerbations in COPD. Second, mechanisms that may

contribute to reduced skeletal muscle function during and after an exacerbation will

be reviewed. A special section is devoted to respiratory muscle function during

exacerbations. The relevance of this section is illustrated by the observation that

respiratory muscle weakness was associated with impaired survival in a large cohort

of COPD patients (2).

Although this chapter will discuss several hypotheses in support of the

presence of muscle dysfunction during exacerbations, research investigating the

direct impact of acute exacerbations on skeletal muscle function is scarce. Recent

unpublished data from our lab, however, support a decline in handgrip force during
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the first week of a hospitalization for an acute exacerbation (�5�6%; p¼ 0.01). A

study by Vermeeren (3) clearly demonstrates that patients with COPD admitted to a

hospital have an elevated resting energy expenditure and reduced calorie intake,

resulting in a negative energy balance. Although this study (3) does not present

prospective data on weight loss during exacerbation, the authors report a 1.6-kg

weight gain at discharge compared to a follow-up visit 3 months later. This suggests

that COPD patients may indeed actively lose weight and possibly muscle mass

during a severe acute exacerbation.

II. Deconditioning and Exacerbations

When COPD patients with frequent exacerbations are compared to patients with less

frequent exacerbations requiring hospitalization, they are characterized by overt

skeletal muscle weakness (1). Although in a more general population pulmonary

function was shown to be a strong predictor of hospitalization (4), it was essentially

identical between both our COPD patient populations (1). Taken all together, skeletal

muscle weakness should be regarded as an independent risk factor for hospitaliza-

tion. Quadriceps force expressed as a percentage of the predicted value is related to

the number of hospital admissions, the number of hospital days, and to the number

of outpatient consultations. Intriguingly, FEV1 was not significantly related to

utilization of health-care recourses in the cohort of patients we studied (Fig. 1).

Along tne same lines, Kessler et al. (5) showed that—apart from gas exchange

limitation and pulmonary hemodynamics—a low body mass index (BMI) and a poor

6-min walking distance (6MWD) were strong predictors of hospital admission.

Muscle strength was not measured in this trial, but we showed that 6MWD was

strongly related to skeletal muscle strength in COPD patients (6). Further indirect

Figure 1 Differences between consecutive patients with high medical consumption (> 2

hospital admissions in the year preceding the study; n¼ 23 number of hospital days

30�16), and low medical consumption (no admissions, n¼ 34). Data for lung function

[(FEV1) and diffusion capacity (TL, CO) are displayed], expressed as % of the predicted

variable, were not different. Quadriceps force (QF), expressed as a % of predicted value, was

significantly lower in the patients with high medical consumption. (Adapted from Ref. 1.)
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evidence pointing to a protective effect of preserved skeletal muscle function and,

hence, good physical condition on exacerbation control is summarized below.

The absence of a pulmonary rehabilitation program showed to be a risk factor

for hospitalization in a large cohort of patients studied in Spain (7). Since pulmonary

rehabilitation generally improves skeletal muscle force and deconditioning (8, 9),

this study may provide indirect evidence that when patients are deprived of inter-

ventions improving skeletal muscle function they may be at risk for having exacerba-

tions. More direct evidence comes from the study by Griffiths et al., who showed that

patients after pulmonary rehabilitation had fewer hospitalizations related to the

deterioration of their COPD over a 1-year follow-up period (10). In addition, we

showed that pulmonary rehabilitation initiated after an acute exacerbation requiring

hospitalization improved survival in these patients with high mortality risk (11).

It is well accepted that, from a physiological point of view, pulmonary

rehabilitation has significant impact on skeletal muscle properties (muscle strength,

muscle endurance, muscle bioenergetics, and exercise capacity) without significant

impact on pulmonary function. Therefore, if there is any relation between reduction

of medical consumption and pulmonary rehabilitation, the mediator of this relation

may well be (directly or indirectly) improved peripheral and=or respiratory muscle

function.

To our knowledge, no direct prospective evidence has been reported to relate

skeletal muscle dysfunction to increased risk for hospitalizations in COPD, but one

may speculate that deconditioning may make COPD patients more vulnerable for

exacerbations. In healthy, deconditioned elderly subjects, participation in exercise

training programs has been suggested to slow down the age-related deterioration of

the immune response (12) and therefore may protect these frail subjects from

infections. It is of note, however, that this is not a universal finding (13). The most

important effects of exercise training in COPD are improved exercise tolerance and

skeletal muscle force, improved functional exercise capacity, and enhanced health-

related quality of life. Whether exercise training may protect COPD patients from

infections needs to be confirmed in large, well-controlled clinical trials. Unfortu-

nately, since there is overwhelming evidence that exercise training is beneficial to

patients with COPD, the setup of such a controlled trial would be ethically

unacceptable.

III. Factors Affecting Skeletal Muscle Relevant to
Exacerbations

The exacerbation of COPD can result in impaired skeletal muscle functioning, and

may induce muscle weakness. The environment in which the muscle has to function

clearly compromises muscle contractile properties (hypercapnia, hypoxia, electrolyte

disturbance, and substrate depletion). These factors are discussed in Sec. III.B.

Moreover, the overwhelming inflammatory response during the exacerbation, the

increased oxidative stress, bed rest, and medication (corticosteroids, muscle relax-

ants) may impact the integrity of the muscle itself favoring muscle damage,

apoptosis, and, eventually, myopathy.
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A. Factors That May Induce Muscle Atrophy or Myopathy

Bed Rest

Bed rest is devastating for skeletal muscle function. Even after a few days of bed

rest, general skeletal muscle atrophy sets in. Models for deconditioning using bed

rest show a negative protein balance (14), a rapid and impressive loss of skeletal

muscle mass, and generalized muscle fiber atrophy (15). In little as 1 week, hindlimb

unloading, for example, showed, significantly reduced fiber size and force of rat

soleus muscle (16). The reduction in muscle mass is, in humans, accompanied by a

disproportionately greater (
 30%) reduction in muscle strength (17, 18). The latter

is the net result of the inactivity (bed rest), since these changes are not observed in

the upper limb muscles, which remain more active during bed rest (19, 20). Fiber-

type transformation from slow-twitch to fast-twitch fibers has been documented in

animal models of deconditioning. In human models, fiber-type transition has not

been documented. Andersen et al., however, showed that there were more mis-

matched fibers after 6 weeks of bed rest. These so-called mismatched fibers express

myosin heavy chain mRNA of the type IIa or IIx, whereas the muscle fiber itself is

stained at the protein level, as a fiber type I or IIa, respectively. This mismatching,

therefore, may indicate that the muscle fiber is in transition from type I to type IIa or

from type IIa to type IIx, and that longer term bed rest may indeed provoke changes

in fiber type distribution in favor of fiber type IIa and IIx (15). lnterestingly, the same

authors reported that coexpression of different myosin heavy chain types was

increased in the elderly (21). Therefore, in that age group, typical for COPD

patients, the effects of bed rest on fiber type distribution could be even more

pronounced than in younger subjects. Older animal populations, indeed, seemed to

be more susceptible to unloading than young animals on the single-muscle-cell level

(especially in fiber type I) (22). This hypothesis needs confirmation in COPD

patients.

Human and animal models show rapid decrease in myofibrillary protein

synthesis and increase in protein degradation through the ATP-dependent ubiquitin

proteosome pathway (23). Besides bed rest, this pathway is further stimulated by

malnutrition, sepsis, and inflammation (see Sec. III.A). Loss of skeletal muscle mass

due to deconditioning is further characterized by changes in muscle regulatory

factors (MRF), upregulated myostatin (24), and progressive denervation of muscle

fibers. The exact contribution of each of these factors, however, is far from

elucidated. Although clean human and animal models of muscle unloading exist,

during an acute exacerbation of COPD the deleterious effects of bed rest should be

seen within the context of the acute exacerbation where all these factors act

simultaneously and probably amplify each other.

Medication

In the treatment of acute exacerbations of COPD, corticosteroids are administered

in relatively high doses. These have modest, but statistically significant, short-

term effects on pulmonary function (25–27) and may reduce hospital stay (28).
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Continuous use of oral corticosteroids or repeated bursts of corticosteroids may,

however, have deleterious effects on muscle function and induce steroid myopathy

(29, 30). Schols and coworkers even showed a dose-dependent inverse relation

between corticosteroid use and survival (31). In patients, this steroid-induced

myopathy is characterized by a general myopathy affecting all fiber types, slightly

more marked in fiber types IIb and IIa and by the presence of necrotic fibers (32).

Strength of all skeletal muscles is reduced (33) in COPD patients, but no systematic

studies of the impact of corticosteroids on different skeletal muscles with different

fiber type distribution are present in humans. In animal models, corticosteroid-

induced myopathy showed to be more pronounced after treatment with fluorinated

corticosteroids, and myopathy was more confined to type IIb fibers (34). These

histological changes in the rat diaphragm and gastrocnemius after such treatment

were clearly different than those observed after nutritional depletion, where more

generalized atrophy was observed (35). Note that, in these models, animals were

treated with massive doses of corticosteroids for short periods. This may not be

representative for COPD patients, where longer term treatment with substantially

lower doses is applied. This may account for the differences observed between the

animal models resulting in acute steroid-induced myopathy and the clinical picture,

where changes are induced by more chronic, continuous, or repetitive bursts, or

steroid abuse (32). Growth factors may play an important role in the etiology of

steroid-induced myopathic changes. We recently showed that insulin-like growth

factor (IGF)-I and, to a lesser extend, IGF-II were downregulated in the diaphragm

and gastrocnemius of rats treated with high-doses of corticosteroids for 5 days (36).

Administration of IGF could not facilitate the recovery after steroid-induced atrophy

(37). Observations by Kanda et al. (38) and Chysis et al. (39) showed that

administration of IGF-I together with the dexamethasone treatment may partially

prevent the catabolic effects of administered corticosteroids in rats. These studies,

however, were not entirely conclusive. It remains an appealing area of research to

investigate the effects on the autocrine IGF-production in the skeletal muscle when

corticosteroids are administered in patients during an acute exacerbation of COPD.

The protective effect of IGF-I may result from its inhibition of the corticosteroid-

induced increase in glutamine synthetase (40) and through its downregulation of

the activated components of the ubiquitin pathway (39). It is interesting that exercise

was reported to induce the same protective effect (41, 42). In a randomized

controlled trial, Braith et al. reported that resistance training was able to counteract

glucocorticoid-induced changes in heart transplant patients (43). It is unclear

whether exercise training during an acute exacerbation of COPD, treated with

corticosteroids may have similar beneficial effects. In contrast to exercise training,

bed rest seems to attenuate the catabolic response to increased cortisol levels.

Ferrando et al. showed in six healthy male subjects that the devastating catabolic

effects of hypercortisolemia were attenuated by 14 days of strict bed rest (44).

It is our clinical opinion (supported by findings in rats treated with corticos-

teroids) that patients with frequent exacerbations, who are repeatedly treated with

bursts of corticosteroids, are equally prone to developing corticosteroid-induced

myopathy. Although muscle weakness in COPD is clearly multifactorial in nature,
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the average daily dose of oral corticosteroid use (expressed as methylprednisolone

equivalents per day) showed to be one of the variables related to muscle weakness in

COPD patients. Figure 2 illustrates the relationship of this variable to quadriceps

strength in a sample of COPD patients studied in our center. Observations by

Saundy-Unterberger of a close relation between corticosteroid dose during an acute

exacerbation of COPD and the degree of negative nitrogen balance (an indirect index

of muscle wasting) (45) run along these lines.

In very severe exacerbations or life-threatening status asthmaticus, mechanical

ventilation in combination with neuromuscular blocking agents (NMBAs: pancur-

onium, vecuronium, or atracurium) may be required as a life-saving treatment. It is

clear, however, that the administration of NMBAs should be well considered. A

study by Behbehani et al. indicated that in patients with acute asthma the odds ratio

to develop acute myopathy increased by 2.1 (95% Cl 1.4–3.2) for each day of muscle

relaxation (46).

The Role of Oxidative Stress

COPD patients are subjected to increased oxidative stress (47). As potential sources

for oxidative stress in COPD, cigarette smoke, inflammation, infections, and hypoxia

have been identified (48,49). During exacerbations, more reactive oxygen species are

formed, causing disturbances in the oxidant=antioxidant status (50). Recently,

oxidative stress during viral infections—such as influenza—received attention

(51). Besides the skeletal muscle cells, immune cells activated by the inflammation

can play a potential role during exacerbation. In addition, TNF-a, produced by

monocytes and macrophages, may induce oxidative stress in myocytes (52).

Although most research on oxidative stress has focused on the lung, this imbalance

Figure 2 Relation between average daily dose of corticosteroids over 6 months (ADD)

expressed as mg methylprednisolone equivalents, and quadriceps force (QF), expressed as

percentage of the predicted value, in a cohort of COPD patients admitted to an outpatient

pulmonary rehabilitation program in our facilities.
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may make the skeletal muscle vulnerable, particularly during the first days of the

acute exacerbation. The protection against reactive oxygen species seems to be

poorest during an acute exacerbation (53). Even when stable, the muscle redox

potential showed to be lower in COPD, compared to normal subjects (54). In a study

with smaller sample size, Rabinovich et al. could not confirm these findings (55).

However, these authors confirmed that patients with COPD, especially those with

low BMI, might be vulnerable to oxidative stress induced by high-intensity

endurance training. Reactive oxygen species have impressive harmful effects on

the skeletal muscle, reducing its contractility and leading to apoptosis, and may play

a role in skeletal muscle dysfunction in COPD (56). Further research, however, is

warranted to investigate the role of excessive oxidative stress during exacerbations

on muscle function.

The Role of Systemic Inflammation on Muscle Function During
Exacerbation

Acute exacerbations of COPD are associated with increased circulating proinflam-

matory cytokines and inflammatory mediators. In pulmonary stable, but weight-

losing COPD patients, increased plasma levels of proinflammatory cytokines

(especially TNF-a) have been reported (57, 58). In addition, increased inflammatory

cytokines including TNF-a, interleukin-2 (IL-2), and interleukin-6 (IL-6) have also

been reported in patients with chronic hypoxia (59) and increased C-reactive protein

(CRP) levels (60). It is generally accepted that these proinflammatory cytokines

contribute to reduced fat-free mass, reduced muscle function, and impaired response

to nutritional interventions (61). In mouse-derived C1C12 cell line, Li et al. showed

a direct effect of exogeneous TNF-a on muscle protein loss through close interaction

with NF-kB (62). During acute exacerbations, circulating inflammatory markers

were increased in COPD (63).

The presence of systemic inflammation during COPD exacerbations has been

demonstrated by Wedzicha et al. who showed increased plasma IL-6 levels (64). In a

more recent study, Dentener et al. (65) confirmed an increase of several inflamma-

tory markers. This was accompanied by a temporary rise (first 3 days) of soluble

TNF-a and IL-1 receptors. It is still open to discussion whether this systemic

inflammation may impact on the skeletal muscle in COPD. The involvement of the

inflammatory response in the onset of anorexia (a strong correlate of skeletal muscle

weakness in COPD) (66) after an exacerbation became evident from the work of

Creutzberg et al. (63). These authors showed a negative relation between soluble

TNF receptors and energy balance (dietary intake=resting energy expenditure)

during an exacerbation. Similar observations were made by Nguyen et al. (67),

showing a close relation between circulating plasma TNF-a and resting energy

expenditure in stable COPD patients. In models with profound inflammation (burn,

endotoxin, sepsis), significant increases in TNF-a were reported. However, admin-

istration of TNF binding protein could not prevent the loss of muscle protein content

(68). The authors suggest an important role in these models may be allotted to
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increased myostatin activity (muscle growth and differentiation factor 8, a member

of the TGF-b family). This factor promotes fiber Ila and IIb atrophy (24).

Consequently, knock-out of the myostatin gene results in dramatic increase in

muscle mass. The myostatin upregulation seems to be enhanced by administration

of dexamethasone (68). The latter may be relevant in the patient with COPD, treated

with high-dose corticosteroids.

B. Factors Affecting Proper Functioning of the Muscle During
Exacerbations

The conditions in which skeletal muscles have to work may be compromised in

patients during an acute exacerbation. Depletion of substrates, hypoxia, and

uncompensated hypercapnia resulting in acidemia contribute to an environment in

which the contractile properties of the skeletal muscle are compromised. The effect

of this unfavorable environment in which the skeletal muscles have to work is

illustrated in Figure 3. From this older work of Gertz and colleagues, it is obvious

that the skeletal muscle is deprived from ATP and phosphocreatine, both immedi-

ately available energy stores. Moreover, intramuscular lactate concentration was

increased in the acute phase. These abnormalities gradually returned to normal

COPD values as the extracellular environment recovered (69).

Figure 3 Concentrations of metabolites: creatinine phosphate (CP, open circles, dashed

line) and ATP (closed circles, solid line) in quadriceps muscle samples from patients

admitted to the hospital with acute respiratory failure requiring ICU admission. (Mechan-

ical ventilation was initiated in 30% of the patients). Samples were taken on admission

(Adm.), after 1 week of treatment, and at discharge (Disch.). For comparison, values

obtained in healthy controls are displayed. Significant lactic acid production was observed

in the skeletal muscle at rest on admission (data not shown). (Data obtained from Ref. 69.)
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Hypoxia

The lack of oxygen in the skeletal muscle causes task failure. Glycolytic processes

will take over ATP supply for the force-generating processes, but this results in

inevitable decrease in intracellular pH and early task failure. In stable patients with

COPD, there has been debate as to whether peak exercise is dependent on reduced

oxygen supply. Data from Richardson et al. (70) are in favor of an O2 supply

dependence in these patients. Administering supplemental oxygen indeed showed an

improvement in muscle bioenergetics (71) in hypoxic (PaO2 57�3mmHg) and

moderately hypercapnic PaCO2 (47�3mmHg) patients. Other studies showed that

acute relief of chronic hypoxia improved maximum strength of adductor pollicis,

vastus lateralis, and diaphragm muscle (72). From these studies, however, it is

difficult to deduce the impact of acute hypoxia on skeletal muscle performance,

since the impact on oxygen delivery to the skeletal muscle may not be altered

dramatically. During acute exacerbations of COPD, hypoxia may be present,

predominantly because of increased resting oxygen consumption and moderately

increased ventilation=perfusion mismatching (73). In a recent study, Gonzàlez-

Alonso et al. studied the effects of acute hypoxia on leg O2 delivery. Despite a

significant reduction of the PaO2 (105�3 to 47�3mmHg), leg O2 delivery did not

change significantly due to a concomitant rise in leg blood flow (74). In COPD

patients, the reduction in oxygen saturation, in combination with the poor capillar-

ization (75), may lead to reduction in oxygen delivery to the skeletal muscle.

Notwithstanding the maintained oxygen delivery, it has been shown that hypoxemia

results in tissue hypoxia and even reduced mitochondrial VO2 (76). Therefore,

it is not surprising that exercise at isowork under acute hypoxic conditions

increases glycolysis and, hence, lactate concentration (77). This increased lactate

concentration in addition to hypoxia will result in a higher ventilatory demand. The

latter may cause problems to the respiratory pump, which, during an acute

exacerbation, already has to work against increased resistance (see Sec. V). It is

of note that intermittent hypoxia, followed by relative hyperoxia when oxygen is

administered, may result in a boost of free radicals (reactive oxygen species) known

as reperfusion injury and may cause additional muscle damage (78). In addition, it

has been shown that even short-term hypoxia leads to increased circulating leptin

levels (79). Through this pathway, intermittent (or continuous) hypoxia may

contribute to loss of appetite, protein imbalance, and loss of skeletal muscle mass.

Hypercapnia

Hypercapnia and especially the associated respiratory acidosis (80) may result in

lower mithochondrial efficiency and early onset of fatigue. Mador et al. (81) reported

a significant reduction of twitch force of the abductor pollicis muscle when healthy

subjects were breathing a CO2-enriched mixture resulting in PaCO2 similar to that

observed during acute exacerbations (FICO2 8% with PaCO2 of ffi 60mmHg).

Similar findings were observed in other human (82) and animal studies (83). It

remains unclear whether modest CO2 retention is capable of increasing intracellular

pH. While Sahlin et al. (84) found no short-term effect (10min) of CO2 breathing on
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resting intracellular pH. Results obtained from muscle biopsies in patients with

respiratory failure pointed out that skeletal muscle pH was indeed lower (69, 85).

Fiaccadori et al. reported a close relationship between arterial PCO2 and intracellular

pH in patients with acute respiratory failure just before intubation (85).

During mild exercise, however, Sahlin et al. showed a clear rise in intramus-

cular CO2 content (84) and an abnormal energy metabolism. The authors concluded

that the increased Hþ compromises the force-generating capacity and induces early

muscle fatigue (83).

Depletion of Substrates and Electrolytes

Few studies investigated the fuel-content of skeletal muscles during exacerbations.

In stable but hypoxic and hypercapnic (severe) COPD patients, Jakobsson et al.

reported that skeletal muscles had significantly lower glycogen and phosphocreatine

content, compared to COPD patients without respiratory failure (86, 87). In addition,

the muscle glycogen content was related both to resting PaO2 (R¼ 0.70; p< 0.0001)

and to resting PaCO2 (R¼�0.50; p< 0.05). It should be pointed out that treatment

with corticosteroids during the exacerbation may interfere with the glucose uptake in

skeletal muscles during exercise. In the earlier mentioned study by Fiaccadori (85),

the authors report significant derangement of the intramuscular electrolyte and acid

base equilibrium. This derangement undoubtedly adds to impaired muscle function

in patients with COPD admitted to the intensive care unit for intubation.

IV. Respiratory Muscles in Exacerbation

Respiratory muscle adaptations should be approached differently from other skeletal

muscles in COPD patients suffering from acute exacerbations. Evidently the

environment in which the muscle has to contract (hypoxic, hypercapnic, treated

with corticosteroids, etc.) is largely comparable to the other skeletal muscles.

However, the mechanical disadvantage (hyperinflation), reduced dynamic pulmon-

ary compliance and increased airway resistance, all of which increase the work of

breathing, leads to overuse rather than deconditioning. Especially during acute

exacerbations requiring hospitalization, the work of breathing is increased (88). This,

accelerated by the impaired gas exchange during exacerbations, leads to excess

ventilatory demands (89), which may lead to respiratory muscle failure. In experi-

mental conditions, sudden increase of respiratory resistance showed that glycogen

depletion may contribute to task failure (90). In the end-stage, respiratory muscle

pump failure argues for (invasive or noninvasive) mechanical ventilation as a life-

saving strategy for these patients (91, 92). Applying noninvasive ventilation on such

occasions reduced the work imposed on the inspiratory muscles (93).

In stable patients with COPD, specific adaptations are seen in the diaphragm

muscle (Table 1). These adaptations are believed to compensate for hyperinflation

and chronically increased inspiratory resistance. Briefly, the adaptations consist of a

reduction of sarcomeres in series, and a relatively increased oxidative capacity of the

diaphragm with higher proportion of slow (oxidative) fiber types (94–96). On a
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subcellular level, Orozco et al. (95) reported that, in steroid-free, normally nourished

COPD patients, reduced sarcomere length and increased mithochondrial density was

inversely related to the airflow obstruction. From these observations it can be

understood that the diaphragm of stable patients with COPD lost the absolute ability

to generate negative pleural pressure because of mechanical disadvantages. How-

ever, it adapts to the best of its possibilities to prevent respiratory failure (97). It

should be noted that most COPD patients die from respiratory failure, most of them

during an acute exacerbation of their disease. Hence, during acute exacerbations, the

adaptations of the diaphragm may be insufficient to meet the increased demands.

During exacerbations, the work of breathing increases considerably. The total

resistive work per liter of ventilation was reported threefold higher in COPD patients

suffering from an acute exacerbation compared to normal subjects (88). Dynamic

hyperinflation forces the respiratory muscles to operate at a shorter length, which

again reduces their force-generating capacity (98, 99). As a result, the maximal

pressure that can be generated is reduced and the relative load (PI=PImax) may

increase up to 0.30, or sixfold the normal value (100). As a consequence of the high

resistance to expiratory flow, low elastic recoil, high ventilatory demands, and

relatively short expiratory time, inspiration starts when there is still a positive recoil

pressure [intrinsic positive end expiratory pressure (iPEEP)] (101). An additional

load to the respiratory muscles is imposed by this iPEEP since the inspiratory

muscles have to overcome this pressure, ranging from 6 to 13 cmH2O in a classic

study by Fleury et al. (102), even before inspiratory flow can start.

Table 1 Summary of Adaptations in the Diaphragm of Stable COPD

Patients

Property

Compared

to normal

Macroscopic level Radius of the diaphragm "
Zone of apposition #
Energetic demand "
Pressure-generating capacity (PGC) #
PGC corrected for operating lung

volume

¼

Fiber level Myosin heavy chain (MHC) fiber

1 proportion

"

Intrinsic muscle fiber strength ¼
Microvascular PO2 #
Capillary density ¼
Number of sarcomeres in series #

Subcellular level Mitochondrial concentration "
Oxidative potential (citrate

synthase)

"

Glycogen stores ¼
Sarcomere length #
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In an attempt to avoid task failure, the breathing pattern shifts to a rapid and

shallow breathing pattern in order to reduce the duty cycle of the inspiratory

muscles. Because of the excess in deadspace ventilation, however, this strategy

generally results in hypercapnia, and assisted ventilation may be required (103).

Although in healthy subjects, stable COPD patients, or animals, intermittent periods

of loaded breathing (using inspiratory resistance) generally result in a training effect

(104), the situation of an acute exacerbation may resemble a model of overtraining

rather than a model of training. In animal models of chronic overload, Reid et al.

(105) showed the presence of diaphragm injury. The same investigators showed that

the abnormal diaphragm area (defined as fibers with central nuclear, small angulated

fibers, lipofuscin pigmentation, and some inflammation) ranges from 3 to 34% in

patients undergoing thoracotomy. This abnormal diaphragm area was inversely

related to the FEV1 (106). In addition, Zhu et al. (107) demonstrated significant—

and predominantly fiber type—muscle damage after 4 days of intermittent resistive

breathing. However, it is not clear whether this muscle damage initiates the processes

necessary for muscle adaptation to increased load, or if they contribute to the task

failure preceding the onset of respiratory failure. It is of note that similar findings of

diaphragm injury have been demonstrated in patients who died from fatal asthma

(108). Because of these abnormalities, the respiratory muscles may be well prepared

to deal with slightly increased work, but in the case of long-term overload (acute

exacerbation) it may be very slow in its recovery. The increased work of breathing,

and the predominance of oxidative fibers, renders the diaphragm vulnerable to

oxidative stress caused by free radical production as a spin-off of the electron chain.

Borzone et al. showed that large quantities of free radicals were indeed produced in

the diaphragm when resistive loading was applied in rats until respiratory pump

failure (109, 110). Interesting investigations by Poole et al. highlighted that in

experimentally induced emphysema, pulmonary microvascular oxygen content (and

therefore probably intramuscular oxygen availability) is reduced, despite increased

capillary-to-fiber contacts (111, 112). The authors calculated that in the diaphragm

the microvascular O2 content of the diaphragm falls twofold more than the arterial

O2 content. Therefore, the O2 and substrate extraction reserve of the diaphragm in

emphysema is greatly reduced, which impacts on the force-generating capacity and

reduces the resistance to fatigue. In the context of hypoxia and increased work of

breathing during an acute exacerbation, the latter may become clinically important.

Treatment of a failing respiratory muscle pump is generally considered to be

complete or partial rest. The most typical, and most accepted form, is controlled (full

rest) or assisted (partial rest) ventilation (113). Several other strategies have been

propagated. Breathing control, or diaphragmatic breathing, has been proposed as a

way to increase tidal volume and reduce breathing frequency in patients with COPD

(114). Different studies, however, showed that diaphragmatic breathing increased the

work of breathing in patients with COPD (115, 116), and therefore should not be a

preferred strategy in treating the failing ventilatory pump. Breathing gas mixtures

with low density reduced the work of breathing in COPD patients through a

reduction of the resistance to gas flow (117). Therefore, breathing these low-density

gas mixtures or assisted ventilation with these mixtures may be beneficial to the
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respiratory muscles (118, 119). The effects of HELIOX breathing, however, showed

to be inferior to the effects of noninvasive ventilation with normal air. The

combination of noninvasive ventilation and HELIOX showed the greatest effect

on hypercapnia and work of breathing (118). During exacerbations, care should be

taken that the nutritional status of the patients is improved, or at least maintained.

Improvements in nutritional status were shown to coincide with improved respiratory

muscle function (120), while nutritional depletion was related to respiratory and

skeletal muscle dysfunction (121). Lastly, poor respiratory muscle function is a

significant predictor of hospitalizations (1). Therefore, training the respiratory

muscles may be an effective strategy to prevent acute respiratory failure during

acute exacerbations. When properly controlled, training of the inspiratory muscles

consistently increased inspiratory muscle strength and hence improved the PI=PImax

ratio. It is of note, however, that inspiratory muscle training is restricted to stable

patients, and should not be applied during acute exacerbations.
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I. Introduction

COPD is often associated with acute episodes of disease exacerbations (AECOPD).

An exacerbation of mild-to-moderate COPD is most frequently associated with

increased breathlessness, often accompanied by increased cough and sputum

production, and only rarely with acute respiratory failure. The need for medical

intervention intensifies as the airflow limitation worsens.

Exacerbations of severe COPD are associated with both exacerbation of

respiratory symptoms and symptoms correlated with the acute respiratory failure.

The patient with severe acute exacerbation complains marked dyspnea, is usually

bedridden, and visibly tachypneic. Coughing is exacerbated and sputum production

is increased. Fever may be present if the episode has been precipitated or aggravated

by an infectious process. On examination, the patient displays tachypnea with

prominent use of the accessory muscles of respiration, cyanosis, and tachycardia.

When hypoxemia is associated with a severe decompensated hypercapnia, patients

may exhibit confusion, agitation, or lethargy and marked fatigue.

Severe acute exacerbations of COPD often require hospital admission. Up to

20% of hospital admissions for COPD exacerbation may result in acute respiratory

failure (i.e., severe hypoxemia with or without hypercapnia) requiring mechanical
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ventilation (1–3). Acute hypoxemia has been shown to have multifactorial origin due

to intrapulmonary and extrapulmonary pathophysiological mechanisms (2). Gas

exchange worsening during exacerbation is mainly due to the worsening of

ventilation=perfusion (VA=Q) inequality that results from increased perfusion in

poorly ventilated areas with low VA=Q ratios. This pathophysiological mechanism is

consistent with airway narrowing by bronchial inflammation, bronchospasm, and

mucus hypersecretion, and possibly involvement of the pulmonary arteries in the

inflammatory process. Other extrapulmonary factors contribute to increased hypox-

emia during an exacerbation of COPD. The most important is the increase of oxygen

consumption resulting from an increased oxygen demand by the respiratory muscles.

The increase of cardiac output, when possible, may partially compensate for the

effect that increased oxygen consumption by the respiratory muscles has on mixed

venous oxygen pressure.

The mechanisms of acute hypercapnia are not fully understood. Patients with

advanced COPD may develop CO2 retention both because of abnormalities in the

gas exchange and of mechanical properties of the lung. In addition, acute exacer-

bations of COPD cause air trapping and lung hyperinflation resulting in muscle

fatigue and acute hypercapnic respiratory failure (4).

A severe exacerbation of COPD is often associated with a significant increase

in pulmonary artery mean pressure. In this clinical setting, the right ventricle cannot

increase the stroke work without a significant increase of the right heart filling

pressure. The patient develops the signs and symptoms of right ventricular failure if

not present earlier. If it was chronically present before the exacerbation, it will

markedly worsen. The patient gains weight with clinical evidence of fluid retention

as pleural effusions, some degree of ascites, and dependent edema. The liver is

enlarged and tender to palpation and it may pulsate reflecting the presence of a

tricuspid insufficiency. Similarly, the neck veins are distended and may show the

pressure waves characteristic of tricuspid insufficiency and increased right atrial

contraction.

Hypoxemia and=or hypercapnia are believed to be the primary causes of acid–

base imbalance, electrolyte abnormalities, and water retention that occur both during

acute respiratory failure induced by exacerbations of COPD and chronic respiratory

failure in severe COPD patients (i.e., cor pulmonale).

This chapter will focus on the acute changes of acid–base balance, electro-

lytes, and water retention that occur during acute exacerbations; a comparison will

be done with findings occurring during chronic respiratory failure in severe COPD

patients, and particularly in the presence of cor pulmonale.

II. Pathophysiology of Acid–Base, Water, and Electrolyte
Imbalance

A. Acid–Base Imbalance

The acute carbon dioxide retention that causes arterial hypercapnia results in

respiratory acidosis characterized by reduced pH. The retention of carbon dioxide
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causes an increased acidity of the blood and of the extracellular fluid and, as an

adaptive response, of plasma bicarbonates (5). It has been estimated that an increase

of 10mmHg PaCO2 is associated with an increase of approximately 1mEq=L of

bicarbonate concentration. The acute buffer response to hypercapnia is completed

within a few minutes of the increase in PaCO2, and it is caused primarily by the

buffer response of the tissues and blood, considering that the renal adaptation

mechanisms require more time (6). Hemoglobin is the predominant nonbicarbonate

buffer. Bicarbonate concentration increases within minutes after acute change in

PaCO2 because of a fraction of the hydrogen ions, released by the dissociation of the

carbonic acid, combines with nonbicarbonate buffer, thereby producing new bicar-

bonate ions (7). This acute rise in plasma bicarbonate concentration is largely due to

the chloride shift via a Cl�=HCO�
3 exchanger at the erythrocyte membrane. The

increase of plasma bicarbonate concentration is associated with minor but still

significant changes of serum potassium. The concentration of potassium increases

by only 0.1mEq=L for each 0.1-unit decrement in pH in acute respiratory acidosis

(8). In acute acidosis, there is an increased internal transmembrane flux of Hþ ion

and potassium release from the intracellular compartment via a Kþ=Hþ exchanger

mediated by the increase of extracellular Hþ concentration. Respiratory acidosis is

also associated with minor adaptive, almost undetectable, changes (e.g., decrease of

lactates, increase of phosphorus and sodium) (6). The ‘‘anion gap’’ and the

concentration of the other serum electrolytes are essentially within normal limits.

The concentration of chloride does not change significantly during acute respiratory

failure, whereas it decreases markedly during chronic hypercapnia.

Furthermore, hypercapnia per se promotes sodium retention throughout an

increase of tubular sodium exchange. Renal adaptive mechanisms exert an impact on

plasma composition after 12 to 24 h of hypercapnia, but the full effect takes about 3

to 5 days during which there is a rise in the systemic pH toward the normal. The

elevated PaCO2 induces the renal secretion of hydrogen ions, which are electro-

chemically balanced by the reabsorption of sodium (9). Thus, in patients with

hypercapnia, more sodium than normal is reabsorbed (10), and this mechanism may

contribute to the formation of peripheral edema (Fig. 1).

B. Water and Electrolyte Imbalance

Right Ventricular Failure

A simple hypothesis has been proposed for the development of cor pulmonale and

edema: pulmonary hypertension! right ventricular hypertrophy and dilatation!
right ventricular failure!venous engorgement! edema (11).

COPD patients experience episodes of acute right heart failure during

exacerbation of the disease and these episodes are accounted for by a worsening

of pulmonary hypertension. During severe exacerbation of COPD with pronounced

peripheral edema, the acute increase of pulmonary arterial pressure (12–14) causes

right ventricular failure documented by elevated right ventricular filling pressure

(14). In an acute exacerbation, right ventricular contractility may be significantly

depressed, although the cardiac output is preserved or even increased.
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The occurrence of true right ventricular failure during exacerbation of COPD

has been recently questioned. In fact, a variable percentage of patients with

AECOPD have marked peripheral edema without hemodynamic signs of right

ventricular failure (14–16), suggesting that peripheral edema is not synonymous

with right ventricular failure (17).

Sixteen COPD patients were investigated hemodynamically in the stable phase

of the disease and during exacerbation (14). Nine of 16 patients with marked

peripheral edema had hemodynamic signs of right ventricular failure. In these

patients, pulmonary arterial pressure increased significantly between baseline and

the episode of AECOPD associated with the occurrence of peripheral edema. This

increase of pulmonary arterial pressure was accounted for by a marked worsening of

arterial blood gases during exacerbation. The authors conclude that right ventricular

Figure 1 Renal and hormonal mechanisms of sodium and water disturbances in COPD

patients. ERPF¼effective renal plasma flow; FF¼ filtration fraction; PRA¼ plasma renin

activity; AV¼arginin vasopressin; PA¼ plasma aldosterone. (Modified from Ref. 10.)
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failure and peripheral edema are effectively present in at least some patients with

COPD when the acute exacerbation is associated with a significant increase of

pulmonary arterial pressure from baseline.

Renal Failure and Hormonal Imbalance

Pathophysiology of water and electrolyte imbalances in patients with AECOPD is

also characterized by the interaction of different promoting or protecting mechan-

isms, as documented by recent experimental evidence (i.e., reduction in renal blood

flow and hormonal changes).

Renal Failure

Renal function in patients with COPD has been studied since the early 1950s (17)

and it is clearly impaired in the advanced stage of the disease (18). There is evidence

of a 60% reduction in effective renal plasma flow (ERPF) in COPD patients with

peripheral edema, especially during exacerbation, as compared to healthy subjects

(15, 19, 20). The reduction of ERPF is a major cause for impaired excretion of water

and sodium retention.

Several studies have also shown both a decrease of renal functional reserve in

severe stable patients (21), and a reduction in glomerular filtration rate and increase

of filtration fraction in decompensated patients (15). The mechanism that causes the

fall in renal perfusion in COPD is likely to differ from congestive heart failure as

both right and left ventricular function and output are well maintained in most of the

patients (22, 23). The decrease in renal perfusion is due to a rise in reno-vascular

resistance. The combination of reduced ERPF and increased filtration fraction,

which favors enhanced reabsorption of fluids and electrolytes from the proximal

tubule, also points to an increased resistance in renal afferent arterioles (24). The

mechanism whereby hypoxemia affects renal hemodynamics is not fully understood.

Changes in ERPF might be caused by (1) a reflex mechanism that is partially

independent on the sympathetic afferent nerves to the kidney and chemoreceptor

stimulation (25, 26) or (2) by a disturbance in the nitric oxide pathway (27). The role

of basal production and release of nitric oxide in actively regulating basal vascular

tone of the systemic and pulmonary circulation has been investigated recently (28).

In severe COPD patients with cor pulmonale, it has been shown to be impaired (29),

probably due to a reduced endothelial synthase activity (30).

In acute hypoxemic COPD patients, there is evidence of a significant reno-

vascular responsiveness to controlled O2 therapy; this effect is blunted in the

presence of hypercapnia. Furthermore, renal blood flow improves with oxygen

and dopamine in stable hypoxiemic but not in hypercapnic COPD patients (20),

suggesting a difference in reno-vascular control between normocapnic and hyper-

capnic patients. These findings indicate that (1) oxygen acts as an acute renal

vasodilator in hypoxemic patients; and (2) carbon dioxide levels play a pivotal

role in determining the renal hemodynamic response to changes in arterial blood

gases. Hypercapnia can influence renal hemodynamics by direct and indirect mech-

anisms. Hypercapnia can cause direct renal vasoconstriction (31) and stimulate
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noradrenaline release by direct action on the sympathetic nervous system (15).

Indirectly, hypercapnia causes systemic vasodilatation activating the baroreceptors

with a subsequent release of noradrenaline, leading to a fall in ERPF (11, 15, 32).

These findings indicate why controlled oxygen therapy does not decrease reno-

vascular resistance when hypercapnia is present.

Furthermore, there is evidence of a parasympathetic autonomic dysfunction

(diminution of vagal parasympathetic function) in hypoxemic COPD with preserva-

tion of sympathetic tone (33). These patients with autonomic dysfunction are more

likely to be edematous, excreting much less urine and sodium.

Hormonal Imbalance

In severe AECOPD with respiratory failure, peripheral edema may also be induced

by changes of hormonal homeostasis with particular regard to arginin vasopressin,

renin acivity, and aldosterone plasma levels (10). Hyperaldosteronism may con-

tribute to sodium retention and an increase of arginin vasopressin may cause water

retention and hyponatremia.

As hypoxemia and hypercapnia decrease renal plasma flow, this results in a

decreased delivery of sodium to the cells of macula densa which causes plasma

renin secretion (10). The activation of the renin–aldosterone system causes periph-

eral edema.

Plasma renin activity and aldosterone plasma levels are increased in some of

COPD patients with acute hypercapnic respiratory failure and peripheral edema (15,

34). Faber (34) showed the increase of sodium and water excretion and weight loss

with 6-day conventional therapy of oxygen and antibiotics in those COPD patients

without renin–aldosterone abnormalities. On the contrary, patients who failed to

respond to the same treatment had aldosterone, renin, and arginin vasopressin

significantly above the upper limits. Patients referred to as unresponders in the

Faber study (34) had a significant positive correlation betweeen plasma renin or

aldosterone and the impaired ability to excrete sodium. These data indicate that

increased activity of the renin system is responsible of the disturbance in sodium and

water metabolism with peripheral edema. In AECOPD with water retention, the

inhibition of angiotensin-converting enzyme (ACE) has proven to be therapeutically

useful (35).

Arginin vasopressin (often referred to as antidiuretic hormone) is increased in

patients with COPD and edema (15); arginin vasopressin release is stimulated by

activation of the renin–angiotensin system, specifically by angiotensin II (36).

However, the arginin vasopressin level was found to vary a great deal in AECOPD

with peripheral edema (10). Increased concentration of arginin vasopressin was

inversely correlated with solute-free water excretion and positively correlated with

the presence of hyponatremia (10). The effective role of the renin–aldosterone

system and arginin vasopressin on sodium and water retention in each single COPD

patient is conditioned by the concomitant presence of other mechanisms promoting

or inhibiting water balance.

Norepinephrine plasma levels are increased in COPD patients with acute

respiratory failure and fluid retention (15). The increased sympathetic activity is due
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to hypoxemia and hypercapnia and may contribute to sodium and water retention by

different mechanisms: reduction in renal blood flow, renin release from the kidney,

nonosmotic release of arginin vasopressin (32).

Atrial natriuretic peptide has been shown to be elevated in COPD patients,

particularly during exacerbation with peripheral edema (24, 37); atrial natriuretic

peptide has a number of beneficial effects in opposing the neuroendocrine edema-

promoting factors in COPD patients with peripheral edema (see above). The general

view is that atrial stretch is the major stimulus to the release of atrial natriuretic

peptide (38). Its activity includes natriuretic and diuretic effect, depression of plasma

rennin activity, inhibition of angiotensin II-mediated aldosterone production, and

pulmonary vasodilatation (32, 39). The high levels of atrial natriuretic peptide may

be the reason that not all patients who present with hypoxic-hypercapnic respiratory

failure develop peripheral edema. The concomitant decrease of atrial natriuretic

peptide level and peripheral edema with treatment confirms the strong relationship

between high plasma atrial natriuretic peptide level and volume overload. Further,

there is evidence of a positive correlation between atrial natriuretic peptide levels and

right ventricular end-diastolic volume (37). Interestingly, the same study (37) has

shown the fall of atrial natriuretic peptide level after 3 days during treatment in

exacerbated COPD with peripheral edema; the fall highly correlated (r¼ 0.85) with

the change in body weight. The atrial natriuretic peptide concentration increases

according to disease severity, showing a positive correlation with PaCO2 (24). In

patients with severe COPD, baseline secretion of atrial natriuretic peptide is

markedly elevated, but is no longer sensitive to acute variations of volemia

experimentally induced by salt and water infusion (24). It seems that the volume

regulatory role of atrial natriuretic peptide is lost in patients with severe COPD

because of a limited atrial natriuretic peptide reserve that would prevent the

appropriate increase of the hormone in response to elevated cardiac filling pressure.

Indeed, infusion of atrial natriuretic peptide results in natriuresis in patients with

hypoxic COPD, suggesting that the kidney is still responsive to atrial natriuretic

peptide (40).

Dopamine is another peptide that could potentially prevent edema formation in

hypoxic COPD. Circulating L-dopa enters renal tubular cells and is converted by L-

dopa decarboxylase to dopamine able to promote natriuresis and diuresis. Dopamine

also inhibits plasma renin activity (32). Dopamine seems to produce a natriuresis by

three mechanisms: action on the renal tubules via dopamine receptors; (2) by

vasodilation of the renal vasculature, thus increasing glomerular filtration rate; and

possibly by (3) inhibiting renin release (41, 42).

Thus, dopamine may protect against edema formation. Although studies in

normal subjects indicate that acute hypoxia is able to reduce renal dopamine

production, the same hormone is of normal level (or indeed higher in association

with edema or respiratory failure) during exacerbations of COPD (37). Renal

hemodynamics improve with dopamine in hypoxic but not in hypercapnic COPD;

these findings provide evidence of a different reno-vascular control between

normocapnic and hypercapnic patients (20).
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III. Edema Formation in COPD

A. COPD Without Peripheral Edema

The progression of pulmonary arterial hypertension in patients with COPD is slow

and allows the right ventricle to adapt to the increase in outflow pressure; this

process slowly leads to right ventricular hypertrophy and dilatation, also named cor

pulmonale (43). Hypoxemic–hypercapnic COPD patients with cor pulmonale,

without chronic peripheral edema, have a decreased (< 40 to 45%) right ventricular

ejection fraction as a consequence of an increased afterload, but the right ventricular

contractility and cardiac output remain normal (16, 44). Hypoxemic COPD patients

have a reduced renal functional reserve that represents an early index of renal

impairment (21). Further, hypercapnic patients without clinical evidence of renal

disease have an impaired water and sodium excretion, a decreased glomerular

filtration rate, higher levels of plasma renin activity, and plasma aldosterone and

atrial natruretic peptide when compared with hypoxemic COPD patients or with

normal subjects (24, 45). The renal hemodynamics improve with oxygen and

dopamine in hypoxic but not hypercapnic COPD patients, suggesting a different

reno-vascular control due to hypercapnia (Table 1).

Table 1 Cardiac Hemodynamics, Renal and Hormonal Imbalances in COPD Patients

Severe COPD

hypoxemic-

hypercapnica

Severe COPD

with cor pulmonale

and peripheral

edemab

Severe COPD

with acute

exacerbation

and peripheral

edemac

PAP " ""=""" """
CI Normal Normal Normal="
RVEF # #=## ###
RVEDP Normal "" "="""
Edema � � þþ
Renal plasma flow Normal=# ## ###
Filtration fraction Normal=" "" """
Water excretion Normal=# ## ###
Sodium excretion Normal=# ## ##
Plasma renin activity Normal=" " ""
Plasma aldosterone Normal=" " ""
Arginin vasopressin Normal " """
Atrial natriuretic peptide Normal=" " """
PAP: mean pulmonary artery pressure; CI: cardiac index; RVEF: right ventricular ejection fraction;

RVEDP: right ventricular end-diastolic pressure.
aRefs. 27, 44, 45.
bRefs. 10, 16, 33, 44.
cRefs. 14–16.
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B. COPD with Chronic Peripheral Edema

Although the progression of pulmonary hypertension in COPD is slow, a minority of

patients exhibit a marked worsening of pulmonary hypertension during follow-up.

These patients did not differ from the others at onset, but they are characterized by

a progressive deterioration of PaO2 and PaCO2 (46). This rapid worsening of

pulmonary hypertension can favor the development of right ventricular failure

associated with the clincal signs of hemodynamic impairment: neck vein distension,

liver enlargement, peripheral edema. Right heart failure is documented by the

presence of elevated right ventricular filling pressures as right atrial pressure and

right ventricular end-diastolic pressure.

On the contrary, a variable percentage of COPD patients have peripheral

edema with a mild degree of pulmonary hypertension and no signs of right heart

failure. These patients show a significant decline in renal blood flow and glomerular

filtration rate with an increase of filtration fraction. The impairment of renal function

causes a reduction in sodium and water excretion associated with an increased

fractional sodium reabsorption. Plasma aldosterone and vasopressin levels are

significantly increased when compared to nonedematous COPD patients (33)

contributing to sodium and water retention. At least some patients have a para-

sympathetic autonomic dysfunction with preservation of sympathetic tone that could

impair sodium and water homeostasis (33).

These data show that peripheral edema in COPD patients has multifactorial

mechanisms—hormonal, renal, and cardiogenic, individually or in combination—

and can contribute to sodium and water retention.

C. Acute Exacerbation of COPD

Some patients with acute exacerbation of COPD may show an abrupt worsening of

baseline pulmonary hypertension due to a severe hypoxemia and hypercapnia with

clinical signs of right heart failure. Pulmonary hemodynamics show a significant

increase of right ventricular end-diastolic pressure > 12mmHg as sign of right

ventricular failure. In these patients, cardiac output is normal, while systemic

vascular resistance and arterial blood pressure are low (14, 15).

On the contrary, most of COPD patients with acute exacerbation and

peripheral edema have no hemodynamic signs of right ventricular failure and stable

pulmonary arterial pressure. However, these patients have severe retention of salt and

water, reduction in renal blood flow, and glomerular filtration, activation of renin–

angiotensin–aldosterone system, increase in norepinephrine, atrial natruretic and

arginin vasopressin peptides similar to those seen in stable COPD patients with

peripheral edema syndrome (15). Although the renal and hormonal mechanisms of

edema formation are similar in the two groups, the changes are quantitatively more

significant in the acute exacerbation.

In summary, many patients with advanced COPD will never develop right

heart failure; some COPD patients may experience episodes of right ventricular

failure, particularly during exacerbation, and these episodes are accounted for by a

worsening of pulmonary arterial pressure from baseline. Besides cardiogenic factors,
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other mechanisms cause sodium and water retention showing a pivotal role in edema

formation during acute exacerbation.

IV. Therapeutic Implications

On the basis of the complex interactions between advanced COPD and water

imbalance both in acute and chronic situations, a rational therapeutic approach may

be as important as treating the airway obstruction. Overall, the strategy should be

directed to reduce pulmonary hypertension and to improve salt–water imbalance.

The first, conservative approach to acute respiratory acidosis is to reduce

PaCO2 if possible. The physician should determine rapidly whether large airway

obstruction is present and relieve it as promptly as possible. Immediate pharmaco-

logical treatment should be instituted to relieve ventilatory impairment. If this first,

conservative approach fails to correct hypercapnia, ventilatory mechanical assistance

is mandatory.

Renal generation of new bicarbonate is central to adaptation to chronic

hypercapnia; thus the expected adaptive response does not occur in patients with

severe renal failure. As a result, severe acidemia persists with sustained hypercapnia

and survival is limited.

Given the body’s slight buffer response to acute hypercapnia, some authors

have advocated intravenous bicarbonate administration when severe respiratory

acidemia occurs (pH< 7.10) (47, 48). It is difficult to agree with the intravenous

bicarbonate administration in severe respiratory acidosis not complicated by meta-

bolic acidosis. In fact, bicarbonate therapy entails the risk of volume overload and

consecutive pulmonary congestion due to fluid accumulation. Further, bicarbonate

administration might contribute to posthypercapnic alkalosis when PaCO2 rapidly

decreases with mechanical ventilation.

Rapid reduction in arterial PaCO2 to normal levels after a vigorous ventilatory

treatment in patients with moderate or severe chronic respiratory acidosis or in

patients with combined metabolic alkalosis and respiratory acidosis may produce

severe, life-threatening alkalemia. Even if sufficient plasma chloride is available,

several hours may elapse before the elevated bicarbonate concentration is reduced by

movement of hydrogen ion from cells, by renal excretion of bicarbonate, and by a

decrease in renal acid excretion.

However, if water–ion complications are present such as a reduction in

effective blood volume, or if the patient is hypokalemic or has a low chloride

intake, the capacity of the kidney to reabsorb bicarbonate remains increased and

alkalosis may be perpetuated (49). Posthypercapnic alkalosis may be corrected with

careful administration of saline and potassium chloride or the administration of the

diuretic acetozolamide, which inhibits carbonic anhydrase activity and impairs

bicarbonate reabsorption by the kidney. In fact, acetozolamide results in sodium

bicarbonate diuresis, favoring the decrease in pH and extracellular fluid volume.

Several drugs have been used experimentally in treating COPD with pulmon-

ary hypertension, especially during the steady-state condition. Great enthusiasm for
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the use of vasodilators (i.e., calcium blockers and ACE inhibitors) arose from their

apparent beneficial effect in patients with primary pulmonary hypertension (50).

However, many of them did not sustain their acute effect over the long term, nor did

they show any significant effect on improved survival. Finally, most of them showed

no selective pulmonary vasodilation. In this light, only inhaled nitric oxide (51, 52)

may be promising, although there is limited clinical experience to support this.

In an acute situation, in decompensated edematous exacerbation of COPD,

where aldosterone levels are high, ACE inhibitors might prove therapeutically useful

by reducing the production of angiotensin II. ACE inhibitors may interfere with the

hormonal regulation of renal blood flow and also may improve the hypoxic

vasoconstriction (53) that contributes to pulmonary hypertension. In an acute

case-control study, a single 25-mg dose of captopril slightly improved sodium

excretion in a group of hypoxemic COPD patients with peripheral edema (35). On

the contrary, in the chronic management of edematous cor pulmonale, ACE

inhibitors failed to improve sodium load excretion (54). Perindropil reduced plasma

aldosterone level in the edematous patient to levels seen in nonedematous COPD

patients (54). Despite this significant fall in aldosterone levels, there was no

improvement in the excretion of saline load.

Short-term acute studies with other intravenous vasodilators such as atrial

natriuretic peptide have shown positive effects on pulmonary pressure levels and

diuresis (40), but the oral derivatives of this agent are still lacking.

Up to now, the long-term administration of oxygen seemed to be the most

appropriate method of treating advanced-stage COPD patients (55), both in the

stable state and the acute exacerbation of the disease.

Oxygen represents a new therapeutic opportunity in the impaired water–salt

retention associated with AECOPD (56, 57). In acute exacerbation of COPD with

hypoxemia, renovascular resistance decreases (20) and improves urinary sodium

excretion (58) when hyperoxemia is given to obtain a oxygen saturation between

90% and 95%; this effect is blunted in the presence of hypercapnia (20). This raises

the question of whether the simultaneous correction of gas abnormalities (such as

noninvasive ventilation plus oxygen) might be more effective in the treatment of

water retention in cor pulmonale than oxygen therapy alone.

Dopamine hydrochloride intravenously infused at a low dose (2 g=kg=min)

increases renal blood flow and promotes diuresis and natriuresis acting as an acute

renal vasodilator in hypoxemic normocapnic COPD patients (20).

V. Conclusions

Water and electrolyte imbalance occurring in AECOPD suggests a complex

interaction between pulmonary hemodynamics, acid–base balance, and hormonal

and renal mechanisms. Further studies are required to (1) investigate the contribution

of different mechanisms in edema formation; (2) select COPD patients at risk of

developing chronic right ventricular failure; and (3) define more effective therapeutic

approaches in preventing edema formation.
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I. Introduction

Weight loss is common in patients with chronic obstructive pulmonary disease

(COPD). Reported prevalence rates range from 20% in clinically stable outpatients

(1) up to 50% in patients with acute respiratory failure (ARF) (2). Involuntary weight

loss and, in particular, loss of fat-free mass (FFM), as an indirect measure of muscle

mass, have many adverse clinical consequences. Independently of lung function,

they have been associated with impaired exercise performance (3) and weakening of

peripheral skeletal muscles (1) and respiratory muscles (4). Moreover, fat-free mass–

depleted patients have worse scores on quality-of-life questionnaires compared to

nondepleted patients (5, 6). Furthermore, loss of body mass is associated with

increased mortality (7–9).

In addition, weight loss negatively affects the prevalence and outcome of acute

disease exacerbations of COPD. Kessler et al. have reported an increased risk of

hospitalization in patients with a low body mass index (BMI) (body weight=
height2) � 20 kg=m2) (10). Weight loss during hospitalization and low body weight

on admission are associated with early nonelective readmission (11). Nutritional

depletion has also been associated with an increased risk for the need for mechanical

ventilation (12). In addition, in patients on mechanical ventilation, nutritional
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depletion has a deleterious effect on the weaning-off process (13). Further-

more, involuntary weight loss is associated with increased risk for nosocomial

pneumonia (14).

Low BMI negatively affects survival time after hospitalization as well.

According to Connors et al., only 40% of the patients with a BMI< 18 kg=m2

survived 350 days after hospitalization for AECOPD, compared to 70% of patients

with BMI> 22 kg=m2 (15).

Nutritional deprivation has been shown to suppress immune function (16, 17).

In fact, it has been associated with death from infectious disease (18). Therefore, low

BMI is a predictor of morbidity and mortality. Low BMI may be caused by

nutritional deprivation itself, failing to provide enough nutrients for optimal immune

function. Another possible explanation is the decreased amount of fat mass and

coinciding decreased levels of leptin. This will be explained elsewhere in this

chapter.

Weight loss is a consequence of either a decreased intake or an increased

energy expenditure, or a combination of both, resulting in a negative energy balance.

Loss of fat-free mass, however, is a more complex process involving imbalances in

protein synthesis and breakdown, which results in negative protein balance.

Tissue depiction (i.e., loss of FFM) does not necessarily coincide with loss of

fat mass (FM). In fact, in 16% of patients with emphysema and in 8% of COPD

patients without emphysema, lean mass depletion was found despite a normal body

weight (19). This suggests that more than one process influences metabolism to

different degrees, resulting in different patterns of depletion.

To be able to reverse the process of weight loss and tissue depletion,

knowledge of the course and contributing factors is important. In this chapter, we

will try to unravel at least some of the factors contributing to weight loss and muscle

wasting in AECOPD. More specifically, an overview will be given on the energy and

protein balance during AECOPD relative to clinically stable periods of COPD, and

the factors that contribute to the imbalances in energy and protein metabolism during

both periods.

II. Clinically Stable Periods

A. Energy Balance

Dietary Intake

Clinically stable patients with COPD have a normal to elevated dietary intake

compared to predicted energy requirements (20, 21). The subgroup of weight-losing

patients, however, has a lower dietary intake as compared to weight-stable patients,

both in absolute terms, and when expressed as a percentage of measured resting

energy expenditure (REE) (21). Patients who fail to gain weight after nutritional

therapy, the so-called ‘‘nonresponders,’’ have a lower habitual dietary intake as

compared to patients who do respond (22). Others reported that hypoxemic patients

are at increased risk for a decreased dietary intake compared to basal energy

expenditure (21–23).
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Energy Expenditure

On the other side of the energy spectrum, energy expenditure, and in particular

resting energy expenditure, is elevated in clinically stable COPD patients. REE is the

energy needed to support the body in a resting state when no energy is needed for

digestion [diet-induced thermogenesis (DIT)], nor for maintaining body temperature

or activities. In sedentary people, total daily energy expenditure (TDEE) is

composed mainly of REE, the rest being energy needed for diet-induced thermo-

genesis and activities (24).

Different studies have investigated REE in patients with COPD, revealing an

increased REE compared to healthy subjects (25–27). Moreover, Schols et al.

showed that weight-losing patients have a significantly higher REE than weight-

stable patients with COPD (25). The prevalence of hypermetabolism at rest in COPD

patients has been shown to be 26% based on adjustment for FFM. Based on Harris

and Benedict (HB) equations, this percentage amounts to 54% (27). The difference

in outcome can be attributed to the fact that the HB equations do not take FFM into

account, which is the most important determinant of REE, thus overestimating

prevalence of hypermetabolism. This could also explain the reported higher

prevalence in increased REE in weight-losing patients by Schols et al. (25).

There have been few studies that have investigated TDEE in patients with

COPD. In contrast to Hugli et al. (28), who found no increased TDEE in patients

with COPD, Baarends et al. have previously reported a higher TDEE in patients with

COPD compared to matched healthy subjects (29). Hugli et al., however, assessed

TDEE in a metabolic chamber, having limited room for activities, while Baarends

et al. used the doubly labeled water technique in free-living conditions, reflecting

all activities that subjects perform during a 2-week period. In addition, Hugli et al.

report lower activity in their patients than in healthy controls (28). This suggests that

patients with COPD compensate for their increased resting energy expenditure by

decreasing their activity patterns, thus resulting in equal TDEEs between patients

and controls. Baarends et al. studied TDEE and activity patterns in patients at a

rehabilitation center, involving standardized daily exercise. They showed an

increased TDEE compared to healthy controls, while having equal to decreased

activity levels. REE was comparable between groups, suggesting that increased

TDEE is due to the nonresting component of TDEE (29). A subsequent study of

Baarends et al. reported no differences in TDEE between patients with normal and

elevated REE. They also reported that REE and FFM did not significantly contribute

to the variation in TDEE, suggesting that underlying mechanisms for an increased

REE are not involved in increasing TDEE in COPD (30).

Data on a complete energy balance are difficult to assess because of

methodological limitations. In clinical practice, therefore, REE is used more often

to have a simple and standardized measure for energy expenditure. However,

increases in REE seem to reflect increased levels of systemic inflammation (31),

while TDEE in relation to dietary intake reflects true energy balance. Because of

adaptation in activity levels, differences in relatively increased TDEE are difficult to

assess without data on physical activity.
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B. Substrate Metabolism

Protein

Depletion of FFM is a result of negative protein balance. Protein metabolism is

composed of protein intake and protein turnover, which is protein synthesis and

protein breakdown. Negative nitrogen balance is the result of net protein breakdown.

This could be due to decreased intake, decreased synthesis, or increased protein

breakdown. However, net negative protein balance can also be due to an elevated

protein turnover (i.e., synthesis and breakdown both being increased, while break-

down exceeds synthesis).

The consequences of net nitrogen balance can be quite extensive. For example,

a net nitrogen loss of around 6 g=per day, as reported by Saudny-Unterberger et al.,

can lead to a loss of approximately 37 g of protein per day. When nitrogen balances

are not restored, this can eventually lead to a 1.3 kg loss of lean tissue per week (32).

Besides an imbalance in energy intake, there are also indications for imbal-

ances in protein metabolism in a subgroup of stable COPD patients. Especially in

patients with selective FFM depletion (33), a negative protein balance is likely, even

independently of energy balance. Low protein intakes due to lower dietary intake

(21–23), as well as a reduced protein synthesis rate in underweight patients with

emphysema have been reported (34). Weight-stable COPD patients have been shown

to have an increased whole-body protein synthesis and breakdown, without a net

negative protein balance, indicating an increased protein turnover (33).

It is hypothesized that, comparable to increased inflammation in sepsis, a shift

in distribution of body protein takes place. As the liver increases its production of

acute phase protein, protein requirements go up. To meet with the enhanced protein

demands of the liver, peripheral muscle protein breakdown is increased (35).

However, more research is needed to confirm this hypothesis and to elucidate the

contribution of tissue-specific protein turnover to the elevated whole-body turnover

in COPD.

Protein turnover is assumed to contribute to 20% of REE in normal adults (36)

and thus may contribute to increased metabolism at rest in patients with COPD. This

could also be an indirect relation caused by increased systemic inflammation, as

inflammation increases both REE and protein turnover.

As protein is built from amino acids (AA), disturbances in amino acid

metabolism could also be present. Indeed, several studies have shown that plasma

amino acid profiles in patients with COPD differ from healthy controls (37, 38).

Engelen et al. have reported a decreased level of branched chain amino acids

(BCAA), in particular, leucine, in patients with COPD (38). This could be due to

hyperinsulinemia, as insulin has been shown to increase BCAA uptake in muscle in

cirrhotic patients (39). Indeed, in patients with severe hypoxemia, increased insulin

concentrations are reported (40). Another possible explanation could be the

increased systemic inflammation, reported in COPD (31), which has been shown

to decrease BCAA levels in plasma (41, 42).

In addition, decreased levels of glutamate have been found in muscles of

patients with emphysema (43). Glutamate is an important precursor for glutathione,
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an important intracellular antioxidant that protects tissue from damage caused by

oxidative stress.

Carbohydrate and Fat

Not much is known about carbohydrate and fat metabolism in patients with COPD.

Glucose metabolism in healthy subjects is improved by hypoxemia through

stimulation of glucose transport and uptake (44, 45). In chronic and acute disease,

insulin resistance is often observed (46, 47). However, in COPD patients with severe

hypoxemia, increased insulin concentrations are reported, while in normoxemic

patients glucose metabolism seems to be normal (40), suggesting a different

mechanism in this disease. Fat metabolism seems to be different in patients with

COPD as well. Lipolysis is blunted after administration of a b2-agonist, compared to

healthy subjects (48), which could contribute to the relative conservation of adipose

tissue in patients with COPD.

Micronutrients

Most research on micronutrient metabolism in COPD has been done in the field of

antioxidants. Antioxidants are oxygen-radical scavengers, which may protect lungs

and tissues against oxidative stress. Oxidative stress is caused by free radicals,

generated either exogenously (e.g., air pollution or smoking) or endogenously, such

as antioxidants released from phagocytes or intracellular oxidants from mitochon-

drial electron transport (49). Oxidative stress occurs when the level of oxidants

exceeds the level of antioxidants. The human body has a series of defense

mechanisms against free radicals. The most important endogenous mechanism is

composed of antioxidant enzymes like catalase, superoxide dismutase, and glu-

tathione peroxidase. Another important antioxidant system is derived from food

(50). Water-soluble vitamin C, fat-soluble vitamin E, and beta-carotene are well

known antioxidants derived mainly from vegetables, fruits, and margarine and

vegetable oils.

There is growing evidence that oxidant=antioxidant imbalances play a role in

COPD (49, 51). Increased oxidative stress in the lungs has been linked to COPD

(52). In tissues, however, not much research on antioxidants has been done. Engelen

et al. have shown that, in muscle tissue, intracellular glutathione is decreased,

impairing the antioxidant=oxidant balance (43). Rahman et al. have reported a

decreased antioxidant capacity in plasma of smokers and patients with COPD,

indicating increased systemic oxidative stress (53). Moreover, there is some

epidemiological evidence that consumption of antioxidants might decrease the risk

of getting COPD (54–56). However, no firm conclusions can be drawn on the

relation between food antioxidants and COPD. For a review on this subject, see

Ref. 57.

III. AECOPD

In the majority of patients, weight loss appears to develop gradually, indicating a

chronic imbalance between dietary intake and energy expenditure. In a subgroup of
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patients, however, weight loss follows a stepwise pattern presumably related to

AECOPD, suggesting additional factors that aggravate the imbalance during stable

periods.

A. Energy Balance

Dietary Intake

Limited data are available on dietary intake during AECOPD. Two studies have

investigated the effect of AECOPD on the nutritional and metabolic profile of

patients with COPD. They have shown that the majority of patients have a

dramatically decreased intake directly before hospitalization (Fig. 1). During the

first days of hospitalization, a very low dietary intake is reported, improving quickly

during the remaining hospital period. At discharge, dietary intake was even higher

than habitual intake (58, 59) and is stabilized at habitual levels after 3 months of

follow-up (59).

Energy Expenditure

Patients who are admitted to the hospital for acute exacerbation have been shown to

have an increased REE. During the first few days of hospitalization, REE remains

elevated, decreasing thereafter (59). A subgroup of patients, however, seems to have

another pattern of REE during exacerbation. In this group, REE does not decrease

during hospitalization, remaining high at discharge. Moreover, these patients have an

even higher REE at admission than the patients who have the decreasing pattern of

REE during admission. This group, which remained hypermetabolic at discharge,

was characterized by a low BMI (59). Creutzberg et al. also found an increased REE

Figure 1 Habitual dietary intake and dietary intake in COPD patients during AECOPD.

Data express mean dietary intake in kcal per 24 h (SEM). (Adapted from Ref. 58.)
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during AECOPD, decreasing during hospitalization. Patients, however, remained

hypermetabolic until day 7 (58).

Energy Balance

At hospital discharge for AECOPD, the dietary intake=REE ratio has been shown to

increase to levels equal to TDEE corrected for REE in stable COPD patients. This

indicates that energy balance was restored to normal (29, 58). A subgroup of

patients, with a high risk of nonelective readmission to the hospital for AECOPD,

has been shown to lose weight during admission, while patients with low risk for

readmission were weight stable (11). This suggests that, at least for a subgroup of

patients, a negative energy balance is present which contributes to the stepwise

pattern of weight loss.

B. Substrate Metabolism

Protein

A decreased daily protein intake has been reported prior to and during the first

few days of hospitalization, gradually increasing thereafter (59). In addition,

during AECOPD, negative nitrogen balance has been reported, indicating muscle

wasting. This negative nitrogen balance was strongly correlated with the dose of

glucocorticosteroids (32).

Nitrogen balance is an indirect measure for protein metabolism, which does

not reflect actual protein synthesis and protein breakdown. More information can be

drawn from research with stable isotopes. However, during AECOPD, no such

research has been done so far. Negative protein balance can result in an increased

loss of fat-free mass due to aggravated imbalances during AECOPD. Because

periods of AECOPD are usually not very long, weight loss and especially loss of fat-

free mass are difficult to assess. However, a few periods of AECOPD can have their

effect in the long run, which may explain the stepwise pattern of weight loss seen in

some patients.

Carbohydrates

Carbohydrate intake is low prior to and during the first few days of hospitalization

for AECOPD in absolute terms. However, it seems that the proportion of carbohy-

drates is increased on day 1 compared to habitual (53% vs. 44%) (59). This could

reflect an adaptation, as carbohydrates have a lower gastric-emptying time compared

to fats (60) and thus have a relatively low impact on complaints of bloating,

abdominal discomfort, and early satiety (61). The proportion of carbohydrates

subsequently decreases during hospitalization to percentages comparable to

habitual (59). This is probably due to normalization of fat and protein intake. In

absolute terms, however, there is an increase in carbohydrate intake at discharge,

when compared to day 1. This is explained by the observed increased dietary

intake (59).
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Insulin resistance seems to play a role during AECOPD (58). Creutzberg et al.

reported an elevated level of plasma glucose on day 1, decreasing during hospita-

lization to values comparable to healthy subjects. Insulin concentration was high on

day 1, and remained elevated compared to healthy volunteers. This pattern in

glucose and insulin levels could be related to the tapering off of the systemic

prednisolone treatment (58), suggesting an induction of glucose and insulin by

prednisolone. Other possible explanations will be described later in this chapter.

Fat

Fat intake is low prior to and during the first days of hospitalization, but increases

fast during the days following. At discharge, absolute fat intake is higher than

habitual fat intake, while proportional to total intake both are equal (59). This

suggests that at discharge fat increase is due to increase in total dietary intake rather

than to adaptation.

Micronutrients

During AECOPD, an increased oxidant=antioxidant imbalance has been found (62,

63). During the first days of AECOPD, the lipid peroxidation product malondialde-

hyde (MDA), which is a marker of oxidative stress, is increased, returning back to

normal during the course of treatment (64). This suggests an even higher need for

antioxidants, caused either by increased oxidative stress or by decreased antioxidant

capacity. Further research needs to be done to elucidate the role of antioxidants

during AECOPD.

IV. Contributing Factors and Mechanisms

A. Symptoms

The increase in symptoms during AECOPD has its effects on energy balance. A

decrease in appetite has been reported during the first few days of AECOPD (59),

having its impact on dietary intake. Vermeeren et al. hypothesize that, besides the

decrease in appetite, the inability to eat due to increased dyspnea and fatigue is

largely responsible for the low dietary intake prior to and during the first few days of

hospitalization for AECOPD. At discharge, the dyspnea and fatigue improve, as well

as the dietary intake and appetite (Fig. 2) (59). The increased sensation of dyspnea

has also been found to be associated with the changes in REE, indicating a possible

contribution of an increased oxygen cost of ventilation to increased REE during

AECOPD (Fig. 3) (59).

Furthermore, during the first few days of hospitalization, a very low fat intake

is reported, which could be related to the reported early feeling of satiety, together

with decreased appetite and intake (59). This spontaneous change in macronutrient

intake is in contrast with the long-held belief that a low-carbohydrate, high-fat meal
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would be beneficial to patients with COPD during metabolic stress because of the

assumed increase in CO2 load. In stable patients, however, no fluctuations in PCO2

are seen during either high-carbohydrate or high-fat meals (65). In addition,

consumption of a fat-rich food supplement increased feelings of dyspnea more

than consumption of isocaloric, high-carbohydrate supplements (61). During

AECOPD, no data are available on this subject.

At discharge, dietary intake was higher than habitual intake, which could be

related to the improvements in symptoms like dyspnea, loss of appetite, and early

satiety. This could also be compensation for energy deficits that had risen during the

Figure 2 Disease symptoms (VAS scores) on admission ( ), at day 5 ( ) and at

discharge from the hospital ( ). Results are mean � SEM. (From Ref. 59.)

Figure 3 Significant relationship between the changes in resting energy expenditure

(REE) and dyspnea sensation during the total hospitalization period (r ¼ 0:52; p ¼ 0:004Þ:
(From Ref. 59.)
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first few days of AECOPD (59). Another explanation could be appetite-stimulating

effects of high-dosage glucocorticosteroid treatment during AECOPD (66).

B. Leptin

Leptin is a hormone produced by adipose tissue that regulates energy homeostasis

through a feedback mechanism by signaling the brain about the amount of fat stored

in the body (67). Administration of leptin in animals results in a reduction of food

intake (68) and an increase in energy expenditure (69). These effects seem to be

mediated by a leptin-induced decrease of the hypothalamic biosynthesis and release

of neuropeptide Y, a hormone that potently stimulates appetite and food intake and

reduces energy expenditure (70–72).

In clinically stable, depleted patients with COPD, plasma leptin is indeed

associated with fat mass. Leptin divided by fat mass is inversely related to dietary

intake and body weight change (73). This is in accordance with the regular feedback

mechanism in healthy subjects. However, as some patients have low fat mass, leptin

levels can drop to very low levels (73). Research has shown that leptin might be an

important factor in the regulation of the immune system. Lord et al. have shown that

administration of leptin to mice reversed the immunosuppressive effects of starva-

tion, indicating a key role for leptin (74). So the increased morbidity and mortality

could be, at least partially, caused by a decreased level of leptin. Increased morbidity

and AECOPD have, in turn, adverse effects on nutritional status in COPD patients,

creating a negative vicious circle.

During AECOPD it was shown that plasma leptin, corrected for FM, is

elevated compared to healthy subjects, decreasing gradually throughout the exacer-

bation but remaining higher than in healthy subjects (58). In addition, on day 1 of

AECOPD, no correlation between plasma leptin and FM or dietary intake was found,

indicating a disturbance in the normal leptin feedback mechanism controlling energy

balance. This correlation is restored on day 7 of AECOPD, even though levels are

still high (58).

This increase in leptin level could be caused by a flare-up of the systemic

inflammatory response of AECOPD. Indeed, leptin levels are correlated to soluble

tumor necrosis factor receptor 55 (sTNFr-55), which is a marker for systemic

inflammation (73). In addition, leptin levels during acute illness have been shown to

be increased (75, 76). This raises the question of whether leptin is a mediator or

merely a marker in the whole process of AECOPD and weight loss. Nevertheless,

the increased level of leptin does explain the temporary loss of appetite in patients

during the first few days of AECOPD (58, 59). A possible explanation for the lack of

effect of leptin on dietary intake on the first day of AECOPD could be an increased

‘‘leptin resistance,’’ caused by the increase in inflammation. However, this hypo-

thesis is only suggested as an explanatory mechanism for the etiology of obesity and

therefore is never studied in this context (77).

The increased levels of leptin during AECOPD, together with the state of

catabolism and increased proteolysis, could aggravate the already existing negative

energy balance and thus accelerate weight loss and muscle wasting.
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C. Systemic Inflammation

In the past, more and more evidence has emerged about the occurrence of an

increased systemic inflammation in patients with COPD, along with local inflam-

mation of the lungs. Evidence for this is given by several studies, reporting increased

concentrations of proinflammatory cytokines and acute phase proteins in clinically

stable patients with COPD (31, 78–81). This increased systemic inflammatory

response is related to hypermetabolism at rest (REE) (31).

In particular tumor necrosis factor-a (TNF-a), a proinflammatory cytokine, has

been associated with weight loss (79, 82, 83). In addition, depleted patients who do

not respond to high-caloric nutritional therapy, have higher levels of soluble TNF

receptors (sTNF-Rs) in peripheral blood than patients who do respond (22). This

could be mediated through the action of leptin.

Inflammatory cytokines have been shown to increase circulating leptin (84,

85). In patients with emphysema, leptin is positively correlated with the proin-

flammatory sTNF-R55 independently of FM. Moreover, sTNF-R55 is related to both

dietary intake as well as weight loss and REE (58, 73). In addition, TNF-a or

interleukin-1a (IL-1a) infusion in cancer patients increases serum leptin concentra-

tion (86, 87). This suggests that the influence of leptin on energy balance might

be under the control of the systemic inflammatory response, while the higher level

of systemic inflammation could be causally related to involuntary weight loss

(31).

Indeed, in animal models, several inflammatory cytokines can induce various

features of cachexia. Exposure to lipopolysaccharide (LPS), IL-1, or TNF-a induces

weight loss and anorexia in rats (88, 89). Chronic treatment of rats with TNF-a
results in depletion of body protein, anorexia, weight loss, and tissue inflammation

(90, 91). Moreover, high concentration of TNF-a increases amino acid release from

mouse diaphragms (92). In humans, infusion of TNF-a into weight-stable cancer

patients resulted in increased amino acid release and thus stimulated proteolysis (93,

94). This could cause a net negative nitrogen balance, resulting in selective FFM

wasting.

During AECOPD, the elevated systemic inflammatory response seems to be

even higher than during clinically stable periods. This flare-up of the chronic

inflammatory process decreases during the period of hospitalization. Compared to

stable patients, C-reactive protein (CRP) concentration is higher in patients with

AECOPD, but declines during treatment (80, 95). Because CRP levels are elevated

in most patients with AECOPD, including those without apparent bacterial infection

as assessed by sputum culture, CRP has been suggested as a clinical marker for

AECOPD (95). In contrast to CRP, our group found that sTNF-Rs levels are not

increased during AECOPD (58, 80). An explanation for this phenomenon might

be the suggestion that the sTNF-Rs represent a buffer system that slows the effects

of TNF-a by forming a ‘‘slow-release reservoir.’’ Therefore, sTNF-Rs are more

likely to be markers for a proinflammatory response (96). However, the increased

REE found during AECOPD points to an increased systemic inflammatory response

(58, 59, 97).
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D. Heart Rhythm

Contrary to Dallongeville, who hypothesizes that human leptin levels increase

following dietary intake and are not influenced by circadian rhythm (98), Sinha

et al. state that circulating leptin levels do have an ultradian and circadian variation

that peaks during the night (99, 100). Takabatake et al. have shown that in COPD

patients with a fat mass lower than 20%, circadian rhythm seems to be absent, as

opposed to patients with FM> 20% and healthy controls. Moreover, very low

frequency (VLF) of heart rhythm variability (HRV) showed identical fluctuations,

with no circadian rhythm in patients with low FM. The authors state that leptin

influences the VLF values of HRV. The VLF component of HRV is being considered

to represent neuroendocrine and thermoregulatory influences of the heart. Because

the VLF component carries a high predictive value of mortality and patients with

low FM show reduced values of VLF, more support is said to be found for the fact

that fat mass depletion is an independent risk factor of mortality (101).

However, Goldberger et al. state that in this study correlations are weak and,

according to the international Task Force on Heart Rate Variability, VLF assessed in

the short term is a dubious measure (102), questioning the relevance of the suggested

mechanism. This hypothesis has not yet been investigated during AECOPD.

E. Hypoxemia

Another explanation for increased leptin concentration in patients with AECOPD

might be hypoxemia. In volunteers at high altitudes, where oxygen pressure is low,

an elevated concentration of leptin has been found, associated with a decrease in

appetite (103). Dietary intake is lowest in COPD patients suffering from chronic

hypoxemia (21, 23). In addition, desaturation has been shown to increase during

eating in a subgroup of patients with COPD (65). This suggests that increases in

leptin due to low oxygen saturation might contribute to less appetite and a limited

dietary intake.

During AECOPD, hypoxemia is even more pronounced than during clinically

stable periods (10, 15, 58, 80), possibly increasing leptin (58) contributing to the

feeling of dyspnea and thus decreasing appetite (59). Hypoxemia has been shown to

increase the in vitro release of the inflammatory cytokines IL-1 and TNF-a (104,

105). In COPD, low PaO2 has been found to correlate with increased levels of TNF-

a and the sTNF-Rs (79), which could, in turn, induce leptin production.

The increased IL-1 and TNF-a production could be due to a hypoxemia-

induced decreased synthesis of prostaglandin H synthase-2 (PGHS-2), and thus

decreased synthesis of prostaglandin E2 (PGE2). PGE2 inhibits the expression of IL-

1 and TNF-a genes (104). Another explanation for the increased levels of TNF-a and
IL-1 is the enhanced expression of nuclear factor kappa B (NF-kB), a transcription

factor that is thought to regulate the expression of inflammatory cytokines, like

TNF-a (106). The expression of NF-kB could be activated by reactive oxygen

species formed during acute hypoxemia (106, 107). In addition, a profound oxidant–

antioxidant imbalance has been found during AECOPD (62, 63), resulting in

increased oxidative stress.
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Hypoxemia has been shown to influence glucose metabolism in healthy

subjects, increasing glucose concentration and stimulating glucose transport even

in insulin-resistant skeletal muscle (44, 45). In hypoxemic COPD patients, however,

increased insulin resistance has been reported, while this was normal in normoxemic

patients with COPD (40). This effect is contrary to the effect hypoxemia has in

healthy subjects. In addition, during AECOPD, when hypoxemia is even more

pronounced than during clinically stable periods (10, 15, 58, 80), increased insulin

resistance has been reported (58). Thus, hypoxemia may induce insulin resistance,

which could induce leptin, thereby decreasing appetite during AECOPD.

F. Medication

Systemic Glucocorticosteroids

High-dose oral or intravenous glucocorticosteroids are often used as anti-

inflammatory agents in the treatment of AECOPD, even though efficacy has not

as yet been established. In contrast to treatment of asthma, inhalation of budisone or

oral treatment with prednisolone does not affect the inflammatory profile of patients

with COPD (108). Systemic glucocorticosteroids may stimulate appetite, as has been

previously reported in patients with cancer (66). The high-dosage glucocorticoster-

oids administered during AECOPD could explain the increase in appetite seen

during hospitalization (58, 59).

Unfortunately, treatment with glucocorticosteroids is known to have many

adverse events, like catabolic effects on respiratory and peripheral muscles and bone

mass (109–111). Indeed, a negative correlation has been reported between methyl-

prednisolone intake and nitrogen balance during AECOPD intake (32). The

catabolic effects of corticosteroids and the increased levels of inflammatory

mediators may exceed the positive effects of increased appetite caused by gluco-

corticosteroids (32), creating a net negative nitrogen balance.

The reported increase in insulin resistance during AECOPD could be related

to the systemic prednisolone treatment (58), suggesting an induction of glucose and

insulin by prednisolone. This is partly in accordance with the effects seen by

Tataranni et al. in healthy individuals. However, they found no acute effects of

prednisolone on insulin (112). Acute administration of methylprednisolone in

healthy men did increase fasting plasma glucose, while prolonged methylpredniso-

lone administration increases fasting plasma insulin, indicating an induction of

insulin resistance (112). However, in stable, normoxemic COPD patients, insulin

resistance does not seem to play a role, while during AECOPD, with acute

administration of prednisolone, insulin resistance is increased (58). More research

is needed to elucidate the effects of glucocorticosteroids on glucose metabolism.

Reports concerning the effects of glucocorticosteroids on leptin are contra-

dictory. The course of plasma leptin seems to follow the dose of glucocorticosteroids

administered during AECOPD (58). Indeed, glucocorticosteroids are reported to

induce leptin gene expression in rats (113). Furthermore, dexamethasone has been

shown to induce leptin and leptin mRNA in healthy subjects (114, 115). Tataranni et
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al., however, did not find an increase in leptin concentration after administration of

methylprednisolone (112).

Another possible mechanism to explain the observed relation between

glucocorticosteroids and leptin is by means of TNF-a-induced insulin resistance.

TNF-a has been shown to induce insulin resistance both in vitro as well as in rodents

(116, 117). Since prolonged increases of insulin can induce leptin expression (118),

the observed increase in leptin after administration of glucocorticosteroids could be

an indirect effect. The induction of insulin resistance by TNF-a could be explained

by a TNF-a-induced inhibition of intracellular signaling in the insulin receptor (116,

117). Another possible explanation of the induction of insulin resistance by TNF-a
can be sought in the reduction of the expression of mRNA encoding for glucose

transporters (GLUT-4 and GLUT-1) (119). However, no relation was found between

the use of glucocorticosteroids and the level of sTNF-Rs, suggesting that the

observed correlation is probably mere coincidence instead of a causal relation (73).

Overall, the effects of glucocorticosteroids on leptin metabolism and insulin

resistance are debatable. Data are inconclusive, but it now seems that observed

correlations are not causal. The increase in insulin resistance observed could also be

due to an AECOPD-related catabolic state of the body. Catabolic hormones, like

epinephrine, glucagon, and cortisol result in lipolysis, gluconeogenesis, and cata-

bolism of body protein (120). Stress hormones are also known to induce insulin

resistance, resulting in hyperglycemia, hyperinsulinemia, and elevated hepatic

glucose production (47).

Other Medication

Salbutamol, a b2-sympaticomimetic drug, has been shown to induce an increase in

REE of 4% in patients with COPD. Even though the increase is 11% in healthy

young subjects, REE only increases 6% in elderly subjects, which is comparable

with COPD patients. This slight induction of REE by salbutamol cannot fully

explain the rise in REE in patients with COPD. Furthermore, the use of salbutamol

was comparable between hypermetabolic and normometabolic patients at rest, thus

indicating a limited effect on the rise in REE (121–123).

Theophylline and ipratroprium bromide are reported not to have effect on REE

in patients with COPD (124). Dash et al. reported an increase in resting oxygen

consumption on heart rate after oral theophylline treatment. However, this did not

alter the metabolic response to acutely inhaled salbutamol (125).

V. Therapy

A. Clinically Stable Periods

Because refeeding already malnourished patients is very difficult and because it

takes high-energy intake to improve lean body mass in older people (126),

prevention of loss of body mass is important. In addition, it is important because

low body mass and low fat-free mass are associated with an increased risk for

morbidity and mortality in COPD.
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The main goal of nutritional therapy is to restore energy balance without

overfeeding patients. Vermeeren et al. have shown that small portions several times

a day are preferred to larger portions. This is due to increased metabolic and

ventilatory response and increased satiety after the bigger portions. In addition, they

have shown that consumption of high-carbohydrate supplements is preferable to

isocaloric fat-rich supplements, because the latter causes a higher increase in feelings

of dyspnea (61).

Another important focus should be restoring protein balance to prevent

(further) loss of fat-free mass. To reverse catabolism, protein supplementation is

needed as well as anabolic stimulation. During stable periods of COPD, nutritional

therapy, containing sufficient amounts of calories as well as macronutrients, together

with anabolic stimulation, like training, is effective in reversing the weight-loss

process and can result in improving body composition (22, 127, 128). Furthermore,

anabolic steroid supplementation has been shown to improve body composition

and health status and to counteract the deleterious effects of systemic glucocortico-

steroids (127, 129).

B. AECOPD

Little is known about the effects of nutritional therapy during AECOPD. Saudny-

Unterberger et al. have investigated the effects of 2 weeks of nutritional therapy

during AECOPD. A significant improvement of forced vital capacity (FVC) was

found in the treatment group. However, no improvements were found in body

composition or nitrogen balance. This could be due to the short intervention period.

In addition, a negative correlation was found between nitrogen balance and

methylprednisolone intake, suggesting a catabolic effect of this glucocorticosteroid.

Thus, another explanation could be inadequate protein supplementation that does not

meet the increased requirements due to the inflammatory, catabolic process (32).

However, the main focus during AECOPD should be stabilization of catabolism as

well as stabilization of negative energy and protein balances. After AECOPD,

catabolism should be reversed into anabolism, with increased energy and protein

intakes and, hopefully, eventually resulting in weight gain as well as increased fat-

free mass. To accomplish this, anabolic stimulation is required (22, 127, 128).

For this reason, Vermeeren et al. suggest that, during AECOPD, no additional

nutritional therapy is indicated as long as patients adequately respond within a few days

to the medical therapy in terms of appetite and energy balance. It is, however, indicated

to increase protein intake (1.5 g=kg=day) during AECOPD and its recovery phase in

order to optimize conditions for protein synthesis (59). From a caloric point of view,

nutritional support should be targeted to meet 1.3 times the (estimated or measured)

resting energy expenditure, thus avoiding overfeeding in this still unstable period.

C. Other Possibilities

Since the current anti-inflammatory therapy (i.e., prescription of systemic gluco-

corticosteroids) has shown limited effects on the systemic inflammatory response

and resulting systemic consequences, research needs to be done to find other anti-
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inflammatory agents. In other chronic diseases that involve inflammation and=or
cachexia, like cancer, inflammatory bowel disease, and rheumatoid arthritis,

encouraging effects have been found with the anti-inflammatory effects of n-3

polyunsaturated fatty acids (PUFA) (130–135, 136). The current hypothesis on the

mechanism involved is that, instead of arachidonic acid, n-3 PUFA are incorporated

in cell membranes competing with each other for metabolization. The n-3 PUFA are

metabolized into milder eicosanoids than arachidonic acid, for example, from

leukotriene B4 (LTB4) to leukotriene B5 (LTB5), which decreases chemotactic

and inflammatory activity (137, 138). In COPD, this anti-inflammatory effect

of n-3 PUFA is currently under investigation, as is other pharmacological anti-

inflammatory modulation like anti-TNF-a.
A possible role for antioxidant therapy has not yet been fully explored. It has

been shown, however, that the use of the antioxidant N-acetylcysteine (NAC)

reduces the number and severity of AECOPD (139, 140). NAC acts like an

antioxidant as it provides cysteine for the production of glutathione (141). Research

is currently ongoing to elucidate the effectiveness of antioxidants as an anti-

inflammatory agent (142).

VI. Conclusion

Prior to and during AECOPD, the risk for weight loss is increased, worsening an

often already-impaired situation. Energy and protein balances are negative, related to

an increase in symptoms, acute (partial) respiratory failure, and a flare-up of

systemic inflammation. Loss of FM and FFM in particular are associated with

increases in risk for exercise performance, AECOPD, and mortality, creating a

viscious circle. Therefore, prevention of weight loss and tissue depletion and

immediate treatment is of the utmost importance. During AECOPD, besides optimal

medical intervention, the focus of nutritional intervention should be aimed at

preventing or limiting weight loss and loss of fat-free mass by targeting energy

intake to approximately 1.3 times the (measured or estimated) resting metabolic rate

and protein intake to 1.5 g=kg body weight. Sometimes nutritional supplements are

indicated to reach these goals. Nutritional support after hospitalization may be more

aggressive if combined with an exercise program aimed at improvement of fat-free

mass and functional capacity.
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I. Introduction

Chronic obstructive pulmonary disease (COPD) is the fourth leading cause of death

in the United States for people over age 45 and the fourth cause of death in the world

(1, 2). Its mortality rate continues to rise as death from other causes continue to

decline. The recent Global Burden of Disease Study (2) predicts that COPD will be

the third leading cause of death and the fifth cause of morbidity in the entire world

by the year 2020. The cost of COPD is staggering, reaching $31.9 billion annually in
the United States alone. An important portion consists of direct expenditures due to

recurrent exacerbations that lead to emergency visits and hospitalizations. Several

factors have been associated with frequent exacerbations, including decreased scores

in patient’s perception of health status and reported daily cough, wheeze, and sputum

production (3). In addition, 1-year mortality increases in patients admitted with an

exacerbation, particularly if the PaCO2 is elevated (4).

Morbidity due to COPD increases with age and is greater in men than women

(1). Large population studies have shown that the frequency of the exacerbations

seems to be related to the severity of the disease. A randomized, double-blind,

placebo-controlled study of fluticasone propionate in patients with moderate-to-

severe COPD (5) showed that patients with FEV1 of 50% of predicted had 0.99 to

305



1.32 exacerbations per year. Paggiaro et al. (6), in a multinational study involving

281 patients with better pulmonary function (FEV1 60%) demonstrated that only

one-third of the patients suffered at least one exacerbation. Anthonisen and co-

workers (7) studied 173 patients with a mean FEV1 of 34%, followed them for 3

years, and determined that only 25% of the cohort did not have an exacerbation. The

median for the whole group was 1.3� 1.5 exacerbations per year.

Unfortunately, there are some limitations that restrict our ability to compare

these studies. The definitions of COPD exacerbation differed among studies and, in

addition, there is also a wide variation in the number of exacerbations, with some

patients having more than three exacerbations per year despite similar physiological

characteristics. What seems evident is that AECOPD is particularly prevalent in end-

stage lung disease. In this chapter, we will review the possible mechanisms

associated with this observation.

II. Pathophysiology of COPD

COPD is a disease state characterized by the presence of airflow obstruction due to

emphysema or intrinsic airway inflammatory disease classically typified by chronic

bronchitis. The airflow limitation is generally progressive, may be accompanied by

airway hyperactivity, and may be partially reversible. Emphysema is defined

pathologically as an abnormal permanent enlargement of the airspaces distal to

the terminal bronchioles, accompanied by destruction of their walls, without fibrosis.

Enlargement of the airspace to a large diameter (>1 cm) is defined as a bullae. The

pathological spectrum of bullae is large, ranging from asymptomatic subpleural

lesions to giant ones that may compress otherwise normal parenchyma. In most

patients with emphysema, the airspace enlargement is variable with uneven dis-

tribution in the site and extent of these bullous changes (8, 9). On the other hand,

chronic bronchitis is defined clinically as the presence of chronic productive cough

for 3 months in each of two successive years in patients in whom other causes of

chronic cough have been excluded. In most patients there is a variable degree of

airway inflammation, mucous gland hypertrophy, and in up to 30% of them airways

hyperreactivity. In most patients both processes coexist simultaneously. The disease

does not affect all portions of the lung to the same degree. This uneven distribution

influences the physiological behavior of different parts of the lung.

Biopsy studies from the large airways of patients with COPD reveal the

presence of a large number of neutrophils (10). This neutrophilic predominance is

more manifest in smoking patients who develop airflow obstruction compared to

smoking patients without airflow limitation (11). Interestingly, biopsies of smaller

bronchi reveal the presence of a large number of lymphocytes, especially of the

CD8þ type (12). The same type of cells, as well as macrophages, have been shown

to increase in biopsies that include lung parenchyma (12, 13). Taken together,

these findings suggest that cigarette smoking induces an inflammatory process

characterized by intense interaction and accumulation of cells, which are capable of

releasing many cytokines and enzymes that may cause injury. Indeed, the level of
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interleukin-8 (IL-8) is increased in the secretions of patients with COPD (14). This is

also true for tumor necrosis factor (TNF) (15) and markers of oxidative stress (16).

In addition, the release of enzymes known to be capable of destroying lung

parenchyma such as neutrophilic elastase and metalloproteinases (MMPs) by

many of these activated cells has been documented in patients with COPD (17, 18).

A. Airflow Limitation

The resistance to flow is given by the interaction of air molecules with each other

and with the internal surface of the airways. Therefore, airflow resistance depends on

the physical property of the gas and the length and diameter of the airways. For a

constant diameter, flow is proportional to the applied pressure. This relationship

holds true in normal individuals for inspiratory flow measured at fixed lung volume,

as shown in Figure 1. In contrast, expiratory flow is linearly related to the applied

pressure only during the early portion of the maneuver. Beyond a certain point, flow

does not increase despite further increase in driving pressure. This flow limitation is

due to the dynamic compression of airways as force is applied around them during

forced expirations. This can be readily understood in the commonly determined

flow–volume expression of the vital capacity. The left panel of Figure 2 shows the

flow–volume loop of a normal individual. It is clear that, as effort increases,

expiratory flow increases up to a certain point (outer envelope) beyond which

further efforts result in no further increase in airflow. During tidal breathing (inner

tracing), only a small fraction of the maximal flow is used, and therefore flow is not

limited under these circumstances.

Figure 1 At a given lung volume (expressed as percent of vital capacity [VC]),

inspiratory flow is proportional to inspiratory pressure. In contrast, expiratory flow does

not increase with increased expiratory pressure because the airways are dynamically

compressed by the increased pressure.
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In contrast, the flow–volume loop of patients with COPD is markedly different

as shown also in the right panel in Figure 2. The expiratory portion of the curve is

carved out. This shape is due to the smaller diameter of the intrathoracic airways,

which decreases even more as pressure is applied around them. The flow limitation

can be severe enough that maximal flow may be reached even during tidal breathing,

as represented in this diagram. A patient with this degree of obstruction (a not-

uncommon finding in clinical practice) cannot increase flow with increased venti-

latory demand. As we shall review later, increased demands can only be met by

increasing respiratory rate, which in turn is detrimental to the expiratory time, a

significant problem in patients with COPD.

The precise reason for the development of airflow obstruction in COPD is not

entirely clear, but it may very likely be multifactorial. In pure emphysema,

destruction of the tissue around the airways will decrease the forces that act to

keep the airways open (19). In those patients with a component of airway in-

flammation, the problem is compounded by intrinsic narrowing of the airways (20).

Because airflow obstruction is physiologically evident during exhalation,

COPD has been thought to be a problem of ‘‘expiration.’’ Unfortunately, inspiration

is also affected because inspiratory resistance is also increased and, more important,

the inability to expel the inhaled air coupled with parenchymal destruction leads to

hyperinflation (21).

B. Hyperinflation

As the parenchymal destruction of many patients with COPD progresses, the distal

airspaces enlarge. The loss of the lung elastic recoil resulting from this destruction

Figure 2 Flow–volume loop of a normal individual (left) and a patient with chronic

obstructive pulmonary disease (COPD) (right). Notice the concave shape of the maximal

flow volume envelope in the patient with airflow obstruction. As in this case, patients with

COPD may reach their maximal airflow even during tidal breathing.
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increases resting lung volume. In a pervasive way, the loss of elastic recoil and

airway attachments narrows even more the already constricted airways. The decrease

in airway diameter increases resistance to airflow and worsens the obstruction.

Decreased lung elastic recoil, therefore, is a major contributor of airway narrowing

in emphysema (21–23). Because in most patients the distribution of emphysema is

not uniform, portions of lung with low elastic recoil may coexist with portions with

more normal elastic recoil property. It follows that ventilation to each one of those

portions will not be uniform. This helps explain some of the differences in gas

exchange. It also explains why reduction of the uneven distribution of recoil

pressures by procedures that resect more afflicted lung areas results in better

ventilation of the remainder of the lung and improved gas exchange.

Increased breathing frequency worsens hyperinflation (24, 25) because the

expiratory time decreases, even if patients simultaneously shorten their inspiratory

time. The resulting ‘‘dynamic’’ hyperinflation is very detrimental to lung mechanics

and helps explain many of the findings associated with higher ventilatory demand,

such as acute exacerbation.

C. Alteration in Gas Exchange

The uneven distribution of airway disease and emphysema help explain the change

in blood gases. The lungs of patients with COPD can be considered as consisting of

two portions: one more emphysematous and the other one more normal. The

pressure–volume curve of the emphysematous portion is displaced up and to the

left compared to that of the more normal lung (Fig. 3). At low lung volume, the

emphysematous (more compliant) portion undergoes greater volume changes than

Figure 3 Volume–pressure relationship in portions of the lung with ‘‘normal’’ and

‘‘emphysema’’ behavior. At low volume (A), a small charge in pressure results in a larger

volume increase in the emphysematous portion. At higher lung volume (B), a similar

change in pressure results in minimal charge in volume in the emphysema portion, which

now behaves as a stiff lung.
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the more normal lung. In contrast, at higher lung volume, the emphysematous lung

is overinflated and accepts less volume change per unit of pressure change than the

normal lung. Therefore, the distribution of ventilation is nonuniform and, overall, the

emphysematous areas of the lung are underventilated compared with the more

normal lung. Because perfusion is even more compromised than ventilation in the

emphysematous areas, they have a high ventilation=perfusion ratio and behave as

dead space. Indeed, this wasted portion of ventilation (VD=VT) corresponding to

approximately 0.3 to 0.4 of the tidal breath of a normal person has been measured to

be much higher in patients with severe emphysema (26). At the same time, narrower

bronchi in other areas may not allow appropriate ventilation to reach relatively well-

perfused areas of the lung. This low ventilation perfusion ratio will contribute to

venous admixture (V=Q) and hypoxemia (27, 28). The overall result is the

simultaneous coexistence of high VD=VT regions with regions of low V=Q
match. Both increase the ventilatory demand, thereby taxing even more the

respiratory system of these patients.

As ventilatory demand increases, so does the work of breathing, and thus the

patient with COPD must attempt to increase ventilation in order to maintain an

adequate delivery of oxygen. Alveolar ventilation must also be sufficient to

eliminate the produced CO2. If this does not occur, PaCO2 will increase. Indeed,

the arterial blood gas changes over time in patients with COPD parallel this

sequence. Initially PaO2 progressively decreases, but is compensated by increased

ventilation. When the ventilation is insufficient, the PaCO2 rises (29, 30). This is

consistent with the observation that patients with COPD who develop severe

hypoxemia and hypercarbia have a very poor prognosis (31).

Therefore, an increasing body of evidence indicates that the anatomical

alterations of COPD, such as airway inflammation and dysfunction as well as

parenchymal destruction, could result from altered cellular interactions triggered by

external agents such as cigarette or environmental smoke.

It follows that patients with severe or end-stage COPD have very little

respiratory reserve left. Any worsening of the chronic persistent inflammatory

condition of the airways results in inability of the system to cope with the increased

ventilatory demand. In addition, recent evidence (32) has began to accumulate that

COPD exacerbation is associated with a systemic inflammatory response that can

result in severe respiratory demands that cannot be met by the most obstructed

patients.

III. Pathophysiology During AECOPD

There is limited information regarding the pathophysiological events of AECOPD.

The majority of studies have focused on the etiology and the response to diverse

treatment modalities, including corticosteroids and antibiotics (33–35), or to

measure the incidence of AECOPD on a large cohort of patients treated with

different drug regimens (5, 6, 36). An important factor is that the follow-up of

patients enrolled in these studies has been done mostly in the outpatient setting,
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limiting the capacity for closer observation and description of the physiological

events during an episode of AECOPD.

A. Airflow Limitation During AECOPD

During an AECOPD, there seems to be a component of airway inflammation that

worsens the already-compromised airway anatomy of these patients. Pulmonary

function tests done on the first day after the enrollment in a study evaluating the

effect of corticosteroids on the clinical course of AECOPD (33) reveal a worsening

of FEV1. Those patients treated with corticosteroids showed an improvement of

approximately 0.2 L in FEV1 during the first 3 days compared to patients not treated

with this medication, whose FEV1 improved by approximately 0.13 L. A smaller

study by Thompson et al. (34) showed an 18% improvement in FEV1 on day 3 in 13

patients with AECOPD treated with corticosteroids compared to �1.6% in patients

not receiving this medication. Other studies have shown less important changes in

spirometry during an AECOPD. However, they all show some worsening in the

degree of obstruction. Seemungal et al. (37) reported in a cohort of 101 outpatients a

change 0.024 L in FEV1 and 0.008 L in peak expiratory flow rate (PEFR) on day 1 of

an exacerbation. When patients manifested symptoms of dyspnea or increased

wheeze, they also found greater changes in PEFR and a correlation of �0.12

between symptoms and lung function change. In our lab, we have also seen more

modest changes in FEV1 patients admitted and followed daily during an episode of

AECOPD (38). The FEV1 changed by 0.05 L while in the hospital (first 4 days) and

by 0.29 L or 6% (relative change) after discharge (39).

Based on these findings, it is clear that there is a variable degree of worsening

of airway obstruction during an acute exacerbation of COPD in outpatient and

hospitalized patients (Table 1). The degree of obstruction seems to improve during

the hospitalization period, but it takes a long time to completely resolve, with

noticeable variation during the recovery period as well. Using PEFR measurements,

Seemungal et al. (37) reported that 75% of the patients have a complete resolution of

the obstruction at 35 days and 7% are not back to baseline even 91 days after the

onset of the exacerbation. On the other hand, Niewoehner and coworkers (33)

reported a faster peak FEV1 recovery at 15 days postexacerbation. The reason for the

difference in the rate of spirometric resolution between these two studies is not clear.

It may relate primarily to the intensity of therapy (hospitalized versus outpatient

Table 1 Baseline Pulmonary Function Values and Changes

During Acute AECOPD

Ref. FEV1 (L)� SD Change in FEV1 (L) during AE

33 0.76� 0.28 0.1

34 1.04� 0.36 0.05

37 1.10� 0.50 0.024

38 0.79� 0.32 0.05
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treatment) and=or severity of the exacerbation, since the degree of airflow limitation

was similar in both groups.

What is evident from all of these studies is that AECOPD is particularly

prevalent in patients with end-stage disease. Patients enrolled in the above-

mentioned studies had severe or very severe disease. The mean FEV1 reported

was 50% (5), 42% (37), 40% (3), 33% (7), or less than 1.0 L (4).

B. Hyperinflation During AECOPD

Dynamic hyperinflation (DH) is defined as the failure of the lungs to reach FRC at

the end of exhalation. During an AECOPD, patients develop airway inflammation,

bronchoconstriction, and mucus secretion that generates higher airways resistance

with expiratory airflow limitation. The resulting increase in respiratory rate shortens

the time of expiration and likely results in the development of DH (Fig. 4). We tested

this hypothesis in our lab (38, 39), where we performed daily measurements of

patients admitted with the diagnosis of COPD exacerbation. Pulmonary function

tests, including inspiratory capacity (IC) and peak inspiratory pressure (PImax) were

obtained. The IC, an indirect measurement of DH, and the PImax showed significant

progressive increases during the hospitalization and after recovery compared to

changes in FEV1 (Table 2). Likewise, there was a significant decrease in respiratory

rate which represents improvement in the level of DH. Very important for the patient

is that the changes were associated with improvement in dyspnea.

C. Alteration of Gas Exchange

The underlying abnormalities in gas exchange during the stable phase in patients

with COPD worsen during an exacerbation. The nonuniform distribution of

emphysematous lung causes areas with different ventilation=perfusion ratios. During

Figure 4 Flow–volume envelope of a patient with severe COPD. The small dotted line

shows the end expiratory lung volume (EELV) at rest. As the respiratory rate increases and

the expiratory time shortens during an acute exacerbation, there is a displacement of the

tidal volume envelope to the left, signifying an increase in the EELV or ‘‘air trapping.’’
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an exacerbation, the increase in respiratory demand generates areas with more

hyperinflation, particularly the more emphysematous portion of the lung which has

higher compliance compared to that of the more normal lung. The hyperdynamic

state coupled with the uneven hyperinflation also creates changes in lung perfusion

that affect the gas-exchange process. According to the degree of the underlying lung

disease, patients may only develop hypoxemia but, the abnormalities are more

severe, patients may develop hypercapnia and ventilatory failure. Barbera and

colleagues (40) studied 13 patients with severe disease (FEV1< 0.91 L) on admis-

sion with AECOPD and after discharge. Ventilation=perfusion (VA=Q) relationship
was assessed using the inert gas technique. They found an increased Va=Q inequality

during exacerbation due to greater perfusion in poorly ventilated alveoli, ampli-

fied by the decrease in mixed oxygen tension that results from greater oxygen

consumption.

To correct these abnormalities, particularly in hypercapnic patients, invasive

and noninvasive ventilation has been used. The latter avoids the complications of

endotracheal intubation, preserves the airways defense mechanism, and allows the

patient to eat and speak. It decreases the need for invasive ventilation, reduces

mortality, complication rates, and hospital stays compare to standard care (41).

Intuitively, we would think that noninvasive positive pressure ventilation

(NIPPV) improves gas-exchange abnormalities by correcting abnormalities in

Va=Q. However, subsequent work by Diaz et al. (42) proved it wrong. They studied

the affect of NIPPV on pulmonary gas exchange and hemodynamics during

hypercapnic AECOPD. Using the same inert gas technique reported previously

(40), patients were evaluated while breathing spontaneously, 15 and 30min on

NIPPV and 15min after withdrawal. They found that the use of NIPPV significantly

increased the PaO2 and decreased the PaCO2 and cardiac output, with no substantial

changes in Va=Q mismatching. They concluded that the improvement in respiratory

blood gases during NIPPV was due to improvement in alveolar ventilation and not to

improvement in Va=Q relationships. These results suggest that respiratory muscle

Table 2 Change Over Time in Vital Signs, Dyspnea, VAS, and Spirometric Measurements

Measurements Day 1 Day 2 Day 3 Day 4 Recovery

Respiratory rate

(b=min)

28� 5a 27� 4a 23� 4a 23� 3a 20� 5a

Pulse (b=min) 98� 16b 94� 13b 90� 12b 87� 11b 82� 12b

VAS (cm) 7.1� 1.8c 6.1� 1.9c 4.8� 2.3c 3.1� 1.7c 2.2� 2.3c

FEV1 (L) 0.79� 0.32 0.83� 0.34 0.80� 0.33 0.83� 0.33 1.08� 0.41

FVC (L) 1.87� 0.64d 1.89� 0.54d 1.86� 0.52d 1.90� 0.65d 2.11� 0.61d

IC (L) 1.43� 0.54e 1.36� 0.50e 1.47� 0.47e 1.66� 0.53e 1.86� 0.59e

PImax (cmH2O) 43� 19f 53� 31f 63� 25a

VAS¼ visual analog scale (measurement of dyspnea); FEV1¼ forced expiratory volume in 1 s;

FVC¼ forced vital capacity; IC¼ inspiratory capacity.

By ANOVA a¼ p< 0.00001; b¼ p< 0.0001; c¼ p< 0.000001; d¼ p< 0.05; e¼ p< 0.01; f¼ p< 0.02.
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fatigue is a more important factor in hypercapnic respiratory failure than ventilation

perfusion changes. Regardless of the mechanism, the data also support the notion

that the most obstructed patients (those with end-stage disease) will more likely

develop symptomatic exacerbation because they have minimal, if any, respiratory

reserve.

IV. Mortality

Several authors have studied the association between AECOPD and mortality. Fuso

and coworkers (43) reported in a retrospective study of 590 patients admitted with

AECOPD a mortality of 14% and identified several factors as independent predictors

of mortality: age, alveolar-arterial oxygen gradient, and cardiac arrhythmias. Sub-

sequently, Incalzi et al. (44) studied 270 patients with severe disease (FEV1:

34þ 16%) discharged from a University hospital with the diagnosis of AECOPD.

The median survival was 3.1 years. A multivariate survival analysis showed that age,

electrocardiogram (ECG) signs of right ventricular hypertrophy and myocardial

infarction or ischemia, chronic renal failure, and FEV1< 0.59 L were all associated

with increased mortality. A model using these variables predicted 5-year mortality

with 63% sensitivity and 77% specificity.

When a patient’s condition requires admission to the intensive care unit (ICU),

the mortality is even higher. A multicenter study (45) involving 40 U.S. centers and

362 patients admitted to the ICU for AECOPD showed a hospital mortality of 24%.

In those patients 65 years or older, the mortality doubled in 1 year from 30 to 59%.

A nonrespiratory organ system dysfunction was the major predictor of hospital

mortality (60% total explanatory power) and respiratory system abnormalities were

more strongly associated with 180-day mortality (22% total explanatory power).

Interestingly, after adjusting for severity of illness, mechanical intubation was not

associated either with hospital mortality or with subsequent survival. Nevins and

Epstein (46) studied 166 patients admitted to the hospital with a diagnosis of COPD

who required mechanical ventilation. The in-hospital mortality rate for the entire

cohort was 28%, but fell to 12% for those patients admitted with an AECOPD and

no comorbidities. Multiple regression analysis showed that higher APACHE score at

6 h onset of mechanical intubation, malignancy, comorbidities, and need of mechan-

ical ventilation over 72 h are associated with worse prognosis.

Connors and the Support investigators (4) also reported outcomes in a

prospective cohort of 1016 patients from five hospitals admitted with an AECOPD

and PaCO2 of 50mmHg. Their hospital mortality was lower (11%), but the 1- and

2-year mortality was as high as 43 and 49%, respectively. Survival time was

independently related to severity of illness, body mass index, age, prior functional

status, PaO2=FiO2, and serum albumin. The presence of cor pulmonale and

congestive heart failure were associated with longer survival.

All these studies taken together point to the severity of pulmonary involvement

as one important factor in the predisposition to develop more frequent and more

severe exacerbations.
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V. Conclusion

Exacerbation of COPD tends to occur more frequently and with more severity in

patients with end-stage pulmonary disease. This is even more distressing and has

worse consequences in patients with other underlying systemic diseases.

It is likely that patients with end-stage airflow limitation have no reserve to

compensate for the consequence of local airway and systemic inflammation. The

only way to increase ventilation is to increase respiratory rate, which in turn shortens

expiratory time and promotes hyperinflation. The dire consequences of this situation

in patients with other system involvement is the development of ventilatory failure

that requires life-saving interventions. Perhaps, as we develop a better and deeper

understanding of the mechanism leading to this state, we can further enhance our

already effective therapeutic armamentarium.
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I. Introduction

Sleep is a complex process associated with recurring cycles of non–rapid eye

movement and rapid eye movement (REM) sleep, each cycle lasting 90 to 120min.

Electroencephalographic (EEG) signals differ from wakefuleness, particularly dur-

ing non-REM sleep. The exact function of sleep is unclear, but there is no doubt that

it is an essential restorative process as evidenced by experiments that have examined

the physical and behavioral consequences of sleep deprivation.

Sleep has well-recognized effects on breathing, which in normal individuals

have no adverse impact. These effects include a mild degree of hypoventilation with

consequent hypercapnia, and a diminished responsiveness to respiratory stimuli.

However, in patients with chronic lung disease such as COPD, these physiological

changes during sleep may have a profound effect on gas exchange, and episodes of

profound hypoxemia may develop, particularly during REM sleep (1), which may

predispose to death at night, particularly during acute exacerbations (2). Exacerba-

tions of COPD are generally accompanied by further worsening of lung mechanics

and gas exchange, which adds to the detrimental effects of sleep.

II. Effects of Sleep on Respiration

The respiratory center is influenced by chemical inputs from chemoreceptors

responding to changes in PaO2, PaCO2, and pH, by mechanoreceptors in the airway,

319



lungs, and chest wall, and by behavioral inputs from higher cortical centers,

transmitted via the reticular activating system (3). Removal of these inputs can

markedly reduce ventilation, and in some experimental settings produces complete

cessation of spontaneous breathing (4). Sleep is associated with a number of effects

on respiration, including changes in central respiratory control, airways resistance,

and muscular contractility.

A. Central Respiratory Effects

The onset of sleep is associated with a diminished responsiveness of the respiratory

center to chemical and mechanical inputs, and to a major reduction in the stimulant

effects of cortical inputs (3). These effects are more pronounced as sleep deepens,

particularly during REM sleep. Ventilatory responsiveness to both hypoxia and

hypercapnia are diminished. Furthermore, the respiratory muscle responsiveness to

respiratory center outputs are also diminished during sleep, particularly REM sleep,

although the diaphragm is less affected than the accessory muscles in this regard.

There is a decrease in minute ventilation (VE) during non-REM sleep (5), predomi-

nantly due to a reduction in tidal volume, which is associated with a rise in end-tidal

PCO2. However, part of this hypoventilation during sleep is likely a response to the

lower metabolic rate during sleep, since oxygen consumption and carbon dioxide

production diminishes during sleep compared to wakefulness (6). During REM

sleep, both tidal volume and respiratory frequency are much more variable than in

non-REM sleep, particularly during phasic REM, when there are bursts of rapid eye

movement as opposed to tonic REM, where eye movements tend to be absent.

Minute ventilation is lower during phasic REM than during tonic REM sleep.

These physiological changes are not associated with any clinically significant

deterioration in gas exchange among normal subjects, but may produce profound

hypoxemia in patients with respiratory insufficiency such as COPD. This finding is

principally due to the fact that normal subjects have PaO2 levels on the flat portion

of the oxyhemoglobin dissociation curve, and thus modest falls in PaO2 as a

consequence of hypoventilation during sleep are not associated with significant falls

in SaO2 (5). However, COPD patients tend to have PaO2 levels at or near the steep

portion of the oxyhemoglobin dissociation curve, particularly during acute exacer-

bations. Thus, equivalent modest falls in PaO2 during sleep may result in clinically

significant falls in SaO2. The drop in SaO2 during sleep in COPD is further

compounded by the increased work of breathing associated with chronic airflow

limitation, which likely also aggravates the effects of the reduction in respiratory

drive during sleep.

B. Airway Resistance

Upper airway resistance increases during sleep compared to wakefulness (7), which

predisposes to upper airway occlusion and obstructive sleep apnea in susceptible

individuals. In addition, lower airway patency may be compromised during sleep.

The majority of normal subjects have circadian changes in airway caliber with
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mild nocturnal bronchoconstriction, which may be exaggerated in patients with

obstructive airways disease, particularly asthma (8).

C. Rib-Cage and Abdominal Contribution to Breathing

In the supine resting state, breathing is predominantly a function of diaphragmatic

contraction (9). During non-REM sleep, there is an increased rib-cage contribution

to breathing and an associated increase in the respiratory EMG activity of intercostal

muscles (10), with respiratory activity of the diaphragm being little increased or

unchanged. The resulting expansion of the rib cage may improve mechanical

efficiency of diaphragmatic contraction by optimizing the length and=or radius of

curvature of the diaphragm (11). This increased efficiency of the diaphragm is

reflected in an increase in the transdiaphragmatic pressure developed for a given

level of diaphragmatic EMG activity.

In contrast, a reduction in rib-cage contribution to breathing has been reported

during REM sleep compared to wakefulness, due to a marked reduction in

intercostal muscle activity (12). Diaphragmatic EMG activity is substantially

increased, while transdiaphragmatic pressure falls significantly, which implies

a decrease in diaphragmatic efficiency, a pattern opposite to that seen during

non-REM sleep.

D. Neuromuscular Changes During Sleep

The loss of stimulant input from the cerebral cortex is an important contributor to the

hypoventilation of sleep described above, but, in addition, during REM sleep, there

is a marked loss of tonic activity in the upper airway and intercostal muscles. There

appears to be supraspinal inhibition of gamma motoneurons (and to a lesser extent

alpha motoneurons), in addition to presynaptic inhibition of afferent terminals from

muscle spindles. The diaphragm, being driven almost entirely by alpha motoneurons

and with far fewer spindles than intercostal muscles, has little tonic (postural)

activity and, therefore, escapes reduction of this particular drive during REM sleep

(3). This helps to explain the increase in abdominal contribution to breathing in

REM sleep.

The fall in intercostal muscle activity assumes particular clinical significance

in patients who are particularly dependent on accessory muscle activity to maintain

ventilation, such as those with COPD (13), since hyperinflation of the lungs results

in flattening of the diaphragm and an associated reduction in the efficiency of

diaphragmatic contraction. Diaphragmatic efficiency is further compromised by the

supine posture since the pressure of abdominal contents against the diaphragm by

gravitational forces contrasts with the effect of gravity in the erect posture, which

tends to move abdominal contents away from the diaphragm. This pressure impairs

diaphragmatic contraction during inspiration since this moves the diaphragm in a

caudal direction to produce lung expansion.
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E. Functional Residual Capacity

A modest, but statistically significant, fall in functional residual capacity (FRC) has

been noted in healthy sleeping adults in both non-REM and REM sleep (14). This

fall is not considered sufficient to cause significant ventilation to perfusion

mismatching in healthy subjects, but could do so, with resulting hypoxemia, in

patients with chronic lung disease. Possible mechanisms responsible for this

reduction in FRC include respiratory muscle hypotonia, cephalad displacement of

the diaphragm, and a decrease in lung compliance (13). This fall in FRC likely

contributes to the fall in SaO2 seen in patients with COPD through a worsening of

ventilation-to-perfusion relationships, which assumes particular significance during

acute exacerbations where such relationships are already compromised.

F. Overall Effects During Sleep

The above account illustrates the complex effect of sleep on respiratory function,

with the overall trend being a reduction in ventilation compared to wakefulness. In

normal individuals, arterial blood gases change little from wakefulness to sleep (5).

However, when subjects with daytime hypoxemia, due to underlying respiratory

disease, develop abnormal breathing patterns during sleep, life-threatening hypox-

emia may occur (1). This partly results from the fact that a similar drop in PaO2 will

be associated with a much greater drop in SaO2, when the subject is already

hypoxemic and on the steep part of the oxyhemoglobin dissociation curve.

Furthermore, the changes in rib-cage and abdominal contributions to breathing

and the changes in FRC may result in worsening ventilation–perfusion relationships,

which will also aggravate any tendency to hypoxemia. In addition, the reduction in

ventilatory drives and changes in breathing pattern during sleep attenuate the

compensatory hyperventilation seen during wakefulness in these patients. This

effect on ventilation is seen particularly during periods of REM sleep. These

abnormalities are most common in ‘‘blue-bloater’’-type patients, who also have

a greater degree of awake hypoxemia and hypercapnia than ‘‘pink-puffer’’-type

patients (15). However, many patients with awake arterial PO2 (PaO2) levels in the

mildly hypoxemic range can also develop substantial nocturnal oxygen desaturation,

which appears to predispose to the development of pulmonary hypertension (16). A

schematic outline of the effects of sleep on respiration is given in Figure 1.

While there are few physiological studies that have examined the changes in

lung mechanics during sleep in patients with exacerbations of COPD, it seems

reasonable to assume that the adverse changes in lung mechanics and gas exchange

that develop in association with exacerbations of COPD are even greater when

asleep and likely account for the increased frequency of deaths at night in these

patients (2).

III. Sleep in COPD Patients Requiring Mechanical
Ventilation

There has been little research into the impact of sleep on respiratory function in

patients with acute rcspiratory failure who are intubated and on mechanical
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Figure 1 Schematic diagram of the effects of sleep on respiration. In each case, sleep

has a negative influence that has the overall impact of producing hypoventilation and=or
hypoxemia and hypercapnia. (FRC¼ functional residual capacity; V=Q¼ ventilation–

perfusion.)

ventilation in the ICU setting, particularly those patients who do not have underlying

chronic lung disease. Such patients would not be expected to show a significant

deterioration in gas exchange during sleep, since the hypoventilation that is the

principal mechanism of deteriorating gas exchange is prevented by the effects of

mechanical ventilation. Changes in the rib-cage contribution and in functional

residual capacity may still have some adverse effects, but these have not been

well studied in mechanically ventilated patients. Most patients who are intubated and

on mechanical ventilation are also paralyzed and sedated, which will further limit

potential sleep-related changes in ventilation and gas exchange in such patients.

IV. Mechanisms of Nocturnal Oxygen Desaturation in
COPD

Nocturnal oxygen desaturation in COPD appears to be predominantly a consequence

of hypoventilation, with significant additional contributions from disturbances in

ventilation–perfusion relationships.

A. Hypoventilation

Studies using noninvasive methods of quantifying respiration have shown clear

evidence of hypoventilation, particularly during REM sleep, associated with periods

of hypoxemia in patients with COPD (17–19), but the semiquantitative nature of

these measurements makes it difficult to determine if this is the sole mechanism of

oxygen desaturation, or whether other factors are involved. While there are no

specific reports that have examined the mechanisms of hypoxemia during acute

exacerbations of COPD, there are no specific features of such exacerbations to
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indicate that sleep should have any significantly different effects on gas exchange in

such patients.

Numerous reports have demonstrated a close relationship between awake PaO2

and nocturnal oxygen saturation (SaO2) levels (18–20), and it has been proposed that

nocturnal oxygen desaturation in patients with COPD is largely the consequence of

the combined effects of physiological hypoventilation during sleep and the fact that

hypoxemic patients show a proportionately greater fall in SaO2 with hypoventilation

than normoxemic, because of the effects of the oxyhemoglobin dissociation curve.

However, it has been shown that PaO2 falls to a greater degree during sleep among

patients who show a major degree of nocturnal oxygen desaturation (19), when

compared to the fall in PaO2 during sleep among minor desaturators, which indicates

that the greater fall in SaO2 during sleep among more severely hypoxemic COPD

patients is not simply a consequence of their being on the steep portion of the

oxyhemoglobin dissociation curve, and that other factors must also play a part in the

blood gas changes observed in these patients during sleep.

B. Altered Ventilation–Perfusion Relationships

The changes in respiratory muscle function during sleep, particularly the loss of

accessory muscle contribution to breathing, also result in a decreased FRC and

contribute to worsening ventilation–perfusion relationships during sleep, which

further aggravates hypoxemia in COPD (13, 18–20). Given that ventilation–perfu-

sion relationships are likely to be particularly compromised during exacerbations,

particularly infective, it is likely that this mechanism assumes a particularly

important role in the nocturnal hypoxemia during acute exacerbations of COPD.

Support for a role for ventilation–perfusion disturbances in the pathophysiol-

ogy of nocturnal oxygen desaturation in COPD comes from the observation that

PCO2 levels rise to a similar extent in those patients who developed major nocturnal

oxygen desaturation as those who developed only a minor degree of desaturation

(19), which suggests a similar degree of hypoventilation in both groups, despite the

different degrees of nocturnal oxygen desaturation. The much larger fall in PaO2

among the major desaturators as compared to the minor desaturators, in conjunction

with the similar rise in PtcCO2 in both patient groups, suggests that in addition to a

degree of hypoventilation operating in all patients, other factors such as ventilation–

perfusion mismatching must also play a part in the excess desaturation of some

COPD patients. Nonetheless, awake PaO2 remains the factor that best predicts a

likelihood of nocturnal oxygen desaturation.

V. Consequences of Nocturnal Hypoxemia During Acute
Exacerbations of COPD

Patients with exacerbations of COPD requiring hospitalization are generally closely

monitored at the time of admission, but since many such patients are admitted to

general medical wards, monitoring during the night may be inadequate. This

deficiency in management is unfortunate since such patients have clearly been
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shown to be at particular risk while asleep, particularly from cardiac arrhythmias and

death. Ventricular arrhythmias are particularly common in exacerbations during

sleep and can be prevented by the correction of hypoxemia (21, 22). Furthermore, a

previous report from this department has demonstrated that patients who die in

hospital with an exacerbation of COPD are significantly more likely to die at night,

in contrast to patients who die from stroke or neoplasm (2). The excess nocturnal

mortality is particularly seen in patients with severe hypoxemia and hypercapnia

(type 2 respiratory failure) (Fig. 2).

VI. Management of Respiratory Abnormalities During
Sleep in Exacerbations of COPD

The management of acute exacerbations of COPD are covered elsewhere in this

book, but there are a number of aspects relevant to sleep that merit specific

consideration.

A. Oxygen Therapy

The most serious consequence of hypoventilation, particularly during sleep, is

hypoxemia, and appropriate oxygen therapy plays an important part in the manage-

ment of any disorder associated with respiratory insufficiency during sleep. Care

must be taken that correction of hypoxemia is not complicated by hypercapnia in

patients with COPD, since respiratory drive in such patients may be partly dependent

on the stimulant effect of hypoxemia. Therefore, the concentration of added oxygen

should be carefully titrated to bring the PaO2 up into the mildly hypoxemic range in

Figure 2 Time of death among patients with COPD comparing those with type 1

(nonhypercapnic) and type 2 (hypercapnic) respiratory failure (RF) and demonstrating a

significant excess of death at night among those with type 2 failure. (Adapted from Ref. 2.)
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order to minimize the tendency for carbon dioxide retention, particularly during

sleep. However, the risk of CO2 retention with supplemental oxygen therapy in such

patients may have been overstated in the past, and there is evidence that CO2

retention with oxygen supplementation during sleep is often modest, and usually

nonprogressive (23). In particular, a recent report from this department has shown

little risk of serious CO2 retention with carefully controlled oxygen therapy in

exacerbations of COPD, even when relatively high-flow oxygen supplementation is

required to bring the SaO2 into the region of 90 to 92% (24), a finding supported by

the report of Agusti and co-authors (25).

The most common methods of low-flow oxygen therapy are nasal cannulae

and Venturi facemasks. Patients requiring long-term oxygen therapy are usually

given oxygen via nasal cannulae, but in patients with acute respiratory failure, face

masks are often preferred (25) because of the ability to deliver higher concentrations

of oxygen and to give better control of the inspired oxygen concentration (FiO2).

However, facemasks are less comfortable and are much more likely to become

dislodged during sleep than nasal cannulae (26). These factors should be considered

when choosing the method of oxygen delivery and the relative importance of

accurate control of FiO2 and compliance must be determined when selecting the

route of oxygen delivery for each patient. Patients with hypercapnic respiratory

failure benefit from the more accurate control of FiO2 provided by facemasks, but

care must be taken to ensure adequate compliance, since the abrupt withdrawal of

oxygen supplementation may result in more severe hypoxemia than prior to

supplementation (27). Therefore, patients in this category who tolerate facemasks

poorly may be better managed by nasal cannulae.

B. Noninvasive Ventilation

Patients with COPD associated with respiratory insufficiency who fail to respond to

pharmaceutical and oxygen therapy should be considered for assisted ventilation. In

an acute setting, this may require intubation and ventilation, but in the past decade,

increasing attention has been directed toward noninvasive methods of ventilatory

support, particularly during sleep. There is growing evidence that nasal intermittent

positive pressure ventilation (NIPPV) can be successfully used in the management of

acute exacerbations of COPD associated with respiratory failure, and has been

shown to reduce the need for intubation and mechanical ventilation in such patients

(28). Since hypoxemia is most pronounced during sleep, NIPPV is particularly

important at night in these patients, which requires close patient monitoring. An

example of the beneficial effect of NIPPV on oxygenation during sleep in a patient

with an exacerbation of COPD who also had an old thoracoplasty is given in

Figure 3.

VII. Conclusion

Exacerbations of COPD represent one of the most frequent causes of in-hospital

mortality in the western world and there is clear evidence that such patients are at
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particular risk while asleep. However, careful attention to preventing the adverse

consequences of sleep on breathing in patients with acute exacerbations, particularly

hypoxemia, can greatly improve the outcome in these patients.
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I. Introduction

In this chapter, we review the role of bacterial infections, the benefit of antibiotic

therapy in AECOPD, risk stratification schemes, characteristics of an ideal antibiotic,

and a brief overview of commonly prescribed antibiotics.

II. Role of Bacterial Infections and Efficacy
of Antibiotic Therapy in AECOPD

The role of bacteria in causation of AECOPD has been difficult to establish, as

airways of many patients with COPD are frequently colonized (1, 2). Earlier

investigators focused on sputum microbiology and acute antibody response in the

serum to demonstrate that infection rather than colonization led to exacerbations (3,

4). These were inconclusive and not able to substantiate the importance of bacterial

infection in AECOPD.

Another way to assess the role of bacterial infection in AECOPD is to study

the efficacy of antibiotic therapy. In a landmark study, Anthonisen and colleagues

demonstrated that antibiotics were effective in the treatment of AECOPD (5). A

cohort of 173 patients with COPD was followed for 3.5 years, 362 exacerbations
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were treated: 180 with placebo and 182 with antibiotics. Exacerbations were

classified according to three symptoms: increased dyspnea, increased sputum

volume, and increased sputum purulence. Type I exacerbation was defined as the

presence of all three symptoms, type II as the presence of two symptoms, and type

III as the presence of only one symptom (Table 1). Therapeutic success was defined

as ‘‘resolution’’ if all symptoms returned to baseline within 21 days, ‘‘no resolution’’

if all symptoms did not resolve, and ‘‘failure with deterioration’’ when symptoms

worsened. Considering exacerbations, there was more resolution with antibiotics

(68.1%) compared to placebo (55%) (Fig. 1). Deterioration occurred in 9.9% of

those treated with antibiotics, compared to 18.9% with placebo (Fig. 2). The rate of

peak flow recovery was faster with antibiotic treatment compared to placebo. In

subgroup analysis, the success with antibiotic therapy was greatest in exacerbations

classified as type 1 (62.9% vs. 43%). In type II exacerbations, antibiotics were

associated with better outcome than placebo, whereas the success with antibiotic

therapy was not significantly better than placebo in type III exacerbations. Similarly,

deterioration occurred less frequently on antibiotic therapy in patients with type I or

type II exacerbations.

Table 1 Classification of Exacerbations

Type Characteristics

1 Increased dyspnea, sputum volume, and sputum purulence (all

three symptoms present)

2 Two of the above three symptoms present

3 One of the above symptoms present þ at least one of the following:

upper respiratory tract infection in the last 5 days, fever,

increased wheezing, and increased cough

Figure 1 Rate of successful response to antibiotics or placebo in AECB, stratified

according to the type of exacerbation. (Reproduced with permission from Ref. 5.)
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A meta-analysis by Saint et al. reviewed randomized controlled trials pub-

lished from 1955 through to 1994 (6). Nine studies met the rigorous inclusion

criteria for the analysis. The outcome data were retrieved from each of the studies

and transformed into units of standard deviation, and the effect size was calculated.

The effect size of each study is shown in Figure 3. The overall effect size was

0.22 (95% CI, 0.10 to 0.34), indicating a benefit in antibiotic-treated patients (Fig. 3).

Figure 2 Rate of deterioration while on antibiotic or placebo in AECB, stratified

according to the type of exacerbation. (Reproduced with permission from Ref. 5.)

Figure 3 Overall benefit of antibiotics in the treatment of acute exacerbations of chronic

bronchitis. (Reproduced with permission from Ref. 6.)
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The mean change in PEFR favored the antibiotic-treated group by a difference

of 10.75 L=min (95% CI, 4.96 to 16.54 L=min). The studies that included in-

patients showed a greater benefit from antibiotic therapy, possibly because these

exacerbations were more severe.

The three most common organisms causing AECOPD are Hemophilus

influenzae, Streptococcus pneumonia, and Moraxella catarrhalis. In a study by

Fagan and colleagues, culture of bronchial secretions obtained with bronchoscopy

and protected specimen brush demonstrated that Hemophilus parainfluenzae was the

most common pathogen (11=44), followed by S. pneumoniae (7=44), nontypable
H. influenzae (6=44), and M. catarrhalis (3=44) (7). Avariety of other gram-negative

(8=44) and gram-positive (9=44) bacteria were also identified. Colonization and

infection with Gram-negative organisms, including Pseudomonas aeruginosa,

occurred in patients who had repeated courses of antibiotic therapy and, as is

often the case, in bronchiectasis (8) (Table 2).

Bacterial colonization of the lower respiratory tract and recurrent infective

exacerbations may play a role in progressive deterioration of lung function patients

with COPD. Bacterial colonization may damage the airway epithelium, inhibit

mucociliary activity, and impair local immunoglobulin and phagocytic function.

The host inflammatory response of neutrophil recruitment into the bronchial mucosa

could release various mediators and cytokines that enhance elastolytic activity in

the lung. Products of inflammation could further impair host defense response

and predispose to bacterial colonization and infections, thereby establishing a

Table 2 Pathogens Associated with Acute Exacerbations of COPD

Pathogen

class

Frequency of

exacerbations

(%) Specific organism

Proportion of

pathogen class (%)

Viruses 30–50 Influenza A and B 30–40

Parainfluenzae 1, 2, and 3 20–30

Rhinovirus 15–25

Coronavirus 10–20

Adenovirus 5–10

Respiratory syncytial virus 5–10

Atypical bacteria 5–10 C. pneumoniae 90–95

M. pneumoniae 5–10

Bacteria 50 Nontypeable H. influenzae 40–60

S. pneumoniae 15–30

M. catarrhalis 15–30

H. parainfluenzae Isolated frequency but

pathogenetic significance

unknown

P. aeruginosa and

Enterobacteriaceae

(E. coli, Klebsiella)

Isolated in severe COPD with

recurrent exacerbations
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self-perpetuating vicious circle of host and bacterial mediated respiratory tract

damage. This process has been termed ‘‘vicious circle hypothesis’’ and may be

responsible for progressive deterioration of lung function (9). More recently, this

hypothesis was supported by Kanner et al., who demonstrated that frequent

respiratory tract infections in patients with COPD led to a more rapid decline in

lung function (10). Seemungal et al. contributed additional evidence to support this

hypothesis demonstrating that full recovery of lung function did not occur 91 days

following an acute exacerbation in approximately 7.5% of patients (11).

III. Risk Stratification and Treatment Guidelines

Patients with severe COPD have limited ventilatory reserve and acute exacerbations

may cause acute respiratory failure requiring intubation and mechanical ventilation.

Treatment failures in AECOPD lead to return physician visits and increase overall

costs and risk of hospitalization (12). In 1995, Ball et al. found that the presence of

cardiovascular comorbidity and more than four exacerbations in the previous year

were associated with treatment failure (13). In a recent retrospective study, Dewan

et al. reported that use of home oxygen and previous frequent exacerbations were

associated with failure, while age, comorbidity, or choice of antibiotic did not affect

treatment outcome (14). In other studies, advanced age, significant impairment of

lung function, poor performance status, comorbid conditions, and history of pre-

vious frequent exacerbations requiring systemic corticosteroids characterized the

high-risk group (15). The presence of cardiovascular comorbidity combined with

greater than four exacerbations in the previous year has a sensitivity of 70% and

specificity of 37% in predicting treatment failure (16). Therapy with commonly used

antibiotics failed in 13 to 25% in all acute exacerbations (17). Stratification of

patients into risk categories may allow physicians to select appropriate antimicrobial

therapy to avoid treatment failure and improve outcome in an era of increasing

antibiotic resistance.

Several risk stratification schemes have been proposed to improve initial

microbial selection. In 1991, Lode (18) proposed that patients be divided into three

groups based on severity of lung function, number of exacerbations each year, and

presence of a comorbidity. Treatment with oral amoxicillin, doxycycline, co-

trimoxazole, or a macrolide was recommended for low-risk patients (first degree).

High-risk patients (second and third degree) consisted of patients with a longer

history of COPD, several exacerbations each year, impaired lung function, and

those hospitalized with significant comorbidity. Therapy with oral cephalosporins,

amoxicillin-clavulanic acid, or quinolones was proposed for these patients (Table 3).

In 1994, Balter et al. (19) suggested that patients should be categorized into

five groups: (1) patients had acute, simple bronchitis, most likely virally induced,

with no previous respiratory problems; (2) patients had simple chronic bronchitis

with minimal or no impairment of pulmonary function and without any risk factors;

(3) patients had moderate-to-severe chronic bronchitis and other risk factors; (4)

patients were similar to group 3 patients, but had other significant comorbid illnesses
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such as congestive heart failure, diabetes mellitus, chronic renal failure, or chronic

liver disease; and (5) patients were classified as having bronchiectasis. There are

problems with this approach. Group 1 did not have COPD and group 5 are patients

who had bronchiectasis as the predominant underlying pathology. The division

between group 3 and group 4 was arbitrary and the treatment recommendations were

identical.

A simpler risk stratification scheme modified from the publications of Wilson

(20), Grossman (21), and others (22) is shown in Table 4. The patients could be

categorized into simple and complicated AECOPD (Fig. 4). Patients with simple

AECOPD have only mild-to-moderate impairment of lung function (FEV1> 50%

Table 3 Antibiotics Used in the Treatment of Acute Exacerbations

of COPD

First-line antibiotics Second-line antibiotics

Aminopenicillins Second-generation cephalosporins

Ampicillin cefaclor

Amoxicillin cefuroxime axetil

Pivampicillin

Bacampicillin Third-generation cephalosporins

cefixime

Tetracylines Amoxicillin–clavulanic acid

Tetracycline Newer macrolides

Doxycycline Clarithromycin

Minocycline Azithromycin

Trimethoprim–sulfamethoxazole Fluoroquinolones

Ciprofloxacin

Levofloxacin

Moxifloxacin

Gatifloxacin

Table 4 Risk Stratification of Patients with Acute Exacerbations of COPD

Classification Characteristics

Simple chronic bronchitis Patients with chronic bronchitis

FEV1> 50% predicted

Experience < 4 exacerbations=year
No comorbid illness

Complicated chronic bronchitis Patients with chronic bronchitis

FEV1< 50% predicted

Experience > 4 exacerbations=year
Comorbid medical illness: congestive heart failure,

diabetes mellitus, chronic renal failure, or chronic liver

disease
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predicted), less than four exacerbations per year, and are colonized with H.

influenzae, S. pneumoniae, and M. catarrhalis, although viral infections often

precede bacterial superinfection. Since the consequences of treatment failure are

not likely to be serious, any first-line antimicrobial agent could be used. Patients with

complicated AECOPD have poorer underlying lung function (FEV1< 50% pre-

dicted) or concurrent significant medical illness (e.g., diabetes mellitus, congestive

heart failure, chronic renal disease, chronic liver disease) and=or experience four or
more exacerbations per year. H. influenzae, S. pneumoniae, and M. catarrhalis are

likely to be the predominant organisms, but since treatment failure has major

Figure 4 Proposed algorithm for choosing empirical antibiotic therapy in patients with

acute exacerbation of COPD.
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implications, antibiotic therapy directed toward resistant organisms is suggested.

Second-line agents such as quinolones, amoxicillin-clavulanic acid, second- or third-

generation cephalosporins, or the second-generation macrolides are recommended.

Occasional patients with repetitive exacerbations probably have concomitant bronch-

iectasis and may be colonized by P. aeruginosa. An aggressive therapeutic approach

using a quinolone with antipseudomonal activity empirically and tailoring therapy

based on sputum culture is justified in these patients.

Although not prospectively tested, all the proposed classification systems

emphasize identifying the high-risk population so that potentially resistant organ-

isms can be targeted from the outset in order to reduce the risk of treatment failure.

IV. Antimicrobial Agents

In the study by Anthonisen et al. (5), antibiotics were prescribed as if they had

equivalent efficacy in the treatment of AECOPD. The newer antimicrobial agents

have also been studied to show equivalence with the regimens that have already been

approved. Consequently, there are few data showing that one agent is superior to

another because trials have not been designed with this goal in mind. Adam et al.

(23) retrospectively studied the risk factors for treatment failure at 14 days after

onset of AECOPD. The treatment failure was defined as return visit within 14 days

with persistent or worsening symptoms. The variables associated with treatment

failure were lack of antibiotic therapy and type of antibiotic used. The failure rates

were 55% with amoxicillin, 8% Amox=Clavulin, 11% with TMP=SMX, and 18%

with macrolides. Destache et al. (24) reported a retrospective study of 60 outpatients

who developed 224 episodes of AECOPD requiring antibiotics. The antibiotics were

divided into three groups: first-line (amoxicillin, co-trimoxazole, tetracycline,

erythromycin), second-line (cefuroxime, cefaclor, cefprozil), and third-line (amox-

icillin=clavulanate, azithromycin, ciprofloxacin). The failure rate in this study was

defined as deterioration of symptoms requiring additional antibiotics within 2 weeks

of initial therapy. The patients who received first-line agents had significantly higher

failure rates compared to patients who received third-line agents. The patients

treated with third-line agents were hospitalized less frequently and had a longer

exacerbation-free interval to the next episode of AECOPD.

V. Resistance

When first described in the United States in 1974, less than 5% of isolates of S.

pneumoniae were beta-lactamase positive. However, since the 1980s, there has been

a dramatic rise in resistance to commonly used antibiotics among non-typeable

H. influenzae, S. pneumoniae, and M. catarrhalis. In 1997, the prevalence of beta-

lactamase-producing H. influenzae exceeded 33%, and present estimates suggest that

50% of all H. influenzae strains are beta-lactamase positive. Further, 35% of H.

influenzae strains posses multiple antimicrobial mechanisms, such as beta-lactamase

production and alterations in penicillin binding (25); 15% or more are cefaclor and
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cefprozil resistant, and 3% are azithromycin resistant (26). The prevalence of

penicillin-resistant S. pneumoniae isolates increased from between 3 and 6% before

1991 to 43.8% in 1997 (27). Significant cross-resistance to other antibiotics has been

encountered in penicillin-resistant S. pneumoniae. Highly resistant S. pneumoniae

are susceptible to less than 30% of cephalosporins, and 60 to 70% are resistant to

macrolides and azalides (28). However, resistance to fluoroquinolones has not been

reported in S. pneumoniae. Similar rates of resistance have been reported in

European studies (29, 30). Higher rates of resistance occur in isolates from patients

who have identifiable risk factors, including age over 65 years, history of alcoholism,

therapy with beta-lactam antibiotics during the past 3 months, multiple medical

comorbidities, and immunosuppressive illness (31, 32).

VI. An Ideal Antibiotic

There are several theoretical characteristics that would be desirable in selecting an

antibiotic for AECOPD: (1) activity against the most common and most likely

etiological organisms, including H. influenzae, S. pneumoniae, and M. catarrhalis;

(2) resistance to destruction by beta-lactamase; (3) good penetration into the sputum,

bronchial mucosa, and epithelial lining fluid; (4) a mechanism of action that does not

add to inflammatory events in the airway; (5) easy to take, with few side effects; (6)

cost effectiveness, including the costs but also the costs of treatment failure and the

duration of the exacerbation.

VII. Tetracyclines

In 1948, chlortetracycline was the first tetracycline discovered. Since then, tetra-

cycline, demeclocycline, doxycycline, and minocycline have been synthesized for

clinical use, although doxycycline and minocycline are the most frequently pre-

scribed. The tetracyclines are broad-spectrum bacteriostatic antibiotics. They either

passively diffuse or are actively transported into the bacterial cell. They inhibit

ribosomal bacterial protein synthesis. The mechanism of resistance to tetracycline is

to prevent accumulation of drug inside the cell by decreasing influx or increasing

efflux. Many of the original trials of antibiotic therapy demonstrated that tetracycline

therapy was more effective than placebo in milder infections. Tetracyclines can be

used in acute exacerbations of chronic bronchitis (AECB) because they are active

against H. influenzae and atypical pathogens, but there have been reports of

increasing resistance against pneumococci (33).

VIII. Oral Penicillins and Cephalosporins

These antibiotics share a structural feature, the beta-lactam ring, and are called

beta-lactam antibiotics. These antibiotics are generally bactericidal virtue of inhibi-

tion of bacterial cell wall synthesis. Beta-lactams inhibit several enzymes called
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penicillin-binding proteins, each involved in different aspects of cell wall synthesis.

Bacterial resistance to beta-lactams may occur by either of three general mechan-

isms. These include (1) decreased penetration of antibiotic to the target binding

protein in the bacterial plasma membrane; (2) alterations in penicillin-binding

proteins; and (3) production of beta-lactamase, which may cleave the penicillins

or cephalosporins. The bacteria may either synthesize beta-lactamase constitutively

or initiate synthesis in the presence of antibiotics. Amoxicillin has been widely used

for management of AECOPD (34). The beta-lactam antibiotics are drugs of choice

in patients with mild-to-moderate exacerbations in countries where resistance among

H. influenzae and pneumococci remain at low levels. Despite their relatively poor

activity and suboptimal respiratory pharmacokinetics, cephalexin and cefaclor have

been extensively used for the management of AECOPD. The newer cephalosporins,

cefprozil and cefixime, may have some advantages such as activity against resistant

pneumococci, but have not been proven to be superior to amoxicillin (35, 36) when

organisms are fully sensitive to both agents.

IX. Amoxicillin–Clavulanic Acid

The combination of amoxicillin–clavulanic acid is an improvement over amoxicillin

alone when prescribed for beta-lactamase-producing strains of H. influenzae and

M. catarrhalis.

The addition of clavulanic acid makes the combination resistant to bacterial

beta-lactamases, an important concern in patients with AECOPD. Most studies of

patients with lower respiratory tract infection have shown this agent to be equivalent

to standard comparators (37). Comparison with cefixime and ciprofloxacin showed

better clinical success in AECOPD but no significant difference in bacterial

eradication rates (38).

X. Trimethoprim–Sulfamethoxazole

Trimethoprim–sulfamethoxazole is a combination of two an antimicrobial agents

that work synergistically against bacterial organisms. Both antibiotics inhibit enzyme

systems involved in the bacterial synthesis of tetrahydrofolic acid. Sulfamethoxazole

competes with para-aminobenzoic acid to inhibit synthesis of dihydrofolic acid.

Trimethoprim binds to bacterial dihydrofolic reductase to prevent the formation of

tetrahydrofolate. The combination is bactericidal, the synergism being optimal when

trimethoprim and sulfamethoxazole are combined in a concentration ratio of 1:20.

Resistance occurs with development of a target enzyme with decreased bacterial

affinity for the drugs and via dihydrofolic reductase gene mutations. Although very

popular in the 1970s and 1980s, the potential for resistance and increasing

availability of safer agents has resulted in decline of the use of this antibiotic. In

older studies, comparisons with oral cephalosporins have generally shown equivalent

efficacy (39). Increased resistance of common respiratory pathogens to TMP-SMX

in Europe and the United States is making this antibiotic less useful in the treatment
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of AECOPD. Penicillin-resistant pneumococci have 80 to 90% likelihood of

cross-resistance to TMP-SMX (40).

XI. Newer Macrolides and Azalides

The mechanism of antibacterial action of newer macrolides is similar to that of

erythromycin. These agents bind to the 50S subunit of bacterial ribosome and inhibit

bacterial protein synthesis. Compared to erythromycin, these agents are more acid

stable, have improved oral absorption and tolerance, and have a broader spectrum of

antibacterial activity. There has been increasing resistance to macrolides among

gram-positive organisms. Up to 15% of S. pneumoniae may have resistance to

erythromycin and cross-resistance to other macrolides. Azithromycin and clarithro-

mycin have improved pharmacokinetics and antibacterial activity against H. influ-

enzae compared to erythromycin (41). The significant advantages azithromycin are

enhanced potency against H. influenzae, once-daily administration, an abbreviated

4-day course, and perhaps a reduced frequency of relapse during extended follow-up

(42, 43). Clarithromycin per se has only intermediate activity against H. influenzae

but synergy with one of its metabolite increases its activity to satisfactory levels

(44). Clinical studies of clarithromycin involving 7- to 14-day regimens in patients

with mild-to-moderate infections have shown equivalence with ampicillin (45).

XII. Fluoroquinolones

Fluoroquinolones exert their antimicrobial effect by direct inhibition of bacterial

DNA synthesis. DNA gyrase and topoisomerase IV are two bacterial enzymes that

have essential roles in DNA replication. Fluoroquinolones bind to each of these

enzymes interfering with DNA replication, leading to bacterial cell death. Resistance

to fluoroquinolones occurs by mutations in the genes by encoding the subunits of

DNA gyrase and topoisomerase IV. Altered permeation mechanisms may contribute

to resistance by enhancing cytoplasmic membrane efflux pumps. These agents

penetrate well into the respiratory secretions and bronchial mucosa, but the clinical

relevance of this is uncertain. The fluoroquinolones are highly active against beta-

lactamase-producing H. influenzae and M. catarrhalis. Despite a relatively high

inhibitory concentration against S. pneumoniae, ciprofloxacin has demonstrated

clinical efficacy similar to amoxicillin, clarithromycin, and cefuroxime (46). A

variety of newer fluoroquinolones with longer half-lives have recently become

available. The newer agents moxifloxacin and gatifloxacin have enhanced activity

against pneumococci compared to ciprofloxacin, making them an effective therapy

in the management of severe exacerbations (47, 48).

XIII. Summary

Antibiotics have demonstrated efficacy in the treatment of acute exacerbation of

COPD. Patients with acute bronchitis without underlying lung disease or mild lung
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disease should not be treated with antibiotics because most likely the etiology in

these patients is viral. Patients meeting Winnipeg type I or II criteria (two or three

symptoms of increased dyspnea, increased sputum volume, and increased sputum

purulence), who are not high risk (simple AECOPD) should be treated with

traditional antibiotics termed as first-line agents, including amoxicillin, tetracycline,

doxycycline, and trimethoprim–sulfamethoxazole. Cure rates with these antibiotics

approach 80 to 90% in mild-to-moderate exacerbations. In patients who have more

severe underlying lung disease, frequent exacerbations, and comorbid conditions,

failure of initial antibiotic therapy may result in repeat visits, hospitalization,

increased morbidity and mortality. In these patients (complicated AECOPD),

second-line agents should be considered. Newer antimicrobial agents have largely

been studied for licensing purposes, and the investigations were designed to show

equivalence with regimens that have already been approved. Future studies should

compare clinical efficacy of antibiotics in AECOPD using a classification system

that would attempt to identify patients most likely to benefit. These studies should

include well-defined prospective economic analyses with quality-of-life assessment

to ascertain the cost utility of the antibiotic therapy.
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I. Introduction

Acute exacerbations of chronic obstructive pulmonary disease (COPD) are attributed

to a variety of triggers, most of which lead to some degree of additional airflow

obstruction. The mechanisms involved probably include airway inflammation,

increased mucus production, and bronchoconstriction. Obstruction to airflow leads

to hyperinflation, which place the respiratory muscles at a mechanical disadvantage,

increases the work of breathing, and leads to ventilation–perfusion mismatch causing

hypoxemia. Although bronchoconstriction is only one contributor to airflow obstruc-

tion, it is the most rapidly reversible component and, therefore, its reversal is a major

goal in the treatment of acute exacerbations of COPD. Groups of medication aimed

at reversing bronchoconstriction are the inhaled bronchodilators (beta-adrenergic

agonists and anticholinergics) and methylxanthines.

A. Beta-Adrenergic Agonists

Beta-adrenergic agonists, which are available in short- and long-acting formulations,

are the most potent bronchodilators and have the most rapid onset of action. In the

treatment of acute exacerbations of COPD, only the short-acting bronchodilators are

relevant and further discussion will be limited to these preparations.
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Mechanisms of Action

Beta-adrenergic agonists induce bronchodilatation by activating b2-adrenergic
receptors on the surface of airway smooth muscle cells, which in turn activate

adenyl cyclase. Activation of adenyl cyclase leads to the conversion of adenosine

triphosphate (ATP) to cyclic 3050-adenosine monophosphate (cAMP). Increased

cAMP levels cause activation of protein kinase A. This kinase, through phosphor-

ylation of several target proteins within the cell, induces a reduction in intracellular

calcium ions (Ca2þ), which causes relaxation of airway smooth muscle and, hence,

bronchodilatation.

Smooth muscle relaxation is not limited to the airways, but includes arteries,

veins, and the uterus. Other metabolic effects of b2-adrenergic-receptor stimulation

include glycogenolysis, gluconeogenesis, and insulin release.

Most beta-adrenergic bronchodilators also activate b1- and a-receptors. Stimu-

lation of b1-adrenergic receptors leads to an increase in heart rate and atrial and

ventricular contractility. Activation of the a-adrenergic receptors is associated with

constriction of arteries and veins, contraction of the uterus, iris, urinary bladder, and

stomach sphincters.

Beta-adrenergic agonists have several other effects on the airway, including

inhibition of mediator release from mast and other inflammatory cells, enhancement

of mucociliary clearance (1), reduction of neurotransmitter release from airway

cholinergic nerves, and inhibition of bronchoconstrictor and inflammatory peptide

release from sensory nerves. These effects have largely been shown in vitro and their

clinical significance is not established.

Therefore, beta-agonists that are most useful for bronchodilatation are those

that have mostly b2-adrenergic activity. The basic chemical structure of these agents

is a benzene ring with an ethylamine side chain. Various hydroxy side groups are

added to this basic structure to form the resorcinols and saligenins, the two most

commonly used groups of short-acting b2-agonists.

Pharmacokinetics and Dosing

Short-acting b2-agonists have an onset of action of a few minutes and peak

bronchodilator effect within 10 to 30min. The duration of action of their bronch-

odilator effect is up to 4 to 6 h. Different formulations have somewhat different onset

and duration of action as selectivity for the b1-receptor (Table 1).

b2-agonists may be administered systemically or by inhalation. Systemic

formulations include oral, parenteral, and subcutaneous injections. Systemic admin-

istration of b2-agonists decreases b2-receptor selectivity causing more side effects

and, therefore, is usually reserved for situations in which administration through

inhalation is not possible.

As shown in Table 1, the typical dose of albuterol=salbutamol in the acute

setting is 180 mg (two puffs), by metered-dose inhaler (MDI), every 1 to 2 h. This

dose can be decreased to every 4 to 6 h after initial improvement. The nebulized

form can be used at a dose of 2.5 to 5.0 mg every 1 to 2 h. The continuous
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nebulization of b2-agonists has not been shown to be advantageous and, hence, is not
recommended in COPD (2).

Tolerance to the bronchodilator effect of b2-agonists has been shown to occur

after long-term therapy. This is likely because downregulation of b2-receptors in the

airways, which leads mainly to a decrease in the duration of bronchodilatation rather

than a change in peak effect (3, 4).

Clinical Effects

In the stable COPD patient, b2-agonists have been shown to produce bronchodilata-

tion, improve dynamic hyperinflation, exercise capacity, and quality of life (5, 6). On

the other hand, there are no randomized placebo-controlled trials examining the

effects of b2-agonist alone in acute exacerbations of COPD. Most trials have

compared the effects of b2-agonists to anticholinergics or to the combined effect

of both medications. Nevertheless, b2-agonists are considered first-line therapy as

they are effective bronchodilators and have a rapid onset of action (although they

produce less bronchodilatation than in patients with asthma). In patients with small

improvements in spirometry (FEV1 and FVC), symptomatic benefit is often present.

Rebuck et al. (7) studied the effectiveness of the b2-agonist, fenoterol, the anti-

cholinergic agent, ipratropium bromide, each alone and in combination, for the

management of acute exacerbations of COPD and asthma. In the COPD patients,

fenoterol produced a significant increase in FEV1 at 90min. Karpel et al. (8)

randomized 32 COPD patients with acute exacerbations to either metaproterenol

sulfate or ipratropium bromide. After 90min, patients were crossed over to receive

the other medication. Metaproterenol resulted in a significant improvement in

pulmonary function, with mean increases in FEV1 and FVC of 18 and 29%,

respectively. Patients who received metaproterenol were noted to have a significant

initial decline in their PaO2, which returned to baseline at 90min.

Table 1 Most Commonly Used Inhaled Short-Acting b2-Agonists

Drug Dose

Time-to-peak

effect

(min)

Duration

of action

(h)

Beta-receptor

selectivity

Salbutamol=albuterol
(Ventolin, Proventil)

90 mg=dose (MDI)

2.5mg=mL (nebulized)

30–90 3–6 B2 � B1

Terbutaline

(Bricanyl)

500 mg=dose (turbuhaler)

5–10mg (nebulized)

15–60 4–7 B2 � B1

Fenoterol

(Berotec)

100–200 mg=dose (MDI)

0.5–2.5mg (nebulized)

30–60 6–8 B2>B1

Pirbuterol

(Maxair)

200 mg=dose (MDI) 30–60 3–5 B2 � B1

Metaproterenol

(Alupent)

650 mg=dose (MDI) 60–90 3–6 B2>B1

MDI, metered-dose inhaler.
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Side Effects

As mentioned above, side effects of b2-agonists are more common with systemic

administration than with inhaled therapy, dose-related, and due to stimulation of

extrapulmonary beta-receptors. Both direct stimulation of cardiac beta-receptors plus

reflex cardiac stimulation secondary to peripheral vasodilatation lead to tachycardia

and palpitations. Muscle tremor caused by stimulation of b2-receptors in skeletal

muscle can be quite troublesome for many patients and is the most common side

effect with inhaled therapy. Hypokalemia occurs due to a shift of potassium into

skeletal muscle and can be serious enough to precipitate cardiac dysrhythmias. Other

metabolic effects such as increases in insulin and free fatty acids are not usually seen

at therapeutic doses. b2-agonists cause pulmonary vasodilatation in vessels pre-

viously constricted due to hypoxemia, leading to an increased ventilation–perfusion

mismatch and, therefore, a fall in arterial oxygen content (8, 9). The fall in arterial

oxygen content has been mostly seen with less b2-selective agents such as meta-

proterenol and isoproterenol, and less with the more commonly used salbutamol=
albuterol. This effect has not been documented in COPD patients as well as it has

been in asthma patients.

B. Anticholinergics

Atropine is a naturally occurring tertiary ammonium compound and is the oldest

known form of this class of drugs. However, its use is limited by significant side

effects. The anticholinergic agents used in the management of COPD are quaternary

ammonium compounds that are synthetic derivatives of atropine. The quaternary

ammonium drugs have less mucosal absorption and fewer side effects. These

drugs include ipratropium bromide, oxitropium bromide, and tiotropium bromide.

Ipratropium bromide is the most commonly used quaternary anticholinergic agent in

the treatment of COPD.

Mechanisms of Action

The parasympathetic nervous system, via the vagus nerve, plays an important role in

the regulation of bronchomotor tone. Efferent preganglionic fibers of the vagus nerve

travel along the airways ending in ganglia within the airways. These fibers release

the neurotransmitter acetylcholine (Ach). Postganglionic muscarinic receptors, in

particular subtypes M1 and M3, mediate the bronchoconstrictive effect of the vagus

nerve and stimulate secretion by tracheobronchial glands. Activation of M2

receptors limits further production of Ach and protects against parasympathetic-

mediated bronchoconstriction.

Anticholinergic agents inhibit the action of Ach by competing for Ach

receptors. The binding of these agents to Ach receptors leads to a decrease in

intracellular guanosine 30,50-cyclic monophosphate (cGMP) levels resulting in a

decrease in bronchial smooth muscle tone. Besides their bronchodilating properties,

anticholinergics reduce sputum volume without altering viscosity.
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Pharmacokinetics and Dosing

The onset of action of ipratropium bromide is 60 to 90min, which is slower than b2-
agonists, whereas its duration of action is longer (6 to 8 h). Ipratropium achieves its

maximal effect in adults at a dose of 40 to 80 mg, which is the equivalent of two to

four puffs by MDI (10). Higher doses may be needed during episodes of acute

airflow obstruction as delivery of inhaled particles may be impaired. The optimal

dose of the nebulized solution is between 50 to 125 mg (10). Both forms of

medication are given at intervals of 4 to 6 h. Compared to b2-agonist, tolerance to

ipratropium has not been documented (10).

Clinical Effects

In stable COPD patients, ipratroprium bromide has been shown to alleviate dyspnea,

increase exercise tolerance, and improve gas exchange (8, 11, 12). However, it has

not been shown to alter the natural history of the disease (13).

In acute exacerbations of COPD, very few studies examine the us of anti-

cholinergics alone (i.e., without b2-agonists). The study by Rebuck et al. (7)

examined the effectiveness of ipratropium in the acute setting and found a significant

improvement in FEV1 at 45 to 90min postadministration. Karpel et al. (8), as

mentioned above, also looked at the effectiveness of ipratropium bromide in the

setting of acute exacerbation of COPD and found a mean increase in FEV1 of 25%

and in FVC of 22%. Ipratropium bromide is therefore considered an effective

bronchodilator in the management of acute exacerbations of COPD.

Side Effects

Very few side effects occur with the inhaled anticholinergic medications because

there is little systemic absorption. Despite concerns that ipratropium bromide may

reduce mucociliary clearance, as seen with atropine, this effect has not been

observed. Nebulized ipratropium bromide may precipitate glaucoma in elderly

patients from its direct effect on the eye. This effect can be prevented by using a

mouthpiece as opposed to face mask. Paradoxical bronchoconstriction with ipra-

tropium bromide has been reported, but has been attributed mostly to additives in the

nebulized solution (14). Finally, inhaled ipratropium has an unpleasant bitter taste

that may affect compliance.

Comparison of b2-Agonists and Anticholinergics

In some studies of stable COPD patients using conventional doses of both

medications, the bronchodilating effects of ipratroprium bromide have been

shown to be equivalent to or greater than b2-agonists (10, 15). As we mentioned

above, most trials in acute exacerbations of COPD examined the effect of b2-
agonists in comparison to anticholinergics and their combined effects. Rebuck et al.

(5) compared the bronchodilator effect of fenoterol to ipratropium bromide and

found that there was no difference between the two, and no further benefit from

combined therapy was achieved. Karpel et al. (6), in the crossover study noted
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above, found that the improvement in spirometry between the two groups was

similar, except that the time-to-peak effect was shorter in the metaproterenol group.

No difference in hospital admission rates between the two groups was seen. A

synergistic effect between metaproterenol and ipratropium was not seen, as there was

no further improvement in spirometry noted during the crossover portion of the

study. This study suggested that b2-agonists and anticholinergic agents are equally

effective in acute exacerbations of COPD. The ipratropium group had a small rise in

PaO2 compared to the drop in PaO2 seen in the metaproterenol group. Therefore, in

the presence of hypoxemia, ipratropium may be the better choice as it does not cause

an initial decline in blood oxygenation. Several other studies have looked at

combined therapy (anticholinergics and b2-agonists) to examine whether a syner-

gistic effect, as seen in asthma, occurs in COPD. Shrestha et al. (16) studied 76

patients with acute exacerbation of COPD. All patients were initially treated with the

b2-agonist isoetharine and then randomized to receive either ipratropium bromide or

placebo in a blinded fashion. No statistical difference between the two groups was

noted with regard to spirometry, adverse effects, and relapse rates. However, patients

randomized to receive ipratropium bromide plus hourly b2-agonists were discharged
91min sooner than patients in the control group. A second study by Moayyedi et al.

(17) examined 62 patients with acute exacerbation of COPD who were randomized

to receive either salbutamol plus ipratropium bromide or salbutamol alone. There

was no significant difference in spirometry subjective dyspnea score, or hospital stay

between the two groups. O’Driscoll et al. (18) studied 125 adult patients with acute

exacerbations of COPD or asthma, randomized to either nebulized salbutamol alone

or in combination with ipratropium bromide. The response to treatment in the COPD

patients was similar in both groups as measured by peak flows. A recent review from

the Cochrane Library also concluded that both b2-agonists and ipratropium bromide

are equally effective bronchodilators in acute exacerbations of COPD (19).

There appears to be no significant difference in the bronchodilating effects

between beta-agonists and anticholinergics in the setting of acute exacerbations of

COPD. Beta-agonists may have a shorter time-to-peak bronchodilator effect, but the

overall clinical significance of this is small.

C. Methylxanthines

The methylxanthines are a group of medications related to caffeine. They have been

used for many years in the treatment of obstructive lung disease, in particular asthma

and COPD. Theophylline and its intravenous formulation aminophylline, are the

main methylxanthines used in the management of COPD patients. They are both

1,3-dimethylxanthines, the N-3 methyl substitution being the component that

augments bronchodilator potency.

Mechanisms of Action

Despite its use for many years, the mechanism of action of theophylline at the

cellular level remains unclear. Theophylline is a nonselective phosphodiesterase

inhibitor causing an increase in intracellular cAMP and cGMP concentrations which,
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in turn, lead to bronchial smooth muscle relaxation. This bronchodilator effect is

small at concentrations within the therapeutic range. Phosphodiesterase inhibition

may also be responsible for the immunomodulatory and anti-inflammatory effects of

this class of medications. Theophylline is also an adenosine receptor antagonist that

counteracts the bronchoconstrictor effects of adenosine released from mast cells.

Although this mechanism is unlikely to cause significant bronchodilatation, it may

account for many of the side effects seen with theophylline such as cardiac

arrhythmias, central nervous system stimulation, and diuresis. Other postulated

mechanisms of action include stimulation of catecholamine release from the adrenal

glands, leading to some bronchodilatation and inhibition of inflammatory mediator

release from mast cells and basophils.

Several clinical observations regarding the physiological effects of methyl-

xanthines, beyond bronchodilatation, have been reported. Theophylline has been

shown to improve respiratory muscle function, in particular diaphragmatic contrac-

tility, and to decrease diaphragmatic fatigue, stimulate the respiratory center, and

improve mucociliary clearance (20, 21, 22).

Pharmacokinetics and Dosing

While methylxanthines were used extensively in the past, their use in acute

exacerbations of COPD has declined significantly over the past few years because

of their relatively low potency as bronchodilators and the narrow window between

the therapeutic and toxic levels. The dose–response curve of theophylline is not

linear, but begins to plateau at levels of approximately 12.8mg=dL. Therefore, the
usual target range for theophylline serum concentration is 10 to 20mg=dL. The dose
required to achieve a therapeutic level is, on the other hand, quite variable due to

many factors affecting theophylline clearance.

Methylxanthines are metabolized primarily by the liver. Many diseases

including hepatic, cardiac (e.g., congestive heart failure), and pneumonia can

alter the clearance of theophylline and, therefore, blood levels need to be monitored

to avoid toxicity. The normal half-life of theophylline is 4 to 12 h but is

significantly longer in congestive heart failure (up to 23 h) and liver cirrhosis

(up to 26 h). In COPD patients, decreased clearance may occur due to liver

congestion from cor pulmonale and due to the increased age of many of these

patients. These factors must be considered when starting patients on theophylline.

The loading dose, which is dependent on volume of distribution, does not require

adjustment, whereas the maintenance dose must be decreased in these circum-

stances. Many drugs also interfere with the metabolism of theophylline and

therefore a careful drug history should be taken in order to adjust the dose

appropriately (see Table 2).

In severe exacerbations of COPD, intravenous aminophylline can be given at

a loading dose of 5.6mg=kg over 30 min followed by a maintenance dose of

0.5mg=kg=h. The maintenance dose should be reduced to 0.3mg=kg=h in the

elderly and to 0.2mg=kg=h in patients with CHF, cirrhosis, or cor pulmonale. In
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patients already on long-acting preparations of oral theophylline, a drug level should

be obtained prior to loading to avoid toxicity.

Clinical Effects

In patients with stable COPD, theophylline has been shown to improve exercise

performance, reduce dyspnea, induce bronchodilatation (especially as part of a

combination therapy), and perhaps improve respiratory muscle and diaphragmatic

function. Other effects seen in the stable COPD patient include improved ventilation,

mucociliary clearance, reduced gas trapping, and pulmonary vasodilatation (23, 24).

The role of theophylline in acute exacerbations of COPD is less clear as there

are few studies addressing this issue. Rice et al. (25) randomized 28 COPD patients

with acute exacerbations to receive intravenous aminophylline or placebo along with

standard therapy (b2-agonists, methylprednisolone, antibiotics, and oxygen as

needed). There were no differences in spirometry (FEV1 and FVC), dyspnea

score, or arterial blood gases. The aminophylline group had an increased incidence

of side effects, although this was not statistically significant. Wrenn et al. (26)

randomized patients with acute exacerbations of asthma and COPD to receive either

aminophylline or placebo. All patients received treatment with inhaled b2-agonists
and intravenous methylprednisolone. Spirometry (FEV1, FVC, PEFR), incidence of

side effects, patient satisfaction with treatment, and time in the emergency depart-

ment was similar between the two groups. Patients who received aminophylline had

a lower incidence of hospitalization, although this did not reach statistical signifi-

cance when the COPD patients were analyzed separately. A third study by

Seidenfeld et al. (27) involved a group of elderly men with COPD already on oral

preparations of theophylline, who presented to the emergency department with an

acute exacerbation. They were randomized to receive either placebo or intravenous

aminophylline with inhaled bronchodilators. There was no difference between the

groups with respect to spirometry, respiratory symptom scores, and number of future

visits to the emergency room. Overall, theophylline has not been shown to have any

additional benefit beyond that obtained from inhaled bronchodilators.

Table 2 Effect of Drugs on Clearance of Theophylline

Increased clearance Decreased clearance

rifampin cimetidine

phenobarbital erythromycin=clarithromycin
ethanol ciprofloxacin

tobacco allopurinol methotrexate

marijuana zileuton propranolol

isoproterenol estrogen propafenone

phenytoin fluvoxamine ticlopidine

verapamil
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Side Effects

Significant adverse effects have occurred with the use of theophylline. The most

common include, GI upset (nausea, vomiting, abdominal discomfort, and diarrhea),

cardiac arrhythmias (supraventricular tachycardia and ventricular arrhythmias),

central nervous system toxicity (headaches, insomnia, irritability, and seizures),

and diuresis. The incidence of side effects increases at higher plasma concentrations

of theophylline (greater than 20mg=dL), although there is no predictable relation-

ship between the serum concentration and the development of toxicity. Toxicity from

theophylline can develop with both acute and chronic administration. Careful

monitoring of serum levels is mandatory as clearance is variable and drug interac-

tions are common (Table 2).

II. Method of Delivery of Bronchodilators

Historically many patients with acute exacerbations of COPD have been treated with

nebulized bronchodilators, often due to patient preference and their perception that

the usual therapy, the MDI, has failed. The nebulized delivery method is more labor-

intensive and more expensive to administer. This has led to several studies

comparing clinical and cost effectiveness of the two main methods of aerosol

drug delivery, wet nebulizers and MDIs.

Turner et al. (28) performed a meta-analysis to compare the effect of

bronchodilator delivery by MDI or wet nebulizer in patients with acute airflow

obstruction either due to COPD or asthma. Twelve studies were included in this

meta-analysis, which concluded that both delivery methods were equally effective.

Spacer devices were used for MDI delivery in these studies and are therefore

recommended, especially in acute exacerbations. Mandelberg et al. (29) performed a

randomized, double-blind placebo-controlled trial of MDI versus nebulized salbu-

tamol in patients with acute exacerbations of either COPD or asthma. Both methods

of salbutamol delivery were equivalent with regard to improvement in FEV1 and

subjective symptom scores. In another double-blind, placebo-controlled crossover

study by Berry et al. (30), 22 patients with acute exacerbations of COPD were

randomized to receive albuterol either via nebulizer or MDI plus spacer. No

significant difference was found in the improvement in FEV1, FVC, and dyspnea

score between the two modes of delivery. An economic evaluation of bronchodilator

delivery methods in hospitalized patients, done by Turner et al. (31), found that

MDIs are more cost effective than the nebulized treatments. However, effectiveness

of the MDI inhalers depends on patient technique, which is likely to be worse in the

acute setting. Therefore, a spacer device should be used to improve aerosol delivery

and, hence, effectiveness.

III. Summary

Acute exacerbations of COPD are a common problem faced by many physicians.

Bronchoconstriction plays an important role in the associated acute airflow
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obstruction, and therefore medications aimed at reversing this process are an

important aspect of therapy.

First-line agents in acute exacerbations of COPD are the inhaled b2-agonists
and anticholinergics. Most guidelines, including the American Thoracic Society and

the British Thoracic Society, suggest that either b2-agonists or ipratropium bromide

may be used as initial therapy, as there is no evidence to suggest that one agent is

superior to the other. b2-agonists have a more rapid onset of action and, hence, are

often favored by many physicians in the acute setting. There is no evidence to

suggest that the use of these two agents together provides any synergistic effect in

COPD patients with acute exacerbations. Methylxanthines have not been shown to

have any additional benefit and, therefore, their role should be limited to those

patients who do not respond to inhaled bronchodilators and steroids. Methyl-

xanthines should be used cautiously in patients at risk for toxicity. Nebulized

bronchodilators should only be used when patients are too dyspneic or unable to use

an MDI effectively, as they are less cost effective and provide no additional benefit.

A spacer is recommended when using an MDI for bronchodilator administration.
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Corticosteroids
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I. Introduction

Patients with chronic obstructive pulmonary disease (COPD) are prone to acute

exacerbations that may cause a substantial decline in functional status, hospitaliza-

tion, and even death. COPD exacerbations represent a major burden on health-care

resources in most of the developed world (1). Viral and bacterial agents probably

cause most exacerbations, and a substantial proportion can be prevented by regular

immunizations (2–4). Standard treatment for established exacerbations has long

included antibiotics and bronchodilators, along with oxygen and assisted ventilation

in the most severely ill.

Over the past 20 years, systemic corticosteroids have assumed a more

prominent role in the treatment of COPD (5). Most physicians came to regard

systemic corticosteroids as a standard therapy for the in-patient and out-patient

therapy of COPD exacerbations. In an effort to improve chronic symptoms and to

prevent recurrent exacerbations, physicians also prescribed inhaled corticosteroids

for many COPD patients and low doses of systemic corticosteroids for a selected few

that were regarded as ‘‘steroid-dependent.’’

These practice patterns evolved without much evidence that COPD responded

to corticosteroids in any clinical setting, and with the knowledge that corticosteroids

have significant adverse effects. However, corticosteroids were known to be effective

357



in asthma (6) and physicians have tended to transfer proven therapies from asthma to

COPD in a somewhat uncritical manner. This phenomenon may be attributed in part

to the difficulty in reliably distinguishing COPD from asthma in older patients.

Patients generally regarded as suffering from COPD sometimes have selected

features of asthma, such as wheezing, bronchial hyperresponsiveness, and sputum

and blood eosinophilia. Other patients who suffer severe asthma from an early age

may develop a clinical condition in later life that is not distinguishable from COPD.

Expert panels have failed to make clear distinctions between these two conditions,

and it is probably unrealistic to expect that the average practitioner could do any

better.

Unanswered questions about the efficacy of corticosteroids in COPD and

concern about the appropriateness of their widespread administration provided an

impetus for undertaking a number of large clinical trials as well as many other

investigations. Although substantive questions remain, these studies have provided

much improved information about the role of corticosteroids in treating and

preventing COPD exacerbations.

II. Rationale for Corticosteroid Use in COPD

A. Airway Inflammation in Stable COPD

Corticosteroids are potent anti-inflammatory agents, and the rationale for their use

resides with our belief that inflammatory processes play a prominent role in the

pathogenesis of COPD. Collections of macrophages and other inflammatory cells are

present in the peripheral airways and alveolar spaces of healthy young smokers (7),

and evidence of bronchial inflammation persists at all stages of the disease (8–12).

Inflammatory cell infiltrates within airway walls consist of macrophages, neutro-

phils, and CD4 and CD8 T lymphocytes (13–16). The mechanisms by which these

cells accumulate are poorly understood, but release of a variety of inflammatory

mediators by activated macrophages, epithelial cells, and CD8þ T lymphocytes

likely play a pivotal role (17). Inflammatory mediators such as tumor necrosis factor-

a (TNF-a) and leukotriene B4 (LB4) have been detected in the sputum of stable

COPD patients (17, 18).

B. Airway Inflammation in COPD Exacerbations

Inflammation is an even more prominent feature in COPD during exacerbation,

purulent sputum being one of the clinical hallmarks. Some investigators reported an

increase in total cell counts and in lymphocytes in sputa of patients experiencing

COPD exacerbations, but considerable individual variability is apparent, perhaps

due to the heterogeneous nature of the disease and to the multiple factors that may

precipitate exacerbations (19). Sputum IL-6 levels are significantly increased during

COPD exacerbations (19). High baseline sputum cytokine (IL-6 and IL-8) levels are

also associated with more frequent exacerbations (19), and these increased cytokine
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concentrations are correlated with higher sputum total cell counts, particularly

lymphocytes and eosinophils (19, 20). Compared to patients with infrequent

exacerbations, patients who exacerbate frequently have lower levels of sputum

secretory leukoproteinase, a substance with antiviral and antibacterial properties

(21).

C. Corticosteroid Effects on Inflammation

The specific mechanisms by which corticosteroids suppress inflammation in stable

or exacerbated COPD are very poorly understood but they appear to involve

complex cellular and biochemical pathways. This has been the subject of detailed

reviews (22, 23). Among many known effects, systemic corticosteroids decrease

circulating lymphocytes, eosinophils, and basophils, and they deplete mucosal mast

cells in asthmatic lungs. Corticosteroids suppress the expression or release of

macrophage inflammatory protein 1-a (MIP-1a), monocyte chemotactic protein-1

(MCP-1), intercellular adhesion molecule-1 (ICAM-1), E-selectin, interleukins (IL)

1–6, 8, 11–13, and TNF-a. Other anti-inflammatory effects from corticosteroids may

include increased gene transcriptions for the interleukin receptor antagonist and for

lipocortin-1 (phospholipase A2 inhibitor) and the suppression of platelet-activating

factor activity and of nitric oxide synthase induction.

Corticosteroids may also exert beneficial effects in the airways by mechanisms

that are not generally viewed as being anti-inflammatory (22). For example,

corticosteroids increase transcription rates for the beta-adrenergic receptor and

suppress production of the bronchoconstrictor, endothelin-1. Corticosteroids may

also reduce mucus secretion in the airways and decrease microvascular leakage.

D. Clinical Studies Addressing the Mechanisms
of Corticosteroid Action in COPD

Many investigators believe that eosinophils play an important role in the pathogen-

esis of asthma and perhaps COPD. Suppression of blood and tissue eosinophilia is a

well-known effect of corticosteroids, and this has prompted clinical studies to

examine the effect of systemic corticosteroids on bronchial and sputum eosinophilia.

A number of small studies indicate that the presence of blood (24), sputum (25), or

bronchoalveolar lavage fluid (26) eosinophilia in patients with stable COPD

correlates with improvements in the forced expiratory volume in 1 s (FEV1)

following treatment with short-term oral corticosteroids. Similarly, a reduction in

sputum eosinophil counts following a short course of prednisone is associated with

improved spirometric measures, symptoms, and exercise tolerance (18, 27).

Very little is known about the molecular and cellular mechanisms by which

systemic corticosteroid therapy may confer benefits in patients with exacerbated

COPD, as there are a dearth of adequately controlled studies in this setting.

Reductions in blood leukocyte counts and C-reactive protein, and increases in

systemic levels of the anti-inflammatory mediator soluble interleukin 1 receptor II

were reported in an uncontrolled observational study in patients with COPD
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exacerbations who received prednisolone in addition to bronchodilators, theophyl-

line, and antibiotics (28).

Studies of inhaled corticosteroids on bronchial cell populations in COPD have

yielded confusing results. In contrast to systemic corticosteroids, inhaled cortico-

steroids do not seem to cause a consistent decrease of bronchial eosinophilia in

COPD (29, 30). Some, but not all, studies of inhaled corticosteroids in COPD

patients have reported a predominant effect on airway neutrophils. Beclomethasone

was found to decrease the proportion of neutrophils and increase the proportion of

macrophages in induced sputum in one study of stable COPD (29). However, in

another similar study, fluticasone had no effect on the numbers or proportions of

sputum inflammatory cells or neutrophils (30). Other studies reported that inhaled

corticosteroids increase sputum neutrophil elastase inhibitory activity, decrease

sputum neutrophil chemotactic activity (31), decrease bronchoalveolar lavage

myeloperoxidase activity (32), either decrease or have null effect on bronchoalveolar

lavage IL-8 levels (32), and have null effects on sputum IL-8 concentrations (30).

III. Systemic Corticosteroids for COPD Exacerbations

A. Efficacy of Systemic Corticosteroids

The administration of systemic corticosteroids for COPD exacerbations became a

common practice wihin the past 20 years, but it was also a contentious subject

because of residual doubts concerning efficacy. Recent clinical trials have largely

laid this issue to rest by showing that systemic corticosteroids do permit patients

with COPD exacerbations to recover sooner.

Albert and colleagues published the first trial of systemic corticosteroids for

COPD exacerbations, the results of which had a major effect on prescribing practices

(33). They randomized 44 hospitalized patients to receive either intravenous

methylprednisolone, 0.5mg=kg every 6 h, or placebo for 3 days, while hold-

ing constant most other aspects of care. The FEV1, but not the FVC or

arterial blood gases, improved at a significantly faster rate in those patients who

received methylprednisolone. The observation period stopped after 3 days and the

investigators did not attempt to evaluate clinical endpoints.

Emerman and his associates randomized 96 patients who presented to an

emergency department for COPD exacerbations to placebo or a single 100-mg dose

of intravenous methylprednisolone (34). Active treatment did not improve spiro-

metry over a 5-h observation period, nor did it reduce hospitalizations or unsched-

uled emergency department visits over the ensuing 48 h. The authors recognized that

the duration of therapy may have been too brief to discern a beneficial effect.

Bullard and his colleagues also studied patients who presented to an emer-

gency department (35). They randomized 113 patients to receive hydrocortisone,

100mg I.V. every 4 h, or placebo. The patients who received active treatment did not

have significantly improved peak flow rates and FEV1 after 6 h, and they had no

reduction in hospitalization, intubation, or mortality rates.
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Thompson and his associated randomized 27 outpatients with COPD exacer-

bations to placebo or to a 9-day, tapering course of oral prednisone (36). They found

that prednisone improved arterial blood gases and the FEV1 at 3 days and at 10 days

after enrollment. They also reported that prednisone-treated patients experienced

significantly fewer treatment failures (0% vs. 57%, p¼ 0.002), defined as the need

for open-label systemic corticosteroids or hospitalization, a conclusion that must be

tempered by the small sample size.

The Cochrane Airways Group performed an interim meta-analysis on the use

of corticosteroids for patients with COPD exacerbations (37). The review included

the aforementioned studies along with data from several other trials that remained

unpublished or had been published in abstract form only. The authors concluded that

systemic corticosteroids did not significantly improve spirometry, but did signifi-

cantly improve selected clinical outcomes, such as quality-of-life indices. The

authors noted, however, that only a handful of the reviewed studies assessed clinical

outcomes and these few studies exhibited considerable heterogeneity in their results.

The authors called for further research in the form of large, multicenter trials.

The Veterans Affairs Cooperative Studies Program undertook a trial at 25

study centers to evaluate the effects of systemic corticosteroids in patients with

severe COPD exacerbations. The study group, Systemic Corticosteroids in Chronic

Obstructive Pulmonary Disease Exacerbations (SCCOPE), randomized 271 patients

who were hospitalized with a COPD exacerbation (38). There were three treatment

arms. The two active treatment arms received intravenous methylprednisolone,

125mg every 6 h, for 3 days, followed by oral prednisone starting at 60mg daily.

One active treatment arm received a tapering dose of prednisone over 2 weeks and

the second active treatment arm received a tapering dose of prednisone over 8 weeks.

The placebo arm received 3 days of intravenous saline followed by inactive study

capsules. Study treatments were fully blinded, and all subjects received inhaled

bronchodilators and antibiotics. Follow-up continued for 6 months. The primary

endpoint was treatment failure, defined as death from any cause, intubation, and

mechanical ventilation, hospital readmission for COPD, or the need to intensify drug

treatment. Secondary endpoints included changes in the FEV1, hospital utilization,

and all-cause mortality.

Compared to placebo, corticosteroid treatment significantly reduced the rate of

treatment failure (23% vs. 33% at 30 days, p¼ 0.04; 37% vs. 48% at 90 days,

p¼ 0.04) (Fig. 1).

Differences in treatment failure rates were no longer statistically significant at

6 months. Treatment with corticosteroids significantly improved the FEV1 during

the first 3 days of hospitalization by approximately 100mL. Corticosteroids also

shortened the length of initial hospital stay from 9.7 to 8.5 days (p¼ 0.03). There

was no significant mortality difference between the active and the placebo treatment

arms at any time. Treatment with systemic corticosteroids for 8 weeks was no more

effective than treatment for 2 weeks in terms of any of the primary or secondary

outcomes.

At about the same time, Davies and associates reported results from a smaller,

single-center study having a design similar to that of SCCOPE (39). They
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randomized 56 patients who were hospitalized for COPD exacerbations to oral

prednisolone, 30mg, once daily for 2 weeks, or placebo. During the first 5 days of

hospitalization, the postbronchodilator FEV1 improved faster in the corticosteroid-

treated patients by about 60mL per day. More important, the median length of

hospital stay was significantly reduced in the corticosteroid group (9 days vs. 7 days,

p¼ 0.027) (Fig. 2). Corticosteroid treatment was also associated with statistically

insignificant trends for improved dyspnea scores. There were no treatment-related

differences in any of the efficacy outcomes after 6 weeks.

B. Adverse Effects of Short-Term Systemic Corticosteroids

Impairment of glucose tolerance is the most common adverse effect of short-term

systemic corticosteroids when they are used for the treatment of COPD exacerba-

tions. This comes as no surprise because brief exposure to systemic corticosteroids

impairs glucose tolerance in normal, nondiabetic subjects (40). After 72 h of

treatment, Albert and associates found that mean blood glucose levels were

25mg=dL higher in the patients who received corticosteroids (33). Davies and

colleagues reported transient glycosuria in 6 of their 29 corticosteroid-treated

subjects (39). Although blood glucose was not regularly measured in the SCCOPE

Figure 1 Rates of first treatment failure for patients hospitalized with a COPD

exacerbation in the SCCOPE trial (38). Compared with the placebo arm, treatment failure

rates in the combined active treatment arms are significantly ( p< 0.05) decreased at 1

month and at 3 months, but not at 6 months. Published with permission.
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trial, hyperglycemia requiring specific treatment occurred approximately four times

more often in patients who received corticosteroids (38).

Systematic reviews of clinical trials indicate that brief courses of systemic

corticosteroids do confer a small risk of lethal and nonlethal secondary infections

(41, 42). A similarly small risk probably exists for COPD patients who receive short-

term systemic corticosteroids. In the SCCOPE trial there was no statistically

significant overall effect of corticosteroids on the incidence of secondary infections,

although more cases of serious pneumonia were noted in patients who received 8

weeks of corticosteroids (38). Scattered cases of serious infection from Staphylo-

coccus aureus, Morganella morgagni (42), Legionella pneumophila, aspergillus

species (43–45), disseminated cytomegalovirus (43, 46), and concomitant

multiple organisms (43–46) have been seen in COPD patients receiving systemic

corticosteroids.

Data from a surveillance study and from a meta-analysis of clinical trials (41,

47) indicate that systemic corticosteroids may cause serious psychiatric disorders.

The Boston Collaborative Drug Surveillance Program found a striking dose-

dependent relationship between systemic corticosteroid administration and major

psychiatric disorders (47). The incidence increased from 1.3% in patients receiving

less than 40mg of prednisone daily to 18.4% in patients receiving more than 80mg

of prednisone daily. A systematic review of many clinical trials confirmed that

corticosteroid therapy is associated with a significant increase in the number of acute

psychoses, but that the absolute risk may be only about 0.2% overall (41). The

SCCOPE trial found no increase in the incidence of treatment-related psychiatric

disorders, even though patients initially received very high doses of parenteral

methylprednisolone (512mg per day) (38). These and other trial results suggest that

Figure 2 Proportion of patients remaining in the hospital according to treatment group

after admission for a COPD exacerbation (39). Compared with placebo, the length of

hospital stay was significantly reduced ( p< 0.05) in those patients who received oral

corticosteroids. (Reprinted with permission.)
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psychiatric complications are relatively infrequent and that most resolve quickly

once the corticosteroid dose is reduced or withdrawn.

Dose-dependent reductions in inspiratory and peripheral muscle strength can

occur in COPD patients who have received frequent courses of prednisone for

recurrent COPD exacerbations (48). Critical illness myopathy has also been reported

in patients treated for COPD or asthma with high doses of systemic corticosteroids

(49, 50).

Many physicians consider bleeding from the gastrointestinal tract a complica-

tion of systemic corticosteroid therapy. However, systematic reviews on this subject

have failed to find any such risk (41, 51); earlier studies suggesting such a

relationship had not adjusted for concomitant use of nonsteroidal anti-inflammatory

drugs. Other known complications of corticosteroids, such as cataract formation,

adrenal insufficiency, and osteoporosis, are usually seen only with long-term

corticosteroid use.

C. Summary

The principal lesson to be learned from these clinical trials is that systemic

corticosteroids are moderately effective in hastening recovery from severe COPD

exacerbations. A brief course of therapy, not to exceed 14 days, administered to

patients hospitalized for COPD exacerbations, will speed recovery and shorten

hospital stay by 1 or 2 days. Prednisone probably confers similar benefits when

COPD exacerbations are treated in an outpatient setting. When used judiciously for

short periods, the risk of a serious complication from corticosteroids appears to

be acceptably low. Hyperglycemia and occasional instances of infection, myopathy,

and psychosis should be anticipated in those patients who are given systemic

corticosteroids.

A number of practical questions remain about the use of systemic corticoster-

oids for COPD exacerbations. These questions may never be answered, because

huge, expensive trials would be required to provide clear answers. Neither the

optimal starting dose nor the preferred route of administration is known; benefits

from an small oral dose of prednisolone, 30mg given once daily, were effective in

one trial, whereas a large intravenous dose of methylprednisolone, 125mg every 6 h,

proved effective in another (38, 39). Based on the SCCOPE trial, the optimal

duration of therapy is 2 weeks or less. A small, recently published trial indicated that

10 days of corticosteroid therapy were superior to 3 days in terms of spirometric

changes (52). The study lacked sufficient power to draw any firm conclusions

about clinical benefits. The common practice of administering tapering does of

prednisone appears to be based mostly on historical precedent. Tapering seems to be

unnecessary when treating asthma (53), and the same may well be true for COPD.

IV. Prevention of COPD Exacerbations

A. Efficacy of Inhaled Corticosteroids

Important long-term treatment goals in patients with COPD are to improve

chronic symptoms, slow the development of the disease, decrease the number of
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exacerbations, and reduce mortality. Earlier trials of inhaled corticosteroids in stable

COPD failed to find clear-cut benefit for any of these clinical outcomes, but most of

these studies were relatively small and they may simply have lacked sufficient power

to detect clinically meaningful differences (54–56). Given the increasingly wide-

spread use of inhaled corticosteroids in COPD, there was a perceived need for better

information.

Five major trials examining the effects of inhaled corticosteroids in stable

COPD have now been published. The primary goal in one study was to determine if

inhaled corticosteroids decreased the rate of acute exacerbations (57). The primary

goal in the other four studies was to determine if inhaled corticosteroids slowed the

development of COPD, as measured by age-dependent rates of decline of the FEV1

(58–61). Additional information about clinical symptoms, health-care utilization,

and exacerbation rate was collected in most of these trials.

The Copenhagen City Heart Study (CCHS) and the European Respiratory

Society Study on Chronic Obstructive Pulmonary Disease (EUROSCOP) had a

similar design in terms of the primary hypothesis, intervention, and patient

characteristics. CCHS enrolled 290 subjects with mild COPD (mean FEV1¼ 86%

of predicted) who continued to smoke cigarettes. Compared with placebo, inhaled

budesonide (1200 mg per day for 6 months; 800 mg per day 30 months) had no effect

on the rate of decline in FEV1 over a 3-year period (58). There were no treatment-

related differences in clinical symptoms or exacerbation rates. Failure of inhaled

corticosteroids to reduce exacerbation rate might be attributed to the relatively small

sample size and the mild severity of the COPD in their study population. EURO-

SCOP enrolled 1277 subjects who had a mean FEV1 that was 77% of predicted (59).

Treatment with budesonide (800 mg per day) for 3 years did not significantly affect

the rate of FEV1 decline. They did not report assessments of respiratory symptoms

or exacerbation rates.

The Inhaled Steroids in Obstructive Lung Disease in Europe (ISOLDE) trial

enrolled 751 subjects with moderately severe COPD (mean FEV1¼ 50% of

predicted) (60). The intervention was inhaled fluticasone, 1000 mg per day for 3

years, and the primary outcome was the rate of decline in the FEV1. Fluticasone had

no effect on the FEV1 slope over time, but it did significantly improve some, but not

all, secondary clinical outcomes. Of particular interest, mean exacerbation rate, as

defined by worsening of respiratory symptoms treated with systemic corticosteroids

or antibiotics or both, was reduced from 1.32 per year for placebo to 0.99 per year

for fluticasone ( p¼ 0.026).

The Lung Health Study (LHS) was also designed to detect relatively small

effects of inhaled corticosteroids on the rate of decline in FEV1 (61). LHS enrolled

1116 subjects with mild-to-moderate COPD (mean FEV1¼ 64% of predicted).

Treatment with moderately high doses of triamcinolone (1200 mg per day) for an

average of 40 months did not significantly alter the rate of decline in the FEV1.

Selected secondary outcomes, including respiratory symptoms, clinic visits for

respiratory conditions, and hospitalization for respiratory illness, were significantly

improved with triamcinolone. These results suggest that exacerbation rates may have

been reduced in the active treatment group, but the investigators did not attempt to

assess that outcome directly.
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The International COPD Study Group trial is the only published study that was

designed specifically to evaluate the efficacy of inhaled corticosteroids in preventing

COPD exacerbations. This group enrolled 281 patients with moderately severe

COPD (mean FEV1¼ 57% of predicted) and with a previous history of at least one

exacerbation per year that required a visit to the physician or hospitalization (57).

Patients were randomized to receive a relatively high dose of fluticasone (1000 mg
per day) or placebo for 6 months. The study group defined an exacerbation as a

worsening of COPD symptoms requiring a change in treatment. Severity of

exacerbation was defined as mild (self-managed), moderate (requiring treatment

by a physician or in a hospital outpatient department), or severe (resulting in

hospitalization). The proportion of patients who experienced one or more COPD

exacerbations over the 6-month period was designated as the primary outcome, and

this proportion was not significantly changed by fluticasone (37% with placebo vs.

32% with fluticasone, p¼ 0.449) (Fig. 3). Of the patients having at least one

exacerbation, fluticasone decreased the likelihood of having a moderate-to-severe

exacerbation (86% with placebo vs. 60% with fluticasone, p< 0.001). Symptoms,

including cough and daily sputum volume, but not breathlessness or the use of

additional bronchodilators, were improved with fluticasone, as was exercise

Figure 3 The proportion of COPD patients who experienced at least one exacerbation

was not significantly decreased in those patients who took inhaled fluticasone, 1000 mg per

day for 6 months ( p¼ 0.45) (57). Of the patients experiencing an exacerbation, fluticasone

decreased the likelihood of having a moderate-to-severe exacerbation (86% with placebo

vs. 60% with fluticasone, p< 0.001). (Figure drawn from data provided in Ref. 57.)
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tolerance, as assessed by the 6-min walking distance. Global efficacy ratings by both

physicians and patients also favored the fluticasone-treated group.

A recent population-based, cohort study notable for its very large size

(n¼ 22,620) also supports the notion that inhaled corticosteroids may prevent severe

exacerbations in patients with advanced COPD (62). Using an administrative

database for the Canadian province of Ontario, Sin and Tu identified all patients

with a primary discharge diagnosis of COPD over a 5-year period. Over the ensuing

year after discharge, the authors found that the adjusted relative risks for those

patients given inhaled corticosteroids were reduced by 24% for rehospitalization and

by 29% for death. The authors commented upon the inherent limitations of

observational studies and called for a large randomized clinical trial to confirm

these potentially important findings.

B. Efficacy of Oral Corticosteroids

Although there is little published evidence to support the practice, as many as 15%

of patients with more advanced COPD may take oral corticosteroids on a regular

basis (63). Patients receiving oral corticosteroids frequently have advanced COPD

with a history of recurrent exacerbations or hospitalizations. It may be inferred that

the goals of oral corticosteroid therapy are to prevent further exacerbations and to

improve persistent daily symptoms that have responded poorly to multiple other

respiratory medications.

Early randomized trials examined the effects of relatively high doses of

systemic corticosteroids for relatively brief periods in patients with stable COPD.

In a meta-analysis of 10 such trials, it was found that a 2-week trial of oral

prednisone (30–60mg=day), or its equivalent, resulted in a 20% or greater increase

in baseline FEV1 only 10% more frequently than did placebo (64). It was unclear

whether these small, short-term spirometric changes were associated with mean-

ingful clinical benefits, and whether the improvements were sustained.

Two relatively small trials attempted to assess the clinical benefits of oral

corticosteroid therapy in stable COPD over longer periods of time. Renkema and

colleagues studied 40 patients with relatively mild COPD (average baseline FEV1

1.86 L) who did not require daily oral corticosteroids prior to entry (56). Patients

received either double placebo, inhaled budesonide (1600 mg per day) plus oral

placebo, or the same dose of inhaled budesonide plus low-dose daily prednisolone

(5mg) over a 2-year period. Patients in both corticosteroid treatment arms experi-

enced improvements in respiratory symptoms, but the addition of oral corticoster-

oids did not confer further benefit beyond that observed with inhaled corticosteroids

alone. Neither active treatment had any significant effect on the duration or

frequency of COPD exacerbations. The authors hypothesized that this may have

been due to the larger number of dropouts in the placebo group. Failure to see an

effect could also have been due to the small sample size, the low dose of oral

corticosteroid administered, or to the relatively mild severity of the disease.

Rice and associates performed a second trial involving patients with more

severe disease (average baseline FEV1 0.94 L) (65). The objective of this study was
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to determine whether the slow withdrawal of chronic oral corticosteroids in patients

with severe, ‘‘steroid-dependent’’ COPD would increase the number of exacerba-

tions over a 6-month period. The average daily dose of prednisone at the time of

enrollment was 11mg. The study was placebo-controlled such that one arm

continued the same prednisone dose while the other arm decreased their prednisone

dose by 5mg per week. Patients in both treatment arms received inhaled triamci-

nolone (1600 mg daily). Over the 6-month study period, patients who discontinued

their prednisone did not experience a significant increase in exacerbation rate, a

deterioration of respiratory symptoms, or a decline in health-related quality of life.

Patients who discontinued prednisone decreased their cumulative systemic cortico-

steroid consumption by approximately 40% and lost about 5 kg of body weight. A

major limitation of this trial is, again, the small sample size (38 patients). The study

does indicate that many ‘‘steroid-dependent’’ COPD patients can be successfully

weaned from oral corticosteroid therapy. Better information about the proper role of

chronic oral corticosteroid therapy in stable COPD awaits the completion of

additional, larger trials.

C. Adverse Effects from Extended Therapy with Corticosteroids

The potential benefits of long-term preventive treatment of COPD with inhaled or

oral corticosteroids must be weighed against the risks of adverse side effects. This is

a particularly important consideration since these patients may already be at greater

risk for certain adverse corticosteroid effects due to advanced age, cigarette

smoking, and sedentary lifestyle. There is considerable evidence that long-term

oral corticosteroid treatment causes significant morbidity, and these adverse effects

are closely related with dose and duration of treatment (41, 66–70). There is

consensus that inhaled corticosteroids represent an important advance over systemic

corticosteroids in terms of the benefit-to-risk ratio, at least in asthma. However, it is

also recognized that inhaled corticosteroids, particularly at higher doses, are not

devoid of systemic effects. Since this class of drugs is so widely used, even mild

systemic effects may pose a public health problem of some magnitude, and some of

these effects may not become evident for years or even decades. Due to their

constrained size and length, trials have provided only limited information about

long-term consequences of corticosteroid therapy, and greater reliance must be

placed on various types of observational studies.

Adrenal Suppression

The suppressive effects of single or repeated doses of systemic corticosteroids are

well known. Prednisone in daily doses as low as 5mg may cause detectable

decreases in the serum cortisol levels of COPD patients (56). Adrenal insufficiency

and stress-induced hemodynamic instability may occur when systemic corticoster-

oids are withdrawn after extended therapy. This complication is much feared but

probably quite rare (66, 71).

Inhaled corticosteroids are also capable of suppressing adrenal function, but

generally to a lesser extent. Lipworth performed a systematic review of 27 studies,
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mostly of patients with asthma (68). All inhaled corticosteroid preparations sup-

pressed adrenal function in a dose-dependent manner. At equivalent doses, flutica-

sone appeared to have greater effects than the other preparations tested. In terms of

adrenal function, it was estimated that a fluticasone dose of 880 mg per day was

equivalent to about 9mg of oral prednisone. Among the major COPD inhaled-

corticosteroid trials, only the International COPD Study Group and ISOLDE

evaluated adrenal function. Both trials administered 1000 mg of fluticasone daily

as the active treatment, and both found that this intervention reduced serum cortisol

levels by about 10 to 15% (57, 60). Adrenal suppression to this extent probably has

little clinical significance of itself, but low cortisol levels do serve as a marker of

systemic absorption, and this may provoke other adverse effects of greater clinical

importance.

Osteoporosis

Osteoporosis is arguably the most feared complication of extended corticosteroid

therapy, and it can result in pain, increased dyspnea from thoracic vertebral

compression fractures, and possibly increased mortality (72). A huge (288,470

subjects) retrospective case-control study reported that extended oral corticosteroid

therapy for a variety of medical conditions confers a substantial, dose-dependent risk

for fractures at multiple sites (73).

McEvoy and associates performed a cross-sectional study of 312 COPD

patients that included three groups: (1) no history of inhaled or systemic cortico-

steroid use, (2) inhaled but no systemic corticosteroid use, and (3) systemic

corticosteroid use (74). Patients with more than 6 months of lifetime exposure to

prednisone had more than double the risk for having at least one vertebral fracture

compared to patients with no history of corticosteroid use (adjusted OR 2.36; 95%

CI 1.26 to 4.38). In addition, fractures in the oral corticosteroid group were more

likely to be multiple, to be classified as severe, and to be associated with pain.

Intermittent prednisone use (for more than 2 weeks but less than 6 months) or

inhaled corticosteroid use was also associated with increased vertebral fracturing,

but these changes were not statistically significant.

In another observational study, Iqbal and colleagues found that extended

prednisone therapy had a pronounced adverse effect on bone mineral density in

patients with COPD (75). They also noted a trend toward lower bone mineral

densities in patients who used inhaled corticosteroids.

It has not been shown that long-term inhaled corticosteroid administration for

COPD causes an increase in bone fracture rate, but numerous studies, mostly in

asthmatic subjects, indicate that inhaled corticosteroids do adversely affect surro-

gate, biochemical markers of bone metabolism (68, 76). There is a puzzling

inconsistency among these various studies, but in general, the larger the dose, the

greater the effect. Two of the multicenter trials of inhaled corticosteroids in COPD

measured bone mineral density in subsets of their subjects. In the EUROSCOP

study, budesonide, 800 mg daily for 3 years, compared with placebo, caused a

seemingly paradoxical reduction in the rate of decline in bone density in the femur
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(59). This contrasts with the results from the Lung Health Study, which also

measured bone mineral density in a subject subset (61). In comparison with the

placebo group, they found that triamcinolone decreased bone mineral density in the

femur and lumber spine by a small but statistically significant amount. EUROSCOP

and ISOLDE reported no treatment-related differences in bone fracture rates, but

sample sizes were not large enough and follow-ups were not long enough to detect

relatively small differences (59, 61).

Ocular Effects

Chronic use of systemic corticosteroids constitutes a significant risk factor for the

development of posterior subcapsular cataracts (77). Two case-controlled studies

involving patients with a variety of respiratory disorders failed to discern an elevated

risk for cataract development from oral corticosteroid use (67, 68). However, such a

risk was identified in other studies of asthmatics that specifically focused on ocular

complications (78, 79).

Inhaled corticosteroids also appear to confer a substantial risk of cataract

development. Three large case-controlled studies in older adults have shown a highly

significant association between the development of posterior subcapsular cataracts

with the dose and duration of inhaled corticosteroid treatment (adjusted OR from 1.5

to 3.06) (80–82). High doses of inhaled corticosteroids have also been associated

with an increased risk of ocular hypertension and open angle glaucoma (83).

Glucose Intolerance

Glucose intolerance is a common adverse effect of prolonged treatment with oral

steroids. In a meta-analysis of 93 clinical trials involving 3335 patients who were

given oral corticosteroids for a variety of conditions, treatment for longer than 3

months caused an approximately 50% increase in the occurrence of hyperglycemia

and diabetes (41). Two case-controlled studies of 600 patients treated with corti-

costeroids for respiratory disease reported similar increases in the risk of diabetes

(66, 67).

Trials and systematic reviews have not identified an increased incidence of

glucose intolerance from inhaled corticosteroids (61, 68), but a few scattered case

reports suggest that high doses may cause new-onset diabetes or loss of diabetic

control (84, 85).

Infection

Chronic oral corticosteroids carry a small but statistically significant risk of serious

infection from a variety of opportunistic and usual infections (86). A meta-analysis

of 71 randomized trials that included 4198 patients with a variety of pulmonary

and nonpulmonary diagnoses found a relative risk from infection of 1.6 (95% CI

1.3–1.9) in patients treated with a daily prednisone dose of >10mg or a cumulative

dose of > 700mg (42). Serious infectious complications from inhaled corticosteroids
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appear to be rare, but two cases of pulmonary aspergillosis were reported in patients

who were taking high doses of fluticasone (87, 88).

Skin and Cosmetic Changes

Thinning of the skin and easy bruisability occur in 50 to 80% of patients who take

chronic oral corticosteroids (66, 89). Features of Cushing’s syndrome, such as acne,

moon facies, buffalo hump, truncal obesity, weight gain, and fluid retention, are also

common and, for many patients, distressing side effects of chronic prednisone

therapy (41, 66). Skin changes are not prominent with low doses of inhaled

corticosteroids, but bruisability occurs in up to one-half of patients who take higher

doses (89). An approximately twofold increase in the incidence of bruising was

noted in several of the multicenter inhaled corticosteroid trials for COPD (59–61).

Other Effects

It has been suggested that chronic prednisone therapy causes hypertension (66, 67),

but many studies are retrospective, uncontrolled, and fail to adjust for age-related

changes (90). A meta-analysis of clinical trials indicated that systemic corticoster-

oids may confer some risk of hypertension, but details concerning case definition

and descriptions of methodology were lacking in many of the trials (41). There is

little information about the effects of inhaled corticosteroids on blood pressure (68).

Only one of the multicenter trials of inhaled corticosteroids in COPD reported on

hypertension, and in that study no effect was observed (59).

A variety of psychiatric disorders have been reported with chronic oral

corticosteroid therapy, but these effects are probably rare with the low doses usually

employed for COPD (47, 91). There was no increase in mental disturbances in a

case-controlled series of 550 respiratory patients treated with chronic corticosteroids,

only 30 of whom received more than 20mg of prednisone per day (67). Adverse

psychiatric effects from inhaled corticosteroids have been described in a few isolated

case reports only (92–94).

Inhaled corticosteroids commonly cause nonspecific oral irritation, thrush, and

dysphonia. This has been a consistent finding in large trials and it may affect up to

10% of patients (57, 59–61).

D. Summary

It is very clear that inhaled corticosteroids do not alter the natural history of COPD,

as defined by the rate of decline in the FEV1 over time (57, 59–61). Inhaled

corticosteroids may reduce the number of exacerbations and improve selected other

health outcomes in patients with severe COPD (57, 60, 61). It bears emphasizing

that these health benefits were not a primary outcome in any of the trials cited, and

they were achieved with relatively high doses of inhaled corticosteroids sufficient to

produce discernible systemic effects. Any potential benefits of inhaled corticoster-

oids in COPD must be weighed against the risk of adverse drug effects. Several

observational studies have implicated inhaled corticosteroids as a potent factor for
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the development of cataracts in elderly patients, and they may also contribute to the

development of osteoporosis (68, 76, 80–82). An observational study suggesting that

inhaled corticosteroids substantially reduce mortality and hospitalization rates in

patients with severe COPD requires confirmation by clinical trial (62).

Available data suggest that long-term, low-dose prednisone is of limited

benefit and may be safely withdrawn in many COPD patients who are using inhaled

corticosteroids. However, the question of efficacy has not been assessed in a large

clinical trial. Chronic prednisone is a major risk factor for the development of

osteoporotic fractures, cataracts, and other adverse effects. Because of its poor risk-

to-benefit ratio, an expert panel recently recommended against the use of chronic

prednisone for COPD (95).

V. Do Corticosteroid-Responsive and -Nonresponsive
COPD Patients Exist?

Given the maginal benefits of corticosteroid therapy in COPD as well as their

attendant side effects, it would be useful to identify those patients most likely to

benefit. Current guidelines recommend a trial of inhaled or systemic corticosteroids

in patients with severe COPD, using spirometry to identify those responsive patients

who would presumably gain the most from long-term treatment (95). Existing

clinical trials do not support this practice (60, 96), but the recommendation reflects a

widespread perception that subsets of corticosteroid responders and nonresponders

are to be found among COPD patients.

Responsiveness is usually defined in terms of FEV1 improvement after a

relatively short course or oral or inhaled corticosteroids. In a placebo-controlled,

cross-over study, Mendella and colleagues found that stable COPD patients

exhibited an apparent bimodal response to two weeks of oral methylprednisolone;

8 of 46 subjects had an average improvement of 54%, while the average response in

the remainder was not significantly different from placebo (97). However, other

studies of a similar design were unsuccessful in identifying such patients (98–100).

Moreover, two recent multicenter trials, one in patients with stable COPD and the

other in patients with exacerbated COPD, also found a relatively homogeneous

response to systemic corticosteroids without evidence of a discrete responsive subset

(101, 102). While these results appear to rule out a simple binary response pattern,

they do not exclude other more subtle variations in corticosteroid responses.

It has been frequently suggested that certain features of asthma, such as the

presence of wheezing, bronchodilator response, positive skin tests, and eosinophilia

might serve as predictors of short-term steroid-responsiveness in patients with

COPD (18, 24, 97, 99, 100, 103). Accumulating evidence identifies lung eosino-

philia as the most promising of these predictors. Earlier studies of sputum and blood

eosinophilia yielded inconsistent results (97–99). More recent single-blinded studies

suggested that eosinophils in sputum, bronchoalveolar lavage, and bronchial

biopsies predicted a larger FEV1 response to oral corticosteroids (25, 26). Brightling
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and his associates confirmed these findings in a fully blinded, crossover trial (27).

They randomized 67 patients and measured a sixfold reduction in mean sputum

eosinophil count following 30mg prednisolone daily for 2 weeks. They also found

that sputum eosinophilia correlated strongly with corticosteroid responses. Those

patients with the highest baseline sputum eosinophil counts had the most favorable

outcomes in terms of spirometry, respiratory symptoms, and walking distance.

These provocative results suggest that a relatively simple laboratory test might

permit clinicians to prescribe corticosteroids to COPD patients in a more rational

manner. Confirmatory clinical studies are needed for both inhaled and systemic

corticosteroid therapy in COPD.
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I. Introduction

Hypoxemia is frequently observed during acute exacerbation of COPD (1, 2),

because of worsening of V0=Q0 mismatching, and in some cases hypoventilation may

also be a contributing factor. On the other hand, an increase in right-to-left shunt

is not considered to be a predominant mechanism. Profound hypoxemia (PaO2

< 60mmHg) may lead to tissue hypoxia and cause life-threatening complications,

such as myocardial, adrenal, and hepatic dysfunction as well as hypoxic encephalo-

pathy. Obviously, treatment of this condition is oxygen therapy, the administration of

increased fraction of inspired oxygen (FIO2). Oxygen therapy is the cornerstone of

the management of severe, acute exacerbations of COPD (1–3). However, when the

priority is to correct arterial hypoxemia, the other factors involved in the delivery of

O2 (hemoglobin [Hb], cardiac output) should also be taken into account (4, 5).

Administration of O2 in patients with an acute exacerbation is not without risks.

Thus, as with any other drug, O2 delivery needs proper management, having

indications as well as side effects.

II. Goals of O2 Therapy

The goal of O2 therapy during acute exacerbations of COPD is to increase PaO2

above 60mmHg or to produce an arterial oxygen saturation (SaO2) >89 to 90%.
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Due to the shape of the O2 dissociation curve, increasing the PaO2 to values greater

than 60mmHg adds little benefit but, on the other hand, it may considerably increase

the risk of CO2 retention. It follows that O2 therapy should be titrated to raise PaO2

to just above 60mmHg (6–8). Although SaO2 can be measured noninvasively and

continuously using an oximeter, it is recommended that arterial carbon dioxide

tension (PaCO2) and pH should be monitored, while initially titrating the O2 flow

settings and frequently thereafter until reaching a steady-state condition. It should be

noted that due to lung inhomogeneity it may take 20 to 30min to achieve a steady

state after a change in FIO2 (1, 2, 9). Hence, measurements of arterial blood gases at

shorter intervals may be misleading.

III. Physiological Effects of O2 Therapy

Oxygen therapy provides enormous benefits in hypoxemic patients with acute

exacerbations of COPD. By increasing PaO2 pulmonary vasoconstriction, right-

heart strain and global myocardial ischemia are reduced and oxygen delivery is

increased (1, 2, 10, 11). Esteban et al. (12) administered controlled oxygen therapy

(titrated to keep PaO2 above 55mmHg) in patients with acute exacerbation of COPD

and severe hypoxemia (PaO2< 45mmHg). They observed that O2 therapy increased

the O2 delivery by approximately 74% due to an increase in arterial O2 content.

Systemic vascular resistance and cardiac output remained unchanged, while pul-

monary vascular resistance decreased slightly (Fig. 1). The oxygen extraction ratio

decreased by 32%. However, this pattern of hemodynamic response may not be

observed in all patients (13, 14). It has been shown that some patients may respond

to O2 therapy by a decrease in cardiac output, which is associated with an unchanged

O2 delivery. The last pattern is usually observed in patients with relatively low mixed

venous O2 tension and oxygen delivery=oxygen consumption ratio (15–17).

Apart from hemodynamic effects, O2 therapy may have other beneficial effects

in hypoxemic patients with acute exacerbation of COPD. There is a substantial

amount of evidence supporting the hypothesis that improving oxygen delivery to the

lung enhances pulmonary defenses and augments mucociliary transport. Whether

these effects are translated to better clinical outcome is not known (18). O2 therapy

may also increase cognitive function as well as function of other organs (19). It has

been shown that administering O2 in patients with COPD causes renal vasodilation,

the magnitude of which is equivalent to that observed with low-dose dopamine (20).

An O2-related increase of both the urinary Na
þ excretion and the fractional excretion

of filtered sodium have been also demonstrated. It appears that O2 therapy may play

a role in decreasing the edematous state, common in acute exacerbation of COPD, by

interfering with renal function (21, 22).

IV. Modes of O2 Delivery

The oldest method of O2 delivery during acute exacerbation is via a dual-prong nasal

cannulae, which has the advantages of low cost and comfort, and acceptability to
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most patients. The major disadvantage of this method is that the FIO2 cannot be

precisely controlled because it is affected by the route of inhalation (mouth or nose),

upper airway geometry, and breathing pattern. Therefore, by using this method of O2

delivery, patients run the risk of under- or overtreatment. With this method, a

deleterious increase of PaCO2 (see below) is always a consideration. Keeping in

mind that FIO2 may change from moment to moment, it can be estimated

approximately using the following equation:

FIO2 ¼ 20%þ ð4� O2 L=minÞ

Because of the above-mentioned drawbacks, delivery of O2 by nasal prongs is not

the method of choice in patients with acute exacerbation of COPD. Currently, the

best method of delivering O2 to patients during acute exacerbation is via a Venturi

mask (2). These high-flow O2 devices generally incorporate a dilution apparatus that

reduces the final concentration of O2 by entraining and adding air to the O2 stream

using the Venturi principle (23, 24). The amount of air entrained depends on the

physical design of the apparatus. Use of these devices implies that the clinician

wants the patient’s actual FIO2 to be the same as the concentration delivered. This

Figure 1 Changes in hemodynamic and oxgyen transport variables after administering

oxygen to patients with acute exacerbation of COPD. *Indicates p< 0.05 for comparison

with baseline. (From Ref. 12, with permission.)
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obviously requires that the volume-rate of delivery exceeds the patient’s demand for

inspired gas. Otherwise the O2 mixture will be further diluted by room air inspired

into the airways from around the O2 delivery system. This becomes a major problem

in tachypneic patients who have rapid inspiratory flow rates, and the problem is

compounded by the rather insufficient delivery devices available. The total flow of

gas through a delivery system containing an entrainment device that provides a

certain flow of O2 can be calculated as follows:

V0
TOTALðL=minÞ ¼ V0

IO2 þ V0
Iair

The flow of O2 (V0
IO2 in L=min) is set by the O2 regulator and the final O2

concentration delivered by the device (FIO2) can be easily measured with a portable

O2 analyzer or assumed to be correct as stated by the manufacturer. The flow of

entrained air containing 21% O2 can be calculated by solving for the amount of O2

in the system:

FIO2ðV0
IO2 þ V0

IairÞ ¼ ðV0
IO2 � 1:0Þ þ ðV0

Iair � 0:21Þ

So V0
Iair ¼ V0

IO2 � ð1� FIO2Þ=ðFIO2 � 0:21Þ
For example, a Venturi device set to deliver 31% O2 and powered by 6 L=min

O2 would entrain:

V0
Iair ¼ 6� ð1� 0:31Þ=ð0:31� 0:21Þ ¼ 41:4 L=min

This method has the advantage of delivering, precisely and constantly, the desired

FIO2, provided that the FIO2 is < 40% (2, 9). With FIO2> 40%, the total flow

delivered to the patient by the apparatus is reduced considerably. This under certain

circumstances (high patients-inspiratory-flow demands) may decrease the actual

FIO2 that the patient receives. It has been shown that compared with nasal prongs the

Venturi mask is more efficient in achieving the target PaO2 in patients with acute

exacerbation of COPD.

The operation of a Venturi mask is based on the Bernoulli principle. One

hundred percent O2 flowing through a narrow orifice results in a high-velocity

stream that entrains room air through multiple open side ports at the base of the

mask. The amount of room air entrained to dilute the O2 depends on the orifice size.

AVenturi mask can provide FIO2 levels from 24 to 40% with great accuracy. Higher

FIO2 is difficult to achieve because the total flow to the patient delivered by the

Venturi mask may not meet the patient’s flow demand, in which case room air (21%

O2) will be the additional flow and, depending on that, the final FIO2 will be reduced

(Fig. 2).

Other systems for O2 administration during acute exacerbation of COPD are

used when very high concentrations (FIO2> 50%) of oxygen are needed. This,

however, is uncommon in acute exacerbation of COPD and other causes for

hypoxemia should be considered. A full-face mask with reservoir and one-way

valve to avoid rebreathing may deliver an FIO2 up to 90%, provided that leaks
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around the face have been eliminated by tight seals. However, these masks are rarely,

if ever, used during acute exacerbation of COPD because they are not easily

accepted by the patients and carry significant risks of CO2 retention. This mode

of oxygen delivery should de used in the intensive care unit. Nevertheless, if the

patient is still hypoxemic with an FIO2 of 50% delivered by a Venturi mask,

noninvasive positive pressure ventilation rather than a reservoir mask should be

attempted.

V. Adjusting Oxygen Delivery

As has already been stated, in acute exacerbation of COPDV0=Q0 mismatching is the

predominant mechanism of hypoxemia (25, 26). A true right-to-left shunt con-

tributes very little to hypoxemia, averaging less than 5% of total blood flow (25, 26).

Therefore, correction of hypoxemia in these patients usually requires small increases

in FIO2. An FIO2 in the range 25 to 40% is sufficient to raise PaO2 to > 60mmHg in

the vast majority of patients. Failure to increase PaO2 above 60mmHg suggests an

additional process, such as atelectasis, pneumonia, pulmonary embolism, pneu-

mothorax, right-to-left intracardiac shunt, or end-stage disease (27).

The initial setting of FIO2 (Venturi mask) or O2 flow (L=min, nasal prongs)

should be adjusted to bring PaO2 to just above 60mmHg. Table 1 shows

recommended initial O2 settings based on the value of PaO2 breathing room air

(9). However, these recommendations serve as a general guide and may not apply in

an individual patient. If an oximetry is available, adjusting O2 therapy to an SaO2

just above 89 to 90% by titrating the FIO2 or O2 flow would be helpful. Twenty to

Figure 2 An approximation of the FIO2 of gas entering the trachea as a function of

minute ventilation for patients receiving O2 therapy in several forms. A ratio of inspiration

to expiration of 1 : 2 was assumed. (From Ref. 23, with permission.)
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30min after the initiation of O2 therapy, arterial blood gases should be obtained.

PaO2 should be in the range that has been already mentioned. At the same time, the

pH and PaCO2 should be observed for CO2 retention. We should mention that many

patients have chronic CO2 elevation due to factors other than oxygen therapy (28). In

this case, the pH usually is in the normal range. The goal of O2 therapy should be to

achieve a SaO2 above 89 to 90%, without an excessive rise in PaCO2 (>10mmHg)

or a decrease in pH bellow 7.25 (1, 2, 4). Thus, if hypercapnia is already present, the

use of a Venturi mask for oxygen delivery is advisable. If adequate oxygenation is

unachievable without progressive respiratory acidosis, then mechanical ventilatory

support may be required. Figure 3 shows an algorithm for correcting hypoxemia

during acute exacerbation of COPD (29).

VI. Oxygen-Induced Hypercapnia

The major concern for oxygen administration in hypoxemic patients with acute

exacerbation of COPD is the risk of carbon dioxide (CO2) retention (30, 31). The

other side effects of CO2 therapy, such as absorption atelectasis and oxygen toxicity,

are not an issue in these patients. The classic explanation for CO2 retention by O2

therapy is that it occurs in patients with reduction or absence of sensitivity to CO2, in

which case ventilatory drive is dependent mainly on hypoxemia. CO2 retention with

O2 therapy occurs much more often in exacerbations of COPD than in the same

patients during stable conditions. It has been postulated that this is due to a

difference in hypoxic ventilatory sensitivity between remissions and exacerbation

(32). However, Milic-Emili and coworkers suggested that changes in the pattern of

breathing may significantly contribute to CO2 retention (33).

Approximately 25 years ago, Bone et al. (34) in a large study tried to address

the issue of CO2 retention. In 50 consecutive patients with COPD and acute

respiratory failure, they administered 24 to 28% oxygen to correct the hypoxia.

Twenty-six percent of these patients required mechanical ventilation because of CO2

narcosis. These patients did not differ from the 37 patients who responded well to

conventional therapy in any terms. The authors used the relationship between arterial

Table 1 Recommended Initial O2 Settings to Achieve

Arterial Oxygen Tension >7.98 kPa (60mmHg)

Initial PaO2

(on room air)

mmHg

FIO2

(Venturi mask)

%

O2 flow

(nasal prongs)

L=min

50 24 1

45 28 2

40 32 3

35 35 4
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pH and PaO2 at presentation to predict a respiratory failure, without taking into

account the value of resting PCO2. They concluded that hypoxemia and acidosis are

more discriminatory for CO2 retention than hypercapnia. There are some other

studies indicating that oxygen administration in patients with exacerbation of COPD

may result in hypercarbia but that the patients at highest risk for respiratory failure

associated with oxygen administration can be identified (18, 24, 35–37).

Aubier and coworkers offered another explanation for CO2 retention during O2

therapy (38, 39). They studied 22 patients with chronic airways obstruction during

an episode of acute exacerbation. All patients were severely hypoxic and hypercap-

nic and noticed that 15min of breathing 100% oxygen resulted in an early decrease

in ventilation by an average 18% of control values, followed by a slow increase to

93% of control values. At the end of a 15-min period of O2 breathing, PaCO2 had

increased by an average of 23mmHg (35%). This increase was not accompanied by

an increase in expired CO2, indicating an increase in physiological dead space.

Carbon dioxide production remained stable while there was a small increase in

cardiac output (7.2 to 7.5). Changes in tidal volume and breathing frequency were

Figure 3 Algorithm for controlled oxygen therapy in acute exacerbation in COPD.

FIO2: inspired oxygen fraction; PaO2: arterial oxygen tension; PaCO2: arterial carbon

dioxide tension; LTOT: long-term oxygen therapy. (From Ref. 29, with permission.)
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not statistically significant, but the calculated VDphys=VT ratio was significantly

increased (77% to 82%); however, this rise was not proportional to the PaCO2 rise.

The authors concluded that the rise in PaCO2 was due to a deterioration in VA=Q
matching on the basis of the following statements. (1) VE fell only 7% and thus

could account only for 5mmHg (0.66 kPa) of the PaCO2 increase. (2) The Haldane

effect, caused by an increase in mixed venous oxygen tension (PvO2) contributed

much less to the PaCO2 rise. (3) There was a significant rise in physiological dead

space while tidal volume did not change significantly. It is possible that O2

breathing, by relieving hypoxic vasoconstriction, increased blood flow to poorly

ventilated low ventilation=perfusion (V=Q) units and therefore decreased flow to

high V=Q units increasing both their number and V=Q. This redistribution of blood

flow would increase the physiological dead space and produce CO2 retention. This

mechanism was thought to be the most important in half of the patients studied,

while in the other half hypoventilation could have explained the CO2 retention (33,

40).

Recently the mechanism of O2-induced hypercapnia has been reexamined in

detail by Robinson et al. (Fig. 4). These authors used the multiple inert gas

elimination technique to evaluate the response to 100% O2 in patients with acute

exacerbations of COPD. Two groups of patients were identified according to CO2

response to O2. Approximately 50% of the patients were classified as retainers

(PaCO2 rose by more than 3mmHg), while the others’ PaCO2 remained unchanged

or decreased and thus they were classified as nonretainers. The results of this study

demonstrated that an overall reduction in ventilation characterizes the O2-induced

hypercapnia, as an increased dispersion of blood flow from release of hypoxic

vasoconstriction occurred to a similar degree in both groups. The significant increase

in wasted ventilation in the group of retainers may be a secondary effect of

hypercapnia possibly related to bronchodilation (41).

In a more recent study, Moloney et al. studied 24 patients presenting to the

emergency department with acute exacerbation associated with hypercapnic respira-

tory failure (Fig. 5). Study patients had severe airflow limitation (mean forced vital

capacity 58% and mean forced expiratory volume in 1 s 37% of predicted normal

values). In all patients controlled O2 as given by Venturi mask. The oxygen

concentration was adjusted every 15 to 20min between 24% and 40% to achieve

an oxygen saturation of 91 to 92%. Mean PaO2 rose from 6.0 kPa (SD 0.8) on

admission to 9.6 kPa (2.1) after 2 h of oxygen therapy; PaCO2 remained unchanged

(7.5 kPa vs. 7.6 kPa after oxygen therapy, mean change 0.09 kPa), and no patient

developed a later rise in PaCO2. Only three patients showed signs of clinically

important CO2 retention (defined as an increase in PaCO2> 1 kPa), but none of them

developed CO2 narcosis. Although there was no systematic tendency toward CO2

retention associated with increasing PaCO2 on admission, PaCO2 changes with

oxygen therapy were more variable in patients with a higher PaCO2. Patients

who had the greatest PaCO2 rise with oxygen therapy were generally more hyper-

capnic at baseline. These findings suggest that the risk of CO2 retention with

carefully controlled oxygen therapy is very low and possible with minimal clinical

significance (42).

386 Mitrouska and Siafakas



F
ig
u
re

4
T
y
p
ic
al
V
0 =
Q
0 d
is
tr
ib
u
ti
o
n
in

tw
o
p
at
ie
n
ts
b
re
at
h
in
g
ai
r
(u
p
p
er

p
an
el
)
an
d
1
0
0
%

O
2
(l
o
w
er

p
an
el
).
(A

)

P
at
ie
n
t
w
it
h
o
u
t
a
co
n
si
d
er
ab
le
in
cr
ea
se

in
P
aC

O
2
w
it
h
O
2
b
re
at
h
in
g
(
<
3
m
m
H
g
).
(B
)
P
at
ie
n
t
w
it
h
an

in
cr
ea
se

in

P
aC

O
2
w
it
h
O
2
b
re
at
h
in
g
(
>
3
m
m
H
g
).
(F
ro
m

R
ef
.
4
1
,
w
it
h
p
er
m
is
si
o
n
.)

Oxygen Therapy During AECOPD 387



Figure 5 Changes in PaCO2 in the first 2 h of oxygen therapy in 24 hypoxemic and

hypercapnic patients with exacerbations of COPD. (From Ref. 42, with permission.)
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VII. Conclusion

Acute exacerbation of COPD is invariably associated with derangements of gas

exchange. V0=Q0 mismatching is the main pathogenetic mechanism for gas exchange

abnormalities. In hypoxic patients with acute exacerbations of COPD, administration

of O2 to increase PaO2> 60mmHg is a cornerstone in therapeutic interventions. A

high-flow O2 mask (Venturi mask) is the method of choice of O2 administration

because the FIO2 can be precisely controlled, provided that the FIO2 requirement is

less than 40%. During O2 therapy, the risk of CO2 retention is always a considera-

tion. This risk, however, is greatly minimized by carefully controlling the FIO2 in

order to avoid excessive increase in PaO2.
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I. Introduction

COPD patients have one to four acute exacerbations per year on average, accounting

for 16,367,000 office visits, 500,000 hospitalizations, and direct health costs of

$18 billion (1, 2). During an exacerbation, there is an intensification of treatment

with a hospital or intensive care unit admission often necessary. These figures

demonstrate the enormous contribution of the cost of the exacerbations to the

economic burden of this common disease. Thus, one of the main treatment goals for

COPD patients is to reduce the number and severity of exacerbations they

experience each year (3). On the other hand, reports worldwide (4) (Fig. 1) have

pointed out that during exacerbations of COPD (AECOPD) the most frequent

prescriptions include medication other than the conventional treatment modalities

that international guidelines have recently described (3, 5, 6). This is especially true

concerning AECOPD that takes place on an outpatient basis at home.

All the recently developed guideline reports have found enough evidence to

make recommendations about the following therapeutic modalities in AECOPD:

bronchodilators, corticosteroids, antibiotics, oxygen, and noninvasive positive-

pressure ventilation (NIPPV) (3). However, difficulties exist in verifying other

therapeutic practices commonly used in several clinical settings in AECOPD (7).

The aim of this chapter is to evaluate and present published data on some of the
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current treatment practices in AECOPD that, although not generally recommended,

are in use, some of them which may be beneficial in the prevention and treatment of

AECOPD (Table 1).

II. Prevention

A. Vaccination

Although exacerbations may be initiated by multiple factors, the most common

identifiable associations are with bacterial and viral infections. These are associated

with approximately 50 to 70% and 20 to 30% of COPD exacerbations, respectively

(3). Vaccination against influenza and pneumococcal infections are highly recom-

mended in all COPD patients according to the recently reported global guidelines of

management of COPD (3). Complicated influenza illness among elderly persons,

including those with COPD, is responsible for hundreds of thousands of excess

hospitalizations, tens of thousands of excess deaths, and billions of dollars in health-

care costs (8, 9). The efficacy and cost effectiveness of influenza vaccination has

been demonstrated in a large cohort study of 25,000 patients (9). In this study, it was

clearly shown that vaccination was associated with a 40% reduction in the rate of

hospitalization for all acute and chronic respiratory diseases including AECOPD (9).

The same investigators recently reported an overwhelming reduction in the risk of

death from any cause including AECOPD to be related with influenza vaccination

(odds ratio—OR¼ 0.3; 95% CI¼ 0.21–0.43) (8). These studies and a recent meta-

analysis concluding that influenza vaccines could reduce serious AECOPD and

death by approximately 50% (8–10) clearly suggest adequate influenza vaccination

Table 1 Other Therapeutic Modalities Used in Acute

Exacerbation of COPD

I. Prevention

A. Vaccination

B. Immunostimulating medication

C. Long-term antibiotic treatment

II. Mucus clearance
A. Expectorants, mucolytics, and mucokinetics
B. Physical and respiratory therapies

III. Management of pulmonary hypertension
A. Anticoagulants
B. Pulmonary vasodilators

C. Phlebotomy and venesection
IV. Respiratory stimulants

A. Acting to respiratory drive

B. Acting to respiratory muscles
V. Antitussives
VI. Nutritional support
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of patients with COPD. Thus, vaccines containing killed or live viruses are

recommended and should be given once (in autumn) or twice (autumn and winter)

each year (3).

Vaccination against pneumococcal infections is recommended (3), although its

value in COPD has been controversial (11). A 23-valent-pneumococcal vaccine has

been used, but two randomized controlled trials evaluating its efficacy among

patients with COPD failed to show a significant protective effect (12,13). In spite

of these controversies, pneumococcal vaccination continues to be recommended for

patients with COPD because recent randomized population-based trials (14) and

meta-analysis (11) concluded that the vaccine provides partial protection against

bacteremic pneumococcal pneumonia (15).

B. Immunostimulating Agents (Immunomodulators,
Immunoregulators)

Immunomodulators have been used mostly in Europe for many years in an attempt

to stimulate the immune system of the patients with COPD and to reduce the

frequency and severity of AECOPD (5). OM-85 BV is the most important oral

immunostimulating agent consisting of lyophilized fractions of the eight most

common respiratory pathogens. Two studies showed that the use of an immuno-

stimulator was associated with a decrease in the severity of AECOPD and shorter

duration of hospitalizations (16,17). However, these studies have not been duplicated

(18) and all the guideline reports are not recommending them based on the current

knowledge (3, 5, 6).

C. Long-Term Antibiotic Treatment

The use of long-term antibiotic treatment of intermittent administration, intended as

‘‘prophylaxis,’’ does not appear to be beneficial (6). As the Global Initiative for

Chronic Obstructive Lung Disease (GOLD) report states; ‘‘the use of antibiotics,

other than in treating infectious AECOPD is not recommended’’ (3).

III. Mucus Clearance

A. Expectorants, Mucolytics, and Mucokinetics

Mucus strategies, in order to facilitate the expectoration of the increased amount of

sputum production during an acute exacerbation of COPD, have been cornerstones

in COPD therapy for many years. Numerous medications, with supposed mucolytic

properties, have been tried (19–21). Two types of drugs are used: mucolytics, which

contain substances that enhance the breakdown of mucoproteins, and mucokinetics,

which reduce viscosity by altering sialomucin synthesis. Both of these drugs could

be given orally or parenterally (N-acetylcysteine and ambroxol can also be

administered by nebulization). On the basis of our current knowledge derived

from well-controlled, double-blind, randomized clinical trials (20, 22–24), pharma-

cological mucus-clearance strategies have not demonstrated a reduction in the
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frequency, severity, and duration of AECOPD, although an improvement of the

symptoms has been shown in some of them (20, 24). N-acetylcysteine is a mucolytic

that can sever glycoprotein disulfide bonds, liquefy mucus, reduce sputum viscosity,

and thin mucoid and purulent secretions of patients with COPD. In animal studies,

there is evidence that N-acetylcysteine at high doses may also reduce the hyperplasia

of bronchial mucous glands induced by smoking (25). Oral N-acetylcysteine has

been reported to enhance the mucus clearance in patients with slow clearance (19,

26). In conclusion, mucolytics and mucokinetics have some positive short-term

effects in AECOPD by improving the symptoms and may be recommended in a

selected group of patients with persistent, copious, and tenacious phlegm. However,

there is no evidence to indicate that these regimens affect the long-term outcome of

COPD and therefore should not be prescribed routinely in AECOPD (5, 6).

B. Physical and Respiratory Therapies

Although, physiotherapy and mechanical percussion of the chest as applied by

physical or respiratory therapists has been regarded as a basic therapeutic strategy in

the management of AECOPD for a long time, randomized and observational studies

showed no effect on several outcomes in the course of an AECOPD (27–29). In fact,

the studies of Wollmer and colleagues and Campbell et al. actually reported a

harmful effect on the respiratory function of patients with AECOPD to be associated

with chest physiotherapy (27, 29). The role of physiotherapy in AECOPD at home

that aims to improve respiratory muscle function and to encourage sputum

expectoration has not been systematically investigated, but it can be considered as

part of the rehabilitation program (30). Manual or mechanical chest percussion and

postural drainage could improve AECOPD outcome in patients producing more than

25mL sputum per day or presenting with lobar atelectasis (3).

IV. Management of Pulmonary Hypertension

Oxygen therapy, careful use of diuretics, and the treatment of the underlying cause of

acute exacerbation remain the mainstays of therapy of pulmonary hypertension and

cor pulmonale in AECOPD (3, 5, 6). These main treatment strategies in managing

pulmonary hypertension in AECOPD are discussed elsewhere. Here, the use of three

other treatment strategies including anticoagulants, pulmonary vasodilators, and

blood venesection in the management of pulmonary hypertension in AECOPD will

be discussed (Table 1).

Patients with COPD admitted to medical wards with acute exacerbation are at

moderate risk for the development of venous thromboembolism (VTE) indepen-

dently of the cause of the exacerbation (31, 32). This is particularly true concerning

severe AECOPD, with the patient presenting with worsening of his pulmonary

hemodynamics along with an acute hemodynamic decompensation, increased

hematocrit, and increased blood viscosity (5). Besides, true pulmonary embolism

is one of the main causes of an acute exacerbation in COPD patients (5). Although

there are no studies published with regard to the prophylactic administration of the
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anticoagulants in AECOPD, many clinical centers and intensive care units regularly

use anticoagulants in AECOPD—if there is no major contraindication—indepen-

dently of the cause of the exacerbation (31–33). Low-molecular-weight heparin in

immobilized, polycythemic, or dehydrated patients with or without a history of

thromboembolic disease is also recommended in the GOLD report (3). In some

cases of severe AECOPD, the hematocrit is markedly elevated above 55 to 60%,

while dehydration and increased blood viscosity could lead to hemodynamic

decompensation and promotion of pulmonary embolism. In these cases, phlebotomy

and venesection can temporarily improve patient function (5, 34–36).

The study of numerous vasodilators has been reported mainly with regard to

treatment of ‘‘primary’’ pulmonary hypertension (37–39). Prostacyclin (37, 38) and

calcium channel blockers (39) were the most promising regimens, but only those

patients suffering from primary pulmonary hypertension were found to have a

significant response (37–39). Ideally, a vasodilator clinically relevant to pulmonary

hemodynamics should act selectively in the pulmonary rather than in the systemic

circulation, with a reduction in right atrial pressure and a rise in cardiac output.

Currently, inhaled nitric oxide (NO) is the only selective pulmonary vasodilator (40,

41). However, neither inhaled NO nor other vasodilators can sustain clinically

relevant reductions in pulmonary vascular resistance while NO has been reported to

induce hypotension and worsening of hypoxemia due to worsening of ventilation–

perfusion mismatching (42). Ashutosh et al. recently reported a significant improve-

ment of pulmonary hemodynamics in patients with COPD after inhalation of NO in

combination with supplemental oxygen (43). In contrast, Baigorri et al. reported no

effect of inhalation of NO in either right ventricular function or arterial oxygenation

in mechanically ventilated patients with acute respiratory failure caused by acute

exacerbation of COPD (44). Results of the vasodilator therapy in AECOPD with

inhaled NO showed frequent side effects in some trials including a small number of

COPD patients (41, 43, 45, 46). Indeed, vasodilators appear to be less effective in

COPD compared to primary pulmonary hypertension. Thus, there is, at present, no

justification for the use of inhaled NO in AECOPD (47, 48). The GOLD report

states that in stable COPD inhaled NO is contraindicated because of alteration of the

hypoxic regulation of the ventilation–perfusion balance (3).

V. Respiratory Stimulants

The imbalance between respiratory muscle function and respiratory workload is an

important determinant of dyspnea and hypercapnia seen in AECOPD. Many of the

respiratory, and particularly inspiratory, muscle insufficiencies are secondary to a

mechanical disadvantage related to worsening of hyperinflation during AECOPD

(49). Because many of the lung and airway derangements are irreversible in COPD,

the respiratory drive and respiratory muscles appear to be an attractive target for

therapeutic interventions (49).

Numerous respiratory stimulants aiming to enhance central respiratory drive

have been investigated. Acetazolamide (50), doxapram (51, 52), almitrine (53–56),

tricyclic antidepressants (57), and progestational hormones (56, 58) have been tried
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in the hope of improving ventilation and oxygenation, reducing hypercapnia and

dyspnea either during AECOPD or in stable condition (59). Doxapram and almitrine

bismesylate were the most promising central respiratory stimulants (56, 60).

Although, doxapram may improve blood gas exchange in the short term, newer

intervention methods such as nasal intermittent positive pressure ventilation

(NIPPV) may be more effective (51). After a decade of study, almitrine still appears

most promising but the controversies, side effects, and poor results observed in long-

term studies limit its value in the management of COPD (59).

Stimulants of respiratory muscles have shown promise, but no evidence of

improving outcome in AECOPD has emerged. However, theophylline has been

shown to improve muscle function in hyperinflated severe exacerbated patients (61)

and can improve nocturnal oxygen saturation (62). During the last decade methyl-

xanthines have been downgraded to a minor role in AECOPD, because safer and

more potent bronchodilators have been developed. Two clinical trials that were

specially designed to test the role of theophylline in the treatment of AECOPD have

been published (63, 64). In the study of Rice et al., no significant differences were

reported between the placebo and aminophylline groups in any of the spirometric

measurements or the dyspnea indexes (63). The second study—emergency depart-

ment–based randomized design—investigated a mixed population of asthmatic and

AECOPD patients. The authors reported a decrease in the hospital admission rate for

the aminophylline group (64) for both asthma and COPD exacerbation. However, the

effect of theophylline on admission rate was not statistically significant when an

adjustment for multiple comparisons was performed. Moreover, no effect on

spirometry was observed between aminophylline and the placebo group (64). In

conclusion, the rationale for prescribing theophylline to patients with AECOPD is

primarily for their bronchodilator action, and not for the stimulator effect on

respiratory muscles (3). Other regimens with a probable stimulator effect on

respiratory muscles include digoxin, calcium-channel blockers, anabolic steroids,

and antioxidants (N-acetylcysteine). Their role as stimulants of the respiratory

muscles on the present evidence is unclear (65). b-Agonists also have a stimulation

effect on respiratory muscles, but their primary role is bronchodilation.

VI. Antitussives

Although patients with COPD on acute exacerbation experience coughing as a

troublesome symptom, it has a very important protective role in airway clearance and

removal of the tenacious secretions (66). The use of antitussives during AECOPD is

clearly contraindicated (3, 5, 6).

VII. Nutritional Support

Malnutrition in COPD is a common finding. About 20 to 30% of COPD patients are

underweight (67) and may be worse when the disease is in the advanced stage (68) or

in exacerbation (69). Nutritional abnormalities can be present, even among patients

with normal body mass index (BMI) (70); evidence shows, however, that patients
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with emphysema have poorer nutritional status than patients with features of

bronchitis (71). Many causes can be associated with the poor nutritional status

observed in COPD including poor dietary intake, increased satiety as a consequence

of the hyperinflation, and increased energy expenditure because of the increased

respiratory workload (69). Recently, investigations have focused on observations

relating the weight loss and anorexia of COPD patients to elevated serum concen-

trations of systemic inflammatory markers such as acute-phase proteins, cytokines

(TNF-a), and adhesion molecules (72). Malnourished COPD patients have a poorer

prognosis after an AECOPD because of their nutritional status; decrease respiratory

muscle strength alters ventilatory drive and impairs immunological defense mechan-

isms (69, 73). These adverse effects can be additive in AECOPD with respiratory

failure and promote a more severe and prolonged course of illness. Malnutrition can

also be very critical to mechanically ventilated COPD patients (69). Therefore, it is

necessary to properly manage the malnutrition of patients with COPD during an

acute exacerbation.

COPD patients admitted to emergency or hospital wards with acute exacer-

bation and respiratory failure can be candidates for nutritional support if they are

already malnourished or if it is likely that malnutrition will develop because of

inadequate oral intake and prolonged clinical course. Nutritional assessment is

essential before an action of nutritional support takes place and can include simple

and more complicated tests such as loss of weight (weight <10% of ideal weight

means malnutrition), anthropometry, hepatic secretory proteins (albumin, transfer-

ring, retinol-binding protein), cellular immunity, and delayed cutaneous hypersensi-

tivity. Finally, for a more sensitive evaluation, a multiparameter nutritional index (a

combination of several single tests) can be used (69). In patients with respiratory

failure, the presence or absence of invasive mechanical ventilation is the first factor

in the consideration of nutritional support while the classification of the patient as

hypermetabolic or simply malnourished is also an important modifier of the

nutritional intervention (69). A hypermetabolic disorder is very common in

AECOPD caused by infections, which can further attenuate malnutrition of the

patient.

The detailed scheme of nutritional supplementation in AECOPD is beyond the

scope of this review; besides, two excellent reviews have recently been published

(69, 72). In general, the goals of nutritional support should focus on adequate, but

not excessive, energy, nitrogen balance, preservation of lean body mass, adequate

vitamins, minerals, and fat quantities. Fluids and electrolytes should be administered

considering the patient’s needs and hemodynamic status. Adaptation of the patient’s

nutritional habits should always be considered. Nutritional supplementation should

be divided carefully during the day to avoid loss of appetite and adverse effects due

to the worsening of hyperinflation or to the high caloric load.
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I. Introduction

An exacerbation of chronic obstructive pulmonary disease (COPD) of sufficient

severity to necessitate hospital admission carries a poor prognosis, with a reported

mortality of between 6 and 26% (1, 2). However, the outcome from invasive

mechanical ventilation (IMV) in patients with COPD is disappointing, both in the

short term, with reported survivals of between 20 and 50% (3), and also after

hospital discharge. Studies report 1-year survivals of between 25 and 54% (4–8).

Patients with COPD who require IMV may subsequently prove difficult to wean

from assisted ventilation. A number of studies have shown an incidence of

prolonged need for ITU ventilation in between 5 to 13% of all ventilated patients

(9), and these patients have a particularly poor prognosis with a hospital mortality of

50% (10). A diagnosis of COPD has been shown to be a strong predictor of weaning

difficulty (10, 11).

Therefore, there is a need for new approaches in the management of this

patient group. Noninvasive positive pressure ventilation (NPPV) has a number of

potential advantages compared with IMV. Physiologically, NPPV is little different

from invasive mechanical ventilation; positive pressure delivered to the lungs

decreases inspiratory muscle effort and respiratory rate, increases ventilation,

and improves gas exchange in patients with COPD during an acute exacerbation
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(12–17). For the same FiO2, the AaDO2 increases due to a rise in clearance of CO2

and hence increased respiratory exchange ratio (14). A number of studies have

evaluated the hemodynamic effects of NPPV (14, 17, 18). There is a fall in cardiac

output leading to a slight decrease in systemic oxygen delivery, but this is not

accompanied by a change in PvO2 (17, 18). There appears to be no improvement in

the VA=Q ratio with NPPV (14).

The obvious attraction of NPPV is the avoidance of intubation and its

attendant complications, in particular, ventilator-associated pneumonia (VAP). For

every day intubated, there is a 1% risk of developing VAP (19). This complication of

invasive ventilation is associated with a longer ICU stay, increased costs, and a worse

outcome (19, 20). With NPPV, ventilatory support can be introduced at an earlier

stage in the evolution of ventilatory failure than would be usual when a patient needs

to be intubated to receive ventilatory support. It is also possible to provide

ventilatory support for short periods, which in some cases may be sufficient to

reverse the downward spiral into life-threatening ventilatory failure. Because

intermittent ventilatory support is possible, patients can cooperate with physiother-

apy and eat normally (21), start mobilizing at an early stage, and communicate with

medical and nursing staff and with their family; this is likely to reduce feelings of

powerlessness and anxiety associated with ventilatory support (4).

However, NPPV does have limitations. Concerns have been voiced that it may

delay ETI and mechanical ventilation, resulting in a worse outcome (22–24). NPPV

may be time consuming for medical and nursing staff (25), although more recent

data suggest that this improves with time as practitioners become more experienced

(26). The nasal or face mask is uncomfortable and some patients find it claustro-

phobic and unpleasant. Facial pressure sores occur in 2% of patients (15) and with

NPPV the upper airway is not protected and the lower airway cannot be accessed.

This therefore limits the technique’s applicability to those who are unconscious or

have significant secretion retention. Table 1 provides a summary of the advantages

and disadvantages of NPPV.

II. NPPV in Acute Exacerbations of COPD

There have been eight prospective, randomized, controlled trials (RCT) of NPPV

predominantly or exclusively in patients with an acute exacerbation of COPD,

Table 1 Advantages and Disadvantages of NPPV

Advantages Disadvantages

Intermittent ventilation possible

‘‘Early’’ ventilatory support an option

Ventilation outside the ICU possible

Can cooperate with physiotherapy

Patients can eat and drink

Communication easy

Less effective?

Mask uncomfortable=claustrophobic
Time-consuming

Facial pressure sores

Airway not protected

No direct access to bronchial tree
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published both within and outside the ICU. Brochard et al. (15) showed that NPPV

for patients with exacerbations of COPD in the ICU reduced the intubation (11=43
vs. 31=42; p< 0.001) and mortality rates (4=43 vs. 12=42; p¼ 0.02) compared to

conventional medical therapy. NPPV also improved pH, PaO2, respiratory rate, and

encephalopathy score at 1 h and was assocatiated with a shorter hospital stay (23

days vs. 35 days; p¼ 0.005) and a lower complication rate (16% vs. 48%;

p¼ 0.001). Most of the excess mortality and complications, particularly pneumonia,

were attributed to ETI. These data suggest that NPPV may be superior to IMV, but

importantly this was a highly selected group of patients with the majority (70%) of

potentially eligible patients excluded from the study. In a smaller study (n¼ 31) in

two North American ICUs, Kramer et al. (27) also showed a marked reduction in

intubation rate, particularly in the subgroup with COPD (n¼ 23) (all patients 31%

vs. 73%; p< 0.05; COPD 67% vs. 9%; p< 0.05). However, mortality, hospital stay,

and charges were unaffected. In a further ICU study, Celikel (16) showed a more

rapid improvement in various physiological parameters and a trend toward a

reduction in the need for ventilatory support, but there was no difference in

intubation rate or survival. However, some patients in the conventional group

subsequently received NPPV; were NPPV not to have been available it is likely

that a significant number of these patients would have needed to be intubated.

Martin et al. (28) reported a prospective RCT comparing NPPV with usual

medical care in 61 patients, including 23 with COPD. In common with other studies,

there was a significant reduction in intubation rate (6.4 vs. 21.3 intubations per 100

ICU days; p¼ 0.002), but no difference in mortality (2.4 vs. 4.3 deaths per 100 ICU

days; p¼ 0.21). Although the intubation rate was lower in the COPD subgroup (5.3

vs. 15.6 intubations per 100 ICU days; p¼ 0.12), this did not reach statistical

significance; this may simply reflect the small sample size. Three patients in the

NPPV group and one in the control group required ETI to maximize the safety of

other procedures (e.g., bronchoscopy) and two patients in the NPPV group required

ETI because of hemodynamic compromise related to massive gastrointestinal

bleeding. All other patients required ETI because of progressive ventilatory failure;

in other words, only four of the intubations in the NPPV group were because of a

failure to control respiratory failure compared with 16 in the control group.

It is important to note that to date there is no direct comparison between IMV

and NPPV and the two techniques should be viewed as complementary, with NPPV

considered a means of obviating the need for ETI rather than as a direct alternative.

These studies, performed in ICUs (Table 2), show that NPPV is possible and that the

prevention of ETI is advantageous. The mean pH in all the studies was around 7.27,

indicating a severe exacerbation with a high potential mortality (2). However, the

generalizability of these results into everyday clinical practice is uncertain; results

achieved in enthusiastic units as part of a clinical trial may not be achievable in other

units lacking the same skill levels or commitment to making NPPV work. To

establish whether NPPV has a role in the ‘‘real’’ world, a survey was undertaken

among 42 ICUs in France over a 3-week period (29), including all 689 patients who

needed ventilatory support. Patients treated with NPPV represented 16% of all

patients and 35% of the patients admitted without previous endotracheal intubation
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and needing ventilatory support. NPPV was employed in less than 20% of all

hypoxic ARF, in half of patients with hypercapnic respiratory distress, and was never

used in patients with coma. It was followed by ETI in 40% of cases. The incidence of

both nosocomial pneumonia (10% vs. 19%; p¼ 0.03), and mortality (22% vs. 41%;

p< 0.001) was lower in NPPV patients than in those with ETI (29). After adjusting

for differences at baseline, Simplified Acute Physiology Score (SAPS) II (odds ratio

[OR]¼ 1.05 per point; confidence interval [CI]: 1.04 to 1.06), McCabe=Jackson
score (OR¼ 2.18; CI: 1.57 to 3.03), and hypoxemic ARF (OR¼ 2.30; CI: 1.33 to

4.01) were identified as risk factors explaining mortality; success of NPPV was

associated with a lower risk of pneumonia (OR¼ 0.06; CI: 0.01 to 0.45) and of

death (OR¼ 0.16; CI: 0.05 to 0.54). In NPPV patients, SAPS II and a poor clinical

tolerance predicted secondary ETI. Failure of NPPV was associated with a longer

length of stay.

NPPV also opens up new opportunities with regard to location and timing of

intervention. With NPPV, paralysis and sedation are not needed and ventilation

outside the ICU is an option; given the considerable pressure on ICU beds in some

countries, the high costs, and the fact that for some patients admission to ICU is a

distressing experience (30), this is an attractive option. There have been six

prospective RCTs of NPPV outside the ICU, four in which NPPV was started on

a general ward and two in the emergency department (Table 3). In general, these

studies have shown less clear-cut results than the ICU studies. Bott et al. (31)

randomized 60 patients to either conventional treatment or NPPV. NPPV was

initiated by research staff who spent 15min to 4 h initiating it (average 90min)

Table 2 The ICU Studies

Confirm the feasibility of NPPV

Confirm the effectiveness of NPPV

Reduced intubation rate and survival pH Intubation=Fails
Mortality

Ref. 15 7.28 Conv 74%� 13 26%� 13

NPPV 26%� 13 9%� 9

Ref. 27 7.28 Conv 67%� 26 13%� 17

NPPV 9%� 17 6%� 12

Ref. 16 7.27 Conv 40%� 25 7%� 12

NPPV 7%� 12 0% (0=15)
Ref. 28 7.28 Conv 59%� 18 34%� 17

NPPV 28%� 16 16%� 12

Were performed in selected patients (all studies excluded those

needing immediate ETI)

Reduced incidence of complications, particularly infections

16% vs. 48% (15), 18% vs. 60% (81), 10% vs. 19% (29)

Reduced hospital and ICU length of stay

23 vs. 35 days (15), 9 vs. 15 days (81)

Bold indicates p< 0.05.
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and led to a more rapid correction of pH and PaCO2; 9 of 30 of the conventional

treatment group died compared to 3 of 30 of the NPPV group. On an intention-to-

treat analysis, these figures were not statistically significant, but when those unable

to tolerate NPPV were excluded a significant survival benefit was seen (9=30 vs.

1=26; p¼ 0.014). Generalizability from this study, although performed on general

wards, to routine practice is again difficult given that staff additional to the normal

ward complement set up NPPV. The high mortality rate (30%) in the control group

was surprising, considering that the mean pH was only 7.34. In addition, the low

intubation rate, while reflecting U.K. practice, has been criticized.

Angus et al. (32) compared NPPV and doxapram in patients with COPD and

type II respiratory failure in a small randomized trial on a general ward. NPPV

resulted in a significant improvement in both PaO2 and PaCO2 at 4 h. In contrast, no

fall in PaCO2 occurred in those patients treated with doxapram and an initial

improvement in PaO2 was not sustained at 4 h. At both 1 and 4 h, pH was

significantly better in the NPPV group as compared with the doxapram group. All

the patients in the NPPV group were discharged, although one required doxapram in

addition to NPPV during their acute illness; 3 of 8 patients in the doxapram group

died and a further two received NPPV. This small study suggests that NPPV is more

effective than doxapram in the treatment of respiratory failure associated with

COPD. However, no comparisons were made of nursing workload, patient tolerance,

or complication rates between the two groups. Although respiratory stimulants have

been shown to improve arterial blood gas tensions, no advantage in terms of

intubation rates or survival has been demonstrated (33, 34).

Barbe et al. (35) initiated NPPV in the emergency department and continued it

on a general medical ward. To ease some of the problems of workload and

compliance NPPV was administered for 3 h twice a day. In this small study

(n¼ 24), there were no intubations nor deaths in either group and arterial blood

gas tensions improved equally in both the NPPV group and in the controls. However,

the mean pH at entry in each group was 7.33 and at this level of acidosis significant

mortality is not expected; in other words, it was unlikely that such a small study

would show an improved outcome when recovery would be expected anyway (2). In

a 1-year study, Plant et al. identified all patients with an acute exacerbation of COPD

admitted to two large hospitals: 953 patient episodes were identified; 20% of all

patients were acidotic on arrival to the emergency department and, of these, 20%

completely corrected their pH into the normal range by the time they arrived on the

ward. This was independent of the severity of acidosis. There was a relationship

between PaO2 and pH suggesting that at least in some patients acidosis had been

precipitated by high-flow oxygen therapy on the way to the hospital. In addition, a

proportion of patients will respond to medical therapy instituted on arrival to the

hospital. The message from these studies is that it is reasonable to ascertain the effect

of medical therapy, particularly controlled oxygen therapy, before starting NPPV.

Wood et al. (24) randomized 27 patients with acute respiratory distress to

conventional treatment or NPPV in the emergency department. Intubation rates were

similar (7=16 vs. 5=11), but there was a nonsignificant trend toward increased

mortality in those given NPPV (4=16 vs. 0=11; p¼ 0.123), attributed to a delay in
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intubation as conventional patients requiring invasive ventilation were intubated after

a mean of 4.8 h compared to 26 h in those on NPPV ( p¼ 0.055). It is difficult to

draw many conclusions from this study since the two groups were not well matched,

with more patients with pneumonia, which is associated with a reduced likelihood of

success for NPPV (22), in the NPPV group and the level of ventilatory support was

modest (inspiratory positive airway pressure 8 cm H2O). The trend toward worse

outcome in association with a delay in intubation reinforces the point that facilities

for prompt intubation and mechanical ventilation must be in place for patients who

fail NPPV.

Bardi et al. (36), in a small, prospective controlled study of 30 patients, with

allocation to the control group or ventilatory support determined by availability of

personnel and equipment rather than randomly, found no significant difference in

in-hospital events, although there was a trend toward an advantage with NPPV.

A multicenter RCT of NPPV in acute exacerbations of COPD (n¼ 236) on

general respiratory wards in 13 centers attempted to get around some of the

problems of the earlier studies (37). It was designed to establish whether NPPV

applied by the usual ward staff (i.e., in the ‘‘real world’’) for patients who remained

acidotic after initial therapy was feasible and effective in the ward setting. Patients

were randomized to NPPV or conventional therapy if they had a pH 7.25–7.35

inclusive, a respiratory rate > 23 breaths per minute in association with hypercapnia

on arrival at the ward, after standard medical therapy had been instituted in the

emergency department. The study had 80% power to detect a 50% reduction in

treatment failure, a surrogate for the need for intubation, defined by a priori criteria.

Ventilation was applied by the ward staff, usually nurses, but occasionally phy-

siotherapists, using a simple S mode bilevel device according to a simple protocol.

NPPV could be established (defined as > 1 h of use) in 93% of patients, similar to

the 87% described by Bott et al. using research staff to initiate ventilation, and only

consumed an additional 26min of nursing time (31). In a low nurse–patient setting,

subsequent compliance might be expected to deteriorate compared to studies

performed in ICU or with additional staff. However, the median compliance of

8 h on day 1 and 7 h on day 2 are similar to those in the other trials [7.6 h (31) and 6 h

per day (15) and 14.4 h over the first 2 days (27)]. NPPV led to a fall in respiratory

rate and a more rapid improvement in pH associated with a statistically nonsigni-

ficant fall in PaCO2: these changes are similar to those reported in other studies (15,

27, 31). However, by 4 h there were no physiological differences between the two

groups. This may have reflected a systematic bias against finding large physiological

changes in the study design. Once a patient met criteria for intubation, further gases

were not included in the analysis due to the confounding effects of subsequent

intervention (e.g., invasive mechanical ventilation). Hence the physiological data

largely reflect the successes and excludes those that failed. Because more patients

failed in the standard group, there was a bias to minimizing any difference in

physiological change. The primary endpoint treatment failure was reduced from 27%

to 15% by NPPV ( p< 0.05). There was a similar reduction in ICU utilization,

although this did not reach statistical significance. However, in-hospital mortality

was also reduced from 20% to 10% ( p< 0.05). Subgroup analysis suggested that the
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outcome in patients with pH< 7.30 after initial treatment was inferior to that in the

studies performed in the ICU. Although this study attempted to be ‘‘real world,’’

inevitably there were advantages to patients being part of a study and the ward

nursing staff could receive telephone advice and support from the trial doctor and

nurse. The comfort=discomfort associated with NPPV was assessed using a five-

point scale and the median score on the first 3 days indicated that patients found the

process ‘‘mildly uncomfortable.’’ Relief of the unpleasant sensation of breathlessness

is an important goal of therapy. NPPV was shown to be associated with a more rapid

return to ‘‘normal’’ in this study and a greater reduction in breathlessness than

conventional therapy in another study (31). Some patients do find NPPV to be

unpleasant and any benefit in terms of relief of dyspnea is offset by the claustro-

phobia, etc., associated with the mask. If patients find NPPV unpleasant, a decision

needs to be made as to how hard the patient should be encouraged to persevere. Data

from this study, together with data from the ICU studies, suggest that once the pH

falls below 7.30 the outcome without ventilatory support is poor, whereas above

7.30, although there is a clear advantage from NPPV, 80% of patients will get better

anyway. If the pH is > 7.30 and the patient finds NPPV unpleasant, it would be

reasonable to monitor carefully. Once the pH is < 7.30, however, patients should be

strongly encouraged to persevere. Put another way, if the pH is between 7.30 and

7.35, NPPV is desirable whereas once the pH falls below 7.30 it can be considered

necessary. Furthermore, once the pH falls below 7.30, NPPV delivered by a very

simple ventilator used according to protocol on a general ward is associated with an

outcome that is markedly worse than that seen when more sophisticated ventilators

are used in an ICU setting.

III. Long-Term Effects of NPPV

A number of studies have looked at long-term outcome following in-hospital NPPV.

Confalonieri et al. (38) compared 24 patients treated with NPPV with matched

historical controls. Only two patients receiving NPPV required intubation as

compared to nine controls. The in-hospital survival rates were no different, but at

12 months were significantly better in the patients receiving NPPV (71% vs. 50%).

Vitacca et al. (39) also found no difference in hospital mortality in patients receiving

NPPV compared to historical controls who were intubated and ventilated (20% vs.

26%); however, a survival advantage to NPPV became apparent at three (77% vs.

52%) and 12 (70% vs. 37%) months. In the study of Bardi et al. (36), patients

allocated to NPPV had four exacerbations (50% received NPPV) and to the control

group six exacerbations (16% received NPPV); there was a statistically significant

difference in long-term survival, with a marked advantage to the NPPV group. The

reasons for this were not clear, but it was postulated may have included greater

improvements in pH, tidal volume, and FEV1, compared with admission, in the

NPPV group. However, the FEV1 at discharge in the NPPV group was 50%

predicted compared with 40% predicted in the control group, suggesting more

severe obstructive airways disease in the controls. The fact that less patients in the
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control group received NPPV for subsequent exacerbations may also have been

relevant. Long-term follow-up of the patients in the study by Plant et al. (40) showed

median survivals of 16.8 (NPPV group) and 13.4 months (standard group)

( p¼ 0.12). The trend toward improved survival with NPPV was attributable to

prevention of death during the index admission.

The possible long-term survival advantage when NPPV is given during an

acute exacerbation is intriguing. It has been suggested that it is due to imperfect

matching of the control and patient groups (41). However, there are other possible

explanations. If ICU care has been prolonged, and weaning difficult, there may be

reluctance, on the part of either medical staff or the patients themselves, to consider

invasive mechanical ventilation (IMV) for a subsequent exacerbation. Second, it is

possible that IMV has adverse effects that may be significant later; electrophysio-

logical and biopsy evidence of muscle dysfunction has been shown after as little as 1

week of invasive ventilation (42, 43). Such dysfunction of the respiratory muscles

will reduce the capacity of the respiratory muscle pump, which may increase the risk

of ventilatory failure in subsequent exacerbation. These observations, however, are

speculative and need to be substantiated in further prospective, randomized studies

with larger numbers of patients.

IV. Predicting the Outcome of NPPV

A number of studies have looked at predictors of outcome with NPPV (Table 4).

These have been based upon information available at the time NPPV is initiated and

also after a period of NPPV. Patients with high APACHE II scores, inability to

minimize the amount of mouth leak (because of lack of teeth, secretions, or

breathing pattern) or inability to coordinate with NPPV are less likely to improve

with NPPV (44). In another study, patients who failed on NPPV had a significantly

higher incidence of pneumonia (38.5% vs. 8.7%), were underweight, had a greater

level of neurological deterioration, a higher APACHE II score, and a reduced

compliance with ventilation as assessed by the physician in charge compared to

Table 4 Unlikely Success of NPPV

Low pH prior to starting NPPV (22, 40, 47)

pH and respiratory rate do not improve within the first few hours of NPPV (15, 22, 40, 46, 82)

High APACHE II scores (22, 44)

Poor tolerance (44)

Inability to minimize leak (44)

Excessive secretions (44)

Poor synchrony between patient and ventilator (22, 44)

Radiological consolidation (22)

Low BMI (22)

Neurological compromise (22)

Inability to perform normal activities of every day living (47)
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those who were successfully treated (22). However, in a RCT in which NPPV was

used in patients with a primary diagnosis of community-acquired pneumonia, the

only advantage, compared with conventional therapy, was a better 2-month survival

(88.9% vs. 37.5%; p¼ 0.05) in the subgroup who also had COPD (45). In the study

of Ambrosino et al. (44), patients failing on NPPV had a significantly more

abnormal PaCO2 and pH before starting NPPV, although both groups had a similar

PaO2=FiO2 ratio. Only baseline pH was found by logistic regression analysis to

predict success or failure of NPPV (mean 7.28 in successful group versus 7.22 in the

failure group) with a sensitivity of 97% and specificity of 71%. Plant et al. (40)

confirmed that severe acidosis at baseline was associated with an increased like-

lihood of failure; for each nmol [Hþ] increase above normal, the odds ratio for

failure increased by 1.22 (95% CI 1.09–1.37; p< 0.01). Similarly, the more severe

the hypercapnia at enrollment the greater the likelihood of failure of NPPV; PaCO2

(OR 1.14 per kPa 95% CI 1.14–1.81; p< 0.01). After 4 h of therapy, improvement in

acidosis (OR 0.89 per nmol=L 95% CI 0.82–0.97; p< 0.01) and fall in respiratory

rate (OR 0.92 per breath=min 95% CI 0.84–0.99; p¼ 0.04) were associated with

success. Poponick et al. (46), however, found no relationship between baseline

parameters and the likelihood of success of NPPV delivered in the emergency room

with the lack of change in blood gases after a 30-min trial being the best predictor

for the need for ETI. One problem with these studies is that failure criteria are likely

to be something of a self-fulfilling prophecy. If it is decided that the patient will be

intubated if arterial blood gas tensions do not improve after 30min, or if there is

severe acidosis so that the patient will only be given a very limited trial of NPPV,

these will then become failure criteria, even though with persistence, adjustment of

settings, change of interface, etc., a different outcome might have been achieved.

Patients may fail after a period of successful NPPV, with rates reported at 0 to

20% and this has been associated with a poor outcome. Moretti et al. (47) studied

137 patients admitted with COPD and acute hypercapnic respiratory failure, initially

treated successfully with NPPV. Of these, 106 continued to improve and were

discharged. The remaining 23% deteriorated after 48 h of NPPV. These so-called

‘‘late failures’’ were then assigned to either an increased number of hours of NPPV

(the mean number of hours=day of NPPV at the time of late failure was 9.2) or

intubation and mechanical ventilation, depending on the patients=relatives wishes.
Patients assigned to increased NPPV did significantly worse—with a mortality of

92% compared with 53% in those invasively ventilated. At the time of relapse, those

patients treated with increased NPPV were more acidotic than those who were

intubated (pH 7.1 vs. pH 7.29) and, although this difference was not statistically

significant, it is clinically significant. The lack of statistical significance probably

reflects the small number of patients. The pH difference suggests that the patients

who were treated with continuing NPPV were sicker than those who were intubated.

There is also the possibility that patients who were not intubated were self-selected

as a group with more advanced disease, since they were not offered or declined ETI.

At the time of admission, late failures had significantly lower activities of daily

living (ADL) scores and blood pressure, were more tachycardic, and were more

likely to have associated complications, in particular hyperglycemia. pH was not
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different between the groups at admission, 1 h or 24 h. Using logistic regression

analysis, a low pH, a low ADL score, and the presence of associated complications

at admission were more likely in patients who failed after 	 48 h of NPPV.

Interestingly, neither the APACHE II score nor age were predictive of failure.

When considering the failure of NPPV it is important to differentiate between

failure of the noninvasive approach because of intolerance of the mask, etc., and

failure of ventilation (i.e., patient’s condition deteriorates in spite of ventilation).

Invasive ventilatory support is more likely to be successful in the former situation or

when intubation carries advantages over and above the provision of ventilatory

support, for instance, facilitating clearance of excessive secretions.

V. Contraindications to NPPV

Coma or confusion, upper gastrointestinal bleeding, high risk of aspiration,

hemodynamic instability, or uncontrolled arrhythmia have been suggested as contra-

indications to NPPV (48). This is primarily for theoretical reasons and because these

patients have been excluded from previous studies and not because there is any

evidence that IMV is superior in these situations. A number of anecdotal reports

suggest that NPPV can be used successfully. Whether NPPV should be tried in these

circumstances and, if so, for how long before moving to ETI depends upon

individual circumstances. If the patient has expressed a desire not to be intubated

but is willing to be treated with NPPV, there are no contraindications other than

conditions that make the application of a mask impossible (e.g., severe facial

deformity or burns). In other situations, a short trial of NPPV with careful

monitoring and ready access to intubation is unlikely to be harmful.

VI. NPPV After Invasive Ventilation

It is important to note that all the studies described above excluded patients who

were deemed to require immediate intubation. In everyday practice, some patients

require intubation from the outset and others after a failed trial of NPPV. Patients

with COPD may be difficult to wean from invasive mechanical ventilation (49) and

NPPV has been used successfully in this situation (50, 51). Nava et al. (52)

performed a prospective multicenter randomized controlled trial of the use of

NPPV as a means of weaning patients with COPD who had failed a T-piece weaning

trial after 48 h of ETI, controlled mechanical ventilation, and aggressive suctioning

to clear secretions: 56% of the patients had required ETI on presentation and 44%

after a failed trial of NPPV (mean pH at presentation¼ 7.18). If patients failed the

weaning trial, they were randomized to further intubation and mechanical ventilation

or NPPV. NPPV was associated with a shorter duration of ventilatory support (10.2

days vs. 16.6 days), a shorter ITU stay (15.1 days vs. 24 days), less nosocomial

pneumonia (0=25 vs. 7=25) and an improved 60-day survival (92% vs. 72%). Girault

et al. (53) in a further RCT involving 33 patients showed a reduction in the duration

of invasive mechanical ventilation (4.6� 1.9 vs. 7.7� 3.8 days) and a reduced mean
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daily ventilatory support, but an increased total duration (11.5� 5.2 vs. 3.5� 1.4

days) of ventilatory support when the noninvasive approach was used. There was no

difference in percentage of patients successfully weaned or in complication rates. In

patients not suitable for NPPV from the outset or those who fail, ETI for 24 to 48 h

to gain control and then early extubation onto NPPV has significant advantages over

prolonged ETI.

A proportion of patients weaned from invasive ventilation subsequently

deteriorate and require further ventilatory support. Hilbert et al. (54) reported 30

patients with COPD who developed hypercapnic respiratory distress within 72 h of

extubation. They were treated with mask bilevel pressure support ventilation. Only

6 of these 30 patients, as compared to 20 of 30 historical controls, required

reintubation. Although in-hospital mortality was not significantly different, the

mean duration of ventilatory assistance and length of intensive care stay related to

the event were significantly shortened by noninvasive ventilation.

VII. Modes of NPPV in Acute Exacerbations of COPD

Ventilators commonly used for NPPV are either volume or pressure targeted. There

are theoretical advantages to each mode, but broadly speaking they are comparable

in efficacy. Volume-targeted ventilators have been shown to produce more complete

off loading of the respiratory muscles, but at the expense of comfort (55). In

intubated patients, however, assist-pressure-controlled ventilation has been shown to

be more effective than assist-control-volume ventilation at reducing various para-

meters of respiratory muscle effort, although this difference was only seen at

moderate tidal volumes and low flow rates (56). In stable patients, little difference

in gas exchange was seen with different types of ventilators (57, 58). In terms of

outcome, Vitacca et al. (59) found that there was no difference whether volume-

targeted or pressure-targeted machines were used, but pressure-targeted machines

were better tolerated by patients. A new mode of proportional assist ventilation

(PAV) improves gas exchange and dyspnea in stable COPD (60), and has been used

successfully in the treatment of acute respiratory failure of various etiologies (61).

PAV delivers ventilation according to patient demand, which should theoretically be

more comfortable, but makes the assumption that the patient with respiratory failure

knows best what he needs in terms of ventilatory support. PAV using flow assistance

and PEEP achieved greatest improvement in minute ventilation, dyspnea, and

reduction in pressure-time product per breath of the respiratory muscles and

diaphragm in COPD patients with acute respiratory failure (62). It has been

shown to decrease patient effort and work of breathing and neuromuscular drive

(P0.1) in patients with COPD being weaned off invasive mechanical ventilation (63,

64). Further data are needed comparing PAV with conventional modes of ventilation.

Pressure-cycled machines are usually cheaper than volume-cycled flow generators

and this, together with the fact that they tend to be better tolerated makes them the

machines of first choice.
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PEEP can be added during NPPV and has beneficial effects, off loading the

respiratory muscles probably by counterbalancing the inspiratory threshold load

imposed by intrinsic PEEP (65) and lavaging carbon dioxide from the mask (66). In

a short-term study in stable patients, the addition of PEEP has been shown to reduce

oxygen delivery despite an adequate SaO2 (18). Mask continuous positive airway

pressure (CPAP) has also been shown to decrease respiratory rate and the subjective

sensation of dyspnea, decrease PaCO2, increase PaO2 (67), significantly improve

ventilation (68), and avoid intubation and mechanical ventilation (69) in exacerba-

tions of COPD. In stable patients, the degree of unloading with CPAP is less than

with NPPV (58) and, given the lack of randomized controlled trial data on the use of

CPAP in acute exacerbations of COPD (in contrast to NPPV), its use should be

confined to centers in which NPPV is not available.

The use of other modes of noninvasive ventilation have been reported in

patients with COPD exacerbations. In a retrospective uncontrolled study, 105

patients were successfully weaned and 93 were eventually discharged from the

hospital after intermittent negative-pressure ventilation by means of an iron lung

(70). Of these 105 patients, 62 were in coma and 43 had a deteriorating level of

consciousness at presentation. All patients were initially ventilated continuously for

12 to 48 h and subsequently received intermittent daytime ventilation until weaned.

Any subsequent exacerbation was also treated with negative-pressure ventilation.

Survival was 92 and 37% at 1 and 5 years, respectively. A more recent study by the

same group was carried out in 150 patients with hypoxic hypercapnic coma

(including 79% patients with COPD) (71). Of the 74 patients with only COPD

exacerbation as the cause of coma, treatment failed only in 19 (26%) patients

including 14 (19%) who died. However, negative-pressure ventilation is only

available in a few centers that have particular expertise in the technique, and in

the absence of a formal controlled trial NPPV remains the noninvasive mode of

choice.

Recently, the use of a helium–oxygen gas mixture in combination with

noninvasive ventilation has been evaluated in 10 patients with an acute exacerba-

tion of COPD (72). The authors found that the helium–oxygen mixture reduced

patient effort and improved gas exchange at both low (9� 2 cmH2O) and high

(18� 3 cm H2O) levels of pressure support without significantly changing breathing

pattern or oxygenation. Further data, in particular on whether this approach

improves outcome, are needed, but the added expense and complexity of using

helium make it unlikely to be widely used.

VIII. Staffing and Economic Implications of NPPV

In an early report of the use of NPPV in six patients, Chevrolet et al. (25) found that,

particularly in patients with obstructive lung disease, the technique was very time-

consuming for the nurses and largely a wasted effort because eventually all patients

had to be intubated. As with any new technique, there is a learning curve and the

same group have subsequently published more encouraging results (26). In the ICU,
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where there are high nurse-to-patient ratios, any additional work associated with

NPPV is unlikely to have a major effect, but the issue of medical and nursing time is

very relevant if the technique is to be performed in the ward environment. Nurses

and therapists will have responsibility for a much larger number of patients and any

extra work associated with NPPV may mean that other tasks and patients are

neglected.

In their RCT comparing standard treatment with or without NPPV in a general

ward setting, Bott et al. (31) asked the senior nurse to record on a daily basis the

amount of care needed using a simple visual analogue scale. They found no

difference in nursing care requirements. This may have underestimated the care

requirements associated with NPPV because ventilation was initiated and maintained

by staff supernumerary to the normal ward complement. In another study, with more

detailed analysis of nursing and therapist activity, Kramer et al. (27) found that the

respiratory therapist spent more time with patients in the NPPV group compared to

the standard treatment group in the first 8 h, but this difference did not reach

statistical significance. The time required in the NPPV group dropped significantly

in the second 8-h period. The time demands on the nurses did not differ in the two

groups throughout the measurement period and neither the respiratory therapist nor

the nurses considered caring for patients on NPPV as being any more difficult than

the control patients. Nava et al. (73) found that in the first 48 h of assisted ventilation

NPPV was no more time-consuming or demanding for staff than invasive mechan-

ical ventilation. However, after the first few days of ventilation, NPPV was

significantly less time-consuming for both medical and nursing personnel.

Since most studies report a shorter period of ventilation, ICU, and hospital

stay, it has been suggested that NPPV should be cheaper than invasive mechanical

ventilation (74, 75). However, patients treated with NPPV do incur substantial

financial cost during their hospitalization (76). Nava et al. (73) found that the total

cost per day was comparable for invasive and noninvasive ventilation when NPPV

was performed on a respiratory ICU. In a study by Kramer et al. (27), the total

hospital charges were 37.6� 7.9 (in thousands of dollars) in patients receiving

NPPV versus 33.9� 6.9 in control patients not receiving NPPV, which was not

statistically different (27). Keenan et al. performed a cost-effectiveness analysis of

NPPV versus conventional therapy using base care modeled for a tertiary care,

teaching hospital (77). The main outcomes modeled and calculated were costs,

mortality, and intubation rates. To determine clinical effectiveness, the authors used a

meta-analysis of randomized trials. Then a decision tree was constructed and

probabilities were applied at each chance node using research evidence and a

comprehensive regional database. They concluded that NPPV was more effective

than standard treatment in reducing hospital mortality and, at the same time

less expensive, with a cost saving of about $2500 per patient admission. In the

multicenter study from the U.K., the incremental cost of NPPV per patient avoiding

the need for intubation was £2829. However, the incremental savings per death

avoided was £4114, by way of decreased ICU use, thus providing a strong economic

argument for use of NPPVoutside the ICU (78). The major problem with these kinds

of analyses is that the different models and costs of health care in different countries,
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and indeed between different institutions within the same country, severely limit the

generalizability. However, overall the data suggest that NPPV improves outcome at

reduced cost.

IX. Conclusion

There is now robust evidence for the use of NPPV in patients with COPD. NPPV

should be considered as a means of preventing, rather than a direct alternative to,

ETI and mechanical ventilation. When ETI is deemed necessary, a strategy of early

extubation onto NPPV should be considered. The reduction in complications,

particularly pneumonia, is a consistent and important finding (15, 29, 52, 79).

Because of the advantages associated with the noninvasive approach, it has become

an important part of the therapeutic armamentarium of the respiratory physician and

the intensivist and has recently been described as ‘‘a new standard of care’’ in acute

exacerbations of COPD (80).
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I. Introduction

Patients with acute exacerbation of chronic obstructive pulmonary disease (COPD)

may need mechanical ventilatory support in order to (1) relieve excessive dyspnea;

(2) improve the gas exchange; (3) sustain alveolar ventilation; and (4) unload the

respiratory muscles (1, 2).

Meanwhile, there is time for other therapeutic interventions (bronchodilators,

corticosteroids, antibiotics) to reverse the cause of exacerbation and to improve the

functional status of the patient. During mechanical ventilatory support, the physician

must aim to avoid complications related to mechanical ventilation and should initiate

weaning and discontinuation of mechanical ventilation as soon as possible.

Mechanical ventilatory support can be applied in intubated and nonintubated

patients with acute exacerbation of COPD (1–3). The latter is referred to as

noninvasive mechanical ventilation (NIMV) (3). Because mechanical ventilation

via an endotracheal tube (invasive or conventional mechanical ventilation) can be

associated with a number of complications that carry their own risk of morbidity and

mortality (4, 5), NIMV should be regarded as a way to avoid many of these

complications and should be attempted whenever possible (see Chap. 25).

Invasive mechanical ventilation in patients with acute exacerbation of COPD

is a challenge due to the complex pathophysiology of the disease (6–9) as well as the
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significant interaction between this pathophysiology and the process of mechanical

ventilation (10, 11). Planned ventilatory strategies to achieve the goals of mechanical

ventilation should take into consideration both the pathophysiology of the disease

and the patient–ventilator interaction. In this review we will discuss the principles

that underlie the use of conventional mechanical ventilation in patients with

acute exacerbation of COPD. Weaning strategies will be reviewed separately (see

Chap. 27).

II. Indications for Invasive Mechanical Ventilation

The indications for intubation and ventilatory support in patients with acute

exacerbations of COPD are not clearly defined and the decision to ventilate these

patients via an endotracheal tube is usually made based on the patient’s condition

and the physician’s clinical judgment. As a general rule, conventional mechanical

ventilation should be performed in the intensive care unit (ICU). Table 1 shows

commonly used criteria for ICU admission, which may be modified based on local

resources (2). Patients who show signs of impending acute respiratory failure and

those with life-threatening acid-base status abnormalities and=or altered mental

status despite aggressive therapy (including NIMV) are candidates for invasive

mechanical ventilation (2) (Table 2). Although a recent uncontrolled study reported

that NIMV using negative pressure ventilation was effective in patients with

hypoxic–hypercapnic coma (12), this observation needs to be confirmed by

randomized studies; currently coma is considered as an absolute indication for

intubation. Finally, the use of invasive mechanical ventilation is also influenced by

the likely reversibility of the precipitating event leading to acute exacerbation, the

patient’s wishes, and the availability of intensive care facilities (2).

III. Pathophysiology

Extensive review of the pathophysiology of acute exacerbation of COPD is beyond

the scope of this chapter and the reader is referred to several excellent reviews (6–9).

Table 1 Indications for ICU Admission of Patients with Acute Exacerbations of COPDa

1. Severe dyspnea that responds inadequately to initial emergency therapy.

2. Confusion, lethargy, coma.

3. Persistent or worsening hypoxemia (PaO2 < 6:7 kPa, 50mmHg), or severe=worsening
hypercapnia (PaCO2 > 9:3 kPa, 70mmHg), or severe=worsening respiratory acidosis

(pH< 7.30) despite supplemental oxygen and NIPPV.

aLocal resources need to be considered.

Source: From Ref. 2.

NIPPV: noninvasive positive pressure ventilation.
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Only those aspects of the pathophysiology relevant to mechanical ventilation will be

highlighted.

Multiple factors in patients with acute exacerbation of COPD cause four

primary pathophysiological events (1, 2, 6–9) that should be considered when

mechanical ventilation is initiated: (1) dynamic hyperinflation; (2) respiratory

muscles dysfunction; (3) inefficient gas exchange; and (4) cardiovascular abnorm-

alities. Each of these features is affected considerably by mechanical ventilation,

while, on the other hand, a significant interaction between them exists.

A. Dynamic Hyperinflation

During acute exacerbations of COPD bronchoconstriction, enhanced inflammation

of the airway wall, and secretions significantly worsen the abnormal resistance to

airflow. The increase is much higher during expiration where the airway resistance

may be severalfold higher than that during inspiration (6–9). In addition, excessive

expiratory flow limitation, which is commonly present in patients with stable

moderate-to-severe COPD, worsens too. The high expiratory airway resistance,

combined with expiratory flow limitation, low elastic recoil, high ventilatory

demands, and short expiratory time due to the high frequency of breathing (i.e.,

tachypnea), may not permit the respiratory system to reach the elastic equilibrium

volume [i.e., passive functional residual capacity (FRC)] at end expiration. This

phenomenon is commonly referred to as dynamic hyperinflation (10, 12–21)

(Fig. 1). Thus, an elastic threshold load [intrinsic positive end-expiratory pressure

(iPEEP)] is imposed on the inspiratory muscles at the beginning of inspiration and

increases the amount of the inspiratory effort needed to breathe (14). In addition, the

respiratory system may be driven by the dynamic hyperinflation to operate near-total

lung capacity (TLC) where the compliance is relatively low and the elastic work of

breathing is greater than at FRC (21). Dynamic hyperinflation has several other

adverse consequences (Fig. 2). First, it forces the respiratory muscles to operate at

Table 2 Indications for Invasive Mechanical Ventilation

1. Severe dyspnea with use of accessory muscles and paradoxical abdominal motion.

2. Respiratory frequency> 35 breaths=min.

3. Life-threatening hypoxemia (PaO2 < 5:3 kPa, 40mmHg or PaO2 < 200mmHg).

4. Severe acidosis (pH< 7.25) and hypercapnia (PaCO2 > 8:0 kPa; 60mmHg).

5. Respiratory arrest.

6. Somnolence, impaired mental status.

7. Cardiovascular complications (hypotension, shock, heart failure).

8. Other complications (metabolic abnormalities, sepsis, pneumonia, pulmonary embolism,

barotrauma, massive pleural effusion).

9. NIPPV failure (or exclusion criteria).

FIO2; fractional concentration of oxygen in dry inspired gas.

NIPPV: noninvasive positive pressure ventilation.

Source: From Ref. 2.
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high lung volume, which is a disadvantageous position for pressure generation (19–

21). Thus, the respiratory muscles must face the increased workload while, at the

same time, their capacity is reduced. Second, dynamic hyperinflation increases mean

intrathoracic pressure and this may cause impaired cardiovascular function, baro-

trauma, patient-ventilator asynchrony, and misinterpretation of data regarding

hemodynamic and respiratory system mechanics (22–26). Third, high alveolar

pressure may convert more of the lung into zones 1 and 2, thereby increasing

dead space and minute ventilation requirements (27). This may further worsen the

gas exchange and the dynamic hyperinflation (Fig. 2).

It follows that dynamic hyperinflation plays a key role in the pathophysiology

of acute exacerbations of COPD and is a fundamental mechanism leading to acute

respiratory failure and the need for mechanical ventilatory support.

B. Respiratory Muscles Dysfunction

Respiratory muscles dysfunction may be the result of factors related to (1) central

command; (2) neuromuscular transmission; (3) ability of the respiratory muscles

to generate pressure; and (4) the translation of this pressure to flow and volume

Figure 1 Static pressure–volume curve of total respiratory system. Normally the

respiratory system at the end of expiration reaches passive FRC where alveolar pressure

is zero (point A). Assuming that end-inspiratory lung volume is at point B the ABC area

determines the inspiratory elastic work of breathing. In the dynamically hyperinflated

patient, the respiratory system does not reach passive FRC and inspiration begins at higher

volume where the alveolar pressure is positive (PEEPi, point E). The patient, in order to

initiate flow, must first decrease the alveolar pressure to zero by contracting the inspiratory

muscles (alveolar pressure must decrease from E to D). This represents an elastic threshold

load, which substantially increases the work of breathing (area EDGH). The work of

breathing may be further increased if the system at end inspiration approaches total lung

capacity (area EFG). At presence of dynamic hyperinflation, for a given tidal volume the

total work of breathing (area EDGHþEFG) is considerably higher than that without

dynamic hyperinflation (area ABC).
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(9, 19–21). In patients with acute exacerbation of COPD, the factors that affect the

ability of ventilatory muscles to generate pressure and its translation to flow and

volume are most important and include dynamic hyperinflation (17, 18), excessive

resistive load (28), and high ventilatory demands (29). All these pathophysiological

abnormalities increase the work of breathing, a central feature of the exacerbation

(14). The existence of dynamic hyperinflation is of particular concern for the

function of respiratory muscles. Indeed, it has been shown that during acute

exacerbation of COPD approximately half of the patient’s inspiratory effort may

be needed to counterbalance the elastic threshold imposed by the dynamic hyper-

inflation to initiate flow (30). The elastic inspiratory work of breathing would be

further increased if the respiratory system, because of dynamic hyperinflation, is

forced to operate at high lung volumes where compliance is relatively low (Fig. 1).

At the same time, respiratory muscle dysfunction may be further aggravated by

malnutrition (29), high demands for oxygen (31), cardiac output decrease (32),

blood gas abnormalities (33), electrolyte disturbances (34, 35), and infections (36).

C. Inefficient Gas Exchange

Inefficient gas exchange is manifested by hypercapnia and hypoxemia and is a

cardinal feature in patients with COPD needing mechanical ventilation (37, 38).

Hypoxemia of variable degree, caused mainly by _VV= _QQ mismatching, is always

present (37, 38). Hypercapnia, if present, reflects both _VV= _QQ mismatching and

alveolar hypoventilation, the latter resulting from respiratory muscle dysfunction,

Figure 2 Determinants and consequences of dynamic hyperinflation (see text for

details).
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on one hand, and increased ventilatory requirements on the other (9). Alveolar

hypoventilation may also be the only pathway through which the respiratory muscles

can cope with the mechanical abnormalities of the ventilatory pump (9). Finally, as a

terminal event, central drive inhibition mediated through afferents from respiratory

muscles may contribute to hypercapnia (39, 40).

D. Cardiovascular Abnormalities

Cardiovascular dysfunction is usually related to chronic and acute blood gas

derangement, dynamic hyperinflation and increased right ventricular afterload

(41–44). However, because these patients are often elderly, with several risk factors

for coronary artery disease, the association with left ventricular dysfunction is

potentially a frequent event (45). Although diagnosis of left heart failure may be

particularly difficult in this context, its presence may considerably influence the

therapeutic management as well as the prognosis.

Hypotension following intubation and passive positive pressure ventilation

(controlled modes) is a common event in patients with COPD (46). The transmission

of positive alveolar pressures to pleural space impedes venous return and leads to

reduction in stroke volume (13, 44, 46) (Fig. 3). The situation is also aggravated

when intravascular volume is reduced and by the concomitant use of sedation,

circumstances associated with decreased mean systemic pressure (47). Furthermore,

a greater portion of positive alveolar pressure is transmitted to pleural space if the

chest wall compliance is low (obesity) and=or the lung compliance is high

(emphysema) (47). Therefore, sedated and dehydrated patients with low chest wall

compliance and=or high lung compliance are at high risk for cardiovascular

compromise with positive pressure ventilation. All these factors may cause cardio-

vascular collapse, particularly if the patient is overventilated in order to correct the

respiratory acidosis. Finally, dynamic hyperinflation, apart from the tendency to

decrease the venous return, increases the pulmonary vascular resistance, thus raising

the afterload of the right ventricle, and further compromises the right heart function

(44).

Active respiratory efforts (inspiratory and expiratory) in patients breathing

spontaneously or ventilated on assisted modes, may cause cardiovascular dysfunc-

tion through a number of mechanisms related to changes in preload and afterload of

both ventricles (44, 48–51). Vigorous inspiratory efforts against obstructed airways

increase the filling of the right heart and combined with the increased right ventricle

afterload may cause a left shift in intraventricular septum, resulting in a decrease in

the diastolic compliance of the left ventricle (45, 46). Meanwhile, the negative

intrathoracic pressures during inspiration increase the afterload of the left ventricle

and may cause a reduction of stroke volume (48, 49). These events may be

associated with significant increases in end-diastolic left-ventricular pressures and

may be a precipitating factor for cardiogenic pulmonary edema (45). Finally,

expiratory muscle contraction, commonly observed in patients with acute exacer-

bations of COPD (50), increases abdominal pressure and, in the presence of
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hypovolemia, may collapse the inferior vena cava during expiration, reducing the

venous return (51).

To summarize, in the passively ventilated patient, the main problem, as far as

the cardiovascular system is concerned, is the decrease in venous return, while

during assisted (or loaded spontaneous) breathing left ventricle afterload exposes to

the risk of pulmonary edema.

IV. Evaluation of the Patient

An important step in approaching a mechanically ventilated patient with acute

exacerbation of COPD is to evaluate to which extent the various aspects of the

pathophysiology of the disease contribute to patient status.

Assessment of respiratory system mechanics, including dynamic hyperinfla-

tion (10), respiratory muscle function (52, 53), gas exchange properties of the lung

(54), and cardiovascular functioning (41–44) should be performed rapidly. We would

like to focus only on assessment of dynamic hyperinflation and respiratory system

mechanics because this task plays a vital role in patient management. On the other

Figure 3 Effect of temporary discontinuation of intermittent positive-pressure ventila-

tion (IPPV) on cardiac output (QT), systemic blood pressure (BP), pulmonary arterial

wedge pressure, and esophageal pressure in a patient with obstructive lung disease and

PEEPi. Note that IPPV is associated with a significant reduction in QT. Observe, also, that

wedge pressure during IPPV is elevated by the increase in intrathoracic pressure. (From

Ref. 13.)
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hand, dynamic hyperinflation affects considerably the cardiovascular function, as

well as that of respiratory muscles (Fig. 2).

A. Respiratory System Mechanics: Dynamic Hyperinflation

Respiratory system mechanics, including dynamic hyperinflation, can be assessed

relatively easily in patients without respiratory efforts, ventilated on controlled

modes, but this task is much more difficult in those with active respiratory efforts,

ventilated on assisted modes.

Controlled Modes

Dynamic hyperinflation should be sought in all patients. The shape of relaxed

expiratory flow-time or flow-volume curves, often depicted by the ventilator

monitor, is the first clue for the presence of dynamic hyperinflation (10) (Fig. 4).

The persistence of expiratory flow at the end of relaxed expiration indicates that the

system is above passive functional residual capacity (FRC) and flow is driven by the

positive recoil pressure of respiratory system at end expiration (PEEPi). PEEPi can

be measured by comparing the end-expiratory airway occlusion pressure, easily

obtained with the expiratory hold function of many ventilators, with the set level of

extrinsic PEEP (occlusion method) (Fig. 4) or by measuring the amount of positive

airway pressure required to initiate inspiratory flow from airway pressure and flow

recordings (counterbalance method) (4, 10). Recently, Nucci and colleagues (55)

developed a simple method for on-line monitoring of intrinsic PEEP in ventilator-

dependent patients with relaxed respiratory muscles. This method requires neither

any intervention on the patient’s ventilatory pattern nor any maneuver and is reliable

for a breath-by-breath monitoring of PEEPi in both patients with exacerbation of

COPD or acute respiratory distress syndrome (ARDS). In relaxed patients, the

magnitude of dynamic hyperinflation can be computed directly by measuring the

total exhaled volume during a period of apnea (26, 56).

To access respiratory system mechanics, the technique of rapid end-inspiratory

occlusion with recordings of airway pressure, airflow, and volume is commonly used

and yield static end-inspiratory compliance of the respiratory system (Cst,rs) and

airway resistance (Raw), as well as the additional resistance due to viscoelastic

pressure dissipation and=or time-constant inequalities (DR) (57–59). These indices

may be used to follow the effectiveness of various ventilatory strategies (60–62).

However, it should be noted that expiratory resistance which is usually severalfold

higher than inspiratory and largely determines the level of PEEPi, is difficult to be

measured, particularly in the presence of flow limitation (26). In COPD patients,

excessive expiratory flow limitation is far more relevant than any change in the so-

called ‘‘ohmic’’ component of ‘‘resistance.’’ The term ‘‘expiratory impedance’’

should include both changes in the bronchial caliber, due to inflammation of the

wall, and dynamic compression of the small airways, mainly determined by the loss

of alveolar attachments. However, the changes of expiratory ‘‘impedance’’ can be

estimated indirectly by observing the indices of dynamic hyperinflation, such as the

PEEPi level, which is the relevant event for clinical purposes.
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Figure 4 Flow (inspiration up), volume and airway pressure (Pao) in a patient with acute

exacerbation of COPD ventilated passively on volume-controlled with constant inspiratory

flow. The first mechanical inflation is regular and Pao at end expiration is apparently

atmospheric. The second mechanical inflation begins when deflation is not completed as

indicated by the presence of expiratory flow at that point. At the end of the second tidal

expiration, the expiratory circuit is occluded (arrow) using the end-expiratory hold button

of the ventilator and Pao rises to a plateau value, reflecting the end-expiratory elastic recoil

of the respiratory system due to incomplete expiration (PEEPi). The value of PEEPi

(9.1 cmH2O) is provided by the difference between the Pao plateau pressure and Pao at the

end of expiration of the breath without occlusion. (From Ref. 10.)
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The shape of Paw during constant flow inflation (volume control) may also

give important information regarding the severity of dynamic hyperinflation (63).

For example, in the case of severe dynamic hyperinflation, the system during tidal

inflation may approach volumes where compliance is reduced. This reduction will be

manifested in the shape of Paw as a convexity-to-time axis (63). Ventilatory

strategies planned to minimize dynamic hyperinflation may be assessed by observing

the shape of Paw during constant flow inflation. This last technique is potentially

very useful but has not been the object of a quantitative experiment. Finally, the rate

of deflation may also be observed and quantitated using exponential analysis (64–

66). Indeed, studies calculated the time constant of respiratory system during

expiration in an attempt to predict the time needed to reach passive FRC (64–66).

This technique, however, presents several problems and the assumptions made are

not always valid (67).

Assisted Modes

Measurements of respiratory system mechanics and demonstration of dynamic

hyperinflation in mechanically ventilated patients with respiratory efforts are

complicated. Contrary to patients ventilated on controlled modes, there are no

accepted methods of assessing the extent of dynamic hyperinflation in patients with

active respiratory efforts (4). Expiratory muscle activity, common in patients with

COPD, greatly influences PEEPi measurements (50, 68). Lessard et al. (68) have

shown, in patients with COPD ventilated on pressure support, the persistence of

expiratory muscle activity during end-expiratory occlusion despite the fact that the

plateau in Paw was obtained (Fig. 5). In these patients, PEEPi should be corrected

for expiratory muscle activity by concomitant inspection of gastric and esophageal

pressures (10, 68). Furthermore, it has been shown that at high ventilatory demands

an elastic threshold load can be present even at volumes below passive FRC, where

inspiratory muscles start contracting while expiratory muscles are still active (69,

70).

With assisted modes of mechanical ventilation, the expiratory time, the real

level of support, and some characteristics of the patient’s respiratory efforts may vary

from breath to breath. This variation may lead to breath-by-breath variability in the

magnitude and consequences of dynamic hyperinflation. Because of this variability,

patient data, such as hemodynamic measurements, may differ substantially between

breaths, making their interpretation complicated. In addition, patient–ventilator

interactions (see below) are considerably affected by the variability in dynamic

hyperinflation.

Mechanisms of Dynamic Hyperinflation

Dynamic hyperinflation may exist with and without expiratory flow limitation during

passive expiration (16). This difference may be important for therapeutic interven-

tion aimed to reduce the work of breathing, for instance by application of PEEP (see

below) (16, 71–73).
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A sharp decrease in expiratory flow after an initial spike at the beginning of

expiration may be observed in patients with significant rise in expiratory impedance

and usually indicates excessive flow limitation during passive expiration. The spike

has been thought to represent the expulsion of air from open central airways, which

is followed by dynamic compression of smaller airways causing an acute increase in

expiratory impedance and a sharp decrease in expiratory flows (74). The same

phenomenon may be observed during inspiration if the patient is ventilated on

pressure-controlled modes [or on proportional assist ventilation (PAV)]; an early

inspiratory flow spike followed by a sharp decline in inspiratory flow (75). The

existence of flow limitation in patients with acute exacerbation of COPD is common

and may be demonstrated by manipulating the airway opening pressure (mouth

pressure) or alveolar pressure and observing the iso-volume flow. In the presence of

expiratory flow limitation, changes in the difference between alveolar and mouth

pressure, up to a point, have no effect on iso-volume expiratory flows and therefore

do not affect the magnitude of dynamic hyperinflation (Figs. 6, 7). There are several

methods of detecting expiratory flow limitation in mechanically ventilated patients

Figure 5 Gastric pressure (Pga), esophageal pressure (Peso), airway pressure (Paw),

diaphragmatic electromyographic activity (EMG), and flow (V) in a patient with chronic

obstructive pulmonary disease, ventilated on pressure-support mode, before and after end-

expiratory occlusion (arrow). The two vertical lines traced on the inspiratory effort before

occlusion are passed through the onset of inspiratory muscle activity and the point where

Paw crosses baseline, respectively. Note that Pga decreased in the beginning of inspiration

and increased during occlusion, indicating, respectively, relaxation and contraction of

expiratory muscles. Part of the decrease in Peso in the beginning of inspiration and the

increase in Paw during occlusion was due to expiratory muscles. Note, also, the plateau in

Paw despite the presence of expiratory muscle activity. (From Ref. 68.)
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on controlled modes. Methods such as alteration of PEEP, external resistance,

negative airway pressure during expiration and by-passing the ventilator expiratory

tube have been used to manipulate the difference between alveolar and mouth

pressure during expiration (26, 73, 76, 77). The demonstration of flow limitation

helps the physician manage the mechanically ventilated patient more efficiently (see

below).

In patients on assisted modes, demonstration of flow-limitation is complicated

due to active expiratory effort that is difficult to be quantitated (4). Flow limitation

should be suspected based mainly on the clinical response to graded application of

PEEP (4). Increased dynamic hyperinflation due to inappropriate high level of PEEP

or to the fact that the patient simply is not flow limited may be associated with

increased dyspnea and cardiovascular compromise (26, 76, 78). Similar to patients

on controlled modes, an initial spike in expiratory flow [and in inspiratory flow if the

patient is ventilated on pressure support or proportional assist ventilation (75)]

indicates severe obstruction and that flow limitation is likely present. Recently,

Ninane et al. (79) applied manual compression of the abdominal wall during

expiration in stable COPD patients breathing spontaneously and, by recording

flow-volume curves with and without abdominal compression, were able to detect

the presence of expiratory flow limitation (Fig. 8). This simple technique does not

need a special device (such as the negative pressure technique) and can be applied in

mechanically ventilated patients to differentiate who will benefit from PEEP

application. However, similar to other methods, this technique may also be

misleading if, during the procedure, the patient changes instantly the respiratory

muscle activity.

Figure 6 Iso-volume expiratory flow-pressure curves. Curve A: iso-volume flow–

pressure relationship at lung volume without flow limitation. The expiratory flow is

proportional to the driving pressure (alveolar pressure–mouth pressure, Palv-Paw) for

expiratory flow. Curve B: iso-volume flow-pressure relationship at lung volume with flow

limitation. Notice that in curve B changes of the driving pressure up to a point does not

affect flow. Decreasing the driving pressures below a critical point (dashed line) causes a

decrease in expiratory flow.
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B. Patient–Ventilator Interactions

The patient–ventilator interaction is a key point in patient evaluation and further

management. This interaction consists of two equally important aspects.

Response of Ventilator to Patient Effort

Ideally, in patients ventilated on assisted modes, all inspiratory efforts trigger the

ventilator, which, depending on the mode used, supports the patient breath (4). The

level of support may range from zero support, where the patient performs the total

work of breathing, to near-maximum, where inspiratory muscles relax after

ventilator triggering.

In assist modes, the patient must reduce airway pressure below the external

PEEP level before assist begins. In some cases, the ventilator does not provide any

flow until Paw decreases below a predetermined level that represents an infinity

resistance (pressure triggering), while in other cases the ventilator allows air to flow

Figure 7 Expiratory flow–volume curves with and without manipulation of mouth

pressure in a patient without flow limitation (a) and a patient with flow limitation (b).

Mouth pressure was altered by negative expiratory pressure (NEP). At presence of flow

limitation (second half of expiration) NEP does not increase expiratory flow in. (From Ref.

10.)
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in response to the decrease in Paw (4, 80, 81). In the last case, triggering occurs

when flow from machine to patient exceeds a set level that represents a finite and

often low resistance (flow triggering).

There are some important points that should be considered as far as the

response of ventilator-to-patient effort concerns.

Trigger Sensitivity

In patients with COPD, considerable inspiratory effort may be needed to trigger the

ventilator. This may be due to factors related both to patient and ventilator (4). An

Figure 8 Left: records of airflow, volume, esophageal (Ppl), and gastric (Pga) pressure

and of abdominal anterior–posterior (AP) diameter in a representative normal subject (A)

and in a patient with COPD (B) breathing at rest in the seated position and then, during

manual compression of the abdominal wall (MCA) during expiration. Right: correspond-

ing records of the flow–volume curves during the MCA test (horizontal arrow) and during

the preceding control breath. In the normal subject, MCA increases expiratory flow

suggesting no flow limitation. On the other hand, in the patient, MCA does not increase

expiratory flow despite a decrease in abdominal AP dimension, an increase in Pga and Ppl,

indicating flow limitation. Exp¼ expiration. (From Ref. 50.)
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insensitive or unresponsive triggering system may impose a significant load to

inspiratory muscles (80, 81). Because it is an open system, narrow endotracheal

tubes, increased resistance (internal and external) to inspiratory flow, and low

respiratory system compliance may significantly increase the inspiratory effort

required to trigger a flow-triggering device (4). The presence of PEEPi (i.e., dynamic

hyperinflation) decreases the triggering sensitivity in both pressure and flow-

triggering modes of assist (4, 80). However, compared to pressure triggering, it

has been shown that with flow-triggering systems the work of breathing necessary to

trigger the ventilator is considerably reduced (82).

Ineffective Effort and Patient–Ventilator Dyssynchrony

In the presence of dynamic hyperinflation, there could be a situation where pressure

generated by inspiratory muscles to initiate a breath is less than the positive alveolar

pressure (PEEPi), due to the end-expiratory elastic recoil of the respiratory system,

plus the airway pressure decrease required to trigger the ventilator, in which case

inspiratory effort fails to trigger the ventilator (ineffective effort) (Fig. 9). Because

lung volume continues to decline, the elastic recoil is less at the beginning of the

next patient effort and the patient is in a better position to trigger the ventilator on the

next spontaneous cycle. At times, more than one ineffective effort takes place before

triggering occurs. In addition, in some cases ineffective efforts occur during

inspiration (Fig. 10). In the presence of ineffective efforts the magnitude of dynamic

hyperinflation may vary substantially from breath to breath.

Ineffective efforts may occur both with pressure- or volume-assist modes of

mechanical ventilation (83–87). Causes leading to the occurrence of ineffective

efforts are similar to determinants of dynamic hyperinflation (Fig. 2). Therefore,

ineffective efforts occur invariably in mechanically ventilated patients with COPD

(88). They have been observed even in spontaneously breathing tracheostomized

COPD patients (89). The occurrence of this phenomenon is influenced by the

mechanical properties of the respiratory system, the spontaneous breathing fre-

quency, and the characteristics of the previous effective breath (11). The level of

assistance, which in part drives the intensity of patient effort and determines end-

inspiratory lung volume, may also be important (85–87). It is obvious that the higher

the level of support (i.e., higher VT), the more frequent the occurrence of this

phenomenon may be. A machine’s rate may be also influenced by muscle pressure

(i.e., drive) or by changing machine inspiratory time (Fig. 11). With ineffective

efforts, the rate of a machine’s cycle does not reflect the patient’s spontaneous

breathing frequency. Monitoring ventilator breathing frequency in patients with

obstructive lung disease ventilated on assisted modes may thus be misleading.

With assisted ventilation, dyssynchrony between ventilator and neural timing

invariably occurs in patients with COPD (83–89). With the volume-assist ventilator,

inspiratory and expiratory time may bear no relationship with patient neural

inspiratory and expiratory time. Ventilator inspiratory time is fixed and cannot be

manipulated by the patient. With pressure support, the patient may have the ability to

control inspiratory flow and, hence, inspiratory time. However, it has been shown in
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Figure 9 Flow, volume, and airway (Pao) and esophageal (Poes) pressures in a

ventilator-dependent patient during pressure support. The third inspiratory effort

(arrow), as indicated by the negative swings in Poes, was not able to trigger the ventilator.

(From Ref. 10.)
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patients with COPD that end-inspiratory synchrony between patient and ventilator

rarely occurs (85–87, 90) (Fig. 12).

Proportional assist ventilation (PAV), which is a new mode of mechanical

ventilatory support, may partly solve the problem of patient–ventilator dyssyn-

chrony. With PAV, pressure provided by the ventilator is proportional to instanta-

neous patient effort (91) and, therefore, the end of inspiratory effort should cause

termination of ventilator assistance. This mode, however, is highly susceptible to

PEEPi. With volume assist or pressure support, the ventilator, once triggered,

delivers the set volume or pressure regardless of patient effort beyond the trigger;

the patient may relax his=her respiratory muscles after triggering, leaving the

ventilator to deliver the volume, which, depending on the settings, may be

substantial. Contrary to other modes, with PAV the assist is linked to patient effort.

If a considerable part of neural inspiration is needed to trigger the ventilator, the

Figure 10 Flow (inspiration up), airway pressure (Paw), and esophageal pressure (Pes)

in a patient with acute exacerbation of COPD ventilated on pressure support (flow

triggering). Dashed vertical lines indicate the beginning of inspiratory effort. Closed

arrows indicate ineffective efforts. Observe that ineffective efforts occur both during

inflation and during deflation. Notice also that, at the beginning of expiration, flows after

an initial increase (open arrow) decrease abruptly, a sign of severe obstruction and possibly

of flow limitation. The same phenomenon, although to a lesser degree, is present at the

beginning of inspiration (open arrow). Finally, notice that inspection of flow tracing is

much more sensitive to detect ineffective efforts than airway pressure tracing.
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patient may terminate his or her effort soon after triggering. Thus, because the

pressure provided by the ventilator is proportional to the patient effort after

triggering, the delivered volume may be inadequate although the assist level is set

to maximum (91). It follows that the effectiveness of PAV is highly dependent on

measures aiming to decrease the dynamic hyperinflation and PEEPi. Indeed, it has

been shown in difficult-to-wean COPD patients that counterbalancing PEEPi with

PEEP greatly increased the efficiency of PAV to unload the respiratory muscles

(Fig. 13) (92).

Figure 12 Recordings of flow, airway pressure (Paw), and transversus abdominis EMG

in a critically ill patient with COPD receiving PS of 20 cmH2O. The onset of expiratory

muscle activity (vertical dotted line) occurred when mechanical inflation was only partly

completed. (From Ref. 90.)
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Inspired Gas Flow

On most commercial ventilators, gas flow from the ventilator is governed by set flow

or set pressure (4, 81). With set-flow modes of assist (i.e., assist-volume) any patient

effort during machine-delivered breath will result in lower airway pressure provided

by the ventilator in order to maintain the predetermined inspiratory flow. If gas flow

from the ventilator is not sufficiently high to meet patient’s flow demand, the patient

Figure 13 Changes in the pressure-time product for the inspiratory muscles (PTPpl, A)

and for the diaphragm (PTPdi, B) throughout the procedure. Bars represent means� 1 SE.

*p < 0:05, treatment vs. SB; �p< 0.05, treatment vs. CPAP; þp< 0.05, CPAPþ PAV vs.

PAV. SB: spontaneous breathing, CPAP: continuous positive airway pressure. PAV:

proportional assist ventilation. Notice that the effectiveness of PAV is significantly

increased by CPAP application. (From Ref. 92.)
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will work harder than necessary to inflate the chest wall (Fig. 14). This can increase

the sense of dyspnea and alter breathing pattern. It may also interfere with the

weaning process. With set-pressure modes of assist (i.e., pressure support), airway

pressure is fixed and the patient can increase inspiratory flow rate simply by

increasing inspiratory effort (4). Nevertheless, in the face of high inspiratory drive

(high inspiratory flow) many ventilators are not able to maintain Paw constant and

Paw deviates from the target level (93). Therefore, the ventilatory consequences of a

given increase in patient effort will be inappropriate. Furthermore, the velocity of

pressurization of pressure support differs between various ventilators and this may

affect the support level (94). Although a pressure-supported mode may appear more

reliable to unload the respiratory muscles, for the above-mentioned reasons and

because of its high initial peak flow, similar unloading can be achieved with a

volume-controlled mode, provided that the peak flow rate is set properly (95). On the

other hand, PAV has some theoretical advantages (91, 93) but currently this mode is

under investigation and thus it is difficult to make any recommendation.

Figure 14 Flow (inspiration up), volume (volume was reset to zero at zero flow,

inspiration up), esophageal and airway pressure in a patient with COPD ventilated on assist

volume (inspiratory rate is predetermined). Observe that due to inadequate inspiratory flow

the relatively strong inspiratory effort causes pressure provided by the ventilator (Paw) to

be close to or even lower from PEEP level (dashed horizontal line) throughout inspiration,

in which case the patient performs the total work of breathing while, on the other hand, the

ventilator may impose a significant load by decreasing Pao below PEEP.
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Response of Patient’s Respiratory Effort to Ventilator-Delivered
Breath

The act of breathing is not a simple mechanical event. Mechanical, chemical, reflex,

and behavioral factors can affect the rate, intensity, and shape of respiratory effort

(96). With assisted modalities of ventilatory support, the ventilator-delivered breath

has two components, one related to machine settings and the other to patient effort

(97, 98). Changes in ventilatory settings are associated with changes in flow, volume,

or airway pressure delivered by the ventilator. These changes may modify the

patient’s respiratory effort through alterations in (1) intrinsic properties of respiratory

muscles (force-length and force-velocity relationships); (2) chemical stimuli (PCO2,

PO2); and (3) the activity of various receptors located in respiratory track, lung, and

chest wall. Furthermore, changes in volume, flow, and pressure are readily perceived

in awake patients and may, therefore, evoke behavioral ventilatory responses

intended to enhance comfort (see Refs. 97 and 98 for review).

Some examples may be worthwhile to understand the role of ventilator-

delivered breath to modify the patient’s respiratory effort. It is well known that, for a

given level of inspiratory muscle activation, pressure generated by the inspiratory

muscles (Pmusi) decreases with increasing lung volume (force-length relationship)

and flow (force-velocity relationship) (99). If changes in ventilator settings result in

higher inspiratory flow and inspired volume, then, for a given neural output to

inspiratory muscles, Pmusi should be lower (mechanical feedback). The clinical

significance of this effect is not known, but it might be of concern in patients with

dynamic hyperinflation. It has been suggested that mechanical feedback, by reducing

Pmusi, might increase the number of ineffective efforts, particularly if impaired

neuromuscular competence coexists (97). Of more importance is the role of

chemical feedback. For example, changes in ventilator settings, aiming to reduce

dynamic hyperinflation, may alter alveolar ventilation and, thus, PaO2, PaCO2, and

pH, which, in turn, through peripheral and central chemoreceptors, affect respiratory

effort, depending on chemical sensitivity and sleep=awake stage (97, 98, 100, 101).
Similarly, the reflex feedback under certain circumstances may also alter, sometimes

considerably, the respiratory motor output (101, 102). Thus the effect of changes in

ventilator settings on dynamic hyperinflation is largely unpredictable. It follows that

expected responses to change in ventilatory settings may be modified by these

feedback systems, thus affecting the magnitude of pathophysiological abnormalities

(97, 98). Planned ventilatory strategies should take into account the modification of

patient’s respiratory effort to ventilator-delivered breath (see below).

V. Ventilatory Strategies

A. Controlled Modes

With these ventilatory modes (pressure or volume controlled), the ventilator assumes

the total work of breathing. Usually, controlled modes are used immediately after

intubation. The duration of controlled mechanical ventilation varies between

patients, depending mainly on the severity of disease. As a general rule, controlled
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modes should be used for a short time to avoid respiratory muscle atrophy and

unnecessary prolongation of the time of mechanical ventilation (103). With these

modes, patients are usually sedated and, in some cases, paralyzed, although the latter

should be avoided. However, if PaCO2 is well below the set point of the patient and

machine rate is above the intrinsic spontaneous breathing frequency, patients may be

ventilated on controlled modes being fully alert (104). This implies alveolar

hyperventilation and may increase the magnitude of dynamic hyperinflation and

induce alkalemia, risk factors for serious complications (5, 105). Nevertheless, this

method is useful to compute respiratory system mechanics in patients ventilated on

assisted modes when this is done for a brief period of time.

Oxygenation

Achievement and maintenance of an acceptable level of arterial oxygenation is the

first priority (Table 3). PaO2> 60mmHg (or SaO2> 90%) is considered a reason-

able target (106). Correction of hypoxemia in patients with obstructive lung disease

usually requires small increases in the fraction of inspired O2 (FIO2) and FIO2 in the

range of 25 to 40% is sufficient to raise PaO2> 60mmHg in the majority of patients

(1, 2). Failure of this level of FIO2 to increase PaO2 above 60mmHg indicates

another process, such as atelectasis, pneumonia, pulmonary embolism, pneumo-

thorax, or intracardiac shunting (54). The other important factors of oxygen delivery

to tissues, such as Hb and cardiac output, should also be taken into account

(106).

Correction of Respiratory Acidosis

Correction of respiratory acidosis should be performed carefully. Patients with acute

exacerbation of COPD usually have preexisting compensatory metabolic alkalosis

due to chronic hypercapnia, and, thus, rapid correction of hypercapnia may cause,

Table 3 Targets in Controlled Modes

1. Acceptable PaO2 (>60mmHg) and adequate O2 delivery to tissues (consider Hb, cardiac

output).

2. Correction of life-threatening respiratory acidemia (pH< 7.2).

3. Relaxation of the respiratory muscles (use sedation, avoid paralysis).

4. Reduction of dynamic hyperinflation.

a. # minute ventilation (# VT, # ventilatory demands, accept hypercapnia and mild

acidemia)

b. " expiratory time (high inspiratory flow, low TI=TTOT, no end-inspiratory pause)

c. # resistance to expiratory airflow (use bronchodilators, corticosteroids, heliox, low

resistance ventilator tubings and valves)

5. Switching to assisted modes whenever possible.
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among other complications related mainly to dynamic hyperinflation, life-threaten-

ing alkalemia. The goal is to return pH toward normal, not to return the PCO2 to

normal (4, 107, 108). Nevertheless, vigorous attempts to return pH to normal by

increasing minute ventilation should be avoided, because it may increase the

dynamic hyperinflation. When reduction of dynamic hyperinflation is an issue

(see below), and provided that intracranial hypertension and overt hemodynamic

instability do not exist, acceptance of acidemia (pH> 7.2) is reasonable (109).

Relaxation of Respiratory Muscles

All patients with acute exacerbation of COPD sustain an excessive work of breathing

due to multiple factors (1, 2). Furthermore, most of them are intubated and

mechanically ventilated when inspiratory muscles are unable to generate sufficient

alveolar ventilation, whatever the presence of peripheral or central fatigue (9).

Therefore, it is usually assumed that the muscles should be put at rest for some time

before switching the ventilator to assist modes. Studies have shown that more than

24 h may be needed for complete recovery of the muscles from low-frequency

fatigue (28, 110). The patients, at least initially, may need sedation in order to

suppress respiratory efforts. Paralysis should be avoided, because it is associated

with significant side effects, such as widespread pooling of airway secretions and

prolonged muscle weakness (111–115).

Minimizing the Dynamic Hyperinflation

Minimizing the magnitude of dynamic hyperinflation is a key point for the

management of patients with COPD during mechanical ventilation. Dynamic

hyperinflation, as discussed above, influences many aspects of the disease, as well

as patient management. In patients on controlled modes, there are three strategies

that can decrease dynamic hyperinflation: (1) decreased minute ventilation; (2)

increased expiratory time; and (3) decreased resistance to expiratory flows (Table 1)

(107, 108). If possible, all these strategies should be applied simultaneously.

Decreased Minute Ventilation

The magnitude of dynamic hyperinflation can be reduced considerably by decreasing

tidal volume and breathing frequency (56). This controlled hypoventilation may

cause acidemia due to respiratory acidosis. In patients with COPD, however, and

contrary to asthmatics, it is often of less concern since preexisting metabolic

alkalosis prevents pH from dropping to dangerous levels. Decrease of minute

ventilation requirements by measures that decrease VCO2 is also important. Fever

reduction, treatment of infection, and adequate nutritional support (116, 117) may

permit, by decreasing VCO2, significant reduction of ventilation with modest

increase in PaCO2.

Increased Expiratory Time

At constant tidal volume and breathing frequency dynamic hyperinflation can be

decreased by increasing expiratory time. This increase can be achieved by increasing
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inspiratory flows at the expense of increasing peak dynamic pressures (Ppk) and by

elimination of end-inspiratory pause time. This strategy, although less powerful than

controlled hypoventilation, may decrease dynamic hyperinflation considerably,

improving cardiovascular function and gas exchange (60). It follows that in patients

with COPD, the use of Ppk to monitor complications during mechanical ventilation,

such as barotrauma and hemodynamic instability, may be misleading. It is of interest

to note that the use of end-inspiratory pause time increases dynamic hyperinflation

not only by decreasing the time available for expiration but also by decreasing iso-

volume expiratory flow because of reduction in elastic energy stored at the

viscoelastic elements of the respiratory system during inspiration (60) (Fig. 15).

In patients with COPD, addition of end-inspiratory pause time is not associated with

improvement in gas exchange while, on the other hand, it may be detrimental

causing further hyperinflation, effects that contrast with these observed in patients

with severe restriction and impairment of gas exchange (ARDS) (23).

Decreased Resistance to Expiratory Flows

Obviously, in patients with COPD, the decrease of expiratory airway resistance and

total impedance is of great importance (118). Bronchodilators, corticosteroids, and

helium may be used for this purpose (119). In addition to bronchodilators, the

decrease in the external resistance related to ventilator tubing and various devices

(i.e., PEEP valves) is also a priority, although the effectiveness of these procedures

may be limited by the presence of expiratory flow limitation (107, 108).

Figure 15 Iso-volume expiratory flows, measured at three lung volumes above passive

FRC, with and without end-inspiratory pause. Closed circles: without end-inspiratory

pause (EIP, 10% of TTOT). Open circles: with end-inspiratory pause. For a given lung

volume, EIP caused a significant decrease in iso-volume expiratory flows. (Data redrawn

from Ref. 60.)
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Bronchodilators. Adrenergic and anticholinergic agents and methyl-

xanthines are the drugs used as bronchodilators in these patients. These agents are

reviewed in detail elsewhere and only issues relevant to mechanical ventilation will

be highlighted.

The anticholinergic bronchodilators are given only by inhalation because the

systemic route results in nonacceptable side effects. On the other hand, adrenergic

drugs might be given either systemically or by inhalation. However, contrary to

general belief, intravenously or subcutaneously given adrenergic agonists, including

adrenaline, do not result in greater bronchodilation than that observed with inhaled

b2-agonists, provided that the inhalation technique is proper. Indeed, studies have

demonstrated that inhaled b2-agonists are equally effective or even better than

parenteral therapy (120, 121). Because parenteral therapy carries significant risks,

such as hypokalemia, cardiac arrhythmias, myocardial necrosis, and lactic acidosis

(122, 123), the inhaled route is preferable. Finally, methylxanthines are given only

by systemic route, and a physiological study showed that IV doxophylline sig-

nificantly reduces respiratory resistance in ventilator-dependent COPD patients

(124). However, the narrow therapeutic range of these drugs and their significant

side effects have considerably reduced their use in patients with COPD (2).

Inhaled bronchodilators in mechanically ventilated patients may be delivered

either by nebulizer or by metered-dose inhaler (MDI) (119). It is generally believed

that during mechanical ventilation nebulizers are superior to MDIs. However,

the delivery of bronchodilators with MDI in mechanically ventilated patients has

received considerable interest in recent years (125, 126). This is because the use of

MDI has several advantages over the nebulizer, such as reduced cost, ease of

administration, less personnel time, reliability of dosing, and a lower risk of con-

tamination (126). Nowadays, particularly, in the era of limited financial resources,

the cost of therapy is an important issue. Indeed, it has been estimated that

substitution of nebulizers by MDIs in a 700-bed hospital could decrease potential

patient costs of aerosol therapy by $300,000 a year (127). Moreover, the use of

nebulizers under certain circumstances may lead to patient–ventilator dyssynchrony

(128). Ineffective efforts have been demonstrated in patients ventilated on assisted

modes of support whenever the flow rate of continuous in-line jet nebulizers

exceeded the patient’s inspiratory flow rate (128). This may lead to serious episodes

of hypoventilation, which may not be detected by the alarm function because the bias

flow introduced into the system by the continuous flow is falsely interpreted by the

ventilator as representing minute ventilation. Finally, nebulizers may damage the

expiratory transducer of some ventilators, making unreliable the expiratory volume

measurement (129).

Although bronchodilator delivery with MDI in mechanically ventilated

patients carries several advantages over the nebulizers, the use of MDIs has not

gained widespread acceptance among ICU physicians. Indeed, bronchodilator

delivery with MDI is considered to be relatively ineffective due to drug deposition

in the ventilator circuit and endotracheal tube (130). Manthous et al. (130) reported

no benefit from administration of up to 100 puffs of albuterol (9mg) with an MDI

and elbow adapter in ventilator-supported patients. This consideration, however, is
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not supported by recent scientific data. Studies using a spacer device instead of

elbow adapter did not reconfirm these findings. Bronchodilator delivery using an

MDI and a spacer device results in a significant decrease in airflow resistance (see

Ref. 126 for review). Thus, a spacer device is thought to be important in order to

demonstrate the efficacy of bronchodilator therapy given by MDI (Fig. 16). Provided

that a proper technique of administration is used, bronchodilator therapy with MDI is

clearly effective.

In patients with acute exacerbation of COPD needing ventilatory support,

delivery of bronchodilators with an MDI and a spacer results in approximately 18 to

25% and 8 to 15% decrease in inspiratory airway resistance (Rmin) and total

resistance of the respiratory system, respectively (125, 126). These decreases are

comparable with those observed when bronchodilators were delivered with nebuli-

zers despite the severalfold lower drug dose (131). Although expiratory resistance, a

main determinant of dynamic hyperinflation, is not usually measured, indirect

measurements, such as iso-volume expiratory flows or intrinsic positive-end-expira-

tory pressure (PEEPi), suggest an appreciable decrease in expiratory resistance

(impedance) as well. Indeed, an approximately 20% reduction of PEEPi has been

observed after bronchodilation therapy indicating a decrease in dynamic hyperin-

flation as a result of a decline in expiratory (impedance) (131–135). It is of interest

to note that delivery of bronchodilators with an MDI and a spacer results in

bronchodilation, which was not affected by the ventilator settings such as end-

inspiratory pause, tidal volume, inspiratory flow, and ventilator mode (132–135).

Thus, although aerosol deposition to target sites is influenced by several factors

related to ventilator settings (136), data concerning the clinical response suggest that

in everyday clinical practice, inhaled bronchodilator therapy using an MDI and a

spacer is a rather simple procedure (137), and significant bronchodilation may be

achieved without modification of ventilator settings.

The decrease in total resistance of the respiratory system after bronchodilator

delivery with an MDI and a spacer is mainly due to Rmin decrease (i.e., airway

Figure 16 Schematic representation of a spacer device used to administer inhaled

bronchodilator drugs with metered-dose inhalers in mechanically ventilated patients.

(From Ref. 133.)
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resistance), whereas the additional resistance (DR) due to time-constant inequalities

and=or viscoelastic behavior remains unchanged (131–135). This indicates that the

delivery of bronchodilators with MDI affects the smooth muscle tone of large

airways. On the other hand, bronchodilators administered using nebulizers seem

to elicit a parenchymal response (131). Guerin et al. (136) in a recent study

administered, in mechanically ventilated COPD patients, a combination of feno-

terol-ipratropium bromide either with nebulizer or MDI and found that total

resistance of respiratory system, trapped end-expiratory lung volume, and PEEPi

decreased similarly between the two modes of drug administration, although through

different mechanisms. With a nebulizer, the reduction of total inspiratory resistance

was due to a decrease in DR, while with MDI the decrease was due to Rmin. The

authors attributed these results to the higher alveolar deposition of the total drug

mass achieved with a nebulizer, although as a percent of the nominal dose the

deposition was greater with MDI (136).

The optimal dose of bronchodilators delivered in mechanically ventilated

patients is not clearly established. Some 10 years ago, Bernasconi and colleagues

(138) showed that 1.2mg of nebulized fenoterol did not produce any advantage over

0.4mg in the significant improvement of respiratory mechanics. They also showed

that approximately 180min after administration respiratory resistance were essen-

tially back to the abnormal preadministration values. Manthaus et al. (139), in

patients who had Ppeak to Pp gradient of more than 15 cmH2O, found that five puffs

of albuterol (90 mg=puff) significantly decreased the resistive pressure. The addition

of 10 more puffs further reduced, albeit slightly, the resistive pressure. Fifteen more

puffs did not result in further improvement. In mechanically ventilated patients with

COPD, Dhand et al. (140) have shown that the decrease in airway resistance with

four puffs of albuterol was comparable to that observed with cumulative doses of 28

puffs. In a recent study, we demonstrated in patients with acute exacerbation of

COPD that two puffs of salbutamol resulted in significant bronchodilation that was

comparable to that observed with six puffs (134). It seems that in stable mechani-

cally ventilated patients, 2 to 6 puffs of a short-acting b2-agonist may achieve

maximum or near-maximum bronchodilation with no side effects. However, some

patients may require higher doses. Individual titration of the dose, such as to achieve

the best bronchodilation with acceptable side effects, may be an alternative strategy

as opposed to use of a standard dose (141). The optimal dose of other bronchodi-

lators such as anticholinergic or long-acting b2-agonists is not known. The optimal

dose of bronchodilators administered with nebulizer is also unknown. The doses

indicated in Table 4 might be used initially and then should be titrated up depending

on the response and side effects (141).

The duration of the bronchodilator response in mechanically ventilated COPD

patients is an important issue, which surprisingly has not been adequately studied. In

a recent study, we observed that in patients with COPD six puffs of salbutamol

resulted in significant bronchodilation lasting approximately 3 h (142). Duarte et al.

(143) administered also in patients with COPD four and ten puffs of albuterol with

MDI and a spacer and compared the duration of bronchodilation with that achieved

with 2.5mg of albuterol given with nebulizer. The authors reported that independent
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of the dose and mode of drug delivery the duration of bronchodilation ranged

between 90 and 120min. Bernasconi and colleagues (138) showed that 180min after

administration of nebulized fenoterol, respiratory resistance was essentially back to

the abnormal preadministration values. The findings of the above studies indicate

that the duration of bronchodilation in mechanically ventilated patients is decreased

compared to that in ambulatory patients, in accordance with the results of Duarte

et al. (144), who showed that the relative systemic bioavailability of inhaled

albuterol as measured by serum level was reduced in mechanically ventilated

patients. It follows that the dose interval when bronchodilator drugs are given either

with MDI or with nebulizer in mechanically ventilated patients might be shorter than

that in ambulatory patients.

Corticosteroids. It has been shown that, in mechanically ventilated patients

with acute exacerbation of COPD, intravenous methylprednisolone acutely

decreased the respiratory resistance and dynamic hyperinflation as indicated by

the significant reduction of PEEPi (145). Thus, a short course of high-dose steroids

may be used in these patients, but the risks of side effects should be taken into

account (see Chap. 22). Among other side effects, myopathy in patients receiving

neuro-blocking agents is of particular concern. Inhaled steroids might be an

alternative. Nava et al. (146) have recently shown in stable COPD patients on

long-term ventilatory support that inhaled fluticasone propionate for 5 days

significantly decreased airway resistance and PEEPi. However, at the present stage

of our knowledge, inhaled steroids do not have any role in the treatment of acute

exacerbation of COPD. Extrapolation of the results by Nava and colleagues to the

acute condition is not warranted.

Helium. Helium is an inert gas with unique physical properties that might be

useful for various respiratory emergencies. Compared to air, helium’s density is

considerably lower, whereas the density of a helium–oxygen mixture (He–O2,

heliox) is directly proportional to the inspired oxygen concentration (FIO2) (147).

At 20� C and FIO2 of 0.3, the density He–O2 is approximately 40% of that of air–O2

mixture. In mechanically ventilated patients, by substituting the air–O2 mixture with

Table 4 Inhaled Bronchodilator Drugs

Drug Recommended initial dose

Adrenergic agents (b2-agonists) MDI (g) Nebulizer (mg)

Fenoterol 200–400 0.5–2.0

Salbutamol 200–400 2.5–5.0

Terbutaline 500–100

Formoterol 24–48

Salmeterol 100–200

Anticholinergic agents

Ipratropium bromide 80–160 0.25–0.5

Oxitropium bromide 400

MDI: Metered-dose inhaler.
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heliox, two consequences arise. First, the lower gas density decreases the Reynold’s

number and thus more laminar flow conditions prevail, where the resistive pressure

drop is relatively low. Second, in turbulent flow conditions, flow is inversely related

to gas density, meaning that for a given driving pressure flow will be higher if gas

density is lower. It follows that breathing low-density gas such as heliox is equivalent

to decreasing airflow resistance (147, 148). Indeed, in mechanically ventilated

patients with obstructive lung disease, heliox reduces dynamic hyperinflation and

lowers peak, mean, and intrinsic positive-end-expiratory airway pressures (149). No

side effects have been observed with heliox breathing. It appears that heliox is an

attractive and safe treatment for dynamic hyperinflation due to high airflow

resistance. Finally, the use of heliox in the ventilator circuit may improve aerosol

delivery. Goode et al. (150), in an in vitro lung model of mechanical ventilation,

demonstrated that heliox (80 : 20) increased significantly the albuterol delivery from

both MDI and nebulizer by as much as 50%. Whether this increase is associated with

better clinical outcome remains to be determined.

The use of heliox presents some problems. These are mainly related to the

interference of helium with the ventilator function. Discrepancies have been found

between the actual volume and O2 delivered by the ventilator and those set by the

operator (151, 152). The relationship between the actual and dialed ventilator

settings depends on the type of ventilator used. This should be taken into account

and, when heliox is used, correction factors should be applied in order to avoid false

readings from the ventilator.

The adequacy of the above strategies to reduce the magnitude of dynamic

hyperinflation might be evaluated using measurements of gas volume trapped at the

end of expiration, PEEPi, and static end-inspiratory plateau pressure (Pp) (4).

Parameters of hemodynamic improvement (arterial pressure, heart rate, urine output)

usually follow the reduction of dynamic hyperinflation and may also be used as an

index (107, 108). It is difficult, however, to establish cut-off points for dynamic

hyperinflation, PEEPi, and Pp, and further studies are needed. Titration of tidal

volume and breathing pattern using the static pressure–volume curve might be

another approach. Keeping end-inspiratory lung volume below lung volumes at

which respiratory system compliance start to diminish (upper inflection point in P–V

curve), rather than aiming at specific values of dynamic hyperinflation, PEEPi and

Pp may be an alternative strategy. However, at present, this technique has been

applied only in patients with acute respiratory distress syndrome (153). Furthermore,

the interpretation of upper inflection points is rather complicated because its

occurrence may be due to diminished recruitment and not overdistention (154).

B. Assisted Modes

Compared to controlled modes, the management priorities in patients ventilated on

assisted modes are somewhat different, mainly due to interaction between patient

respiratory effort and ventilator function (Table 5).

As in patients on controlled modes, the achievement and maintenance of an

acceptable level of arterial oxygenation and adequate oxygen delivery to tissues is,
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apparently, the first priority and its principles will not be repeated. However, in

patients ventilated on assisted modes, high levels of PaO2 (>70mmHg) should be

avoided so as not to lead to CO2 retention (106).

During assisted modes of ventilatory support, promotion of patient–ventilator

synchrony is always a consideration. By improving patient–ventilator synchrony the

main goals of ventilatory support during acute exacerbation, such as adequate

oxygenation and work of breathing reduction, can be achieved. Ventilatory strategies

are planned to improve both the response of ventilator-to-patient effort and the

response of respiratory effort to ventilator-delivered breath.

Response of Ventilator-to-Patient Effort

Maximize Trigger Sensitivity

Manipulation of trigger sensitivity has two components, one related to the ventilator

and the other to the patient. Trigger sensitivity may be altered by changing the

threshold for triggering, ventilator settings, patient status, and PEEP.

The threshold for triggering (pressure or flow) should be set to possible

maximum level so that auto-cycling does not occur. Decreasing the resistance of the

inspiratory ventilator line and using a large-bore endotracheal tube are of particular

concern in flow-triggering devices (4, 80). However, flow-triggering devices are

preferable to pressure-triggering devices because with these systems the work of

breathing to counterbalance PEEPi is less.

Dynamic hyperinflation significantly affects the trigger sensitivity (26). The

dynamically hyperinflated patient, in order to decrease Paw and trigger the ventilator,

must first generate enough pressure to counterbalance the positive-end expiratory

elastic recoil. Therefore, measures that decrease the magnitude of dynamic hyperin-

flation increase trigger sensitivity, decrease the likelihood for ineffective efforts, and

promote patient–ventilator synchrony.

Table 5 Targets in Assisted Modes

1. Acceptable PaO2 (>60mmHg) and adequate O2 delivery to tissues (consider Hb, cardiac

output).

2. Promotion of patient-ventilator synchrony.

a. Consider the response of ventilator to patient.

i. Maximize trigger sensitivity: (a) adjust triggering threshold; (b) reduce dynamic

hyperinflation (see Table 3); (c) apply PEEP (low levels).

ii. Consider machine inspiratory and expiratory time.

iii. Consider inspiratory flow

b. Consider the response of patient to ventilator.

i. Avoid insufficient as well as excessive levels of volume and flow.

ii. Consider the relationship between neural and ventilator breath timing.

iii. Consider the subjective feelings of comfort and breathlessness.
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In patients on assisted modes, the magnitude of dynamic hyperinflation,

following a change in ventilator settings or patient status, is largely unpredictable;

these changes may alter patient effort through various feedback systems (97, 98)

and, therefore, modify expected responses. Keeping this consideration in mind,

reduction of resistance to airflow and patient requirements for ventilation are the first

measures. The use of bronchodilators and corticosteroids is well established and of

great importance for dynamic hyperinflation (see above). A mixture of helium–

oxygen may also be used (152). Increased metabolic rate, such as occurs during

excessive nutritional support and various disease states (i.e., infection, hyperthy-

roidism) is likely to be detrimental for patient–ventilator synchrony (155). Panic

reactions are invariably associated with increased respiratory drive. Inappropriate

ventilator settings (i.e., inadequate flow rates, tidal volume, inspired oxygen

percentage), machine malfunction, and patient-related acute problems (i.e., pneu-

mothorax, deterioration of blood gases) are important causes of panic reaction (155)

and should be corrected in order to abort the panic cycle. When no apparent cause is

found, judicious use of sedation might be tried.

Low levels of PEEP in mechanically ventilated patients with obstructive

disease and dynamic hyperinflation may increase trigger sensitivity substantially

by narrowing the difference between alveolar pressure and mouth pressure at end

expiration (26). Indeed, a substantial reduction of the elastic work of breathing due

to PEEPi has been repeatedly demonstrated (30, 71–73) (Fig. 17). This beneficial

effect of PEEP is most evident in patients exhibiting flow limitation during tidal

expiration (16, 71–73). In these patients, expiratory flows are maximum and,

according to the wave-speed theory of flow-limitation, wave speed has been reached

and therefore pressure disturbances downstream are not able to be propagated

Figure 17 Average� SE value of total static work of breathing per breath (entire bars)

and work due to PEEPi (filled portion of the bars) in 10 COPD patients at four levels of

external PEEP. *p< 0.01 relative to zero PEEP. (From Ref. 30.)
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upstream (26). Thus, at presence of flow limitation, PEEP, up to a point, does not

affect expiratory flow and does not cause further hyperinflation (16) (Fig. 6), in

which case, after PEEP application, the difference between alveolar pressure and

mouth pressure at end expiration is decreased and trigger sensitivity is increased by

an amount equal to PEEP. However, expiratory flow limitation is a dynamic process

and the increase in trigger sensitivity may become less than PEEP (26). On the other

hand, if flow limitation does not exist, PEEP will present a back-pressure to

expiratory flow and will cause further hyperinflation, thus counterbalancing the

beneficial effect on trigger sensitivity. As a rule, careful reevaluation of patient status

(i.e., systemic arterial pressure, comfort of the patient) should be performed after any

level of applied PEEP. Airway occlusion pressure might also be used to titrate PEEP

in mechanically ventilated patients with dynamic hyperinflation. Mancebo et al.

(156) showed that increasing PEEP was associated with a decrease in P0.1 if

dynamic hyperinflation was not affected by PEEP. On the other hand, if PEEP was

excessive and thus caused further hyperinflation, P0.1 was not reduced.

Machine Inspiratory and Expiratory Time Should Correspond as Close

as Possible to Patient Neural Breathing Pattern

With volume-assisted modalities of ventilatory support, machine inspiratory time is

fixed and may be shorter or longer than neural inspiratory time. Changes in the latter

will not result in changes in machine inspiratory time. At best, by trial and error,

machine inspiratory and expiratory times may be set to correspond to neural

breathing pattern in a given steady state. With pressure support, the patient has

the ability to influence machine breathing pattern (4). This ability, however, may be

seriously compromised by several factors related to mechanical properties of the

respiratory system, characteristics of a single breath, and function of the ventilator

(93). The relationship between patient and machine breathing pattern could be

improved by increasing trigger sensitivity (see above), reducing the level of pressure

support as much as possible, minimizing the inspiratory pressure rise time, and

decreasing resistance to airflow (93).

Gas Flow from the Ventilator Should Meet Patient Flow Demands

With volume-assisted modes, inspection of airway pressure waveform may be used

as a guide for setting inspiratory flow (VI) rate. Airway pressure which is in

concordance to time axis indicates insufficient inspiratory flow rates and increased

patient work of breathing (Fig. 14). As a rough rule, in patients with obstructive lung

disease, VI might be set approximately to 60 to 70 L=min. Then airway pressure

waveform and indices of dyspnea (Borg scale) may be used to see the appropriate-

ness of VI setting. It has been shown that both lower and higher than spontaneous

inspiratory flow rates may increase the sense of dyspnea (157). However, because a

considerable variability of VI exists between breaths, the set VI is likely to approach

the highest flow demand and therefore exceed the average flow demand.

Theoretically, with pressure-support mode, the patient may increase VT (tidal

volume) by increasing inspiratory effort and, thus, retain considerable control over

inspiratory flow pattern as well as over ventilation, key points for patient–ventilator
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synchrony. In addition, inspiratory flow is more likely to be adequate with the

decelerating flow pattern of pressure-support ventilation than with the square-wave

pattern, commonly used in assist-volume modes. For these reasons, it is generally

believed that pressure support is the mode of choice in patients with COPD.

However, there are no convincing data indicating that this mode is superior to

other modes (4). Furthermore, it has been shown that a similar degree of unloading

can be achieved with a square-wave flow pattern if inspiratory flow is sufficiently

high (96). Finally, we should mention that, in the presence of high inspiratory flow

demands, some old-generation ventilators, set on pressure-support mode, are not

able to maintain airway pressure at a preset level (93). This may reduce inspiratory

flow rates when the patient actually increases his or her flow demands. Increasing

pressure support may solve this problem but, on the other hand, may increase

dynamic hyperinflation and patient–ventilator dyssynchrony (93).

Response of Patient’s Respiratory Effort to Ventilator-Delivered
Breath

The response of patient effort to ventilator-delivered breath remains a largely

unexplored issue and much work needs to be done before establishment of guide-

lines. Some points, however, deserve special comments.

One of the main objectives of assisted modes of mechanical ventilation in

patients with acute exacerbation of COPD is to unload the respiratory muscles. This

should be advantageous in terms of energy and degree of dyspnea. However, the

ability of assisted modes to downregulate neural stimulation and, thus, respiratory

muscle-force output has been questioned by several pieces of evidence. Data in

patients with COPD during constant-flow, synchronized, intermittent mandatory

ventilation (SIMV) have shown that, for a given level of assist, inspiratory effort did

not differ between spontaneous and mandatory breaths (158, 159). These results

indicate that inspiratory output is preprogrammed and is relatively insensitive to

breath-by-breath changes in load seen during SIMV. Chemical feedback could be a

critical factor for this breath programming (97). Indeed, in a series of studies in

normals as well as in patients with acute lung injury, we recently demonstrated that

when chemical stimulus is rigorously controlled, unloading does not result in

downregulation of respiratory muscle activation; the neuromuscular output is tightly

linked to CO2 and not to load reduction (70, 100–102). Notwithstanding that the

response to unloading was not examined in COPD patients, these studies emphasize

the importance of chemical feedback during mechanical ventilation. It follows that

mechanical ventilatory support downregulates respiratory muscle output to the

extent that increases alveolar ventilation and decreases PCO2. According to this

hypothesis, baseline PaCO2 plays a central role in the degree of unloading. For a

given increase in alveolar ventilation, PaCO2 will drop more if baseline PaCO2 is

high than low, due to a parabolic relation between alveolar ventilation and PaCO2

(160) and, thus, the degree of unloading should be greater. This, however, should be

prospectively studied.
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It has been proposed, based on data from several studies, that patients with

COPD should be ventilated with high inspiratory flows in order to enhance patient–

ventilator interaction and by increasing the time available for expiration to reduce

dynamic hyperinflation (60). However, inspiratory flow rates may affect respiratory

output in a way that has been largely ignored in patient management. It has been

shown in mechanically ventilated normals and critically ill patients that inspiratory

flow rates exert a reflex excitatory effect on respiratory output; for a given tidal

volume, increasing inspiratory flow is associated with an increase in breathing

frequency (161–164). This effect persists, although to a lesser degree, during sleep

(163). The strength of this reflex is not affected by breathing route (nose or mouth),

temperature, and volume of inspired gas and anesthesia of upper and lower airways.

It is presumed to be mediated through receptors located deep in airway mucosa or

chest wall (162). Similar response was also observed with decreasing ventilator

inspiratory time; for a given tidal volume and inspiratory flow, breathing frequency

increased with decreasing mechanical inspiratory time brought by eliminating the

end-inspiratory pause (165). The last observation indicates that the excitatory effect

of high inspiratory flow might be partly mediated by the concomitant decrease in

ventilator inspiratory time. Recent studies suggest that the alteration in ventilator

inspiratory time affects breathing frequency via the change in the time that

mechanical inflation extents into neural expiration (166).

There are at least four implications for the mechanically ventilated patient with

COPD as far as this reflex response be concerned. First, an increase in level of

assistance intended to decrease respiratory effort (96) is likely to be less effective

than planned because of the stimulating effect of the concomitant increase in flow.

Second, high inspiratory flow rates and=or short ventilator inspiratory time may

cause hyperventilation with detrimental effects on dynamic hyperinflation and, under

certain circumstances, respiratory alkalosis, an important cause of various arrhyth-

mias and weaning failure (5). Third, the desired effect of manipulation of inspiratory

flow and=or ventilator inspiratory time on expiratory time and thus on dynamic

hyperinflation (60) may not be achieved. Fourth, the ventilatory consequences of

flow or ventilator inspiratory time are likely to be different depending on

sleep=awake stage (163). These findings indicate that increasing inspiratory flow

rates and decreasing ventilator inspiratory time in patients with obstructive disease

might not always be appropriate. It follows that the physician dealing with these

patients should be aware of the function of different feedback systems when changes

in ventilator settings occur. Reevaluation of the patient is mandatory.

VI. Complications

In general, complications during conventional mechanical ventilation in patients

with acute exacerbation of chronic obstructive pulmonary disease are similar to

those observed in other groups of patients. These complications are due to the

process of intubation itself, the mechanical consequences of endotracheal tube,

ventilator malfunction, infections, particularly ventilator-associated pneumonia

460 Georgopoulos and Rossi



(VAP), the consequences of the positive-pressure breathing on the function of

various organs, inappropriate ventilator management and human error (5). Extensive

review of these complications is beyond the scope of this article and the reader is

referred to other reviews (5). However, we think that it may be useful to address

briefly the issue of barotrauma and VAP in these patients. Other complications

related to the interaction of pathophysiology of the disease and the process of

mechanical ventilation, such as patient-ventilator dyssynchrony, were already

discussed.

Pneumothorax, pneumomediastinum, subcutaneous emphysema and other

forms of extra-alveolar air detected during mechanical ventilation are collectively

termed barotrauma (5). This term implies alveolar disruption from excessive alveolar

distending volume. Theoretically, mechanically ventilated patients with acute

exacerbation of COPD are at increased risk of barotrauma for at least three reasons:

(1) the existence of dynamic hyperinflation, which leads to increased intrathoracic

pressures; (2) the presence of emphysematous regions within the lungs; and (3) the

significant time-constant inequalities that predispose some alveoli to high distending

volumes even with low tidal volume inflation. Nevertheless, despite these theoretical

considerations, recent studies have shown that patients with acute exacerbation of

COPD have either no risk or an intermediate risk for barotrauma (167, 168).

Perhaps, understanding the pathophysiology of the disease that led to better ven-

tilator management may be the reason for the relatively low risk for barotrauma in

these patients.

Ventilator-associated pneumonia is defined as lung infection diagnosed more

than 48 h following endotracheal intubation and mechanical ventilation. VAP likely

prolongs the length of ICU stay by about 4 days and is associated with a 20 to 30%

increased risk of death in critically ill patients (169). Thus, VAP increases both the

morbidity and mortality in these patients. The presence of COPD is an independent

risk factor (among others) for developing VAP (170). Therefore, in these patients,

strategies that have been shown to reduce the incidence of VAP should be employed.

These include the semirecumbent position, subglottic secretion drainage, use of heat

and moisture exchange filters and oral intubation, minimizing ventilator circuit

manipulation and kinetic beds (171). However, the most important factor seems to be

the avoidance of intubation. Indeed it has been shown mainly in patients with acute

exacerbation of COPD that the use of NIMV decreased the rate of nosocomial

pneumonia and nosocomial infections from 22% to 8% and from 60% to 18%,

respectively (171). This decrease was associated with shorter ICU stay and lower

mortality (171). It follows that the term artificial airway–associated pneumonia,

rather than ventilator-associated pneumonia, advocated recently by some, may better

characterize the lung infection in patients conventionally ventilated.

VII. Outcomes

Predicting the outcome of mechanically ventilated (via an artificial airway) patients

with acute exacerbation of COPD is mandatory for decision making as well as
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information for the patient and his or her family. It is believed that invasive

mechanical ventilation in this group of patients is associated generally with an

uncertain prognosis (173, 174). Some investigators have also cautioned against

mechanical ventilation in acute exacerbation of COPD, citing problems of prolonged

weaning and ICU stay (173, 174). In addition, management of patients with acute

exacerbation of COPD in a non-ICU setting has also been recommended. Recent

studies, however, challenge this sentiment (175–178). Indeed it has been shown that

in mechanically ventilated patients with acute exacerbation, mortality rates, lengths

of ICU stay, rates of prolonged ventilation, and tracheostomy did not differ from

those patients mechanically ventilated for other than COPD causes (176, 177).

Furthermore, the survival rate for up to 2 years was not negatively affected by

episodes of ventilation and=or tracheostomy (176). These results, however, should

be interpreted with caution, especially in the face of the results of randomized

studies with NIPPV showing an adverse effect of intubation and mechanical

ventilation on mortality and complication rate (172).

Although mortality following an episode of acute exacerbation of COPD

requiring mechanical ventilation may not be influenced by the process of mechanical

ventilation, it could be affected by other factors such as premorbid conditions,

functional and nutritional status at ICU entry, causes of exacerbation and comorbid

illnesses (175–180). For example, it has been shown that the mortality in mechani-

cally ventilated patients with acute exacerbation of COPD who were on long-term

oxygen therapy is significantly higher than these reported by studies in unselected

patients (177).

The costs of care in mechanically ventilated patients with acute exacerbation

of COPD represent an outcome variable that, in the face of continuing decreasing

financial resources, achieves a great deal of attention. Indeed the general cost of care

for COPD is astounding. The National Lung Health Education Program Executive

Committee has noted that, in 1993, the morbidity and mortality from COPD

accounted for 14.7 billion dollars in U.S. medical care expenditures (181). The

distribution of costs of care in mechanically ventilated patients with acute exacer-

bations of COPD has recently been studied by Ely et al. (177), who found that,

despite similar mortality rates, lengths of ICU stay and mechanical ventilation, and

rates of prolonged ventilation and tracheostomy among patients, ICU respiratory

care costs were higher in patients with COPD than in patients with other causes of

respiratory failure. The cost of administration of bronchodilator drugs, pulse

oximetry, and CO2 detectors was responsible for the observed difference. It seems

that, as far as the cost of care is concerned, fundamental differences exist between

ICU patients who are related to the nature of the disease process and physician

management approaches.

Although ICU and hospital mortality is acceptable in these patients, the long-

term outcome in terms of survival and functional status is questionable (Fig. 18). At

6 months, the mortality ranges between 40 to 70%, depending on the population

studied, while a significant portion has poor quality of life (175, 176, 179, 180, 182).

Two- and 5-year mortality rates may approach 80% and 90%, respectively (179).

Age and factors related to nutritional status, such as ideal body weight and plasma
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albumin, may be predictive of long-term outcome (176, 180). A formula for

computing the probability of survival following a severe acute exacerbation of

COPD has been described using readily available clinical information (170). This

formula may help physicians and patients to make health-care decisions.

VIII. Conclusion

COPD is a complex disorder. The beginning of the inflammatory and destructive

process affects the airways and the lungs following inhalation of noxious agents in

susceptible subjects. For many years, the lungs are affected, but without symptoms.

Then cough and sputum become a frequent morning event; breathing becomes

difficult first during effort, then during mild-to-moderate exercise, until daily living

is made miserable by unbearable dyspnea for minimal events such as slow walking,

taking a shower, eating, etc. At the present time, only smoking cessation and long-

term oxygen therapy are known to change the natural history of the disease. It is not

known whether and how acute exacerbations affect the progression of COPD. It is,

however, well established that exacerbations of COPD, particularly in patients with

severe airflow limitation at rest, affect adversely both the individual patient’s life and

the socioeconomic variables related to COPD. Many exacerbations cause acute

respiratory failure and need mechanical ventilation as a life-saving procedure.

Noninvasive ventilation is effective in treating many exacerbations of COPD with

mild-to-moderate respiratory acidosis, but it may fail to manage patients with severe

hemodynamic instability, coma, agitation, excessive secretions, and last, but not

least, severe acidosis (e.g., pH< 7.1). Therefore, though less frequent, intubation

and mechanical ventilation through artificial airways remains an important procedure

in the therapy of acute respiratory failure due to exacerbations of COPD. However,

Figure 18 Six-month (open bars) and 1 year (closed bars) mortality of patients with

acute exacerbation of COPD ventilated conventionally. The data of Anon et al. were from

patients being on long-term home O2 therapy. (Data based on Ref. 177.)
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the physicians should be aware of the complex pathophysiology of COPD as well as

of the variety of modes and patterns by which mechanical ventilation can be

delivered to obtain the best possible patient–ventilation interaction. Furthermore,

due to the complications related to airway intubation, the endotracheal tube should

be removed as soon as possible. Mechanical ventilation could be continued by

means of noninvasive ventilation until the patient can eventually be weaned from

machine support and can breathe spontaneously.
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Patients with COPD account for 13% of all patients receiving mechanical ventila-

tion; COPD is the most common indication for mechanical ventilation in North

America (1). Although often life saving, mechanical ventilation is associated with

several major complications. Accordingly, it is important to discontinue mechanical

ventilation and extubate the patient at the earliest possible time. While it is possible

to wean the majority of patients from mechanical ventilation without much difficulty,

25 to 30% of patients repeatedly fail weaning trials (2, 3). These difficult-to-wean

patients account for a considerable proportion of the workload in an intensive care

unit (ICU) (1). In a survey of ventilator-supported patients, over 40% of total

ventilator time was consumed by weaning the patient from the ventilator (4) and, in

patients with COPD, weaning constituted 59% of the total ventilator time.

I. Pathophysiological Determinants of Weaning Outcome

The pathophysiological factors that determine a patient’s ability to tolerate discon-

tinuation of ventilator support are adequacy of pulmonary gas exchange and

performance of the respiratory muscle pump. In addition, psychological factors

play an important role in determining weaning outcome (5).
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A. Adequacy of Pulmonary Gas Exchange

Some patients with COPD who fail a trial of spontaneous breathing develop an

increase in arterial carbon dioxide tension (PaCO2) (6). The term hypoventilation is

used synonymously with hypercapnia. But a reduction in alveolar ventilation could

be due to either a decrease in overall minute ventilation or in ratio of VT to

physiological deadspace (7, 8). In patients failing a weaning trial, the minute

ventilation in itself is not a significant determinant of CO2 retention, as it is similar

in weaning failure and weaning success patients (9). Instead the increase in PaCO2 is

due to rapid, shallow breathing, with consequent increase in physiological dead

space (Fig. 1).

Attempts to resume spontaneous respiration following a period of mechanical

ventilation may result in hypoxemia. Employing the multiple inert gas to study gas

exchange, investigators (10) reported that discontinuation of mechanical ventilation

and resumption of spontaneous breathing were associated with further worsening of

ventilation perfusion (V=Q) mismatching. Despite the deterioration in V=Q relation-

ship, arterial O2 tension (PaO2) did not decrease because there was a simultaneous

increase in cardiac output. Unfortunately, comparable detailed investigations of gas

exchange in patients failing a weaning trial have not been conducted.

A. Respiratory Muscle Performance

Impairment of the respiratory muscle pump is probably the most common cause

of failure to wean from mechanical ventilation. Such impairment may result from an

Figure 1 Relationship between tidal volume (VT) and respiratory frequency with carbon

dioxide tension (PaCO2) in seven patients who failed a spontaneous breathing trial. PaCO2

was significantly correlated with VT (r¼ 0.84; p< 0.025) and frequency (r¼ 0.87;

p< 0.025); 81% of the variance in PaCO2 could be explained by the changes in these

two variables. (From Ref. 9, with permission.)
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imbalance between respiratory neuromuscular capacity and respiratory load (Table

1) (11).

B. Decreased Respiratory Neuromuscular Capacity

Respiratory Center Output

Patients who fail a trial of weaning from mechanical ventilation commonly develop

respiratory acidosis, which naturally raises the suspicion of respiratory center

depression. However, indices of drive, such as airway occlusion pressure at 0.1 s

(P0.1) or mean inspiratory flow (VT=TI), are usually above the normal range in such

patients (12–15). Furthermore, an increase in VT=TI has been observed in patients

who developed severe alveolar hypoventilation during an unsuccessful weaning trial

(9). In most patients, however, the level of drive is not appropriately increased for the

level of chemical stimulation (9, 16). It has been suggested that during weaning

failure, it would be clever for the respiratory control system to decrease its output as

a way of avoiding contractile fatigue of the respiratory muscles; such a strategy has

been termed central fatigue (17). On the contrary, patients with COPD who failed a

weaning trial developed >40% increase in total pressure generated by the respiratory

muscles between the beginning and end of the trial (6). These data indicate that

downregulation of the respiratory motor output is not common in patients who fail a

weaning trial.

Dunn and colleagues (15) assessed respiratory control during weaning by

measuring the inspiratory on-switch threshold to CO2 (18). Ventilator settings were

Table 1 Respiratory Muscle Pump Failure

Decreased respiratory neuromuscular capacity

Decreased respiratory center output

Phrenic nerve dysfunction

Respiratory muscle pump dysfunction

Hyperinflation

Decreased oxygen delivery

Respiratory acidosis

Mineral and electrolyte abnormalities

Malnutrition

Respiratory muscle fatigue

Increased respiratory muscle pump load

Increased ventilatory requirements

Increased CO2 production

Increased deadspace ventilation

Increased mechanical loads

Increased airway resistance

Increased dynamic lung elastance

Increased intrinsic PEEP
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initially altered to achieve suppression of phasic inspiratory activity. Carbon dioxide

was then added to the inspired gas, and the lowest alveolar PCO2 that produced the

reappearance of inspiratory efforts was defined as the CO2 recruitment threshold.

Seven patients who failed a weaning trial developed a 3mmHg increase in PaCO2

relative to their recruitment threshold (mean increase, 5� 5mmHg). In contrast, five

patients who sustained spontaneous breathing for 60min without distress maintained

their spontaneous PaCO2 close to their recruitment threshold (mean difference,

1.2mmHg). These findings suggest that even mild elevations in PaCO2 above the

recruitment threshold produce respiratory distress during the weaning process.

Phrenic Nerve Function

Approximately 25 to 75% of patients undergoing coronary artery bypass surgery

develop a raised left hemidiaphragm that is associated with decreases in lung volume

and maximal inspiratory pressure (19, 20). Electrophysiological studies indicate that

about 10% of these patients have evidence of phrenic nerve injury (20–22), and thus

abnormalities in phrenic nerve function should be suspected if weaning proves

difficult in the postoperative period.

Respiratory Muscle Dysfunction

Respiratory muscle dysfunction is believed to be a major mechanism of weaning

failure in patients with COPD (23). Several factors that affect the geometrical

arrangement of the respiratory muscles can result in ineffective force generation.

Patients who fail weaning commonly develop tachypnea, and the resulting decrease

in expiratory time becomes insufficient for lung emptying leading to dynamic

hyperinflation (9). Hyperinflation has a number of adverse effects: respiratory

muscles operate at an unfavorable position of their length–tension curve; flattening

of the diaphragm increases the radius of curvature, and, thus, according to Laplace’s

law, tension within the muscle is less effectively translated into transdiaphragmatic

pressure; the ‘‘bucket handle’’ movement of the lower rib cage is decreased as a

result of a decrease in the zone of apposition and by the switch from an axial to a

medial orientation of the muscle fibers; and the inwardly directed elastic recoil of the

chest wall poses an added elastic load (11).

Respiratory muscle performance can also be impaired as a result of asynchro-

nous and paradoxic motion of the rib cage and abdomen. In a study employing

quantitative assessment of asynchrony and paradox, patients who failed a weaning

trial displayed significantly greater asynchrony and paradox of the rib cage and

abdomen than patients with a successful outcome (24). Such a manner of breathing

is extremely inefficient and it poses a marked increase in the energy costs for a given

level of ventilation.

The O2 supply to a muscle is decreased secondary to decreases in cardiac

output (25), O2 content of arterial blood (hypoxemia, anemia) (26), or O2 extraction

(sepsis) (27). In a study in patients with COPD who failed a trial of weaning from

mechanical ventilation, Lemaire et al. (28) observed an increase in transmural
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pulmonary artery occlusion pressure, which was attributed to an increase in left

ventricular afterload as a result of markedly negative pleural pressure swings. More

recently, Jubran et al. (29) investigated the importance of hemodynamic performance

in determining weaning outcome in eight ventilator-supported patients who failed a

trial of spontaneous breathing and 11 patients who tolerated a trial and were

successfully extubated. Immediately before the trial, mixed venous oxygen satura-

tion (SvO2) was no different between the two groups. Mixed venous oxygen

saturation progressively decreased over the course of the trial in the failure group,

whereas it remained unchanged in the success group (Fig. 2). Although oxygen

consumption was similar in the two groups, the manner in which these demands

were met differed between the groups. In the success group, oxygen transport

increased, mainly due to an increase in cardiac index; in the failure group, the

increase in demand was met by an increase in oxygen extraction, resulting in a

decrease in SvO2. The inability of the failure group to increase oxygen transport was

partly due to the increase in right- and left-ventricular afterload (Fig. 3). The low

SvO2 in the failure group combined with greater venous admixture led to rapid

arterial desaturation. These data indicate that an inability to increase oxygen delivery

to the tissues, including the respiratory muscles, during a period of increased O2

demand can contribute to the development of acute respiratory failure.

Figure 2 Ensemble averages of the interpolated values of mixed venous oxygen

saturation (SvO2) during mechanical ventilation and a trial of spontaneous breathing in

the success group (open symbols) and failure group (closed symbols). During mechanical

ventilation, SvO2 was similar in the two groups. Between the onset and the end of the trial,

SvO2 decreased in the failure group ( p< 0.01), whereas it remained unchanged in the

success group. Over the course of the trial, SvO2 was lower in the failure group than in the

success group ( p< 0.02). (Bars represent SE.) (From Ref. 29, with permission.)
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Acute respiratory acidosis, equivalent to a PaCO2 of approximately 56 torr—a

common occurrence in weaning failure patients—has been shown to cause a

decrease in the contractility and endurance time of the diaphragm in healthy subjects

(30). Metabolic abnormalities such as hypophosphatemia, hypokalemia, hypocalce-

mia, or hypomagnesemia may adversely affect respiratory muscle function. Endo-

crine disturbances such as hyperthyroidism or hypothyroidism may impair

respiratory muscle function, as may corticosteroid therapy. Drug-induced disorders

need to be considered, such as the occurrence of prolonged respiratory muscle

weakness after discontinuation of neuromuscular blocking agents (31). Malnutrition

is particularly common in critically ill patients and is associated with decreases in the

ventilatory response to hypoxia, diaphragmatic mass and thickness, and respiratory

muscle strength and endurance.

Respiratory muscle fatigue has been considered a major cause of weaning

failure (32), although definite proof of its role is not available (9). In one of the first

studies to use weaning failure as a model of acute ventilatory failure, Cohen et al.

Figure 3 Mean pulmonary artery pressure and mean arterial pressure versus cardiac

index during mechanical ventilation (squares) and at the onset (circles) and end (triangles)

of a spontaneous breathing trial in the success (open symbols) and failure group (closed

symbols). The shaded area represents the normal range of increase in pulmonary artery

pressure with cardiac index. In the success group, cardiac index increased between

mechanical ventilation and the end of the trial, mean pulmonary artery pressure remained

slightly above the normal range, and mean arterial pressure remained unchanged. In

contrast, in the failure group, cardiac index was similar during mechanical ventilation and

at the end of the weaning trial, but mean pulmonary artery pressure and mean arterial

pressure were higher by the end of the trial ( p< 0.025 and p< 0.05, respectively). The

increases in mean pulmonary artery pressure and mean arterial pressure, together with the

lack of change in cardiac index, strongly suggest increases in right- and left-ventricular

afterload in the failure group. (From Ref. 29, with permission.)

480 Jubran and Tulaimat



(32) observed a shift in the power spectrum of the diaphragmatic electromyogram

(EMG), which they considered to signify fatigue. Initially, this interpretation was

readily and widely accepted because it is hard to conceive of a group of patients who

are at greater risk of respiratory muscle fatigue than patients who fail a weaning trial.

It is now recognized that the EMG power spectrum is influenced by several factors

and does not necessarily signify impaired muscle contractility (33).

The question of whether or not weaning failure in an individual patient is due

to respiratory muscle fatigue, which in part is due to structural damage in the

muscles, is of vital importance for several reasons. Rest is the only means of

reversing fatigue, and for the respiratory muscles this means mechanical ventilation.

If a patient develops respiratory muscle fatigue during the course of an unsuccessful

weaning attempt, it is likely that the new structural injury to the muscles will impair

the patient’s performance and represent an additional medical complication for this

patient. Trying to minimize the risk of fatigue by postponing attempts at weaning

places the patient at risk for the many complications associated with mechanical

ventilation. Moreover, excessive muscle rest can cause muscle atrophy, thus

initiating a vicious cycle (34, 35). These issues are compounded by the lack of

simple, reliable means of detecting respiratory muscle fatigue in critically ill

patients.

Tension–time index (TTI), which quantifies the magnitude and duration of

inspiratory muscle contraction, appears to be the best available framework for

considering the risk of respiratory muscle fatigue (36). In a recent study, TTI was

measured in 17 patients with COPD who failed a trial of weaning from mechanical

ventilation and 14 patients who tolerated such a trial and were extubated (6). At the

onset of the trial, TTI was no different in the two groups. TTI, however, increased

over the course of the trial whereas it remained unchanged in the success group (Fig.

4). Five of the failure patients developed a TTI greater than 0.15—a value that has

been shown to be associated with respiratory muscle fatigue. These results suggest

that respiratory muscle fatigue may be responsible for some instances of weaning

failure in patients with COPD.

Vassilakopoulos et al. (37) measured TTI during passive ventilation after a

patient failed a weaning trial and repeated these measurements later on when the

patient tolerated the weaning trial and was subsequently extubated successfully. They

found that TTI was higher when patients were failing a weaning trial than when they

were successfully extubated. These findings provide further support for the impor-

tance of respiratory muscle dysfunction as a determinant of weaning failure.

C. Increased Respiratory Muscle Pump Load

An increase in the load on the respiratory muscle pump may result from increased

ventilatory requirements or increased mechanical loads (Table 1).

D. Increased Ventilatory Requirements

Increased ventilatory requirements may result from increased CO2 production and

increased deadspace ventilation. An increase in CO2 production predisposes to the
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development of CO2 retention, but it is never the sole cause of hypercapnia. An

important cause of increased CO2 production can be administration of excessive

carbohydrate calories during enteral or parenteral nutrition. Administration of

carbohydrates in excess of metabolic needs results in a marked increase in CO2

production (38). In normal subjects, the increase in alveolar ventilation prevents the

development of hypercapnia. This is not possible in patients with respiratory

compromise, and several patients have been reported to develop hypercapnia

when given excessive nutritional support at the time of being weaned from

mechanical ventilation.

Deadspace Ventilation

Physiological dead space is usually related to tidal volume (i.e., VD=VT) and in

healthy subjects the VD=VT ratio is between 0.33 and 0.45. Dead space is increased

in a number of disease states and requires an increase in minute ventilation if

hypercapnia is to be prevented. If CO2 production is high, an increase in VD=VT to

0.6 or above is generally considered to predict an unsuccessful weaning outcome

because the associated increase in minute ventilation necessary for satisfactory gas

exchange causes marked encroachment on ventilatory reserve; however, exceptions

do exist (39). In addition, patients with increased deadspace frequently have

Figure 4 The relationship between mean esophageal pressure=maximum inspiratory

pressure ratio (Pes=PImax) and duty cycle (TI=TTOT) in ventilator-supported patients with

COPD who failed a trial of spontaneous breathing and patients who tolerated the trial.

Circles and triangles represent values at the start and end of the trial, respectively; closed

symbols indicate patients who developed an increase in PaCO2 during the trial. Five of the

17 patients in the failure group developed a tension time index of >0.15 (indicated by the

isopleth), suggesting respiratory muscle fatigue. N represents value in a normal subject.

(From Ref. 6, with permission.)
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decreased lung compliance and increased airway resistance which cause further

increases in the work of breathing. However, the importance of VD=VT as a

determinant of weaning outcome has not been systematically studied in a large

group of patients.

E. Increased Mechanical Load

Patients with COPD who fail a trial of spontaneous breathing develop a substantial

increase in respiratory effort, reaching more than four times the normal value at the

end of the trial (Fig. 5) (6). To determine the factors responsible for the increased

effort, measurements of respiratory mechanics were obtained in patients with COPD

during a trial of weaning from mechanical ventilation (6). At the onset of the trial of

spontaneous breathing, inspiratory resistance was similar in those patients who failed

Figure 5 Ensemble average plots of flow and esophageal pressure (Pes) at the start and

end of a trial of spontaneous breathing in 17 ventilator-dependent patients who failed the

trial and 14 patients who tolerated the trial and were successfully extubated. At the start of

the trial, the inspiratory excursions in Pes was greater in the failure group, and it showed a

further increase by the end of the trial. To generate these plots, flow and Pes tracings were

divided into 25 equal time intervals over a single respiratory cycle for each of the five

breaths for each patient in the two groups. For a given patient, the five breaths from the

start of the trial were then superimposed and aligned with respect to time, and the average

at each time point was calculated. The group mean tracings were then generated by

ensemble averaging of the individual mean from each patient. The same procedure was

performed for breaths at the end of the trial. (From Ref. 6, with permission.)
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the trial as well as in those who were successfully extubated; at the end of the trial,

resistance increased in the failure group, whereas it remained unchanged from the

start of the trial in the failure group (Fig. 6). The increase in resistance in the failure

group could have resulted from several mechanisms: (1) an increase in flow, but this

is unlikely since flow increased by the same extent over the course of the trial in the

success group; (2) a decrease in lung volume, but this is unlikely since the failure

group also developed an increase in intrinsic positive end-expiratory pressure

(PEEPi); (3) accumulation of secretions, but the airway of all the patients were

suctioned before the trial; and=or (4) development of bronchoconstriction, since

patients with COPD are known to exhibit heightened airway reactivity (40).

At the start of the spontaneous breathing trial, dynamic lung elastance was

higher in the failure group than in the success group; at the end of the trial, elastance

was more than twofold higher in the failure group than in the success group (Fig. 6).

The mechanism of the increase in dynamic elastance in the failure group is unknown

and it may reflect dynamic hyperinflation (6).

Figure 6 Inspiratory resistance of the lung (Rinsp,L), dynamic lung elastance (Edyn,L),

and intrinsic positive end-expiratory pressure (PEEPi) during a trial of spontaneous

breathing in weaning success and weaning failure patients. Data displayed were obtained

during the second and last minute of the trial, and at one-third and two-thirds of the trial

duration. Between the onset and the end of the trial, increases in Rinsp,L ( p< 0.009), Edyn,L

( p< 0.0001), and PEEPi ( p< 0.0001) occurred in the failure group, and increases in

Edyn,L ( p< 0.0006) and PEEPi ( p< 0.02) occurred in the success group. Over the course

of the trial, the failure group had higher values of Rinsp,L ( p< 0.003), Edyn,L ( p< 0.0006),

and PEEPi ( p< 0.0009) than the success group. (From Ref. 6, with permission.)

484 Jubran and Tulaimat



PEEPi was higher in the failure group than in the success group at the onset of

spontaneous breathing trial. At the end of the trial, PEEPi increased in the failure

group and it increased slightly in the success group (Fig. 6). The progressive

increase in PEEPi in the failure group may be due to dynamic hyperinflation, and

this possibility is supported by the fact that 85% of the variance in PEEPi was

accounted for by inspiratory resistance, respiratory frequency, and tidal volume (VT)

(6).

Respiratory muscle energy expenditure, quantitated in terms of pressure–time

produce (PTP), was not different between the failure and success groups at the onset

of the trial (6). Throughout the course of the trial, PTP was higher in the failure

group than in the success group. Partitioning of upper bound PTP into its resistive,

PEEPi and non-PEEPi elastic components revealed that, by the end of the trial, all

three components increased in the failure group whereas only the resistive and non-

PEEPi elastic components increased in the success group.

To determine if the derangements in pulmonary mechanics in the weaning

failure patients were evident even before undertaking a trial of spontaneous breath-

ing, passive mechanics were measured in weaning failure and weaning success

patients right before they were taken off the ventilator before the weaning trial (41).

Respiratory system resistance was no different between the two group of patients.

When resistance was partitioned into the ohmic component, reflecting airway

resistance, and the component arising from stress inhomogeneities in the system

secondary to pendelluft and viscoelastic properties, no differences were observed

between the two groups. Likewise, dynamic elastance of the respiratory system

(Edyn,rs) was found to be similar between the groups before the trial. Dynamic

elastance (Edyn,L) was significantly higher in the failure group than in the success

group (Fig. 7), but the individual values showed a considerable overlap among the

patients in the two groups so limiting its usefulness in signaling a patient’s ability to

sustain spontaneous ventilation. That the respiratory mechanics were similar in the

two groups before the start of the weaning trial suggests that an unknown mechanism

associated with the act of spontaneous breathing caused the worsening of respiratory

mechanics in patients with COPD who cannot be weaned from mechanical

ventilation.

The imbalance between respiratory neuromuscular capacity and respiratory

load as a mechanism of long-term ventilator dependency was recently investigated

by Purro et al. (42). Patients who were chronically dependent on mechanical

ventilation had decreases in VT and respiratory muscle strength, high respiratory

drive, and abnormal lung mechanics. As a result, the authors concluded that

respiratory distress and CO2 retention were due to an imbalance between workload

and inspiratory muscle strength.

II. Predicting Weaning Outcome

It is desirable to have objective measurements, viz., predictive indices, that decrease

dependence on the wisdom and skill of an individual physician (43). By identifying

the earliest time that a patient is able to resume and sustain spontaneous ventilation,
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such indices help to avoid unnecessary prolongation of the period of ventilator

support. In addition, by identifying patients who are likely to fail a trial of

spontaneous breathing, such indices can prevent a premature weaning attempt and

the development of severe cardiorespiratory and=or psychological decompensation.

Finally, these indices assess many different physiological functions and thus they

may provide insight into the reasons for ventilator dependency in an individual

patient and suggest alterations in management (43). Stroetz and Hubmayr (44)

showed that clinicians were commonly inaccurate in predicting weaning outcome—

positive predictive value of 0.67, negative predictive value of 0.50—emphasizing the

need for predictive indices. More recently, Ely et al. (45) reported that the systematic

use of weaning predictors resulted in better patient outcome than reliance on clinical

judgment of the attending physician.

A. Arterial Oxygenation

Discontinuation of ventilator support is generally not contemplated in a patient with

persistent hypoxemia [e.g., PaO2 of <55mmHg with an inspired oxygen concentra-

tion (FIO2) of 	 0.40]. Of the indices of gas exchange that can be calculated from

Figure 7 Dynamic (Edyn,rs, overall column height) and static (Est,rs, overall column

height) elastances of the respiratory system in the weaning failure (F) and weaning success

(S) groups during passive ventilation; the clear portions of the columns represent lung

elastance while the shaded portions represent chest wall elastance. Edyn,L was higher in the

failure group than in the success group ( p< 0.01), and Edyn,rs tended to be higher in the

failure group ( p¼ 0.07); Edyn,w was not different between the two groups. Est,L tended to

be higher in the failure group than in the success group ( p¼ 0.07), while Est,rs and Est,w

were not significantly different between the two groups. Upward directed bars represent

� SE of lung elastance (EL), while downward directed bars represent � SE of chest wall

elastance (EW). (From Ref. 41, with permission.)
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conventional arterial blood gases, the arterial=alveolar O2 tension ratio (PaO2=PAO2)

is preferred, as it is more stable with changing levels of FIO2 than the alveolar–

arterial PO2 gradient. However, when a PaO2=PAO2 ratio of 0.35 was prospectively

evaluated, it had a positive predictive value of only 0.59 and a negative predictive

value of only 0.53 (46).

B. Maximal Inspiratory Pressure

Maximal inspiratory pressure (PImax), a global assessment of the strength of all the

respiratory muscles, is one of the classic indices used to predict weaning outcome

(47). Values more negative than �30 cmH2O are thought to predict weaning success,

while values less negative than �20 cmH2O predicted weaning failure (48). How-

ever, these criteria are frequently falsely positive and negative (49, 50).

Since published reports vary in design (retrospective, prospective), method of

determining PImax (20-s occlusion, best of three attempts), weaning techniques

(trials of spontaneous breathing, intermittent mandatory ventilation, pressure sup-

port), and definitions of weaning success and weaning failure, it is not surprising that

the accuracy of PImax determination varies noticeably between reports. In general,

the sensitivity of PImax is about 0.80, meaning that about 80% of patients who

succeed in a weaning trial have a PImax value that predicts success (i.e.,

<�30 cmH2O). However, the specificity was generally 0.25, meaning that only a

minority (25%) of patients who fail a weaning trial have a PImax value that predicts

weaning failure (i.e., >�30 cmH2O). PImax measurements are more helpful in

understanding the reason why a particular patient has failed a weaning trial, rather

than in deciding when to attempt a weaning trial (33).

The poor predictive power of PImax may be due to the difficulty in making the

measurement in uncooperative patients. In an attempt to obtain more reproducible

recordings, a two-step modification was introduced consisting of a one-way valve to

ensure that inspiration begins at a low lung volume and maintaining the period of

occlusion for 20 s (51, 52). However, when the predictive power of PImax measure-

ments using this technique was evaluated prospectively (46), a value of �30 cmH2O

remained a poor predictor of weaning outcome: positive predictive value of 0.58 and

negative predictive value of 0.55. Thus, standardizing the method of measurement

did not improve its usefulness as a predictor of weaning outcome.

C. Minute Ventilation

A minute ventilation of less than 10 L=min has been suggested as another index to

predict weaning (48). However, in most studies, minute ventilation has been shown

to be little better than guesswork in predicting outcome (46, 49, 53).

D. Airway Occlusion Pressure

The airway pressure measured at 0.1 s after commencing an inspiratory effort against

an occluded airway (P0.1) has been evaluated as a predictor of weaning outcome by a

number of investigators (12–14, 16, 54–57). Patients failing a weaning trial were
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found to have higher values of P0.1 than successfully weaned patients. At first

glance, it might seem surprising that a supranormal respiratory drive predisposes

toward ventilatory failure. In reality, however, the increased P0.1 values reflect

respiratory distress and signify the response of the respiratory centers to respiratory

compromise.

Most of these studies were based on a relatively small patient population, and

the threshold value of P0.1 was selected in a post hoc manner—a step known to

overestimate the accuracy of a predictive index (58). To date, Sassoon and Mahutte

(59) conducted the only prospective study examining the accuracy of P0.1 as a

weaning predictor. A P0.1 of � 5.5 cmH2O had a sensitivity of 0.95 for predicting

weaning success, but specificity was only 0.40. The investigators combined P0.1 with

an index of rapid shallow breathing, the frequency-to-tidal volume ratio (f=VT), and

found that product (P0.1� f=VT) increased the specificity to 0.64, but the sensitivity

remained the same as for P0.1 alone. However, when the data were examined using

receiver-operating curve analysis, the area under the curve for P0.1� f=VT product

was not statistically different than that for f=VT alone.

The only study that could not document an elevated respiratory center drive in

weaning failure patients was the study by Pourriat et al. (60). This group of

investigators obtained measurements of the P0.1 and ventilatory responses to

hypercapnia in 13 patients with COPD who were being weaned from mechanical

ventilation. The responses were lower in six patients who failed the weaning trial, but

the differences between the failure and success groups did not reach significance.

They also administered doxapram, a respiratory analeptic agent, as a means of

evaluating respiratory center reserve. Doxapram had no significant effect on the P0.1
or ventilatory responses to hypercapnia in either patient group. Interestingly,

doxapram produced an increase in end-expiratory lung volume (as detected by

inductive plethysmography), which was significantly greater in patients who failed

the weaning trial than in the success group.

E. Rapid Shallow Breathing

Patients who failed a weaning trial developed an immediate increase in respiratory

frequency (f ) upon discontinuation of ventilator support (9). Measurements of f and

VT can be obtained using a simple hand-held spirometer attached to the endotracheal

tube while the patient breathes room air spontaneously for 1min (46). In 100 patients

in a medical intensive care unit, measurements of f and VT were combined into an

index of rapid shallow breathing—the f=VT ratio. In the original study by Yang and

Tobin (46), an f=VT value of 105 breaths=min=L best differentiated patients who

were successfully weaned from those in whom weaning failed in an initial ‘‘training

data set’’ obtained in 36 patients. The predictive power of this value was then

assessed in 64 patients who constituted the ‘‘prospective-validation data set.’’ The

positive and negative predictive values were 0.78 and 0.95, respectively. Analyzing

the data with receiver-operating characteristic (ROC) curves, the area under the

curve for the f=VTwas the highest of 10 weaning predictors evaluated in that study

(Fig. 8). It is of note that the areas under the curves for conventional weaning
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indices, such as minute ventilation (0.40) and PImax (0.61) were not significantly

greater than that of an arbitrary test that is expected a priori to have no discrimi-

natory value.

The data of Yang and Tobin (46) were reanalyzed in terms of likelihood ratio

(61). The likelihood ratio for f=VT< 80 breaths=min=L is 7.53 times more likely to

occur in a patient who is subsequently successfully weaned than in a patient who will

fail a weaning trial; a likelihood ratio of 5 to 10 is considered to produce moderate

and useful shifts in pretest to post-test probability. On the other hand, an f=VT ratio

greater than 100 breaths=min=L is only 0.04 as likely to occur in a patient who will

be successfully weaned as in a patient who subsequently fails a weaning trial; a

likelihood ratio of <0.10 is considered to produce large and often convincing

changes in the probability of a given diagnosis (in this case weaning failure) (62).

Since the original description of the f=VT ratio (46), several investigators have

examined its accuracy as a predictor of weaning outcome (59, 63–69). Many of the

studies, however, did not follow closely the methodology of the original report. For

example, Lee et al. (63) reported that eight of nine patients who failed a weaning trial

had a f=VT ratio of 105 breaths=min=L; they concluded that the f=VT ratio was not

Figure 8 Receiving-operative-characteristic (ROC) curves for frequency=tidal volume

(f=VT) ratio, CROP index (an index that integrates measurements of dynamic compliance,

respiratory rate, arterial blood oxygenation, and maximal inspiratory pressure (PI max),

PI max and minute ventilation (VE) in 36 patients who were successfully weaned and 28

patients who failed a weaning trial. A ROC curve is generated by plotting the proportion of

true positive results against the proportion of false positive results for each value of a test.

The curve for an arbitrary test that is expected a priori to have a discriminatory value

appears as a diagonal line, whereas a useful test has an ROC curve that rises rapidly and

reaches a plateau. The area under the curve (shaded) is expressed (in box) as a proportion

of the total area. (From Ref. 62, with permission.)
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helpful. However, the f=VT measurements were performed during pressure support

(level not stated), which is known to decrease f and increase VT; it is hardly

surprising that the f=VT threshold value developed during unassisted breathing will

not apply during pressure support. In contrast to the study of Lee et al. (63), Epstein

(64) followed the original methodology and measured f=VT with a bedside

spirometer during spontaneous breathing. Of 84 patients with f=VT< 100 breaths=
min=L who were extubated, 14 patients required reintubation within 72 h, yielding a

positive predictive value of 0.83—equivalent to that originally reported, 0.78.

In a subsequent study of 218 patients in a medical intensive care unit who were

extubated, Epstein and Ciubotaru (65) found that the negative predictive value for

f=VTwas only 0.28, in contrast to the value of 0.95 reported by Yang and Tobin (46).

In a study in 183 postoperative patients being weaned from mechanical ventilation,

Jacob et al. (66) found that f=VT had a relatively low negative predictive value, 0.50,

while its positive predictive value was 0.94. These latter two studies (65, 66)

demonstrate the importance of a factor often ignored when comparing negative

predictive values in different studies of any index used in monitoring and decision

making (i.e., the influence of pretest probability on the relevant outcome, in this

instance, weaning failure) (62).

According to Bayes’ theorem, the negative predictive value (also referred to as

post-test probability of failure) of f=VT is highly dependent on the pretest probability

of failure (PPF) (i.e., the prevalence of failure in that study) (59):

Post-test probability of failure for f=VT > 100 ¼
PPF� TNR

ðPPF� TNRÞ þ ðPPS� FNRÞ

where TNR is true negative rate, PPS is pretest probability of success, and FNR is

false negative rate.

Epstein and Ciubotaru (65) examined the accuracy of f=VT in predicting the

patient’s ability to tolerate extubation, and thus, they selected patients who had

already tolerated a weaning trial. The pretest probability of failure was very low in

their study, 0.16, compared to the value of 0.44 obtained in the study by Yang and

Tobin (46); likewise, the pretest probability of weaning failure was only 0.08 in the

study by Jacob et al. (66). The influence of the pretest probability of failure on the

negative predictive value of f=VT is shown in Figure 9. For certain true and false

negative rates (46), the negative predictive value of f=VT is fairly high when the

pretest probability of failure is in question (i.e.,  0.50), as in the study of Yang and

Tobin (46), and it drops sharply when the pretest probability of failure is less than

0.20, as in the studies of Epstein and Ciubotaru (65) and Jacob et al. (66).

In a randomized trial, Ely et al. (45) examined whether a two-stage approach to

weaning—systematic measurement of predictors, including f=VT, followed by a

single daily trial of spontaneous breathing—would expedite the pace of weaning.

Over a 9-month period, ventilator-supported patients were screened each morning

for five factors: arterial blood oxygenation of a PaO2=FIO2> 200; PEEP �
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5 cmH2O; f=VT � 105 breaths=min=L; intact cough on suctioning; and absence of

infusions of sedative or vasopressor agents. Patients who met all five criteria

underwent a 2-h trial of spontaneous breathing the same morning. If the patient

did not develop clinical signs of distress (2, 3), the trial was considered successful,

and the patient’s physician was notified of this result. The control group was

screened daily but did not undergo the spontaneous breathing trial. Although the

patients assigned to the two-stage approach had more severe disease, they were

weaned twice as fast as those assigned to the control group. The rate of complica-

tions, reintubation, and ICU costs was also lower with the two-stage approach than

with the conventional approach (45). An improved outcome, however, was not

observed when the two-stage approach was applied in neurosurgical patients (69).

III. Methods of Discontinuing Mechanical Ventilation

Several methods for discontinuing ventilator support exist (70). The oldest approach

is the use of intermittent trials of spontaneous breathing using a T-tube circuit.

Intermittent mandatory ventilation (IMV) and, later, pressure-support ventilation

(PSV) were introduced, wherein weaning is accomplished by a gradual reduction in

the level of ventilator assistance and a progressive increase in the amount of

respiratory work performed by the patient. In an international prevalence study in

412 medical–surgical intensive care units and 1600 patients aimed at defining the

characteristics of conventional mechanical ventilation, the overall methods for

Figure 9 Negative predictive value (i.e., post-test probability of weaning failure) for a

respiratory frequency=tidal volume 	 105 breaths=min=L. Calculations are based on a true
negative rate of 0.64 and false negative rate of 0.03, and are performed using Bayes’

formula (see text). The negative predictive value remains above 0.87 until a pretest

probability of failure of 0.25 is reached, after which it falls precipitously. (From Ref. 62,

with permission.)
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weaning patients from mechanical ventilation varied considerably among countries

(1) (Table 2). The most common method of weaning was PSV; the combination of

PSV and IMV was the second most frequently used method in the United States

despite its being the only technique of weaning whose efficacy has not been

adequately examined.

A. Intermittent Mandatory Ventilation

With IMV, the patient receives periodic positive pressure breaths from the ventilator

at a preset volume and rate, and spontaneous breathing between the mandatory

breaths is also allowed. When this mode was first introduced, it was thought to

represent a major advance in that it combined volume assistance with spontaneous

breathing, and thus it was hoped that it would provide respiratory muscle rest and

also protect against muscle deconditioning. However, patients have difficulty in

adapting to the intermittent nature of ventilator assistance, and studies have

demonstrated that inspiratory muscle effort is equivalent for the spontaneous and

assisted breaths (71, 72). At a moderate level of machine assistance (i.e., where the

ventilator accounted for 20 to 50% of the total ventilation), electromyographic

activity of the diaphragm and the sternomastoid muscles was equivalent for assisted

and spontaneous breaths (72). These findings suggest that the respiratory center

output is preprogrammed and that it does not adjust to breath-to-breath changes in

load as occur during IMV. Accordingly, IMV may contribute to the development of

respiratory muscle fatigue or prevent recovery from it, which could adversely delay

the weaning process. In a group of healthy subjects in whom diaphragmatic fatigue

was induced, diaphragmatic contractility remained significantly depressed for at least

24 h (73). In difficult-to-wean patients, recovery from fatigue may be even slower.

Thus, a mode of ventilation that provides inadequate respiratory muscle rest, such as

IMV, is likely to delay rather than facilitate weaning. Indeed, a number of

randomized controlled trials have shown that IMV was the least effective technique

for weaning patients from mechanical ventilation (2, 3).

B. Pressure Support Ventilation

Pressure support ventilation (PSV) augments every spontaneous effort with a fixed

amount of positive pressure (70, 74, 75). With this mode, the patient has control over

the respiratory frequency (f ), inspiratory time, and VT (76, 77). Although there is no

flow setting with PSV, the initial peak flow rate determines the speed of pressuriza-

tion and the initial pressure ramp profile (78–80). Pressure support is very effective

in decreasing patient effort (Fig. 10), although the degree of inspiratory muscle

unloading is variable among patients, with a coefficient of variation of up to 96%

among patients (75).

There is no consensus as to the appropriate level of PSV for an individual

patient. Breathing pattern is commonly employed in tailoring the settings on a

mechanical ventilator to a patient’s needs. In particular, f and VT are routinely used

to select an optimal level of pressure support ventilation (75, 81, 82). In patients with
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COPD during PSV, f¼ 30 breaths=min was more accurate than VT> 0.6 L in

predicting a level of inspiratory effort that is unlikely to induce respiratory muscle

fatigue (75). More recently, an algorithm for adjustment of PSV using measurements

of f, VT, heart rate, and oxygen saturation and based on a fuzzy logic algorithm was

introduced (83). The attractiveness of using fuzzy logic is that it naturally allows for

control algorithms to be based on human experience rather than on deterministic

mathematical models. The fuzzy logic algorithm did not behave erratically and

provided stable recommendations. The authors conclude that fuzzy logic appears

promising as a means of automating the weaning process using PSV.

PSV is commonly used to counteract the resistance imposed by the endo-

tracheal tubes and ventilator circuits (84). Theoretically, this should help with

weaning because a patient who is comfortable at the level of PSV that compensates

for imposed work should be able to sustain ventilation following extubation.

However, the level of PSV necessary to abolish imposed work varied considerably

(3–14 cmH2O) from patient to patient (84). Moreover, the notion that a patient who

can breathe comfortably at a PSV of 6 to 8 cmH2O should be able to tolerate

extubation has been challenged by recent reports demonstrating that work generated

by breathing through swollen airways following extubation was identical to that

generated by breathing through an endotracheal tube (85). As a result, any

information about the likelihood that a patient can tolerate extubation will be

underestimated if PSV is employed as the weaning technique.

Figure 10 Upper and lower bound inspiratory pressure-time product (PTPinsp) per

minute during unassisted breathing (i.e., pressure support ventilation (PSV) level of

0 cmH2O) and at PSV levels of 5, 10, and 20 cmH2O. Upper and lower bound PTPinsp
decreased with increasing levels of PSV ( p< 0.001 in each instance). The distance

between the two lines reflects the amount of PTPinsp=min resulting from PEEPi. Bars, �
SE. ** signifies p< 0.01 for comparison of a level of PSV with unassisted breathing.

(From Ref. 75, with permission.)
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Termination of the inspiratory phase of PSV is based on a fall in the

inspiratory flow rate to some predesignated value, such as 25% of the peak. Patients

with COPD who commonly have an increased time constant, more time is required

for inspiratory flow to fall to the threshold value required for termination of

inspiratory assistance by the ventilator. As a result, mechanical inflation will persist

in neural expiration. In a study of 12 patients with COPD during PSV, five recruited

their expiratory muscles while the machine was still inflating, indicating that the

patient was ‘‘fighting the ventilator’’ (Fig. 11) (75, 86). This patient–ventilator

asynchrony may have detrimental effects on the weaning process in some patients.

Algorithms that achieve better coordination between the end of mechanical inflation

and the onset of a patient’s expiration should lessen this form of patient–ventilator

asynchrony, although such algorithms have yet to be evaluated in patients (87, 88).

When patients fail a weaning trial, mechanical ventilation is reinstituted until

the next weaning attempt. During this interval, it is essential that the ventilator

provide satisfactory respiratory muscle rest. Clinicians assume that the mere act of

connecting a patient to a ventilator will rest his muscles. In fact, patients can have

difficulty even in triggering the machine (89) (Fig. 12). When receiving high levels

of PSVor assist-control ventilation, about 30% of a patient’s inspiratory efforts may

fail to trigger the ventilator (74). These ineffective efforts increased with increasing

levels of assistance as a result of the accompanying decrease in drive and increase in

volume (Fig. 13). Moreover, the breaths preceding nontriggering efforts had shorter

Figure 11 Recordings of flow, airway pressure (Paw), and transverses abdominis EMG

in a critically ill patient with COPD receiving PS of 20 cmH2O. The onset of expiratory

muscle activity (vertical line) occurred when mechanical inflation was only partly

completed. (From Ref. 86, with permission.)
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Figure 12 Recordings of tidal volume, flow, airway pressure (Paw), and esophageal

pressure (Pes) in a patient with chronic obstructive pulmonary disease receiving pressure

support ventilation. Approximately half of the patient’s inspiratory efforts do not succeed

in triggering the ventilator. Triggering occurred only when the patient generated a Pes more

negative than �8 cmH2O (indicated by the dashed horizontal line), which was equal in

magnitude to the opposing elastic recoil pressure. (From Ref. 89, with permission.)

Figure 13 Relationship between the number of nontriggering attempts as a percentage

of total inspiratory attempts versus tidal volume (VT) and respiratory drive (dP=dt) in 11

ventilator-dependent patients. The number of unsuccessful attempts was significantly

correlated with tidal volume (r¼ 0.66; p< 0.0001) and dP=dt (r¼ � 0.63; p< 0.0001).

(Based on data from Ref. 74.)
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respiratory cycle times and expiratory time and higher static PEEPi than breaths

preceding triggered efforts. These findings suggest that ineffective triggering did not

result from a decrease in the magnitude of effort, but rather from inspiratory efforts

that were premature and insufficient to overcome the elevated elastic recoil pressure

associated with dynamic hyperinflation. An elevated PEEPi may result from an

increase in elastic recoil pressure or expiratory muscle activity. The relative

contribution of these two factors to ineffective triggering was examined in healthy

subjects receiving PSV and in whom airflow limitation and hence PEEPi was

induced with a Starling resistor (86). The magnitude of expiratory effort did not

differ before triggering and nontriggering attempts; in contrast, elastic recoil was

higher before nontriggering attempts than triggering attempts. These data indicate

that nontriggering was caused by the elastic recoil fraction of PEEPi rather than that

resulting from expiratory effort.

C. Spontaneous Breathing Trials

With this approach, physicians typically begin with brief trials of spontaneous

breathing through a T-tube system (approximately 5min) and then the patient is

reconnected to the ventilator. The duration of the trials is gradually increased

according to the patient’s performance. The optimal duration of rest between the

trials has never been defined, but commonly is as little as 1 to 3 h. Likewise, the

optimal duration of such trials of spontaneous breathing has not been determined.

Some physicians limit the trial to 1 h or less, while others extend a trial to as long as

24 h. The decision to extubate is based on clinical assessment during the course of

the trial, usually supplemented by measurement of arterial blood gases. A problem

with this approach is that performance of several T-tube trials in a day can be quite

labor intensive for the ICU staff. Alternatively, spontaneous breathing trials can be

performed once a day, lasting for up to 2 h. If this trial is successful, the patient is

extubated. If the patient fails the trial, then mechanical ventilation is reinstituted for

24 h to allow the respiratory muscles to rest before another trial is performed (73).

Esteban et al. (3) showed that performing a trial of spontaneous breathing once a day

was as effective as multiple trials. Indeed, 76% (416 of 546) of patients were

extubated after tolerating a spontaneous breathing trial for 2 h without clinical

distress. In a recent study (90), spontaneous trials lasting for a half hour were as

effective as those trials lasting 2 h. However, this study was not limited to difficult-

to-wean patients.

D. Efficacy of Weaning Techniques

Two rigorously controlled multicenter studies compared the efficacy of IMV, PSV,

and trials of spontaneous breathing (2, 3). Both studies reported that IMV delayed

the weaning process. Brochard et al. (2) found that weaning time was significantly

shorter with PSV than the combination of IMV and trials of spontaneous breathing.

In contrast, using a similar experimental design, Esteban et al. (3) found that a once-

daily trial of spontaneous breathing led to extubation about three times more quickly

than did IMV, and about twice as quickly as PSV. There was no difference in the rate
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of successful weaning between a once-daily trial of spontaneous breathing and

intermittent trials of spontaneous breathing (attempted at least twice a day), nor

between IMV and PSV. The findings in these two studies are complementary; both

demonstrate that the pace of weaning depends on the manner in which the technique

is applied. When IMV and trials of spontaneous breathing are employed in a

constrained way, weaning is delayed compared with PSV. When a spontaneous

breathing trial is employed once a day, weaning is expedited.

In a recent randomized trial in long-term weaning units, Vitacca et al. (91)

compared the efficiency of two weaning techniques, twice-daily T-piece trials or PSV

with twice-daily decrements in inspiratory pressure, in 54 patients with COPD

requiring mechanical ventilation for more than 15 days. Weaning success rates were

virtually identical between the two groups (73 vs. 77%), and mortality rates and

length of stay in the weaning unit and hospital did not differ significantly. Although

not statistically significant, weaning time appeared to be shorter for T-piece trials

than for PSV. Unfortunately, the study was not sufficiently powered to detect a

difference between the two groups; therefore, the likelihood that T-piece trials are

more efficient than PSV in weaning patients requiring prolonged mechanical

ventilation cannot be excluded (92).

An implied goal of the various weaning techniques is to recondition respira-

tory muscles that may have been weakened during the period of mechanical

ventilation. Theoretically, a once-daily trial of spontaneous breathing alternating

with a prolonged period of rest may be the most effective method of eliciting

adaptive changes. This approach meets the three principal requirements of a

condition program: overload, specificity, and reversibility (23). During the trial,

patients breathe against an elevated intrinsic load, thus satisfying the overload

requirement. Specificity is also satisfied in that the trial is an endurance stimulus and

the desired objective is enhanced endurance. Finally, the use of a daily trial prevents

regression of the adaptive stages. It must be emphasized that this reasoning is based

on indirect evidence and the effect of different weaning techniques on respiratory

muscle reconditioning has not been investigated.

IV. Extubation

In contrast to the discontinuation of mechanical ventilation, indices that reliably

predict the development of complications following extubation have not been

developed. The risk of an unsuccessful extubation increases in patients with upper

airway obstruction and in those patients who are unable to clear their secretions (93).

Although absence of a gag reflex is commonly considered a contraindication to

extubation,  20% of healthy subjects may not have a gag reflex, and aspiration

pneumonia may still occur in those who do (94). An indirect measurement of upper

airway patency is the documentation of the absence of an audible air leak after

deflation of the endotracheal tube balloon—so-called cuff leak test (95). Using the

difference between inspiratory tidal volume and the averaged expiratory tidal

volume after balloon deflation as a measure of the cuff leak volume, Miller and
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Cole (96) found that a cuff leak less than 110mL was a good predictor of

postextubation stridor in a general medicine ICU population. However, the cuff

leak test was found to be inaccurate when used in postoperative cardiothoracic

surgery patients (97). Particular caution is required when planning extubation in a

patient with copious airway secretions. In a recent study, Khamiees et al. (98)

reported that patients with moderate or abundant secretions were more than eight

times as likely to have unsuccessful extubation as those with little or no secretions.

Patients with weak cough were four times as likely to have unsuccessful extubation

as those with stronger cough. Moreover, the inability of the patient to propel

secretion onto a white card held 1 to 2 cm from the endotracheal tube predicted

unsuccessful extubation.

Extubation failure, or the need for reintubation, occurs in about 10 to 20% of

patients (2, 3, 67, 90, 99). Mortality among patients who require reintubation is

higher than those who can tolerate extubation (90, 99). In a recent study, Esteban et

al. (90) reported that mortality was 5% in patients who succeeded in a trial of

spontaneous breathing and did not require reintubation. In contrast, patients who

succeeded in the trial and were extubated but then required reintubation had a

mortality rate of 33%. The reason for the higher mortality in patients who require

reintubation is not known; it does not appear to be related to the development of new

problems unrelated to the disease that initially precipitated the need for mechanical

ventilation, nor to complications related to the reinsertion of the tube (90, 100).

Instead, the need for reintubation may be a marker of a more severe underlying

disease.

In the Esteban study (90), respiratory frequency measured during the trial of

spontaneous breathing was high in the patients who failed the spontaneous breathing

trial, but the values were similar in the patients who were successfully extubated and

in those requiring reintubation (90) (Fig. 14). These data may lead to the conclusion

that breathing pattern does not predict the need for reintubation. The study, however,

was not designed to determine if breathing pattern can predict the need for

reintubation. Patients who failed the weaning trial had a much higher frequency

and, if extubated, it is likely that many of them would require reintubation.

Studies of self-extubation can also provide useful information concerning the

complications of inappropriate extubation. The incidence of self-extubation can vary

from 4 to 11% (101–103). In a prospective study, Tindol et al. (102) reported that 6

of 13 (46%) episodes of self-extubation required reintubation within 24 h; no deaths

were associated with these unplanned extubations. In a recent case-control study of

75 patients who self-extubated, 42 (56%) required reintubation. Self-extubation did

not influence mortality, but patients who required reintubation had prolonged

mechanical ventilation, longer ICU stay, and increased need for chronic care

compared with a matched control group (104). In contrast, Coplin et al. (105)

recently reported that brain-injured patients whose extubation was delayed devel-

oped pneumonia twice as often and had longer ICU and hospital stays than patients

who were extubated within 48 h of meeting weaning criteria.

Laryngeal incompetence and aspiration are significant potential problems

following extubation. In a study addressing the incidence of aspiration in 64 patients
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who had been intubated for 8 to 28 h during and after elective cardiac bypass

surgery, aspiration was detected in 33% of those challenged immediately following

extubation, and in 20 and 5% of those who were challenged at 4 and 8 h after

extubation, respectively (106). Laryngeal edema is an uncommon but potentially

serious complication following extubation. In a study of 700 critically ill, intubated

patients, the overall incidence of laryngeal edema following extubation was 4.2%,

and it occurred more commonly in patients who had been intubated for >36 h than

in those who had been intubated for a shorter period; administration of dexametha-

sone 1 h before extubation did not prove useful in preventing laryngeal edema,

regardless of intubation duration (107). More recently, studies have indicated that

breathing a helium–oxygen mixture may be beneficial in decreasing airway

resistance and the effort to breathe in certain patients who are at risk for

postextubation obstruction (108, 109).

V. Summary

Discontinuation of mechanical ventilation in patients with COPD is easy in the

majority of patients, but a substantial proportion develop difficulties. These patients

account for a disproportionate amount of health-care costs, and they pose enormous

clinical, economical, and ethical problems. The major pathophysiological mechan-

ism responsible for the failure to wean from mechanical ventilation is the inability of

Figure 14 Respiratory frequency in successfully extubated patients (triangles), reintu-

bated patients (stars), and patients who failed the trial of spontaneous breathing (circles)

according to the time elapsed from the onset of the trial. In the group that failed the trial,

the incremental areas under the curves for respiratory frequency were greater for both trial

times. (From Ref. 90, with permission.)
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the respiratory muscles to cope with the abnormal pulmonary mechanics. To decide

whether a patient can tolerate the discontinuation of mechanical ventilation, it is

necessary to perform simple objective physiological measurements; bedside clinical

examination is not sufficient to guide this decision. An index of rapid shallow

breathing, the frequency-to-tidal-volume ratio, appears to be a much more accurate

predictor than traditional indices such as maximum inspiratory pressure or minute

ventilation. A number of different weaning techniques are available, and of these a

once-daily trial of spontaneous breathing appears to be more expeditious.
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I. Aims of Pulmonary Rehabilitation

Only long-term oxygen therapy (LTOT) and smoking cessation improve survival in

patients with chronic obstructive pulmonary disease (COPD) (1, 2). Although the

primary pathological changes are confined to the lungs, the consequent physical

deconditioning and emotional responses contribute importantly to morbidity.

Increased breathlessness leads to inactivity and consequent peripheral muscle

deconditioning, resulting in a vicious cycle that leads to further inactivity, social

isolation, fear of dyspnea, and depression. Patients with severe COPD become less

mobile and reduce their activities of daily living (ADL). In a survey of patients with

severe COPD treated with LTOT, 50% of patients with Medical Research Council

(MRC) dyspnea grade 5 did not leave the house and up to 78% were breathless

walking around at home and performing ADL (3). Pulmonary rehabilitation

programs (PRP) break this downward cycle (4). Furthermore, the utilization of

health-care services by COPD patients is related more to respiratory and peripheral

muscle force than to airway obstruction (5) and in patients hospitalized due to

AECOPD, 1-year survival was reported to be independently related, among other

factors, to body mass index (BMI) and prior functional status (6). Peripheral and

respiratory muscle function, nutritional status, and ADL are all conditions that can

be positively influenced by multidisciplinary rehabilitation.
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Once recognized as an art of medical practice (7), pulmonary rehabilitation has

been defined as ‘‘a multidimensional continuum of services directed toward persons

with pulmonary disease and their families, usually by an interdisciplinary team of

specialists, with the goal of achieving and maintaining the individual’s maximum

level of independence and functioning in the community’’ (8). Pulmonary rehabi-

litation reduces symptoms, increases functional ability, and improves Health-Related

Quality of Life (HRQL) in individuals with chronic respiratory diseases even in the

face of irreversible abnormalities of lung architecture. These benefits are possible

since often much of the disability (the inability to perform an activity within the

normally expected range because of lung disease) and handicap (the disadvantage

resulting from an impairment or disability within the context of the patient’s ability

to perform in society or fill expected roles) result not from the functional respiratory

disorder (the impairment) per se but from secondary morbidity that is often treatable

if recognized. For example, although the severity of neither airway obstruction nor

hyperinflation in COPD do change appreciably with rehabilitation, it results in

reversal of muscle deconditioning and better pacing, enabling these patients to walk

further with less breathlessness (9).

Although any patient with symptomatic COPD or other chronic respiratory

disease should be considered for PRP, the key to success is the individual tailoring of

the program. The improvement attributable to individual elements of a program are

difficult to assess because of the multidisciplinary nature of pulmonary rehabilitation

and the wide range of therapeutic modalities (Table 1).

A clear distinction must be made between pulmonary rehabilitation and chest

physiotherapy (CP) which are not synonyms. Chest physiotherapy is a component of

pulmonary rehabilitation, often but not always included in PRP, with specific

indications. In this chapter we will examine the role of PRP, if any, in reducing

incidence of AECOPD and their consequences in terms of consumption of health

Table 1 Components of Pulmonary

Rehabilitation Programs

Optimization of pharmacological therapy

Smoking cessation

Education

Breathing exercises

Chest physiotherapy

Exercise training

Respiratory muscle training

Peripheral muscle training

Occupational therapy

Long-term oxygen therapy

Respiratory muscle rest (mechanical ventilation)

Psychosocial support

Nutrition
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resources. The role of CP and other PRP components during AECOPD, if any, will

be also described.

II. Results of Rehabilitation

The benefits of pulmonary rehabilitation in stable COPD patients include improved

exercise tolerance and symptoms and decreased health-care expenditure, in parti-

cular, reduced use of expensive medical resources. Published results provide a

scientific basis for the overall intervention as well as for its specific components (10–

14). After rehabilitation, patients report improved HRQL with a reduction in

respiratory symptoms, increase in exercise tolerance, and ability to perform ADL,

more independence, and improvement in psychological function with less anxiety

and depression and increased feelings of hope, control, and self-esteem (15). Studies

that have examined the individual components of rehabilitation have shown that

even patients with severe disease can learn to understand their disease better,

increase their ADL, and improve their exercise tolerance (10, 16, 17). Pulmonary

rehabilitation for patients with COPD does not result in significant changes in lung

function (15).

III. Effects of Rehabilitation on AECOPD

Several reports (12–14, 18, 19) confirm that a PRP for COPD patients, including

lower and upper limb exercise training, and education can achieve benefits that

persist up to 2 years. Troosters et al. (18) in a randomized controlled study of a 6-

month outpatient PRP including cycling, walking, and strength training versus usual

medical care, evaluated patients at the end and after 18 months of follow-up. Among

the patients who completed the 6-month PRP, outpatient training resulted in

significant and clinically relevant changes in 6-min walking distance, maximal

exercise performance, peripheral and respiratory muscle strength, and HRQL. Most

of these effects persisted 18 months after starting the program. No information on

the long-term effects on AECOPD was given. Griffiths et al. (13), in a randomized

controlled study versus standard medical management, evaluated the effect of

outpatient rehabilitation on the use of health care and patients’ well being over 1

year. Compared with the control group, the rehabilitation group showed greater

improvements in walking ability and in general and disease-specific health status.

Although there was no difference between the rehabilitation and control groups in

the number of patients admitted to the hospital, the number of days these patients

spent in the hospital differed. The rehabilitation group had more primary care

consultations at the general practitioner’s office than the control group, but fewer

primary care home visits (13). In another randomized, controlled study versus

standard care, Guell et al. (14) examined the short- and long-term effects of an

outpatient PRP for COPD patients. These authors found significant differences

between groups in dyspnea, walking test, and in day-to-day dyspnea, fatigue and

emotional function measured by the Chronic Respiratory Disease Questionnaire.
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The improvements were evident at the third month and continued with somewhat

diminished magnitude in the second year of follow-up. Moreover, the rehabilitation

group experienced a significant reduction in AECOPD but not in the number of

hospitalizations. In another randomized, controlled study (20), COPD patients were

evaluated 1 year after completing an 8-week outpatient PRP. Patients were randomly

divided into two groups. One group repeated the PRP 1 year later, the other did not.

Both groups were evaluated 2 years after the first PRP. Among other results, these

authors (20) found that the hospitalizations per year (Fig. 1) and AECOPD (Fig. 2)

per patient significantly decreased in both groups in the 2 years following the first

PRP, when compared to the 2 years prior. Nevertheless, in comparison to the 12-

month follow-up, at 24 months a further reduction in AECOPD per year was

observed only in patients performing both PRPs but not in the other group (20).

Therefore, it seems that an additional yearly PRP may be useful in further reducing

the number of AECOPD not requiring hospitalization. Which component of the

program most influenced this result is still unclear. Most COPD patients in both

groups had quit smoking in the last 2 years prior to the first PRP, and this may have

influenced the AECOPD in the following years. The educational program performed

may have resulted in better self-management of the disease (12).

Although we can only speculate on the causes of reduced hospitalizations and

AECOPD, a direct effect of exercise conditioning cannot be ruled out. Indeed, it has

been demonstrated that in COPD patients the utilization of health-care services is

related to ventilatory and peripheral muscle force (5), and that ability to perform

ADL is associated with a better survival after an exacerbation requiring ICU ad-

mission (6). Furthermore, it has recently been observed that PRP-induced improve-

ments in exercise tolerance are associated with increases in exhaled nitric oxide

(eNO) (21). This may suggest an association between physical fitness and eNO with

resulting beneficial effects of training on the respiratory and cardiovascular systems.

Although it has been shown that hospitalizations and AECOPD are important

determinants of health status in COPD patients (22, 23), whether the maintenance of

good HRQL observed in patients undergoing PRP (13, 14, 20) is related to reduced

hospitalizations and AECOPD is still speculative.

In conclusion, there is evidence that PRP may be useful in reducing AECOPD

and related hospitalizations. Which component is most responsible for this effect

needs further clarification.

IV. Pulmonary Rehabilitation During AECOPD

A. Chest Physiotherapy Techniques

During AECOPD, many factors, such as viral and bacterial airway infections,

stimulate increased mucus production, alter its viscoelastic properties, and impair

airway mucociliary clearance mechanisms. Mucus hypersecretion and impaired

tracheobronchial clearance are frequent in patients with COPD. Although increased

airway secretions may correlate weakly with airflow obstruction, chronic mucus

hypersecretion does correlate with hospital admissions for AECOPD (24) and may
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contribute to the risk of death in patients with severe ventilatory impairment (25).

Chest physiotherapy is a cornerstone of PRP (7–9) and is commonly aimed at

enhancing airway secretion clearance. The efficacy of CP techniques in patients with

chronic bronchitis and emphysema has often been inferred from investigations of

patients with cystic fibrosis and bronchiectasis. The role of CP during AECOPD is

unclear. Several measures have been proposed to mobilize airway secretions (Table

2) and several excellent reviews have focused on them (26–28).

Postural Drainage

‘‘Conventional’’ postural drainage (PD) is usually defined as the use of gravity-

assisted positions, deep breathing exercises with or without chest clapping, chest

shaking, or chest vibrations and coughing when secretions reach the upper airways.

Gravity-assisted positioning has been shown to be more effective than cough alone

(29) and more effective than the use of either coughing or breathing exercises in the

sitting position (30). A similar technique is a maneuver of slow expiration with the

glottis open in the lateral posture (ELTGOL, from the French) (31). This is an airway

clearance treatment that uses lateral posture and lung volumes from functional

residual capacity (FRC) to residual volume (RV). The theoretical aim of this

technique is to control expiratory flow rate to avoid airway compression and

paroxysmal cough (31).

Forced Exhalations

Chest physiotherapy, used when there is mucus stasis or difficulty in expectorating

mucus, is focused on increasing mucus transport by using an external force. The

most important mucus transport mechanism in COPD patients is expiratory flow.

Several studies have shown that forced exhalations are the most effective airway

clearance techniques used by physiotherapists (32, 33). Forced exhalations are even

effective in patients who rarely expectorate sputum (34).

Using forced exhalations with open glottis, so called ‘‘huffing,’’ instead of

coughing, lung volume and expiratory force can more easily be varied than with

Table 2 Techniques to Mobilize

Airway Secretions

Directed coughing

Manual or mechanical percussion

Postural drainage

Intermittent positive pressure breathing

Positive expiratory pressure (PEP)

Bland aerosol therapy

Systemic hydration

Nasotracheal suctioning

Minitracheotomy
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coughing because coughing is more reflex in nature and under less voluntary

control. Forced exhalation from mid-lung volume, combined with breathing exer-

cises and coughing, is known as the forced expiratory technique (FET) or active

cycle of breathing training (ACBT). A technique known as autogenic drainage (AD)

uses very gentle exhalations from low lung volumes (28).

Repetitive Coughing

Based on experimental data (35) it could be argued that repetitive coughing with

short intervals is more effective than single coughs; however, the clinical effective-

ness of this approach remains to be proven. Some patients use this technique

spontaneously.

Manual Compression

A forced expiratory flow can also be induced by the application of a force on the

thorax. This is especially relevant in case of severely reduced expiratory muscle

force. A full expiratory maneuver can be induced by manual compression on the

thorax. In this technique, the compression direction follows the bucket handle and

pump handle movement of the ribs, and on the abdomen, pushing the diaphragm into

the thorax. In this case, the mechanisms involved in mucus transport are essentially

the same as during a voluntary forced expiratory maneuver.

Vibration of the Thorax

Vibration or oscillations of the thorax may also produce small coughs superimposed

on tidal breathing. The airflow of these induced coughs appears to be dependent on

the frequency of the applied vibration=oscillation (36). The optimal frequency may

vary between subjects, but usually is around 15Hz. Conventional manual chest

clapping is usually performed with a frequency of about 5Hz and has little or no

effect (32). Vibration=oscillation with higher frequencies seems to be promising, but

further studies are needed to validate these techniques. In patients who cannot

sufficiently clear their lungs by means of forced exhalations, vibration or oscillation

can be applied under careful clinical monitoring in order to evaluate effectiveness.

Nevertheless, revisions of literature on manual chest percussion (37) or mechanical

percussors (38) concluded that there is a physiological rationale and a place for the

use of percussion, but that the clinical evidence is inconclusive.

Positive Expiratory Pressure Breathing

When there is severe mucus plugging completely obstructing the airways there is no

local air flow and thus no mucus transport by expiratory flow. It has been proposed

that PEP breathing may help to bring in air behind the mucus plugs. Positive

expiratory pressure (PEP) is usually applied by breathing through a face mask or a

mouth piece with an inspiratory tube containing a one-way valve, and an expiratory

tube containing an expiratory resistance. It results in a positive expiratory mouth

pressure throughout exhalation. Usually mouth pressures of 10 to 20 cmH2O are
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recommended, although pressures of 5 cmH2O can also have a significant effect on

lung volumes (39).

Increasing the volume of air in obstructed airways could potentially be

achieved by several mechanisms. It is possible that PEP breathing results in a

pressure difference between open and obstructed airways, increasing airflow through

collateral pathways from open to obstructed parts of the lungs (40). PEP breathing

may also lead to a temporary increase in FRC (39) decreasing the airway resistance

and thereby possibly opening closed airways (41). In patients with COPD, forced

expirations showed better mucociliary clearance after PD, including deep breathing,

than after PEP (42). Therefore, PEP breathing should only be used in special

individual cases under close evaluation of benefit.

High-Frequency Chest Wall Oscillations and Intrapulmonary
Percussive Ventilation

During high-frequency chest wall oscillations (HFCWO), positive pressure air pulses

are applied to the chest wall. It is hypothesized that increases in mucus clearance may

be due to an increase in mucus=airflow interaction and=or a shearing mechanism

leading to a decrease in the viscoelastic properties of mucus (43). Arens et al. (44) com-

pared HFCWO with conventional CP. Both regimens were equally safe and effective

and it was suggested that the self-applied HFCWO would provide an adequate alter-

native to conventional therapy. This was in agreement with a review of literature (45).

Another form of HFCWO applies external high frequency oscillations by

means of a cuirass, and it has been proposed as a means to enhance expectoration

(46).

A self-administered device to deliver a PEP and oscillatory vibration of the air

within the airways has been proposed (Flutter VRP1). This device was found to be as

effective as conventional CP in stable COPD patients (47).

B. Chest Physiotherapy During AECOPD

In the ‘‘Exacerbation Management’’ section of the European Respiratory Society

Consensus Statement on COPD (48), it is suggested to ‘‘encourage sputum clearance

by coughing’’ and ‘‘consider home physiotherapy.’’ The recent NHLBI=WHO global

initiative for chronic obstructive lung disease (GOLD) workshop summary (49), in

the section: ‘‘Other measures’’ of the chapter on the treatment of AECOPD, stated

that ‘‘ . . . Further treatment measures that can be used in the hospital include: fluid

administration . . . ; nutrition . . . ; sputum clearance (by stimulating coughing and

low volume forced expirations). Manual or mechanical chest percussion and

postural drainage may be beneficial in patients producing >25mL sputum per

day or with lobar atelectasis.’’ Nevertheless, no reference is given to support these

statements. Indeed, a previous ATS statement on COPD (50) had reported that scant

scientific evidence supported the application of CP techniques in hospitalized

patients with AECOPD uncomplicated by bronchiectasis. Despite this declared

lack of evidence, the clinical guidelines of the same ATS Statement (50) rather

surprisingly suggested that PD, chest percussion, and chest vibration may be used—
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with careful monitoring—after pretreatment with inhaled bronchodilators in patients

with more than 25mL of expectorated sputum a day.

On the contrary, on the basis of randomized controlled trials of CP and one

observational study, a recent position paper (51) concluded that mechanical percus-

sion of the chest as applied by physical and respiratory therapists was ineffective and

perhaps even detrimental in the treatment of patients with AECOPD. In a compara-

tive physiological study, Bellone et al. (52) found that PD, flutter, and ELTGOL were

safe and effective in removing secretions without causing undesirable effects on

oxygen saturation, but flutter and ELTGOL were more effective in prolonging

secretion removal in AECOPD than PD. Nevertheless, previous studies by Antho-

nisen et al. (53) showed that CP applied to patients with AECOPD, by means of

expansion exercises, PD, and vibrations, had no effect on temperature curves,

sputum volume, or blood gases as compared to patients treated with conventional

therapy. None of the randomized trials (54–56) reported any improvement in

dynamic lung volumes, either FEV1 or FVC. Newton and Bevans (54) reported

no differences in lung function, blood gases, and hospital stay when compared with

conventional treatment alone. Campbell et al. (55) showed that PD, percussion,

cough, and vibrations induced a significant fall in FEV1 not observed with PD and

cough alone. Wollmer published similar results (56).

C. Breathing Control Techniques

The technique of coordinating the breathing process was previously widely used in

rehabilitation but now receives less emphasis. When the term ‘‘breathing retraining’’

is used, it is usually referred to these techniques, including pursed-lip and

diaphragmatic breathing.

Pursed-Lip Breathing

Pursed-lip breathing (PLB) is often used unconsciously by patients with COPD to

enhance exercise tolerance during dyspnea and increased ventilatory demand. They

inhale through the nose and then exhale slowly through pursed lips (57). Pursed-lip

breathing results in slower and deeper breaths with significant increase in oxygena-

tion and in a shift in ventilatory muscle recruitment from the diaphragm to the

accessory muscles of ventilation (58, 59). During exercise, the shift to PLB results in

decreased dyspnea (60).

Diaphragmatic Breathing

The description of ‘‘diaphragmatic’’ (DB) or ‘‘abdominal’’ breathing is not identical

in every publication. Usually the patient is told to move the abdominal wall

exclusively during inspiration and to reduce upper rib cage motion (61, 62).

Theoretically, DB aims to improve chest wall motion and ventilation distribution,

decrease energy cost of breathing, decrease the contribution of rib cage muscles,

decrease dyspnea, and improve exercise performance. All studies show that patients

are able to voluntarily change the breathing pattern to more abdominal movement
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and less thoracic excursion (61, 63). However, some studies observed that DB was

accompanied by increased asynchronous and paradoxical breathing movements (63,

64).

Few studies addressed the effects of DB on work of breathing (WOB), oxygen

cost, and mechanical efficiency of breathing. McKinley et al. (65) found a tendency

of an increased WOB during DB by measurement of the pressure-volume curve

before and after the exercises in six patients with COPD. Increased oxygen cost of

breathing during DB was also reported in a time series experiment. This was

associated with increased asynchronous breathing and reduction of mechanical

efficiency during DB compared to natural breathing (63).

Slow and Deep Breathing

Several authors observed a significant drop of respiratory rate (RR), and significant

rises of tidal volume (VT) and PaO2 during imposed low-frequency breathing at rest

in patients with COPD (66–68). Unfortunately, these improvements were counter-

balanced by an increased WOB. Slow breathing caused a 15% increase of oxygen

consumption (68). Contrary, Paul et al. (69) reported a significant fall in minute

ventilation (V0
E) and dead space ventilation, while alveolar ventilation was

unchanged. In addition, Bellemare and Grassino (70) demonstrated that fatigue of

the diaphragm developed earlier during slow and deep breathing (increased

inspiratory to total respiratory time ratio (TI=TTOT) with the same V0
E. This resulted

in a significant increase of the relative force of contraction of the diaphragm, as

assessed by the transdiaphragmatic to maximal transdiaphragmatic pressure ratio

(Pdi=Pdimax), forcing it into the critical zone of muscle fatigue.

D. Breathing Exercises During AECOPD

Slow and deep breathing improves breathing efficiency and SaO2 at rest. A similar

tendency was observed during exercise, but this needs further research. However,

this type of breathing is associated with breathing pattern prone to induce respiratory

muscle fatigue (70). This may be even worse during AECOPD. Vitacca et al. (71)

investigated the impact of deep DB on blood gases, breathing pattern, pulmonary

mechanics and dyspnea in severe hypercapnic COPD patients recovering from an

AECOPD. Transcutaneous partial pressure of CO2 (PtcCO2) and O2 (PtcO2) and

SaO2, breathing pattern, V0
E and mechanics were continuously monitored during

natural breathing and DB, respectively. Subjective rating of dyspnea was performed

by means of a visual analog scale. In comparison to natural breathing, deep DB was

associated to to a significant increase in VT and a significant reduction in RR

resulting in increased V0
E, significant increase in PtcO2, and significant decrease in

PtcCO2. During DB, dyspnea significantly worsened and inspiratory muscle effort

did increase as demonstrated by an increase in esophageal pressure swings, pressure-

time product, and WOB (71).

Therefore, there is no evidence of any role of ‘‘breathing exercises’’ during

AECOPD.
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V. Pulmonary Rehabilitation in the Intensive Care Unit

Endotracheal intubation and mechanical ventilation are often needed in patients with

AECOPD who may undergo difficulties in the weaning process and related need of

tracheostomy. AECOPD represent 13% of indications to mechanical ventilation

(72). These patients are considered to be the most difficult to wean from the

ventilator (73). The major mechanism underlying the need of prolonged mechanical

ventilation in AECOPD patients has been reported as the association between

abnormal lung mechanics, in particular intrinsic positive end expiratory pressure

(PEEPi), lung resistances, and reduced pressure-generating capacity of the inspira-

tory muscles because of pulmonary hyperinflation (74). Respiratory and skeletal

muscle weakness and prolonged inactivity lead to severe curtailment of even the

simplest ADL (75, 76).

In most hospitals in developed countries, physiotherapy is seen as an integral

part of the management of patients in the intensive care unit (ICU). The precise role

that physiotherapists play in the ICU varies considerably from one unit to the next

depending on factors such as country, local tradition, staffing levels, training, and

expertise (77). Furthermore, the recent development of the respiratory intensive care

units (RICU) enables medical staff to work in a specialized environment in which

medical and paramedical teams are familiar with and well trained in the care and

management of severely ill respiratory patients, including treatment of AECOPD

with invasive and noninvasive mechanical ventilation (78).

A recent European survey (79) reported that 38% of the hospitals had more

than 30 physiotherapists working in the hospital, but 25% had no exclusive ICU

physiotherapist. Thirty-four percent had a physiotherapist available during the night,

and 85% during the weekend. In almost 100% of ICUs, the physiotherapist

performed respiratory therapy, mobilization, and positioning. The physiotherapist

played an active role in the adjustment of mechanical ventilation in 12% of the

respondent units, in weaning from mechanical ventilation in 22% of units, in

extubation in 25%, and in the implementation of noninvasive mechanical ventilation

in 46%. Differences in the role of the physiotherapist were apparent between

countries (79) and a growing need of a more specialized ‘‘respiratory therapist’’

like in the United States was claimed (80).

The definition of the components of PRP in ICU=RICU is difficult, as it is

sometimes hard to distinguish between the role of nurses and physiotherapists. For

example, a major goal of the rehabilitation process is early mobilization. The initial

step before ambulation is sitting up in bed, followed by sitting in a chair. In addition

to avoiding the adverse effects of prolonged inactivity, there are several advantages

to early get out of bed to chair activity (e.g., fewer difficulties with fluid shifts from

the periphery to the lungs and improvements in ventilation, mobilization of secre-

tions, and well being) (81, 82). Clearly, this activity is on the borderline between

nurses’ and physiotherapists’ duties.

Make et al. (83) found that only 5 of 16 ventilator-dependent patients did not

benefit from a PRP started after their admission to an ICU, while Foster et al. (84),

in an uncontrolled study, found improvement in exercise tolerance, pulmonary
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function, and arterial blood gases in a subset of COPD patients with severe hyper-

capnia, some of whom had been transferred directly from an ICU. These data

suggest that, for patients recovering from AECOPD, early institution of a PRP may

be useful in improving the outcome. Nevertheless, despite the fact that several

reviews (77), book chapters (79, 81, 82, 85), and position papers (9) have pointed

out the importance of physiotherapy in an ICU for severely ill patients suffering from

different pathologies, only three investigations have commented on the possible

utility of a rehabilitation program in the outcome of their patients (86–88).

Unfortunately, no data were reported for these studies (86–88). In the only pros-

pective, controlled, and randomized study, Nava et al. (89) compared the effects of

early stepwise comprehensive rehabilitation plus standard therapy with the effects of

standard therapy and progressive ambulation only, on exercise tolerance and dyspnea

in patients recovering from AECOPD, which in most cases had required mechanical

ventilation. Patients in the study received pulmonary rehabilitation that consisted of

tasks of increasing difficulty such as passive mobilization, early ambulation,

respiratory and lower skeletal muscle training and, if patients were able, complete

lower extremity training on a treadmill. Control patients received standard medical

therapy plus a basic deambulation program. Sixty-one out of 80 patients were

mechanically ventilated at admission and most of them were bedridden. Twelve of

the 60 patients of the study group and 4 out of the 20 control patients died during

their RICU stay and 9 patients required invasive mechanical ventilation at home after

discharge. The mean total length of stay was 38 days in study group and 33 days in

controls. Most patients of both groups regained the ability to walk. At discharge,

6-min walking distance test and inspiratory muscle strength improved only in study

group, whereas dyspnea improved in both groups but the improvement was more

marked in the study group (89). What are the clinical correlates in term of HRQL

and outcome of these physiological results are still to be defined.

VI. Pulmonary Rehabilitation During Mechanical
Ventilation

A. Difficult-to-Wean Patients

Hospitalization for AECOPD is associated to in-hospital mortality of 6 to 26% (90).

Furthermore, it is estimated that 1 to 5% of mechanically ventilated patients

repeatedly fail attempts at weaning from mechanical ventilation and face a

substantial risk of becoming chronic ventilator-dependent patients who cannot

sustain spontaneous breathing for more than a few hours (91). This proportion

increases to as much as 31 to 56% in some RICU where difficult-to-wean patients

are located (91, 92). Studies of predictors, protocols, and specific weaning strategies

have been largely confined to patients intubated for short periods of time (73, 93–

95). A recent review of literature (96) on weaning techniques used in intubated

patients with different etiologies (a minority with COPD) admitted to general ICUs

was unable to identify a superior weaning technique between the two most widely

used modalities (namely, spontaneous breathing trials and reducing levels of
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inspiratory pressure support) (73, 93). Furthermore, recent trials have demonstrated

that simply introducing a protocol or guideline to the weaning process leads to a

decrease in weaning time independent of the mode used (94, 97). These results have

been confirmed also in difficult-to-wean patients (98).

Remarkably, little literature exists regarding the ICU=RICU physiotherapist,

especially in the treatment of AECOPD. Ciesla (99) noted that the efficacy of CP has

been well demonstrated, resulting in a reduced incidence of pulmonary infection and

improved pulmonary function. Others have emphasized the important role of the

physiotherapist in ICU (100). Some studies have been conducted on the role of the

physiotherapist in weaning patients from mechanical ventilation. Cohen et al. (101)

suggested that ‘‘a team approach’’ to weaning, with the team composed of a

physician, a respiratory therapist, and the bedside nurse, reduced the duration and

cost of mechanical ventilation and improved the weaning success rate. Ely et al. (94)

suggested that daily screening of respiratory function by the respiratory therapist,

with trials of spontaneous breathing in appropriate patients, could reduce the

duration of mechanical ventilation and the cost of intensive care and was associated

with fewer complications than standard care. More recently, Horst et al. (102)

reported that protocol-based weaning by respiratory therapists leads to more rapid

extubation and reduced hospital stays than physician-directed weaning. Hall et al.

(103) suggested that the presence of a physiotherapist in the weaning team is

associated with reduced patient anxiety. Other groups have also documented the

benefits of including a physiotherapist in the weaning team (97, 104).

B. Noninvasive Mechanical Ventilation

Physiotherapists may also be involved in the monitoring and adjustment of

noninvasive positive pressure ventilation (nPPV), a process requiring considerable

time (105) and constant availability, particularly at initiation (106). Indeed, the

effectiveness of nPPV with all modalities depends on strict staff supervision by

nurses and physiotherapists. Chevrolet et al. (107) found that acute nPPV was very

time consuming in COPD patients for the nursing staff. However, in that study, no

comparison with the time consumed to deliver standard therapy was reported, and

Bott et al. (108) found that the amount for nursing care required to treat AECOPD

with nPPV was not different in comparison to patients undergoing standard medical

therapy. In a study by Kramer et al. (109), respiratory therapists tended to spend

more time at the bedside of patients receiving nPPV than in control patients but the

difference was not statistically significant. Furthermore, there was a significant drop

in the amount of time therapists spent at the bedside of nPPV patients during the

second 8-h period. In addition, therapists and nurses rated the difficulty of caring for

patients receiving nPPVas no greater than for control patients. Nava et al. (105) have

shown that in an experienced unit, nPPV is neither more time consuming nor more

costly than endotracheal intubation. Nevertheless, in a prospective, randomized

controlled study of nPPV versus standard medical therapy in community-acquired

pneumonia (CAP) (110), COPD patients randomized to nPPV had a lower intensity

of nursing care workload. In acute respiratory failure due to severe CAP, also Jolliet
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et al. (111) showed that no increase in nursing time consumption may be attributable

to the use of nPPV. In a study by Plant et al. (112) performed in the ward, in

comparison to standard medical therapy, nPPV led to a modest 26-min increase in

nursing workload in the first 8 h of the admission. No difference was identified after

8 h. Hilbert et al. (113) evaluated prospectively the assistance time spent by nurses in

relation to ventilatory time when nPPV was used in a sequential mode, in COPD

patients with either AECOPD or postextubation hypercapnic respiratory insuffi-

ciency in a medical ICU. The nurse time was not different between the two

populations in the study; the nurse time consumption per session was 25% of the

ventilatory time during the first 24 h after enrollment and dropped significantly to

15% of the ventilatory time after the first 24 h. There are, however, no data on the

effect of nPPV on the care of other patients, nor whether the outcome would have

been better if the nurses had spent more time with the patients receiving nPPV. In

other words, good results with nPPV might be obtained at the expense of the care of

other patients. Nurses are responsible for clinical care during nPPV. They monitor

clinical parameters such as patient comfort, use of accessory muscles, cyanosis,

vigilance, and vital signs.

C. Nursing Workload in a RICU

Assistance to patients by nursing staff may differ according to the time spent in

assistance to mechanical ventilation (either invasive or noninvasive) (114), the

severity of symptoms, the neurological condition, the kind of pharmacological

therapies, the patient’s self-care or the ability to perform a specific function. Nursing

workload devoted to noninvasive mechanical ventilation, a modality specifically

performed in the RICUs (i.e., mask preparation, education, assistance procedures

during pauses of noninvasive ventilation) has been shown not to be more time

consuming than standard medical therapy (109). It needs no more than 20% of the

total shift time and does not differ from nursing workload within the first 48 h of

invasive mechanical ventilation (105).

Evaluating patients’ level of dependency by scoring nursing activities through

a new scale (Dependence Nursing Scale: DNS) (115) we studied 111 patients

consecutively admitted to our RICU over 1 year needing nPPV for acute on chronic

respiratory failure (33 patients), prolonged weaning from mechanical ventilation (33

patients), or cardiopulmonary monitoring (45 patients). DNS describes patients’

dependency needing increasing levels of nursing commitment according to 13 tasks.

Each task scores from 0 (no dependency) to a variable maximum increasing by 1.

DNS total score ranges 0 to 45 (115). At admission (T0), demographic, anthropo-

metric data, severity of disease (APACHE II score), nursing workload by the nine

equivalents of nursing manpower use score (NEMS) (116), and inspiratory muscle

strength (maximal respiratory pressure, MIP) were recorded. DNS was computed

both at T0 and at discharge (T1). Mortality rate and days spent in the RICU were

also recorded. DNS and NEMS at T0 were significantly higher in diffiult-to-wean

patients than in other groups. All the tasks except tracheotomy care significantly

improved resulting in significant decrease of DNS for all patients respectively. At T0,
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DNS was significantly better correlated to NEMS (r ¼ 0:70) than to Apache II, MIP,

and days of hospitalization. Therefore, in patients admitted to a RICU for different

causes, the nurse workload in patients with AECOPD requiring RICU admission is

greater in difficult-to-wean patients than due to nPPV, giving a further justification to

the use of this technique in AECOPD. DNS is able to describe the dependency level

of different kinds of patients and better reflects the global nursing workload than

illness clinical severity and inspiratory muscle function (115).

Prevention of Pulmonary Complications

There are theoretical reasons why physiotherapy may be routinely required in

intubated patients receiving mechanical ventilation with the intention of preventing

complications. Many factors may adversely affect airway clearance, including the

presence of an artificial airway, inadequate humidification, medications, underlying

pulmonary disease, and mucosal damage as a result of suction (117). Furthermore,

an effective CP, successful in enhancing airway clearance, might enable patients to

undergo nPPV. Nevertheless, the expectation that physiotherapy provided a few

times a day (in addition to routine nursing care) will decrease the incidence of

pulmonary complications may be realistic, provided that many of the major causative

factors responsible for the high incidence of complications are addressed (e.g.,

prolonged immobility, microaspiration, reduced host defenses, poor nutritional

status, colonization of ventilator circuits, and antibiotic treatment leading to lower

airway colonization and superinfection) (118–120).

Given the overall limited evidence regarding the effectiveness of physio-

therapy in the ICU (Table 3) and the results of one study in which twice-daily

physiotherapy did not reduce the incidence of nosocomial pneumonia (121), it could

be argued that the routine use of respiratory physiotherapy for all patients is not

evidence-based and therefore unsupportable (77). In this framework, the role of

physiotherapy in prevention of nosocomial pneumonia in patients with AECOPD

undergoing mechanical ventilation is even more obscure.

VII. Summary

Pulmonary rehabilitation reduces symptoms, increases functional ability, and

improves health-related quality of life (HRQL) in individuals with chronic respira-

tory diseases, even in the face of irreversible abnormalities of lung architecture.

Although any patient with symptomatic COPD or other chronic respiratory disease

should be considered for pulmonary rehabilitation programs (PRP), the key to

success is the individual tailoring of the program. The improvement attributable to

individual elements of a program are difficult to assess, due to the multidisciplinary

nature of pulmonary rehabilitation and the wide range of therapeutic modalities.

There is evidence that PRP may be useful in reducing AECOPD and related

hospitalizations. What component is most responsible for this effect needs further

clarification.
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Although recommended by some guidelines, on the basis of randomized

controlled trials, chest physiotherapy, as applied by physical and respiratory

therapists, was ineffective and perhaps even detrimental in the treatment of patients

with AECOPD. Breathing exercises, applied during AECOPD or during the

recovery phase, may be useless if not detrimental.

In most hospitals in developed countries physiotherapy is seen as an integral

part of the management of patients in ICU. The precise role that physiotherapists

play in the ICU varies considerably from one unit to the next depending on factors

such as country, local tradition, staffing levels, training and expertise. Furthermore,

the recent development of the respiratory intensive care units enables medical staff to

work in a specialized environment in which medical and paramedical teams are

Table 3 Evidence-Based Recommendations for Physiotherapy in the ICU with Permission

Strong evidence that:

Physiotherapy is the treatment of choice in patients with acute lobar atelectasis

Prone positioning improves oxygenation for patients with severe ARF or ARDS

Positioning in side lying improves oxygenation for patients with unilateral lung disease

Hemodynamic status should be monitored during physiotherapy to detect side effects of

treatment

Sedation before physiotherapy will decrease or prevent adverse hemodynamic or metabolic

responses

Preoxygenation, sedation, reassurance are necessary before suction to avoid suction-

induced hypoxemia

Continuous rotational therapy decreases the incidence of pulmonary complications

Moderate evidence that:

Multimodality physiotherapy has a short-lived beneficial effect on respiratory function

Manual hyperinflation may have a short beneficial effect on respiratory function, but

hemodynamic status, airway pressure, or VT should be monitored to detect any

deleterious side effects of treatment

Increased intracranial pressure and cerebral perfusion pressure should be monitored on

appropriate patients during physiotherapy to detect any deleterious side effects of

treatment

Limited or no evidence that:

Routine physiotherapy in addition to nursing care prevents pulmonary complications

commonly found in ICU patients

Physiotherapy is effective in the treatment of pulmonary conditions commonly found in

ICU patients (with the exception for acute lobar atelectasis)

Physiotherapy facilitated weaning, decreases length of stay in the ICU or hospital, and

reduces mortality and morbidity

Positioning (with exception for acute lobar atelectasis), percussion, vibrations, suction, or

mobilization are effective components of physiotherapy for ICU patients

Limb exercises prevent loss of joint range or soft-tissue length, or improve muscle strength

and function, for ICU patients.

Source: Ref. 77.
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familiar with and well trained in the care and management of severely ill respiratory

patients, including treatment with invasive and noninvasive mechanical ventilation.
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I. Lessons from Observational Studies

Patients with chronic obstructive pulmonary disease (COPD) who show repeated

emergency room (ER) consultations and=or hospital admissions due to exacerba-

tions present a rapid progress of the disease severity with deterioration of health-

related quality of life (HRQL) and poor survival (1–5). Consequently, prevention of

exacerbations constitutes an important endpoint in COPD management (6–8).

The lack of an operational definition of exacerbation (6–10) constrains the

design of efficient prevention strategies and constitutes a limitation for a proper

evaluation of the literature on the issue. Studies using an operational definition of

exacerbation based on ER admissions=hospitalizations likely introduce a bias

leading to an emphasis on severe episodes, together with a significant under-

estimation of the prevalence of acute episodes (11, 12).

Exacerbations leading to ER admissions are responsible, however, for the

important dysfunctions observed in the delivery of health-care services, particularly

during winter outbreaks of COPD exacerbations. Moreover, most of our current

knowledge in this area comes from the analysis of acute episodes that require ER

consultations=in-hospital admissions (2–3, 13–16), as summarized in Table 1.
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Current clinical guidelines for COPD (6–8, 17) provide recommendations to

modulate some of the predictors of unexpected hospitalizations. Moreover, signi-

ficant advances have recently occurred in the field of rehabilitation. Physical

deconditioning has been identified as a relevant predictor of hospital admissions

(2, 3, 16) and awareness on the positive effects of skeletal muscle training (18–20) is

steadily growing among professionals. However, despite this undeniable progress in

the management of COPD, we are still confronted with a poor understanding of the

underlying factors favoring ‘‘frequent hospitalizations’’ in frail patients (21).

Available data strongly indicate that interventions on the determinants of

frailty in COPD patients require a global approach that conventional health-care

delivery does not foresee. An extraordinary effort must be devoted to introduce

flexibility into health-care systems. This, in turn, would facilitate the implementation

of innovative ways of chronic care management based on integrative patient-

centered care, as discussed extensively below.

The first part of the present chapter reviews previous experiences and trends

on homecare services for COPD patients: home hospitalization=early discharge

programs and home support services. The main focus of the chapter, however, is

dedicated to new developments in COPD management based on the conceptual

framework of the chronic care model (22–25). Because information sharing is a

pivotal aspect of this model of care, we hypothesize that information technologies

Table 1 Observational Studies on COPD Exacerbations

Key Remarks

COPD exacerbations represent an increasing burden on health-care systems worldwide

(57).

Hospitalizations due to exacerbations generate a major portion (>70%) of the overall

expenses of the disease (58).

Conventional medical care fails to further reduce hospitalization rates substantially.

Exacerbations requiring hospitalization show high rates of early readmissions after

discharge (25–35% within 2 months) (30–34).

Predictors of unexpected hospitalizations (2, 3, 13–15)

History of repeated hospitalizations (three or more per year)a

Low FEV1

Pulmonary and systemic effects of hypoxemia

Hypercapnia

Low daily physical activity

Endpoints

Prevention of exacerbations in frail patients

Optimal medical care of COPD patients with exacerbation

Prevention of hospitalizations triggered by exacerbations

Prevention of early readmissions after discharge.

aThe following variables have been suggested to increase patient’s frailty: (1) poor management of

comorbid conditions; (2) lack of appropriate social support; (3) poor knowledge of the disease and

inappropriate skills for self-management of the disease; and (4) high level of anxiety-depression, but

further studies are needed to validate the role of these factors on exacerbations.
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(IT) will become an essential component for a successful deployment of the new

modalities of health care. In this regard, the chapter describes the basic features of

the CHRONIC project*, as one of the ongoing experiences on IT that shows the

potential in this field. The analysis of the clinical aspects of CHRONIC is followed

by a brief description of the technological platform that supports the project.

A first feasibility analysis of home management of acute exacerbations as an

alternative to hospital admission in exacerbated COPD patients was reported in 1999

in a noncontrolled study using a hospital-based team (26). The rationale for this

approach was that a significant portion of these patients, especially those without

severe comorbidities, do not require intensive investigations, complex therapy, or

continuous monitoring. Moreover, it has been shown that prolonged hospitalizations

in advanced COPD patients can be harmful because of increased associated risks

such as nosocomial infections and the deleterious effects of high doses of systemic

steroids on skeletal muscle (6–8).

In the initial experience by Gravil et al. (26), as well as in subsequent studies

indicated below, specialized respiratory nurses played a pivotal role in the programs.

It is shown that nurse-based assessment in the ER helps to identify the cohort of

patients who can be treated in the community with adequate support. These nurses

can also manage the home-care program under remote medical supervision. There

has been controversy regarding the effects of home hospitalization schemes on costs.

Two randomized controlled trials (27–29) reported that home hospitalization

significantly increased health-care costs for COPD patients. These two trials,

however, analyzed a very small sample of patients whose severity of illness was

not delineated.

A. Feasibility of Home Hospitalization and Early Discharge

Three controlled trials (30–32) conducted in the United Kingdom and a more recent

study from Spain (33) have shown both safety and cost reduction when these type of

services, either home hospitalization directly from the ER or early discharge from

the hospital, are applied to properly selected COPD patients with a well-defined

intervention at home.

These results provide ground to consider home hospitalization a practical

alternative to in-patient hospitalization in cohorts of selected individuals that could

encompass up to 30 to 40% of the patients admitted in the ER because of an

exacerbation. Similarly, early discharge from the hospital seems to be an adequate

option to prevent unnecessarily prolonged hospitalizations in severe exacerbations.

In summary, home hospitalization and early discharge should be looked at as

*CHRONIC, an Information Capture and Processing Environment for Chronic Patients in the

Information Society, is a project funded by the European Union (1999-IST-12158) running

from January 2000 to December 2002. Controlled clinical pilots on chronic respiratory

diseases are conducted in Barcelona (Spain) and Leuven (Belgium); patients with chronic

heart failure are studied in Leuven and neurological disorders in Milan (Italy). The Barcelona

team is the Project coordinator.
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potential alternatives to be indicated on an individual basis by the hospital-based

home-care team. Besides, the results of these studies seem to support the notion that

the efficacy of these home-care services is not dependent on the specificities of the

health-care system if the logistics are managed by the hospital. Thus, while the

National Health Service in the United Kingdom has a consolidated network of

primary-care physicians playing as ‘‘gate keepers’’ who are responsible for a rather

low percentage of patient’s self-referrals to hospital ER (on average 20–30%

countrywide, and as low as 1% in 30, the figure in Spain can be as high as 70%

(13, 15, 16).

B. Limitations of the Current Home Hospitalization=Early
Discharge Programs

According to the above-mentioned studies, the efficacy of home-care programs to

prevent short-term relapses was not higher than in the conventional model of

treatment. Despite noticeable differences in the health-care systems between UK

and Spain mentioned above, the two countries showed unacceptably high rates of

early relapses—between 25 to 35% of the patients required readmission within 2

months (30–34). These figures are similar in other European countries. High rates of

relapses were reported in a recent study done in five main city hospitals in Barcelona

(13, 15, 16). Also, a 50% hospital readmission rate within 6 months after discharge

has been reported in the USA (2).

Failure of home hospitalization and=or early discharge programs to prevent

early relapses might be due to fragmentation of care in the current health-care

systems. All these studies were conducted by hospital-based teams that provided

information to primary care on a regular basis, but without establishing real

interactions among the different levels of care. In other words, though these

programs implied quite a substantial redefinition of the roles of doctors and

specialized nurses such changes took place only at the hospital. It can be

hypothesized that similar programs carried out in the context of a regional health-

care network aiming at continuum of care, as described in Figures 1 and 2, can

successfully prevent relapses. A distributed model of care based on a close

collaboration between health-care levels (22–25) is strongly suggested for further

developments of home hospitalization=early discharge programs.

A proper design of these interventions in a regional health-care network

requires better knowledge of the clinical and social factors predicting likelihood of

success of home hospitalization programs. Information provided by multivariate

analysis of existing data (26, 30–34) might help to decide on the distribution of

responsibilities across the system aiming at collaborative work between health-care

levels. Recommendations on curricula requirements for the specialized respiratory

nurses and other allied health-care professionals devoted to home care, as well as

appropriate clinical guidelines in this field, are urgently needed.
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II. Home Support Services

In spite of the existing gray areas, the positive results of home-care programs are

sufficiently encouraging to explore an extended application of home services. Main

targets of home support services are indicated in Table 2. They should be the basis

for the definition of patterns of care to be shared by professionals working at

different levels of the system. As indicated above, distribution of specific tasks

between primary-care teams and specialized teams is clearly beyond the scope of the

current chapter.

A. Prevention of Unplanned Hospitalizations

While positive effects of a nurse-directed, multidisciplinary intervention have shown

(35–38) to improve HRQL, decrease frequency of unplanned hospitalizations,

reduce costs, and improve survival in elderly patients with chronic heart failure,

Figure 1 Scheme of a regional health-care network for care of chronic respiratory

patients. The health-care sector in Barcelona includes a population of 400,000 inhabitants

covered by public and private providers.

Table 2 Patterns of Care for Home-Based Services

Home Hospitalization and Early Discharge Programs

Home Support Services

Prevention of hospitalizations in frail patients

Programs targeting specific aspects:

Oxygen therapy

Home rehabilitation

Noninvasive home ventilation

Home monitoring (frail patients, tests)

End-stage disease:

Palliative care

End-of-life programs
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there is no information in the respiratory field. There are few small studies (39–44)

on the impact of a multidisciplinary program on clinically stable but frail patients.

None of them, however, provided strong conclusions on the efficacy of such

programs in COPD patients, nor the clues to organize a proper cost-efficacy trial.

Because of the clinical differences between COPD and chronic heart failure, the

design of cardiac protocols can not be extrapolated to respiratory patients.

As indicated in the section on early relapses, excessive fragmentation of

services between primary care and specialists, as well as the need for a proper

identification of variables determining frailty in COPD patients (Table 1) are likely

the most important factors explaining the lack of data in the respiratory field.

Controlled pilot studies examining the predictive value of frailty factors on

unexpected hospitalizations are needed to design multidisciplinary preventive

strategies of hospitalizations in COPD patients that should be evaluated in terms

of cost-efficacy analysis.

B. Programs Targeting Specific Aspects

We will only pinpoint the trends observed in three areas that are showing novel

developments. First, the entire rationale for oxygen therapy is based on keeping

diurnal blood levels of arterial blood oxygenation in the flat portion of the oxy-

hemoglobin dissociation curve. Without disputing the physiological basis for this

approach, it is increasingly accepted that both pulmonary and systemic effects of cell

hypoxia are more reliable predictors of the disease severity than the diurnal PaO2

measured at rest (3, 45). Moreover, it is acknowledged that polyglobulia is a specific

but poorly sensitive biomarker of cell hypoxia. Further knowledge on the molecular

consequences of cell hypoxia will likely trigger substantial changes in the clinical

monitoring and management of chronic respiratory failure in COPD patients.

Second, skeletal muscle training is becoming a relevant part of the non-

pharmacological treatment of the disease no longer constrained to advanced COPD

patients. The predictive value of physical activity on hospitalizations (2, 3, 16),

together with recent data on the molecular basis of physiological training effects (19,

20) open new avenues in the treatment of both normal and low fat free mass COPD

patients. Cost-efficient strategies for rehabilitation, including remotely controlled

home programs (46, 47), should be designed and the results properly assessed.

Finally, despite the rather negative reports on noninvasive home ventilation of COPD

patients (48), there is convincing evidence that appropriate identification of candi-

dates and adequate delivery of ventilation are key aspects to achieve successful

outcomes in this therapy, which should be analyzed in an extensive multicenter

approach.

C. Palliative Care and End-of-Life Programs

The palliative care and end-of-life needs for COPD patients have been properly

identified and consensus on the protocols can be achieved rather easily, based on

published reports (49–52). But identification of the transition from active care to

palliative care in COPD patients remains a pending issue. A similar problem occurs
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for end-of-life programs. Our hypothesis is that these programs cannot be success-

fully approached in the present model of acute care. Again, fragmentation of health-

care services and poor involvement of the patient (and caregiver) in the management

of the disease preclude the progress in this area. Decisions in this field should be

taken on an individual basis with a multidisciplinary approach because of both

technical and ethical reasons. An active patient’s partnership with professionals that

have been involved in the patient’s care at different levels of the system is required.

III. The Chronic Care Model

This section describes the main features of a novel approach for the management of

chronic disorders (Fig. 2) (22–25). The underlying hypothesis is that the relevant

limitations of the ongoing home-care programs for chronic respiratory patients

described in the previous sections can be properly addressed within the frame of the

new model of care.

Current health-care systems are essentially oriented to acute illnesses with

special focus on symptoms and laboratory results thus favoring an expeditious

resolution of immediate problems. However, this acute-care paradigm is no longer

adequate for the current changes in health-care problems, because it focuses more on

physician’s treatment rather than in patient’s active role in the self-management of his

or her disease. As a result, the interactions between patient and doctor are often

Figure 2 The chronic care model proposes a patient-centered approach with special

emphasis on shared-care arrangements across the health-care system. Key features of the

model are the development of innovative home-based services with involvement of

patients (and caregivers) as partners in the management of the disease.
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frustrating for both of them. Unfortunately, the acute-care model is perpetuated by

out-dated health-care training curricula.

Health-care systems will evolve by moving toward a model of care that can

better address chronic conditions. The chronic care model defines new relationships

between patients and professionals, and promotes reengineering of the roles of

health-care professionals within and between levels of care. As indicated in the

introduction, extensive use of user-friendly internet-based technologies seems to be

an essential component of the model to support its progressive implementation.

The new model (22–25) proposes a patient-centered approach with an

emphasis on shared-care arrangements across the health-care system (between

specialized care at the hospital and primary care) and within the multidisciplinary

primary-care team. Key features (22–25) are the development of innovative home-

based services with involvement of patients (and caregivers) as partners in the

management of the disease. The primary health-care center organizes and coordi-

nates the care of the chronically ill person through a team composed of physicians,

nurses, and=or community health=social workers. This team aims at optimizing

patient outcomes through ongoing interactions during which they (1) collect and

review patient’s registries and take appropriate action; (2) help patients (and

caregivers) to set goals and solve problems for improved self-management; (3)

apply or reinforce proven clinical and behavioral interventions; and (4) assure a

continuous follow-up of the disease. The link between the primary-care team and the

hospital is often led by a nurse who plays a bridging role with the specialist. This

prompts a redefinition of the roles and skills of the specialized nurses and other

allied health-care professionals in this model, which in turn makes it necessary to

reexamine the interactions of these professionals with physicians. The model also

strengthens the role of the caregiver. In this scenario (Fig. 2), adequate standardiza-

tion of procedures and fluent communication across the system becomes mandatory.

This is the role that information technologies are to play in this new setting,

facilitating information sharing and collaboration among different actors and health-

care levels (53). Moreover, novel educational tools and continuous professional

development can be integrated into practice and thus become relevant building

blocks in the implementation of the chronic care model.

IV. CHRONIC Project: Innovative Home-Based Services

One of the pivotal aspects of the CHRONIC project (see footnote, p. 533) is to

perform controlled clinical trials addressed to evaluate efficacy and associated costs

of innovative home-based services. An important goal of the project is to assess the

added value of internet-based technologies to facilitate a progressive deployment of

the chronic care model. The characteristics of the technology used are described

below in the section devoted to the technological platform. The CHRONIC platform

integrates the use of traditional communication tools such as the phone with up-to-

date technologies described below. Essential aims are to facilitate information

sharing within the regional health-care network and use of user-friendly interfaces.
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Home care in this model aims at a comprehensive approach of the manage-

ment of target elderly chronic respiratory patients often showing several co-morbid

conditions*. Home-based services are not conceived as an alternative to in-patient

hospitalization, but as part of a continuum of care within a regional health-care

network (Fig. 1). With special emphasis on the interactions among different public

and private providers playing at different levels of the system (primary-care teams,

convalescence centers, and the tertiary hospital). The system must avoid fragmenta-

tion of services by ensuring effective functional relationships across health-care

levels. A well-defined distribution of responsibilities within the primary-care team

and with the specialized team should be properly settled. The design of evidence-

based patterns of care aiming to achieve preestablished endpoints for the manage-

ment of the disease constitutes a pivotal aspect for the success. A continuous follow-

up shall be established to facilitate validation of the patterns of care, as described in

Table 2. In this context, timely information about patients, and populations of

patients, is a critical feature to achieve effective care. A disease registry for

individual practices that includes tracking of clinical information and outcomes

should be mandatory. Health-care providers that have access to the registry can plan

and deliver care in a timely and appropriate manner. Empowerment of patients and

caregivers to ensure effective self-management helps patients and families to adhere

to regimens in ways to minimize complications, symptoms, and disability. Patients

and their caregivers need to be informed about self-management strategies and be

appropriately motivated to adopt healthy lifestyles.

A. Home Hospitalization=Early Discharge

In the pilot phase, the approach described above has shown to be particularly

successful for home hospitalization and early discharge in a group of 222 patients

admitted in the emergency room of two main city hospitals because of an

exacerbation, as reported in detail in (34). The intervention carried out in the

home hospitalization group, described in Table 3, generated better outcomes than

conventional care (Fig. 3), which included: (1) lower in-patient hospitalization rates;

(2) lower rate of short-term relapses requiring ER admissions; (3) clinically relevant

improvement in health-related quality of life, as assessed by the Saint George

Respiratory Questionnaire (SGRQ); (4) higher degree of patient satisfaction; and (5)

an important positive impact on knowledge of the disease and on patient self-

management of the chronic condition, as described in Figure 4. The results were

obtained with a rather modest use of the resources allocated to home support. Only a

small portion of the five potential nurse visits was used (on average 1.7 nurse visits at

home) during the 2-month follow-up period. Despite a free-phone access ensured to

all patients, the average number of patient phone calls to the nurse was only 0.76.

*In a representative group of 222 COPD patients (73� 8.5 years) admitted at the ER of two

tertiary hospitals (52) because of an exacerbation of the disease, 95% of them presented one or

more comorbid conditions (on average 3.1 concomitant disorders), chronic heart disease being

one of the most common problems, present in approximately 35% of the COPD patients.
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The average overall costs per home hospitalization patient were substantially lower

than in conventional care essentially due to less days of in-patient hospitalization.

While all previous studies assessing either home hospitalization or early discharge

(26, 30–33) have shown that the approach is safe, this was the first report that clearly

demonstrated beneficial effects of the intervention compared with conventional care

of COPD exacerbations. The study also indicates that improvement of outcomes was

associated with a reduction of direct costs. Like other reports (26, 30–33), it was

demonstrated that home hospitalization was suitable only in a subset of exacerba-

tions that must be selected at the hospital after proper assessment by a specialized

team. It is of note that patients with baseline low mobility and those unable to

improve their daily physical activity after the intervention (Table 1, Fig. 4) showed

Table 3 Description of the Nurse-Driven Intervention in the Home Hospitalization Group

1. Assessment on ER Admission by the Specialized Team

Characteristics of the exacerbation, comorbidities, and response to treatment at the

emergency room (ER)

Baseline conditions of the patient (duration 1.5 h): (1) health-related quality of life; (2)

health-care resources in the previous year; (3) fragility risk factors; and (4) knowledge

of the disease and compliance to therapy

Decision on discharge from the ER or after a short period of in-patient hospitalization

based on 1 and 2.

2. Treatment at Discharge

Pharmacological therapy of COPD and comorbidities

Nonpharmacological treatment (duration 2 h)a

3. Home Hospitalization (HH) and 8-Week Follow-Up

First nurse visit at home at 24 h (duration 1 h)

Assessment of the response to pharmacological treatment

Introduction of changes under remote physician’s supervision

On-site assessment of fragility factors

Action plan revisited and education reinforced

Eight-week follow-up

Number of home visits and duration of HH were decided by the nurse

Patient free-phone access to the nurse was ensured

Nurse phone calls to patient to reinforce the action plan

Failure of the program

>5 nurse home visits during the 8-weeks follow-up

New problem requiring ER admission

4. Assessment After 2 Months Follow-Up

Source: Ref. 34.
aThe nonpharmacological therapy included: (a) education on knowledge of the disease; adherence to

treatment; and recognition=prevention of triggers of exacerbation; (b) selection of appropriate equipment

at home; training on administration of pharmacological treatment; (c) smoking cessation; (d) patient

empowerment on daily life activities: hygiene, dressing, household tasks; leisure activities; breathing

exercises; and, skeletal muscle activity; (e) nutrition recommendations; and (f) socialization and changes

in lifestyle.
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lower health-related quality of life and higher risk of relapse after discharge from the

hospital.

The positive effects of the educational intervention on patient’s behavior are

indicated in Figure 4. It is acknowledged, however, that the relatively short-term

follow-up (2 months) might limit the generalization of the results. The pivotal effects

of education on self-management of asthma have been widely demonstrated over the

last years (54–56), but evidence in this regard is just being collected for

COPD patients. We identify this area as a key field for the development of future

Figure 4 Knowledge of the disease and self-management of the chronic condition in the

home hospitalization study (34). Results are expressed as percent of patients. On

admission (inner limits: HH, triangles; and, controls, squares), no differences were seen

in any of the six dimensions of the graph. No changes in the control group (dark gray area)

were observed during the 8-week follow-up period, but marked beneficial effects were

detected in the HH group (light gray area). It is of note that both baseline results and

changes in home rehabilitation were associated with the success of the intervention

measured by lack of early readmissions (and survival) after discharge.
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guidelines for chronic respiratory diseases linking the different levels of the

healthcare system.

B. Characterization of Target Subsets of Patients

An important step in the process of setting home-based health-care services is a

proper characterization of the target population of candidates for the different

patterns of care. This aspect is particularly important in chronic respiratory patients

because of the limitations of operational criteria for diagnosis for different disease

categories at primary-care level (COPD, chronic asthma, bronchiectasis, etc.).

Moreover, specific endpoints for each pattern of care have not been established yet.

C. Prevention of Unplanned Hospitalizations

The analysis carried out above highlights the need for a comprehensive design of

community-based multidisciplinary services to prevent unexpected hospitalizations

in elderly chronic respiratory patients ensuring an appropriate cost-efficacy ratio of

the setting. Preliminary results of a pilot carried out, as part of the chronic project

seems to generate positive results in terms of effective prevention of both unexpected

hospitalizations and ER admissions after 1-year follow-up. Moreover, the pilot is

facilitating the identification of frailty criteria to predict high risk of relapse after

discharge.

D. Programs Targeting Specific Aspects

Specific programs for control of oxygen therapy, noninvasive home ventilation,

home rehabilitation, transient or long-term home monitoring of target groups of

patients shall be included as part of the spectrum of home-based services. Also,

specific offers oriented to social support or remote alarms for elderly patients should

be considered in a comprehensive program. Distribution of responsibilities and

particulars of the interactions between primary-care teams and specialized teams

must be defined for each specific pattern of care (Table 2).

Palliative care and end-of-life programs deserve particular attention in this

setting. The chronic care setting should provide continuous follow-up of target

populations with availability of the patient’s registries. This setting, together with

patient empowerment for self-management of the disease, should generate an

adequate scenario for the deployment of end-of-life programs.

V. CHRONIC Project: The Technological Platform

The CHRONIC project integrates both traditional and innovative technologies

to support new models of health-care provision by developing an information
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environment for the care of target chronic patients (Figs. 5, 6). The principal

elements of the CHRONIC technological platform are the following:

1. The chronic care management center (CCMC) is the core of the system. It

is the single entry point for the patient to access health-care services,

regardless of the provider. From the CCMC, patient’s request is handled

by allocating the most suitable resource (hospital and ER departments,

primary-care centers, or any other related providers). At the same time, in

the CCMC, information on patient status, actions taken and consumption

of resources is collected. From the technical point of view, the CCMC

uses advanced call center technologies coupled to a patient management

module (PMM). The call center supports different modes of operation. In

normal mode, incoming calls are attended by a tele-operator whereas in

automatic mode a virtual response unit (VRU) takes control over them

thus assuring round the clock coverage.

2. The patient management module is a web-based application that provides

access and facilitates the management of the records of the patients

Figure 5 The CHRONIC project (1999-IST-12158) evaluates a new model of integrated

healthcare services addressed to target populations of patients with chronic disorders. The

core of the system is the chronic care management center (CCMC) that channels patient’s

requests to the appropriate health-care level through nurse-driven programs aiming to

provide a continuum of care. The technological platform based on internet technologies

facilitates the interactions among professionals and the management of patient registries,

including monitoring of biological signals. The CCMC is also a vehicle for continuous

education of patients and professionals.
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included in a home-care program. The information managed by the

module is encoded and accessibility relies on the use of digital certificates.

The module accesses information on: (1) interactions of the patient with

the call center (calls made, answers to triage questionnaires, etc.); (2)

monitoring data and results of the automated data analysis; (3) patient’s

clinical record and follow-up (frailty score, treatment plan, and follow-up

reports made by health-care professionals at any level of the system); and

(4) professional utilities such as home-visit agenda, list of pending

problems, etc. The module is designed in such a way that the different

sections can be accessed and updated from any point of care, including the

patient’s home. In the latter, the module is accessed through the home visit

mobile unit.

3. The home visit mobile unit is a small size laptop computer running an

application similar to the PMM that supports communication with the

CCMC. This means that patient information can be accessed and updated

remotely. It is also possible to manage the agenda of the health profes-

sional, to consult educational material or to perform on-site measurements

such as forced spirometry. The communication is based on standard GSM

and GPRS cards.

4. The patient home unit consists of a central device (namely a home hub)

and a set of sensors (wireless ECG and pulse oximetry; spirometry; and,

blood pressure). The system is designed to provide a user-friendly inter-

face for patients that are not familiar with computers. It uses the standard

TV set as a display and navigation through menus is managed by means

of a remote control. The functionalities of the unit include: monitoring of

biomedical signals, video conferencing, access to web based educational

multimedia material and exchange of messages with the CCMC. The

system is connected to the CCMC using internet protocols through private

providers and public networks. Security of data transmission relies on the

https protocol and digital certificates.

Figure 6 List of services either available or planned during the lifespan of the

CHRONIC project. The system facilitates access to information for case management,

teleconsultation, telemonitoring and advising, as well as rehabilitation sessions for patient

empowerment and care optimization.

Home Management of AECOPD 545



VI. Summary

Health-care systems in developed countries are facing a period of profound changes

resulting from a variety of factors, including demography and advances in technol-

ogy. Aging of the population together with a high prevalence of concurrent chronic

disorders generate an extensive use of health-care and social services. Recent

projections (57) indicate boosting of these two factors at least up to the year

2020. Moreover, because of specific characteristics of patients with chronic

comorbid conditions, a substantial degree of flexibility of health-care services is

increasingly required. Overall, these phenomena are the main cause of dysfunction

in the traditional health-care models that are essentially focused on acute care.

Integration of health-care delivery across systems aiming to provide a continuum of

care to target populations of patients with severe chronic diseases seems to be the

emerging model most suitable to provide effective and efficient health care services.

In this context, managerial aspects of exacerbated COPD patients must be revisited

and innovative home-based services, in conjunction with in-patient hospitalization,

will be addressed. They must be understood as part of the continuum of care for

chronically ill patients. Despite the promising results of these new approaches in the

treatment of COPD exacerbations, prevention of early relapses after discharge is still

an important challenge. Progressive deployment of these new patient-centered

services should be done under the frame of a properly designed cost-effectiveness

analysis.

The results of the CHRONIC project, described in the chapter, should enable

health-care organizations to take advantage of information technologies, to achieve a

better use of the available resources to provide citizens with a more usable and high-

quality service, creating added value. The chronic care platform derived from the

project will favor new organizational schemes facilitating the deployment of the

chronic care model. The platform can be also used in other scenarios: acute patients

after surgery or any other reasons; patients requiring regular monitoring of treatment,

etc. The system can also evolve as a platform to support knowledge management

tools useful for the development of new methods for continuous professional

development required to face rapidly evolving requirements of health care.
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Xavier Pastor and Bernat Sifre; UPM, Madrid (E), Francisco del Pozo, Paula de
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I. Introduction

This chapter presents an integrated view of the management of patients hospitalized

because of an acute exacerbation of COPD (AECOPD) (1–5). It does not address the

management of AECOPD in the community, nor does it discuss in depth the

individual aspects of each of the different therapeutic options available (Table 1,

Evidence A–D), because both are covered at length in other chapters of this book.

The management of AECOPD in hospital can pursue several goals, including

(2, 5) (1) the stabilization of the respiratory and hemodynamic situation of the

patient; (2) the recovery or improvement (if possible) of the baseline clinical

condition of the patient; (3) the correct diagnosis of the causes of the AECOPD;

(4) the assessment of the severity of the baseline disease (COPD) as well as the

identification of any potential comorbid condition present; (5) the education of the

patient on the proper use of medications and therapeutic devices, as well as on an

adequate, health-promoting lifestyle to engage with after discharge; and, finally (6)

the assessment of the need of additional treatment at home, such as pulmonary

rehabilitation and=or domiciliary oxygen therapy. The achievement of these different

goals requires the management of the patient in different areas=settings of the

hospital [emergency room, hospitalization ward, intensive care unit (ICU)]. The text

that follows discusses (1) the initial management of the patient with AECOPD in the
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emergency room; (2) the criteria for hospitalization; (3) the management of

AECOPD in the ward; (4) the management of AECOPD in the ICU; and (5) the

criteria for discharge from each of these different care levels (ICU, ward); and (6)

identification of unresolved issues that need more research and speculates on

potential future alternatives.

II. Initial Management in the Emergency Room

A. Assessment of Severity

Table 2 presents the main components of the initial evaluation of a patient with

suspected AECOPD in the emergency room. The information provided by the

clinical history, physical examination, chest x-ray, and arterial blood gas values

allows to (1) establish the diagnosis of AECOPD; (2) grade its severity; (3) identify

Table 1 Description of Levels of Evidence

Evidence

category Sources of evidence Definition

A RCTs; rich body of data Evidence is from endpoints of well-designed

RCTs that provide a consistent pattern of

findings in the population for which the recom-

mendation is made. Category A requires

substantial numbers of studies involving

substantial numbers of participants.

B RCTs; limited body of data Evidence is from endpoints of intervention studies

that include only a limited number of patients,

posthoc or subgroup analysis of RCTs, or meta-

analysis of RCTs. In general, Category B

pertains when few randomized trials exist, they

are small in size, or they were undertaken in a

population that differs from the target popula-

tion of the recommendation, or the results are

somewhat inconsistent.

C Nonrandomized trials;

observational studies

Evidence is from outcomes of uncontrolled or

nonrandomized trials or from observational

studies.

D Panel consensus judgment This category is used only in cases where the

provision of some guidance was deemed

valuable but the clinical literature addressing

the subject was deemed insufficient to justify

placement in one of the other categories. The

Panel Consensus is based on clinical experience

or knowledge that does not meet the above-

listed criteria.

RCTs, randomized controlled trials.
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its causes; and (4) decide the need for hospitalization, oxygen therapy and=or
ventilatory support (6, 7) (evidence D). In contrast, the severity of airflow obstruc-

tion present when the patient was clinically stable (before AECOPD) is useless to

assess the severity of the current episode of AECOPD, the need for hospitalization

and=or the time for discharge (6–8). Finally, it is necessary to rule out (and treat, if

necessary) other morbid conditions that can contribute to worsen the clinical

situation of the patient, such as heart failure, pulmonary emboli, pneumonia, and=or
intake of sedatives, among others. These, however, should not be conceptually

considered causes of AECOPD (9). This consideration is important in order to

dissect clearly the mechanisms of AECOPD (and, therefore, its appropriate manage-

ment) from that of other disease states that may impact on the patient with COPD,

independently of his (her) basic disease process.

Table 2 Initial Components of Emergency Room Evaluation of

Patients with AECOPD

Clinical history

Baseline respiratory status

Smoking history

Previous exacerbations and whether they require hospitalization

Sputum volume and color

Baseline resting dyspnea

Prior measurements of lung function and arterial blood gases

Length and rate of onset of symptoms

Level of activity

Home therapeutic regimen and compliance

Social circumstances

Comorbid conditions

Severity of symptoms

Cor pulmonale

Bronchospasm

Pneumonia

Hemodynamic instability

Level of consciousness

Paraxodical abdominal retractions

Use of accessory respiratory muscles

Acute comorbid conditions

Laboratory

Blood gases

ECG

Chest radiograph

Whole blood count and biochemical test

Sputum culture
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B. Initial Therapeutic Measures

Oxygen Therapy

If the clinical condition of the patient allows it, arterial blood gases should be

measured before starting oxygen therapy. The goal of oxygen therapy is to achieve

an arterial partial pressure of O2 (PaO2) greater than 60mmHg (8.0 kPa) or an

arterial oxyhemoglobin saturation value (SaO2) higher than 90%. To avoid a

simultaneous rise in arterial PCO2 and a fall in arterial pH, the lowest inspiratory

fraction of oxygen (FiO2) should be used (evidence A) (2–5, 10).

Bronchodilators

The administration of aerosolized, short-acting b2-agonists (Table 3) is the bron-

chodilator treatment of choice in the initial management of AECOPD (evidence A)

(2, 3, 10). If this does not result in a rapid clinical improvement, the combination

with anticholinergic bronchodilators is recommended (evidence B) (2, 5, 8, 10). The

use of subcutaneous or intravenous b2-agonists is not recommended for routine use.

It can be considered in life-threatening conditions and when the inhaled route is not

available.

Steroids

Oral or intravenous steroids are efficacious in the treatment of AECOPD (evidence

A) and should therefore be used routinely (6, 7, 10). An initial dose of 0.5mg=kg of

6–8 h of prednisolone has been empirically recommended (evidence D) (3, 4, 10).

Given that undesirable side effects (mostly hyperglycemia) are not rare (11), whether

smaller doses may be equally effective needs to be tested prospectively.

Antibiotics

The use of antibiotics in the management of AECOPD is controversial. When

invasive and sophisticated research techniques (such as the endoscopic sampling of

Table 3 Bronchodilator Dosages in AECOPD

MDI

(mg)
Nebulizer

(mg)

Endovenous

(mg=min)

Time to

onset

(min)

Time to

peak

(min)

Duration

(h)

Fenoterol 100–200 0.5– — 4–6

Salbutamol 100–200 2.5–5 4 3–5 60–90 4–6

Terbutaline 250–500 5–10 0.005 3–5 60–90 3–6

Formoterol 12–24 — — 5 60–90 11–12

Salmeterol 50–100 — — 45–60 120–240 11–12

Ipratropium

Br.

40–80 0.25–0.5 — 5–15 60–120 6–8

554 Agusti et al.



the tracheo-bronchial secretions with a protected brush) are used in patients with

AECOPD, only in about 65% of all episodes can bacteria be identified (12–16). It

would be then in these cases (but not in the 35% remaining) where antibiotics may

play a role in the management of AECOPD. However, these research techniques can

not be used routinely in practice and the identification of this particular subset of

AECOPD episodes just on clinical grounds is difficult. Because of these difficulties,

therefore, and following Anthonisen pioneering work (17), antibiotics are recom-

mended for the management of AECOPD in those episodes that fulfill at least two of

the following criteria: increased breathlessness, increased volume of expectoration or

increased sputum purulence. These criteria have been later extended to all those

AECOPD episodes accompanied by acute (or acute on chronic) respiratory failure

(evidence B) (3–5, 7, 10).

Other Measures

A proper assessment of the clinical condition of the patient in the emergency room

may advocate the need of other therapeutic measures, including the administration of

fluids and electrolytes and the use of diuretics, anticoagulants and any other drug

deemed necessary for the treatment of the individual patient under examination.

III. Criteria for Hospitalization

After the assessment in the emergency room and the initiation of the treatment

measures discussed above, a decision on the need for hospitalization or discharge, as

well as on the precise care level needed in the former case (ward, ICU), has to be

taken. However, there is no single clinical or biological marker useful for this

purpose. This decision has to be based upon the global interpretation (necessarily of

subjective nature) of the clinical condition of the patient, the response to the

therapeutic measures instituted and the severity of any comorbid condition present.

Table presents a summary of the criteria generally recommended for such decision

(evidence D) (2–5, 10). Although, individually, none of these criteria constitutes an

absolute indication for hospitalization, the greater the number present the more

likely is the need for hospital care.

IV. Management in the Ward

A. Pharmacological Measures

Bronchodilators

Short-acting b2-agonists and anticholinergic drugs constitute the cornerstone of

bronchodilator treatment of AECOPD during hospitalization (evidence A) (7, 15).

Despite the fact that both have similar bronchodilator potency (6, 7, 18), the

former is normally recommended for its faster onset of action (evidence A) (2, 10).

When the clinical response to high doses of inhaled short-acting b2-agonists is

unsatisfactory, anticholinergics are also recommended (2–5, 10). Whether the
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combination of both (short-acting b2-agonists and anticholinergics) is better than the

use of high doses of any one of them alone is controversial (10, 18).

In the management of hospitalized patients with AECOPD, short-acting b2-
agonists and anticholinergics are normally given every 4 to 6 h (Table 3). This period

of time can be shortened if required by the clinical condition of the patient (2). The

inhaled route is recommended for their administration because of its high efficacy

and low rate of side effects (evidence A) (6, 7). In hospitalized patients, nebulizers

are commonly used for this purpose but metered-dose inhaler devices (MDI) are

equally effective if the patient is able to coordinate and perform the inhalatory

maneuver correctly (evidence A) (2, 7).

When the response to inhaled treatment with short-acting b2-agonists and

anticholinergics is unsatisfactory, intravenous treatment with methylxanthines can

also be considered (bolus of aminophylline of 2.5–5mg=kg over 30min, followed by

a maintenance perfusion of 0.5mg=kg=h) (evidence B) (2, 3, 10, 19, 20). If used,

monitoring of theophylline plasma levels is mandatory (2–4, 10, 19).

To date, there is no evidence to recommend the use of long-acting b2-agonists
in the management of AECOPD. This is, however, an area that clearly needs

research, particularly in those patients who were already being treated with such

drugs when clinically stable (21).

Steroids

The systemic administration of glucocorticoids is efficacious in the hospital

management of AECOPD (evidence A) (6, 7, 10). Its use enhances the recovery

of airflow obstruction (as assessed by FEV1), shortens hospital stay, and reduces the

number of readmissions due to AECOPD (7, 11, 22, 23). However, their optimal

Table 4 Indications for Hospitalization in AECOPD

Failure to respond to initial medical management

Increased dyspnea plus inability to eat, sleep and=or walk between rooms

Insufficient home support

Altered mental status

Cyanosis

Rapid onset of symptoms

Prolonged and progressive symptoms before emergency visit

Severe comorbidities or poor general condition

Worsening peripheral edema

Changes on the chest radiograph

Arterial pH < 7.35

Temperature > 38.5�C
Respiratory frequency > 25 breaths=min

Heart rate > 110 beats=min

Acute respiratory failure

Diagnostic uncertainty
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dose (and timing for tapering) has not been determined precisely. Normally,

prednisolone is recommended (empirically) at a dose of 0.5mg=kg of 6–8 h (orally

or intravenously) during the first 72 h (3, 4, 10, 24) with later tapering until its

complete stop in about 2 weeks (evidence D) (3, 7, 10, 23).

Antibiotics

As discussed above, the use of antibiotics in the management of AECOPD is a

highly controversial topic. It is generally thought that infections of the tracheobron-

chial tree (both of viral and bacterial origin) are the main cause (but clearly not the

only one) of AECOPD (25). This idea is supported by some evidence. First, using

invasive techniques bacteria can be isolated from the tracheobronchial tree in about

65% of patients with AECOPD (12). However, under stable conditions, about 35%

of patients are chronically colonized by bacteria (8, 12). If this is considered, then

only in about 30% of the episodes of AECOPD could new bacterial pathogens be

identified. Clearly, viruses can also play a mechanistic role and, in fact, using the

polymerase chain reaction, viruses can be identified in about 30% of episodes of

AECOPD (26). However, for the purposes of discussing the adequacy of antibiotic

usage in AECOPD, viruses are irrelevant. In summary, available evidence suggests

that bacteria probably play a mechanistic role in some (but certainly not all)

AECOPD. Accordingly, in theory, antibiotics should be indicated only in these

cases. The problem, obviously, is how to identify reliably the episodes of AECOPD

due to bacterial infection. This is an area that clearly needs research. In the

meantime, antibiotic treatment is normally recommended in those episodes of

AECOPD that fulfill at least two of the following criteria: increased breathlessness,

fever, increased volume of expectoration or increased sputum purulence (evidence

B) (3, 4, 7, 10, 17). Antibiotics can also be indicated in those AECOPD episodes

that are accompanied by acute (or acute on chronic) respiratory failure (evidence B)

(3, 6, 7, 27).

The most common bacteria isolated in AECOPD are S. pneumoniae, H.

influenzae, and M. catarrhalis (12). In patients with severe COPD (i.e., with an

FEV1 of less than 35% of the reference value) Gram-negative bacilli, particularly

enterobacteria and Pseudomonas, can also play a role (28). Due to these considera-

tions, the empirical antibiotic regime recommended for the hospital management of

AECOPD normally includes the use of cephalosporins, wide-spectrum penicillin

and quinolones with antipseudomonas activity (2, 8, 15, 28). In any case, the

prescription of a given antibiotic in AECOPD should consider both the level of

antibiotic resistance in the local community as well as the usage of other antibiotics

by the individual patient prior to hospitalization.

Other Pharmacological Measures

Low-weight molecular heparin is generally recommended in patients with restricted

mobility, in those with significant polycythemia and=or significant dehydration, as
well as in those with previous pulmonary emboli.
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Diuretics are indicated in case of overt right-heart failure, as indicated by the

presence of peripheral edema and raised jugular venous pressure.

Because magnesium, calcium, phosphate, and potassium deficits are not rare

in COPD and can worsen during AECOPD, close monitoring of fluid and electrolyte

balance, and proper correction if needed, is generally advised (2, 10).

Patients with COPD are often undernourished (29). This can be significantly

worsened during AECOPD requiring hospitalization (29). Yet, parenteral nutrition is

recommended only in severely malnourished patients in whom adequate enteral

support cannot be achieved (10).

Despite its wide use in some countries, there is no evidence that ventilatory

stimulants such as doxapram, almitrine, protriptyine, medroxyprogesterone, or

acetazolamide offer significant benefit in AECOPD (21, 30, 31) and, in general,

their use is not recommended (2–5).

B. Nonpharmacological Measures

Oxygen Therapy

Respiratory failure is almost invariably present in patients hospitalized because of

AECOPD. Thus, restoration of an adequate arterial oxygenation is one of the

therapeutic cornerstones in these patients. In this context, the goal of oxygen therapy

is to achieve an arterial partial pressure of oxygen (PaO2) greater than 60mmHg

(8.0 kPa), which results in an arterial oxyhemoglobin saturation (SaO2) greater than

90%, avoiding, if possible, significant CO2 retention that may result in acidosis

(evidence A) (2–5, 10). To this end, the use of an inspiratory fraction of oxygen

(FiO2) of 0.24 or 0.28 is normally enough (3, 4, 15).

In hospitalized patients with AECOPD, oxygen therapy can be administered

either by nasal prongs (less cumbersome and more comfortable for the patient) or

venturi masks (which allow a more precise control of FiO2) (3, 10, 32). If an

FiO2> 0.40 is required to achieve adequate arterial oxygenation, nonrebreathing

masks equipped with a reservoir and a 1-way valve are recommended (2).

Given that FiO2 is chosen empirically and that its effects upon arterial

oxygenation, CO2 retention and pH cannot be predicted accurately in any given

individual patient, arterial blood gases should be measured 30min after every FiO2

change. This will allow the correct assessment of the FiO2 chosen and its further

adjustment (up or down) if needed. Likewise, and for the same reasons, whenever

the clinical condition of the patient changes significantly or FiO2 is again changed

(up or down), another arterial blood gas measurement should be performed (21). The

use of pulse oxymetry to monitor noninvasively the level of arterial oxygen

saturation is acceptable only when there is certainty that arterial pH and PaCO2

values are correct (3).

Physiotherapy

There is no evidence that physiotherapy is useful in the routine management of

hospitalized patients with COPD (actually, it may be deleterious because it can cause
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a transient decrease in FEV1) (3, 6, 7, 33). However, in selected patients with

significant (>25mL=day) mucus production, techniques such as huff coughing and

postural drainage (with or without the aid of vibration or percussion methods) may

be useful (evidence D) (2, 10). The use of mucolytic drugs as well as overhydration

have not been proved to be useful in these patients (6, 7).

Noninvasive Ventilatory Support

The use of noninvasive ventilatory support (NIVS) outside of the intensive care unit

is also a controversial issue. In principle, the authors believe that NIVS in the ward

should be restricted to selected patients. Its pros and cons, as well as the

inclusion=exclusion criteria, are analyzed below, in conjunction with other ventila-

tory support modalities.

V. Management in the Intensive Care Unit

A. General Measures and Pharmacology

All the general and pharmacological measures discussed above for the management

of the AECOPD patient hospitalized in a general ward (bronchodilators, steroids,

antibiotics, oxygen therapy, etc.), are equally applicable to those patients requiring

intensive care (Table 5), and will not be discussed further here.

B. Mechanical Ventilation

Patients with severe AECOPD may require ventilatory support. This can be provided

invasively (that is, by means of an endotracheal tube connected to a ventilator) or

noninvasively (by means of a nasal or facial mask that avoids the need of the

endotracheal tube). In both instances, however, the therapeutic goals are the same: to

reduce the morbidity–mortality of AECOPD; and to improve the symptoms of the

patient.

Noninvasive Ventilatory Support

A recent consensus conference on the topic concluded that NIVS is useful for the

treatment of patients with AECOPD and ventilatory failure (34). In these patients,

NIVS (1) reduces PaCO2 and increases arterial pH; (2) improves the symptoms

arising from respiratory muscle fatigue (such as dyspnea); (3) shortens the length of

Table 5 Indications for Admission in ICU

Severe dyspnea despite maximum treatment

Impaired mental status or respiratory muscle fatigue

Life-threatening hypoxemia despite maximum treatment

Life-threatening acidosis (pH <7.30) despite maximum treatment

Need for mechanical ventilation
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stay in hospital (evidence A); and (4) reduces the need for orotracheal intubation as

well as hospital mortality (35–37). Table 6 shows the inclusion=exclusion criteria for

NIVS in AECOPD.

This same international consensus conference indicates that NIVS should be

used only in the ICU or in units that can guarantee an adequate (high) level of

monitoring (evidence D) (34). The use of NIVS in a general hospitalization ward is

controversial (38, 39). In principle, NIVS in the ward should be restricted to those

patients with AECOPD who have not responded adequately to the initial therapeutic

measures, as shown by the presence of (1) PaCO2 values that result in pH 	 7.30

(evidence D) (34); and (2) cannot be treated in an ICU due to clinical reasons (age,

comorbidity) or operational conditions (lack of availability of ICU beds). NIVS can

be initiated in the emergency room only if there are experienced personnel and

adequate monitoring capabilities (34).

The correct use of NIVS requires (evidence D) (1) proper monitorization of

SaO2, arterial blood gases and vital signs; (2) adequate adaptation of the patient to

the device, avoidance of gross air leaks and a preserved capacity to clear broncho-

pulmonary secretions; and (3) human (and technological) resources with adequate

experience as to face and solve potential complications.

In patients with AECOPD four different modalities of NIVS have been used:

(1) volume-cycled NIVS (35); (2) positive-pressure support ventilation (36); (3)

pressure-cycled ventilation (37); and, (4) bilevel pressure ventilation (BiPAP) (i.e.,

different inspiratory and expiratory pressure levels) (38, 40). The selection of a

particular ventilatory mode basically depends on the availability of equipment and

the experience of the involved personnel.

NIVS must be adjusted individually keeping in mind the following therapeutic

goals: (1) improved symptoms; (2) improved pulmonary gas exchange; and (3)

avoidance of undesired side effects (34). NIVS requires the use of a mask to

interface the ventilator and the patient. Two different types of masks can be used in

this setting: (1) facial masks (covering both the nose and the mouth); and (2) nasal

Table 6 Inclusion and Exclusion Criteria for NIPPV

Inclusion criteria Exclusion criteria (any may be present)

pH <7.35 and PaCO2 >45mmHg Respiratory arrest

Nonrespiratory system failure

Impaired mental status (Glasgow scale value <10)

Severe upper gastrointestinal bleeding

Cardiovascular Instability (hypotension, arrhythmias,

myocardial infarction)

Surgery, craniofacial trauma or facial deformity

Upper airway obstruction

Uncooperative patient

High aspiration risk=viscous or copious secretions
Extreme obesity

Source: Modified from Ref. 10.
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masks (covering only the former). There is no evidence to support that one type of

mask is better (or worse) than the other. Yet facial masks normally allow higher

pressure levels with less air leaks, require less patient collaboration and permit

mouth breathing. By contrast, they are less comfortable than nasal masks and

interfere with other physiological functions, such as speaking and eating. On the

other hand, nasal masks require a higher degree of patient collaboration, who have to

maintain their mouth closed to avoid air leaks. The selection of a particular type of

mask in a particular patient depends on availability, previous experience of the

caring team, and, importantly, on the goodness of the adaptation of the individual

patient to a particular type of mask. In any case, NIVS is normally used

intermittently, only during a limited period of time per day (6–12 h).

Invasive Mechanical Ventilation

Despite the fact that NIVS offer some advantages with respect to invasive mechan-

ical ventilation (MV) (36), the latter has some clear indications in AECOPD, which

are listed in Table 7. The therapeutic goals of MV include: (1) normalization of their

pulmonary gas exchange and respiratory acidosis (41); (2) provision of adequate

vital support while treatment for a specific cause of AECOPD (pneumonia,

pulmonary emboli, severe bronchospasm) is given (‘‘buy time’’); and (3) resting

(and recovering) the fatigued respiratory muscles (42). However, MV is not free of

complications. These include: (1) barotrauma (43); (2) ultrastructural lesion of the

pulmonary parenchyma, with increased pulmonary permeability and edema (44);

and (3) ventilator-associated pneumonia (45). Mortality in patients with AECOPD

who need MV is not higher than that of other patients who also require MV due to

causes other than AECOPD (10).

Tracheal Intubation

In an emergency situation, the oral route is preferred for tracheal intubation (TI)

(46). TI through the nose increases the risk of sinusitis (47), increases airway

Table 7 Indications for Invasive Mechanical Ventilation

Absolute indications Potential indications

Respiratory arrest Severe dyspnea with use of accessory muscles and

paradoxical abdominal motion

NIPPV failure or exclusion

criteria present

Respiratory rate >35 breaths=min

Life-threatening hypoxemia

(PaO2 <40mmHg) despite

maximum treatment

Cardiovascular complications (hypotension shock,

heart failure)

Life-threatening acidosis

(pH <7.25) despite

maximum treatment

Other complications (pneumonia, pulmonary embolism,

etc.)

Source: Modified from Ref. 10.
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resistance (due to the smaller diameter of the tubes used) (48), and limits the efficacy

of aerosolized therapy (49). Fiberoptic bronchoscopy can be used to guide TI in

difficult situations (such as facial anatomic abnormalities).

Ventilatory Strategies

In patients with AECOPD, two different ventilatory strategies can be used: (1)

assisted-controlled MV (CMV), either volume-cycled or pressure-cycled; and (2)

pressure-support ventilation (PSV). No previous study has compared the efficacy

and side effects of these different ventilatory modes in AECOPD.

Assisted-Controlled MV (ACMV). An important goal of MV in patients with

AECOPD is to reduce the degree of intrinsic end-expiratory pressure (PEEPi) and

dynamic hyperinflation (DH). To achieve this goal, the ventilatory strategy used

during ACMV in these patients normally combines low tidal volume (VT) values (8–

10mL=kg) with increased expiratory time (TE)=inspiratory time (TI) ratios. This

requires the use of low breathing frequencies and high inspiratory flows (50) and=or
the use of an external end-expiratory pressure (PEEPe) to balance PEEPi (51). The

latter allows (1) a reduction of the work of breathing; and (2) a reduction of air

trapping (thus, PEEPi) due to the recruitment of collapsed alveolar units. To avoid an

accentuation of the degree of DH, however, the level of PEEPe used should be lower

than those of PEEPi (52, 53). Another ventilatory strategy that can be used in

patients with AECOPD is the so-called controlled hypoventilation with permissive

hypercapnia (CHPH). This is widely used in patients with adult respiratory distress

syndrome (ARDS) to avoid the undesired side effects of CMV (54). In patients with

AECOPD and severe airflow limitation, CHPH can improve the increased levels of

PEEPi and DH (evidence D) (46). In any case, whenever CMV is used, it is

imperative to monitor PEEPi levels and the peak and plateau pressure levels. The

former informs on changes of respiratory mechanics and airway resistance, while the

latter reflects the degree of pulmonary hyperinflation and distensibility. Plateau

pressures greater than 30–35 cmH2O should be avoided because they carry a high

risk of barotrauma (41).

Pressure-Support Ventilation (PSV). PSV is a more comfortable mode of

MV than ACMV because the patient (not the ventilator) controls VT. PSV also

allows a reduction of DH and PEEPi. PSV should be individually tailored taking into

account VT and the breathing frequency (f ), which has to be lower than 30 breaths

per minute (55). PSV can be used only in patients with AECOPD who can maintain

adequate values of VT and f. In those requiring absolute rest of the respiratory

muscles and in those who cannot adapt to PSV, CMV should be used preferably.

Sedation, Analgesia, and Paralysis

During MV some degree of sedation and analgesia is always necessary. In patients

with AECOPD, this is normally required for the proper adaptation of the patient to

the ventilator which, in turn, contributes to reduce DH as well as oxygen uptake and

CO2 production (46). Unless otherwise contraindicated, propofol is normally used

for this purpose. This drug has some bronchodilator effect (56) and avoids the need

of paralytic agents (57). Benzodiazepines and opioids, either alone or in combina-
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tion, are valid alternatives. Haloperidol is normally used during weaning because it

does not affect the respiratory centers. These drugs are normally administered on

demand (not regularly) (58, 59). Continuous sedation prolongs the time during

which MV is needed as well as the associated health-care costs. Paralytic agents

should be administered in patients with severe DH or in those unable to adapt to the

ventilator properly.

Bronchodilator Treatment During MV

Bronchodilator treatment is effective (and should be used) in patients with AECOPD

requiring MV (60–62). It can be delivered using MDI devices or nebulizers with

similar results (63). Systemic bronchodilators (and steroids) should be used follow-

ing the same indications and dosages as in patients managed outside the ICU.

Weaning

Weaning is be considered when the cause of AECOPD has been corrected (or

improved significantly) and the patient is clinically stable. Premature weaning

attempts can (1) increase mortality (due to cardiac arrest, pneumonia and=or
aspiration) (64); (2) prolong hospitalization in the ICU; and (3) increase the

rehabilitation requirements (65). Weaning can be facilitated by using either a T

tube (66) or NIVS (67). In patients with AECOPD, the latter strategy (1) reduces the

duration of the weaning procedure; (2) reduces the hospitalization time in the ICU;

(3) reduces the risk of nosocomial pneumonia; and (4) improves survival during the

first 60 days after discharge from the ICU (evidence B) (67).

VI. Criteria for Discharge

A. From the ICU

There are no clearly defined criteria to discharge a patient with AECOPD requiring

MV from the ICU. Clinical experience shows that, in order to consider discharge

from ICU, these patients should comply with the following criteria: (1) correction (or

significant improvement) of the cause of AECOPD; (2) absence of relevant medical

complications that can potentially interfere with the clinical stability of the patient;

(3) no need of ventilatory support; and (4) no need of intensive monitoring.

B. From the Ward

The optimal length of stay in a ward of a patient hospitalized because of AECOPD is

unclear. This is mostly due to the absence of a defined set of objective criteria for

discharge, which are normally based upon expert opinion (2, 10). Table 8 shows

those proposed recently by the GOLD initiative (10).

C. Home-Support and Early-Discharge Programs

The scenario outlined in Table 8 may change with the recent introduction of home-

support and early-discharge programs. There are now several published studies that

show the feasibility, security, acceptance and health-economic consequences of these
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alternative programs (68, 69–72). These studies have shown that about 20 to 30% of

patients with AECOPD attended at the emergency room, who would otherwise

qualify for hospitalization, can be sent home directly and managed there safely and

efficiently if adequate nurse support is provided (68–70). Likewise, these studies

have clearly highlighted the possibility of combining a short hospital stay during the

first few hours of AECOPD and early discharge with home support (71, 72). This

latter alternative can be offered to a wider group of patients with equally good results

(71, 72).

D. Ambulatory Follow-Up

It is normally advised that patients discharged from hospital because of an AECOPD

should be visited in the ambulatory clinic between 4 and 6 weeks after discharge

(evidence D) (10). Table 9 lists the main variables to check in that control visit. If the

patient presented respiratory failure during AECOPD, arterial blood gases must be

investigated at this point to decide whether or not the patient needs domiciliary

oxygen therapy. This decision cannot be taken on the basis of the arterial blood gas

measurements obtained at discharge (10). After this initial post-hospitalization visit,

ambulatory follow up should be that of any patient with stable COPD.

VII. Summary and Future Prospects

Despite that many aspects of COPD management have changed significantly over

the past few years (73) including, perhaps, the natural history of the disease (74),

episodes of hospitalization due to AECOPD still constitute a big burden for health

Table 8 Discharge Criteria

Patient has been clinically stable for 24 h

Arterial blood gases has been stable for 24 h

Patient (or home caregiver) fully understands correct use of medications

Follow-up and home-care arrangements have been completed

Patient, family, and physician are confident patient can manage successfully

Source: Modified from Ref. 10.

Table 9 Follow-Up Assessment 4 to 6 Weeks After Discharge from Hospital for

AECOPD

Measurement of FEV1

Reassessment of inhaler technique

Understanding of recommended treatment regimen

Need for long-term oxygen therapy or home nebulizer (for patients with severe COPD)

Source: Modified from Ref. 10.
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care all over the world. In this chapter, we have reviewed the basic principles of their

hospital management trying to provide the level of evidence for each of the

statements made whenever available. By doing so, this review has also highlighted

several management gaps which lack the necessary level of evidence and, therefore,

need more research. The following are examples of what the authors believe are

items that require further investigation.

A. Better Understanding of the Basic Mechanisms of AECOPD

The pathophysiology of many AECOPD episodes is unclear and, until we have a

better understanding of the mechanisms underlying many of these episodes,

treatment will continue to be mostly symptomatic. Traditionally, the hypothesis

that AECOPD basically equates ‘‘airway infection’’ has prevailed. However, even

with the aid of invasive and sophisticated techniques, in a substantial percentage of

AECOPD episodes (perhaps in as much as 50% of them) bacterial pathogens cannot

be clearly identified (12). This observation is often overlooked but, in the opinion of

the authors, it clearly indicates the need of a more open-minded approach in this

area. For instance, the ‘‘infective approach’’ discussed above is based upon the idea

of an ‘‘external’’ trigger for AECOPD (in this case, a virus and=or a bacteria). In

theory, however, it is also possible that AECOPD (at least, a given percentage of

them) are not really due to any ‘‘external’’ trigger but to an ‘‘internal’’ one. In fact,

many nonpulmonary chronic inflammatory diseases (e.g., rheumatoid arthritis) also

present ‘‘episodes of exacerbation’’ which, at variance to COPD, are normally

thought to be an integral part of the disease process. Whether this may occur in

COPD (also a chronic inflammatory disease) is not known, but a better under-

standing of these aspects of the pathophysiology of AECOPD may very likely

provide new insights in the future that may eventually lead to new and more rational

therapeutic alternatives.

B. Clarification of the Role of Existing Therapeutic Options

Several therapeutic options currently available for AECOPD still lack the necessary

scientific evidence for their proper positioning in the global strategy of their hospital

management. For instance, the role of long acting b2-agonist for the treatment of

AECOPD has not been analyzed. Likewise, despite that NIV has clear beneficial

effects when used in the ICU (34), it is still unclear when and how to use it outside

the ICU (38, 39). Finally, the use of antibiotics for the hospital management of

AECOPD is a long-standing, unresolved issue. Probably, this will continue to be so

until we have some surrogate marker of bacterial airway infection that can identify

reliably those patients who can benefit most from this treatment.

C. Evidence-Based Criteria for Hospitalization and Discharge

The criteria for hospitalization and discharge discussed above are based on clinical

experience and ‘‘expert opinion’’ (2–5). Over the past few years, new forms of

hospital management of AECOPD have been published, including full home support
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and short hospitalization followed by early discharge and home support (68, 69–72).

These new forms of care require a better definition (based on evidence, if possible)

of the criteria for hospitalization and discharge. This will result in a better and more

comfortable care of the patient as well as in a more rational use of health-care

resources.
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I. Introduction

COPD is the fourth leading cause of death in the world and mortality rates for this

disease are increasing (1–3). In addition, acute exacerbations of COPD (AECOPD)

are common and associated with an increase in hospitalization rates and health-care

utilization and cost (1–3). Furthermore, whereas the severity of stable COPD is

associated with longer term mortality, acute exacerbations are associated with

significant short-term mortality. In hospitalized AECOPD patients, short-term or

hospital mortality has been reported to range between 4 to 26% (1–3). Primarily in

COPD, the effects of therapeutic interventions have been assessed spirometrically.

However, since pulmonary function tests do not always correlate with the patient’s

health status, there has been a switch of focus from FEV1 measurements to the

assessment of symptoms, quality of life, exertion tolerance, pharmacoeconomics,

and survival (4–7). Despite the high prevalence of the disease and the significance

of AECOPD, little is known about the ability of currently available treatments

to prevent AECOPD. This may be due to lack of a consistent and universally

accepted definition of what exactly constitutes an AECOPD and the conse-

quent lack of a consistent design in the clinical trials evaluating the results of

therapeutic interventions (3).
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Until now, evaluating the rate and frequency of AECOPD to assess the

effectiveness of therapeutic interventions has been infrequent, although a beneficial

effect on AECOPD may have an effect on the natural history, quality of life,

mortality, and cost of the disease (8). This chapter reviews studies investigating the

effect of various modes of treatment on the frequency and=or severity of AECOPD.

The importance of AECOPD as a primary or secondary outcome in the assessment

of various interventions on COPD is stated.

II. Bronchodilators

Current state-of-the art management of acute exacerbation of COPD includes the use

of bronchodilating agents (9, 10). When maximal bronchodilation is achieved with

one bronchodilating agent, some patients showed additional benefit from the

addition of a second bronchodilator (11). In a clinical trial by Lloberes and

coworkers, it was shown that significantly higher doses of salbutamol and ipratro-

pium (than usually used for stable disease) were required to achieve maximal

bronchodilation in at least half of the patients in a group of 13 AECOPD patients

(12).

Three randomized controlled trials investigated the use of intravenous ami-

nophylline on AECOPD. Aminophylline failed to confer additional benefit in lung

function across all three studies (13–15). However, in one of the three studies, i.v.

aminophylline was able to significantly decrease hospital admissions (15).

Friedman and coworkers performed a post hoc evaluation of two double-blind,

randomized, parallel group studies of 12 weeks duration each in patients with stable

COPD. In both studies, the therapeutic intervention tested was a single inhaler

containing albuterol and ipratropium bromide versus the monotherapies. They found

that comparable rates of exacerbation were observed with four times daily treatment

with conventional doses of albuterol and ipratropium given together, or ipratropium

monotherapy, whereas an increased number of exacerbations was observed under

albuterol monotherapy (16).

An assessment of the effect of salmeterol on the acute exacerbation of COPD

has been investigated as a secondary objective in a number of recently published

clinical trials. Boyd et al. (17) randomized 674 patients with COPD to treament with

salmeterol 50 mg b.i.d., salmeterol 100 mg b.i.d., or placebo for a period of 16 weeks

in a parallel group fashion. The definition of what constitutes an acute COPO

exacerbation used in their investigation was the need for additional therapy and=or a
hospitalization for COPD treatment. No differences were reported over placebo with

21%, 25%, and 26% of patients experiencing at least one COPD exacerbation in the

salmeterol 50 mg, salmeterol 100 mg, and placebo treatment groups, respectively

(17).

Mahler et al. (18) compared 361 COPD patients randomized over a period of

12 weeks to salmeterol 50 mg b.i.d., ipratropium bromide 40 mg q.i.d., or placebo.

Analysis of the time to first exacerbation demonstrated that the salmeterol-treated

patients had a delayed onset of an AECOPD, compared to placebo ( p¼ 0.0052) and

572 Siafakas et al.



ipratropium bromide ( p¼ 0.0411). The authors speculated that this finding may be

attributed to the prolonged bronchodilation with salmeterol. In the same investiga-

tion, 20.7%, 30.8%, and 32.9% of the salmeterol, ipratropium, and placebo-treated

patients experienced at least one COPD exacerbation during the 12 weeks of the

study (18).

Van Noord et al. (19) and Zu Wallack et al. (20) performed two 12-week-long

clinical trials comparing salmeterol monotherapy with the combination of salmeterol

plus ipratropium bromide (19) and the combination of theophylline and salmeterol

with salmeterol monotherapy and theophylline monotherapy in the second investi-

gation. In both investigations, AECOPD was identified by the requirement for

additional treatment for a AECOPD and=or hospitalization due to AECOPD. Both

studies showed a significant effect of the combination treatment on the frequency of

AECOPD versus placebo ( p¼ 0.01) in the first study and versus theophylline

monotherapy ( p¼ 0.023) in the second study: the percentage of patients with at least

one AECOPD was 12.8% with the salmeterol plus theophylline combination as

compared to 20% and 17.8% with the theophylline and salmeterol monotherapy,

respectively, in the study by ZuWallack (20) and 13% with the salmeterol plus

ipratropium combination as compared to 23% in the salmeterol only and 36% in the

placebo-treated group in the van Noord investigation (19).

Three recently published clinical trials have included 974 patients and studied

the assessment of the effects of formoterol fumarate on the acute exacerbation of

COPD as secondary outcome (21–23). In the first two trials, formoterol given in

doses of 12 mg and 24 mg twice daily was compared with ipratropium bromide 40 mg
four times daily over a period of 3 months (21) and titrated to therapeutic levels oral

slow-release theophylline over a period of 12 months (22). In the third clinical trial

with a crossover design, a regimen of formoterol 12 mg twice daily plus ipratropium

bromide 40 mg four times daily was compared with a regimen of salbutamol 200 mg
four times daily plus ipratropium bromide 40 mg four times daily over a period of

3 weeks (23). In these clinical trials, the definitions used to identify and assess

AECOPD were similar. Dahl et al. (21) and Rossi et al. (22) evaluated AECOPD by

defining three levels of exacerbation. The first level, corresponding to mild

exacerbations, identified days during which patients experienced relatively mild

symptoms and=or a decrease in PEF from personal best of at least 20% (‘‘bad

days’’). Second-level exacerbations were those requiring a course of additional

therapy (e.g., antibiotics, corticosteroids, oxygen) and corresponded to a moderate

AECOPD. Third-level exacerbations comprised hospitalizations due to an AECOPD

(severe exacerbation). D’Urzo et al. (23), in their assessment of AECOPD in the

third drug trial, identified only mild and severe exacerbations using the same criteria

as above.

In the first study, Dahl et al. (21) reported a decrease in the number of ‘‘bad

days’’ (first-level AECOPD) in the formoterol-treated patients compared to patients

treated with ipratropium bromide or placebo. There was no statistical significant

difference among the treatment groups in the numbers of days with additional

COPD-related therapy (second-level exacerbation). Finally, third-level AECOPD

comprising one hospitalization for AECOPD was similar in the three groups.
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In the second study, Rossi et al. (22) reported that patients who received

regular therapy with formoterol, or oral slow-release theophylline, showed marked

differences in the total number of severe third-level AECOPD as compared to the

group of patients treated with placebo. In fact, this difference was particularly

pronounced in the formoterol 24 mg twice-daily-treated group of patients, as

compared to the placebo-treated patients; the difference in the mean frequency

was five severe AECOPD in the formoterol-treated patients versus 20 severe

AECOPD in the placebo group over the 12 months of treatment. Also, the mean

percentage of days requiring additional therapy for COPD (second-level moderate

AECOPD) was lower in the group of patients who received formoterol 24 mg twice

daily, or oral slow-release theophylline compared to the placebo. As far as mild

exacerbations were concerned, the authors reported a superior effect of formoterol to

theophylline or placebo with statistical significant differences in the percentage of

days with symptoms and=or a 20% or more drop in PEF over the 12-month treatment

period.

However, D’Urzo et al. (23) did not find any difference between treatment

regimens as to the number of mild or severe AECOPD experienced by patients

participating in the third clinical trial. Their investigation was not placebo controlled,

and thus did not allow for the identification of an effect on exacerbations of one, or

both, drugs over placebo.

Recently, a new long-acting anticholinergic, tiotropium bromide, was aproved

for COPD treatment and beneficial effects on exacerbations have been reported in

placebo and active-treatment controlled studies (24–27). Compared with ipratro-

pium, tiotropium significantly reduced the incidence of COPD exacerbations (35 vs.

46%), the number of exacerbations (0.73 vs. 0.96 events�patients=year) and the

number of exacerbation days (10.8 vs. 17.7 days�patients=year). Tiotropium treat-

ment also lengthened the time to first exacerbation and time to first hospitalization

for exacerbation, compared to ipratropium. The proportion of patients hospitalized

and the number of hospitalizations were not statistically different between tiotropium

and ipratropium (24, 25). Compared to salmeterol (26), there was a tendency for

fewer tiotropium-treated patients to have COPD exacerbations (36.8% vs. 38.5%),

but failed to achieve statistical significance. In the placebo-controlled trials, fewer

tiotropium than placebo patients has at least one COPD exacerbation (36% vs. 42%;

p< 0.05) and statistically significant differences in favor of tiotropium treatment

were also reported for the total number of exacerbations and the time-to-first

exacerbation (27).

III. Corticosteroids

The effects of corticosteroids in AECOPD has been discussed in detail in Chapter

22. In summary, the beneficial effect of short-term treatment with systemic

corticosteroids has been well demonstrated in AECOPD (28).

Recent clinical trials have investigated the effects of treatment of stable COPD

with inhaled corticosteroids on AECOPD; however, only one encompassed

AECOPD as primary assessment outcome (29). Indeed, Paggiaro and coworkers

(29) performed a 6-month investigation administrating 500 mg of fluticasone twice
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daily in patients with moderate-to-severe COPD. Primary efficacy outcome was the

number of patients with at least one AECOPD. No significant difference over

placebo was noted; however, the number of moderate-to-severe exacerbations was

less in the fluticasone-treated group.

Two recent, 3-year-long, clinical trials have included the assessment of the

AECOPD as a secondary outcome: the Copenhagen City Lung Study and the

ISOLDE (30, 31). Only in the ISOLDE study, in which moderate-to-severe patients

with a mean FEV1 of 50% of predicted were enrolled, an effect of treatment with

high-dose fluticasone (1000 mg=day) on exacerbations was noted; the median yearly

exacerbation rate in the fluticasone group was 0.99 compared with 1.32 of the

placebo ( p¼ 0.026) (30). A meta-analysis (32) of three studies of 2-year treatment

duration with high-dose inhaled budesonide in the one (33), high-dose beclometha-

sone dipropionate in the second (34), and medium-dose beclomethasone in the third

(35) demonstrated a ‘‘no effect’’ on exacerbations in moderate-to-severe COPD

patients (32).

Don D. Sin and Jack V. Tu (36) looked retrospectively—by means of a large

population-based cohort study (n¼ 22, 260)—at the relationship between inhaled

corticosteroids and the subsequent risk of rehospitalization and death in patients

admitted to the hospital for AECOPD. They found that patients who received inhaled

corticosteroid therapy post discharge from the hospital experienced fewer repeat

hospitalizations and were less likely to die. However, because of the design of their

study, they could not rule out the inclusion of asthmatics from the database used.

In conclusion, an effect of high-dose inhaled corticosteroids on COPD

exacerbations and on the risk for hospitalization in patients with severe COPD

has been observed in two prospective randomized studies (30, 31), although a meta-

analysis of three other studies has failed to replicate it (32). In the face of conflicting

results, future investigations are warranted, designed and powered to look at the

effect of inhaled steroids on AECOPD as the primary investigational outcome.

IV. Antibiotics

Respiratory tract infections are considered as the common cause of AECOPD. In the

1960s several large-scale studies had shown that the prophylactic, continuous use of

antibiotics had no effect on the frequency of AECOPD (37–39).

In addition, Johnston et al. investigated the efficacy of winter chemoprophy-

laxis and noticed that there was no beneficial effect (40). Based on the above studies,

the prophylactic use of antibiotics is not recommended (1, 41, 42).

The efficacy of antibiotic therapy during an AECOPD has been the subject of

controversial reports (43–46), since the specific role of bacterial infections in these

patients is under debate (47). A meta-analysis published by Saint et al. showed a

small but statistically significant improvement due to antibiotic therapy in patients

with exacerbations of COPD. This antibiotic-associated improvement may be

clinically significant, especially in patients with low baseline lung function (46).

Recently, Adams and coworkers (48) have reviewed the admissions for

patients with AECOPD due to respiratory infections. Their primary interest was
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the relapse rate: an admission and=or consultation to the emergency department for

AECOPD within 14 days following the initial presentation for an interval of 2 years.

They included 173 patients with 362 visits. In 270 patient-visits, antibiotics were

prescribed, and 19% of those visits have relapsed. From the 192 patient-visits that

have not received antibiotics, 32% have relapsed ( p< 0.001). Amoxycillin had the

higher (54%) relapse risk than ciprofloxacine (22%). Amoxicillin-clavulanate and

cephalosporins showed the lowest rate of exacerbations, respectively—8 and 4%

(48). Although the study has the limitation of a retrospective one, the authors

concluded that COPD patients should receive antibiotics during AECOPD.

Controversy exists whether the new-generation antibiotics have a better impact

on exacerbation relapse. In a recent study using ciprofloxacine versus first-line

antibiotics, Grossman and coworkers (44) found that there was a trend, although not

significant, of lower incidence of symptoms, duration of exacerbation, and rate of

hospitalizations for exacerbations, and better quality of life for the group of patients

treated with ciprofloxacine. The symptom-free interval was not affected by either

treatment, but was affected by the severity of the disease and the number of the

exacerbations during previous year. However, Destache et al. found that the use of

amoxicillin=clavulanate, ciprofloxacine, or azithromycin was associated with lower

rate of hospitalization for AECOPD and a longer exacerbation-free interval than the

use of amoxicillin, erithromycin, or tetracycline (49). Again, this study was a

retrospective evaluation (48). During AECOPD in mechanically ventilated patients,

a recent study showed the significant benefit of ofloxacin versus placebo on the

survival ( p¼ 0.01) and on the need for additional antibiotic therapy ( p¼ 0.006).

The duration of mechanical ventilation and hospital stay was also significantly

shorter in the ofloxacin group than in the placebo group (absolute difference 4.2

days, 95% Cl 2.5–5.9; and 9.6 days, 3.4–12.8, respectively) (50).

V. Others

A. Mucolytics, Mucoregulators, and Antioxidants

The role of the above medications in AECOPD has not yet been clearly established

because of the lack of well-designed clinical trials and because the mechanism of

action of most of these drugs is unknown (10, 51–53).

Recently, Poole and Black published a meta-analysis (54). The aim was to

assess the effects of oral mucolytics in adults with stable chronic bronchitis and

chronic obstructive pulmonary disease. They reviewed all randomized controlled

trials that compared at least 2 months of regular oral mucolytic drugs with placebo.

The outcome measured was exacerbations, days of illness, lung function, and

adverse events. Compared to placebo, the number of AECOPD was significantly

reduced (29%) in subjects taking oral mucolytics ( p< 0.0001). Days of illness also

fell significantly ( p< 0.0001). The number of subjects who had no AECOPD in the

study period was significantly larger in the mucolytic group ( p< 0.0001). There was

no difference in lung function or in adverse events reported between treatments.
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Cost-effective treatment would be in patients with poor lung function who have

frequent or prolonged exacerbations or are repeatedly admitted to the hospital (53).

A European group initiated a phase III double-blind, placebo-controlled,

parallel group, multicenter randomized trial, to assess the effect of N-acetylcysteine

(NAC) in altering the decline in FEV1, exacerbation rate and quality of life in

patients with moderate-to-severe COPD (55). In addition, cost-utility of the treat-

ment will be estimated. Patients will be followed for 3 years. The final results of the

trial will be available in about 2 years. This study will provide objective data on the

effects of N-acetylcysteine on outcome variables in COPD including exacerbations.

Finally, the widespread use of the above agents is not recommended on the basis of

the present evidence of their effect on AECOPD (1).

B. Immunostimulating Agents

Immunostimulating agents are a class of medication that contains antigens derived

from several bacterial strains. Their potential beneficial results may come from

stimulation of the nonspecific components of the immune system, such as activation

of macrophages resulting in an increased specific response of either T or B

lymphocytes and macrophage phagocytosis, thus putting the immune system in a

‘‘state of alert’’ against any microbial invader (56). In the last 10 years, randomized

clinical trials with immunostimulating agents showed an improvement in the

symptoms and a reduction in acute exacerbations by 20 to 30% compared to

placebo (57, 58). Moreover, the mean number of infections was significantly

reduced, associated with a significantly lower use of antibiotics (57).

Recently, a Canadian group reported the results of a controlled trial (59). The

risk of AECOPD between the Broncho-Vaxom treated patients and the control

subjects was found to be equal (44.5% vs. 43.7%; p¼ 0.87), and no difference in the

mortality rates was observed between the two groups (59). However, the total

hospital stay was significantly reduced in the treated group (287 days vs. 642 days),

with a significant difference in the mean hospital stay in favor of the treated group

(1.5 days vs. 3.4; p¼ 0.037). Although they have not studied the impact of other

therapies in their analysis, they suggested that this agent might be beneficial for

patients with COPD by reducing the likelihood of severe respiratory events leading

to hospitalization. The same team suggests that immunostimulants may become a

key element in the improved control of COPD, as these agents may decrease the

disease-related cost (60). These results have not been duplicated thus far; more

studies are needed before a worldwide recommendation of those drugs can be

issued (1).

C. Vaccinations

Infections are important triggers for COPD exacerbations, especially those of the

upper respiratory tract. About 30 to 40% of AECOPD are attributed to viral

infections, while half of them are attributed to Haemophilus influenza, Moraxella

catarrhalis, or Streptococcus pneumoniae. These infections occur commonly in the

winter months (61, 62).
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Which common viruses cause AECOPD is still controversial. However, recent

studies using modern molecular techniques isolated rhinoviruses and respiratory

sincytial virus (RSV) (63, 64), while it was believed that influenzae is the most

common virus met in exacerbated COPD patients (61, 65). Nichol and associates

have clearly demonstrated the reduction in the rate of hospitalization and the risk of

death in elderly patients with chronic lung disease due to influenza vaccination (66,

67). Although few randomized controlled trials are available specifically in COPD

patients, a recent meta-analysis confirmed that AECOPD is significantly reduced

(68). Thus, influenza vaccination is highly recommended (1, 69).

The value of pneumococcal vaccination in patients with COPD is under

debate: two randomized controlled trials evaluating the efficacy of this vaccine failed

to show any significant benefit in relation to the number of exacerbations (70, 71). A

possible explanation is that pneumonoccocal vaccine provides partial protection

against bacteremic pneumonococcal pneumonia but not against other manifestations

such as simple bronchitis (61, 70, 72). In addition, this effect was seen in low-risk,

but not in high-risk adults, such as with COPD (72). Due to these results, the use of

pneumococcal vaccination in COPD patients is not yet justified (1).

D. Long-Term Oxygen Therapy

Since the early 1980s, long-term oxygen therapy (LTOT) has proved its efficacy in

increasing the survival of patients with COPD and chronic respiratory failure (73,

74). However, the MRC study (69) did not show any significant difference in number

of days spent in the hospital due to exacerbations between the oxygen-treated and

control groups. Recent studies confirmed these findings (75, 76). Furthermore,

LTOTwas found to be a risk factor for exacerbation in the retrospective analysis of

Dewan and coworkers’ study (77) and confirmed in the prospective study of Kessler

and coworkers, although no association remained when adjusting for physiological

parameters, suggesting that LTOTwas probably a marker of severity in those patients

(76). In contrast, a recent prospective study investigating the potential risk factors of

hospitalization in patients with COPD reported that underprescription of LTOTwas

an independent risk factor (78).

It is well established that quality of life in COPD patients is closely related to

the rate of hospital admissions due to acute exacerbations (79, 80). However, it is

unclear whether LTOT significantly affects quality of life since the overall hospital

stay for AECOPD may not be improved (75, 81). Further studies are needed to

clarify the role of LTOT on AECOPD.

VI. Nondrug Interventions

A. Noninvasive Ventilation

Hypercapnea is an indicator of poor prognosis in COPD patients and most of these

patients worsen their PaCO2 during AECOPD (82). Recently, significant benefits

have been reported by the use of noninvasive ventilation (NIV) during AECOPD.

Studies reported that NIV may unload the diaphragm and reduce hyperinflation in

COPD patients (83, 84), improving daytime blood gases (85). However, minimal
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data are available to assess the usefulness of NIV in COPD patients on a long-term

basis (86). Few randomized prospective studies are being completed in Europe and

the first results showed that NIV was associated with a reduction in hospitalization

for chronic respiratory failure decompensation (87).

Clini and coworkers (87) showed that home-care programs with NIV and

LTOT may significantly reduce hospital admissions in patients with hypercapnic

COPD for a period of 18 months. They also reported a decrease in the days of

hospitalization, although no significant difference in mortality was observed (87).

Later, in 1998, the same team conducted a randomized trial with the aim of

evaluating the long-term survival, clinical effectiveness, and side effects of NIV

(88). Forty-nine stable hypercapnic COPD patients on LTOT were assigned to two

groups: in Group 1, 28 patients performed NIV by pressure support modality in

addition to LTOT; in Group 2, 21 patients continued their usual LTOT regimen.

Mortality rate, hospital stay, and ICU admissions were recorded in the two groups.

PFTs and respiratory muscle function, dyspnea, and exercise capacity (by 6-min

walk test) were evaluated baseline and every 3 to 6 months up to 3 years. Mortality

rate was no different between the two groups. PFTs and respiratory muscle function

did not significantly change over time. Hospitalizations significantly decreased in

both groups (from 37� 29 to 15� 12 and from 32� 18 to 17� 11 days=pt=yr in
groups 1 and 2, respectively; p< 0.001), whereas ICU admissions significantly

decreased only in patients using NIV (from 1.0� 0.7 to 0.2� 0.3=pt=yr;
p< 0.0001). They concluded that the addition of NIV by pressure support modality

to LTOT does not improve long-term survival but significantly reduces ICU

admissions and improves exercise capacity in severe COPD with hypercapnia (87).

Bardi et al. compared 30 patients with an early administration of NIV (group

A), to medical therapy only (group B) (89). In-hospital mortality, need for

endotracheal intubation, and mean length of hospitalization were lower in group

A, although the difference was not statistically significant. In addition, FEV1 and

tidal volume (VT) improved significantly in group A patients only; survival rates

were significantly higher in group A than in group B ( p< 0.02). New hospital

admissions for AECOPD relapse over 1 year were more frequent in group B than in

group A (84).

Confalioneri et al. published a study (90) assessing short- and 1-year outcome

of early administration of NIV in 24 patients with respiratory failure due to

exacerbated COPD (group A) in comparison with 24 matched historical control

patients treated conventionally (group B). In-hospital survival rate was not sig-

nificantly different in group Aversus group B, but patients treated with NIV showed

an earlier improvement in blood gases and a better pH and respiratory rate at

discharge. Only two patients from group A needed endotracheal intubation as

compared with 9 from group B. Hospital stay was significantly reduced in survivors

of group A versus group B. The number and length of further hospitalizations for

AECOPD were significantly higher in group B compared with group A. The survival

rate at 12 months was significantly lower in group B than in group A (50% vs. 71%).

They concluded that NIV administration in patients with respiratory failure due to

AECOPD improves not only immediate but also long-term outcomes.
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In contrast, Casanova et al. (86) in a prospective randomized study in patients

with severe stable COPD, recently showed no benefit from the addition of NIV to

LTOT during a 1-year period. They enrolled 52 patients with severe COPD

(FEV1¼ 45%) to either NIV plus ‘‘standard care’’ (96% patients with LTOT) or

to standard care alone (93% patients with LTOT). One-year survival was similar in

both groups (78%). The number of AECOPD was similar at all time points in

patients receiving NIV compared with control subjects. The number of hospital

admissions was decreased at 3 months in the NIV group (5% vs. 15% of patients;

p¼ 0.05), but this difference was not seen at 6 months (18% vs. 19%, respectively).

The only beneficial differences were observed in the Borg dyspnea scale, which

dropped from 6 to 5 ( p¼ 0.039), and in one of the neuropsychological tests

(psychomotor coordination) for the NIV group at 6 months. They concluded that

over 1 year, NIV does not affect the natural course of the disease and is of marginal

benefit in outpatients with stable severe COPD (91).

The longest follow-up (7 years) of the effect of NIVon AECOPD was reported

recently by Janssen et al. (92) and showed that there was a significant reduction in

the number of days spent in the hospital up to 2 years. Thereafter, the difference was

no longer significant. However, the number of COPD patients that were followed

was extremely small (only 24) (92).

Even if such studies are difficult to perform, there is clearly a need for

prospective studies comparing LTOT and NIV in a large number of patients and for

several years (86). Despite adequate NIV and=or LTOT, the high rate of exacerbation

relapse is more likely to occur in these patients with more severe clinical and

functional status (93).

B. Pulmonary Rehabilitation Studies

The effect of rehabilition on AECOPD patients has been studied initially in

uncontrolled trials already from the early 1970s showing a reduced rate of

hospitalization per year and per patient (94, 95). This effect also seemed to be

long lasting (94, 95). Thus, Burton et al. studied 80 COPD patients on rehabilitation

program and found that the mean days of hospitalization were reduced from 19 to 6

days (94). More impressive was the result obtained by Hudson et al., who studied 44

COPD patients in a self-care program without exercise (95). They showed an

important reduction in days of overall hospitalization from 529 days in the year prior

to the program to 145 days in the year following rehabilitation. This result of

pulmonary rehabilitation on hospitalization days could indicate an indirect beneficial

effect on AECOPD. However, more important is the effect of rehabilitation on

the overall cost of treatment, which may lead to a wide application of rehabilitation

(94–96).

Despite the optimistic results of these studies, methodological problems must

be addressed as difficulties arise in designing randomized controlled studies of

rehabilitation (96), such as the mode of pulmonary rehabilitation and the selection of

patients (6, 97). Thus, more studies are needed to clarify those issues, although some
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studies showed that there is a benefit in days of hospitalization and in overall cost

from rehabilitation (98, 99).

VII. Conclusion

AECOPD is an important clinical event in the natural history of the disease.

AECOPD is related to the quality of life, mortality, and overall cost of the disease.

Thus, the number and severity of AECOPD should be included in the outcomes of

every study investigating modes of interventions. This chapter reviews the available

literature on the effects of drug and nondrug interventions on AECOPD. Evidence of

effectiveness was reported for bronchodilators, steroids, noninvasive mechanical

ventilation, and rehabilitation. Antibiotics should be used during an exacerbation if

needed, but not prophylactically. On the basis of limited data, the use of mucolytics,

antioxidants, and immunoregulators cannot be recommended for worldwide use.
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I. Introduction

Acute exacerbations account for a high proportion of the medical costs for COPD, as

well as accounting for considerable morbidity. Prevention of exacerbations therefore

remains a major aim of therapy and novel drugs will be assessed for their ability to

prevent exacerbations. However, despite their frequency, there is relatively little

information about the cellular and molecular mechanisms involved in an exacerba-

tion and an important focus for research in the future is to define the basic

mechanisms and the sequence of cellular and molecular events responsible for the

different types of exacerbation. This should lead to the more logical development of

therapy to prevent and treat exacerbations. An exacerbation may be an amplification

of existing pathology, or may represent an additional novel pathological mechanism

that is added to the existing pathology.

This chapter considers some of the future research approaches that may be

useful in better understanding of exacerbations.

II. The Inflammatory Process

A. Inflammatory Cells

In chronic stable COPD there is chronic inflammation in the airways and lung

parenchyma which involves multiple cells and inflammatory mediators, including
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cytokines (1). This inflammation is dominated by increased numbers of activated

macrophages, neutrophils, and CD8þ (cytotoxic) T-lymphocytes (2–4). This is

markedly different from the inflammation found in asthma, which is characterized

by eosinophils, activated mast cells and CD4þ (helper) T-lymphocytes (5). During an

exacerbation of COPD, the cellular pattern may change with a 30-fold increase in

eosinophils in bronchial biopsies (6), so that it becomes more like asthma (7).

Similarly, eosinophil numbers as well as neutrophils are increased in bronchoalveo-

lar lavage fluid during exacerbations (8). However, this does not appear to apply to

the sputum where there is no obvious increase in eosinophils, as seen in exacerba-

tions of asthma. The mechanisms for increased eosinophil recruitment in the airways

of patients with COPD during an exacerbation needs to be further investigated. It is

unlikely to be due to expression of interleukin (IL-5), but may be due to upregulation

of eosinophil chemotactic factors. Future research should identify which chemokines

are increased during an exacerbation and which chemokine receptors are activated.

Several chemokine receptor antagonists are now in clinical development and may

therefore be of potential value in treating and preventing exacerbations (9).

It is likely that during an acute exacerbation there is also an increase in the

underlying inflammatory process, with increased numbers of neutrophils, T-cells and

macrophages. Indeed, the increase in neutrophils, with release of myeloperoxidase,

accounts for the purulence of sputum during an exacerbation. This suggests that

there is an increase in neutrophil chemotactic factors during an exacerbation. In

stable COPD there are increased concentrations of IL-8 and leukotriene (LT) B4 in

the airways, both of which are potent neutrophil chemoattractants (2, 10, 11). In

addition, there is an increase in the proinflammatory cytokines tumor necrosis factor-

a (TNF-a) and IL-6 (2, 12). In acute exacerbations there are increases in all of these

mediators (11–14). The cytokine granulocyte-macrophage colony-simulating factor

(GM-CSF), which is important for prolonging survival of neutrophils and eosino-

phils, is also elevated in bronchoalveolar lavage fluid during exacerbations (8).

Using exhaled breath condensate, a noninvasive method to assess pulmonary

inflammation (15), we have also demonstrated a marked increase in the concentra-

tions of LTB4 during an exacerbation (16). This suggests that an acute exacerbation

of COPD shows an amplification of the inflammatory pattern seen in stable disease.

It is likely that macrophages and epithelial cells play a critical role and these my be

activated by infective agents and by air pollutants to release cytokines that amplify

the inflammatory process (Fig. 1).

Endothelin-1, a potent bronchoconstrictor and vasoconstrictor peptide is also

increased in sputum of patients with COPD during exacerbations (17), but its role in

the pathophysiology of exacerbations is not yet certain. Several ET-1 antagonists are

now in clinical development, so it may be possible to study their effects in

exacerbation in the future.

B. Transcription Factors

Transcription factors play a critical role in the activation of inflammatory genes that

orchestrate the chronic inflammatory process (18). Several transcription factors may
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be involved in COPD, but so far there is little research in this area. Many of the

inflammatory cytokines involved in COPD are regulated by the transcription factor

nuclear factor-kB (NF-kB) and there is evidence that this is activated to a greater

extent in acute exacerbations (19). NF-kB may be activated by bacterial and viral

infections and by oxidative stress (20, 21) (Fig. 2). This provides a molecular basis

for exacerbations and is a logical target for the development of novel therapies that

may inhibit NF-kB activation (22). There are several possible approaches to

inhibition of NF-kB, including gene transfer of the inhibitor of NF-kB (IkB), a
search for inhibitors of IkB kinases (IKK), NF-kB-inducing kinase (NIK) and IkB
ubiquitin ligase, which regulate the activity of NF-kB, and the development of drugs

that inhibit the degradation of IkB (22). One concern about this approach is that

effective inhibitors of NF-kB may result in immune suppression and impair host

defenses, since knock-out mice which lack NF-kB proteins succumb to septicemia.

However, there are alternative pathways of NF-kB activation that might be more

important in inflammatory disease (23).

III. Oxidative Stress

Oxidative stress is increased in patients with COPD and may play an important role

in amplifying the inflammatory and destructive process (24). Oxidative stress may

now be monitored by several noninvasive techniques (15), so that it may be

measured during exacerbations of the disease. The concentrations of hydrogen

Figure 1 Macrophages and epithelial cells may be activated by bacteria, viruses and

atmospheric pollution to release cytokines, such as interleukin(IL)-8 and tumor necrosis

factor-a (TNF-a) that recruit neutrophils. Oxidative stress may further amplify the

inflammatory process.
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peroxide (H2O2) are increased in exhaled breath condensate of patients with COPD

and there is a further increase in exacerbations (25). H2O2 in exhaled breath is

relatively unstable, giving variable results, but the novel prostanoid 8-isoprostane (8-

epi prostaglandin F2a) formed by the effect of oxidative stress on arachidonic acid is

more stable and a more reliable marker of oxidative stress (26). The concentrations

of 8-isoprostane are increased in exhaled breath condensate of patients with COPD,

even in patients who have quit smoking (27). The levels of 8-isoprostane are further

increased during an exacerbation and remain elevated for several weeks (28).

Another marker of oxidative stress is the volatile hydrocarbon ethane formed by

lipid peroxidation. Increase concentrations of ethane are detected in the exhaled

breath of patients with COPD and are related to disease severity (29), but no

measurements have yet been made during exacerbations. The availability of these

noninvasive markers of oxidative stress now makes it possible to monitor the

increase in oxidative stress during exacerbations of COPD and during the recovery

period. The prolonged increase in oxidative stress associated with an exacerbation is

consistent with the prolonged effect of an exacerbation on health status of patients

with COPD (30). The increase in oxidative stress during an exacerbation may play

an important role in its pathophysiology since H2O2 is able to activate NF-kB and

thus further increased the expression of inflammatory mediators such as TNF-a and

IL-8, which increase neutrophilic inflammation.

Figure 2 Causal agents activate nuclear factor-kappa B (NF-kB), via activation of IkB
kinase (IKK) which switches on multiple inflammatory genes, including cytokines,

chemokines, adhesion molecules and proteases. TNF-a¼ tumor necrosis factor-a;
IL¼ interleukin; GM-CSF¼ granulocyte-macrophage colony-stimulating factor; ICAM

¼ intercellular adhesion molecule; MMP¼matrix metalloprotease.
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This suggests that antioxidants may be of use in the therapy of acute

exacerbations of COPD. N -acetyl cysteine (NAC) provides cysteine for enhanced

production of glutathione (GSH) and has antioxidant effects in vitro and in vivo.

Recent reviews of studies with oral NAC in COPD suggest small but significant

reductions in exacerbations (31, 32). More effective antioxidants, including stable

glutathione compounds and selenium-based drugs, are now in development for

clinical use (33). Spin-trap antioxidants, such as a-phenyl-N -tert-butyl nitrone, are

much more potent and inhibit the formation of intracellular reactive oxygen species

by forming stable compounds, but these drugs have toxicity that may preclude

clinical development. Further studies are now indicated on the use of antioxidants to

treat and prevent acute exacerbations, using more potent antioxidants or giving

existing antioxidants via the inhaled route.

IV. Causal Mechanisms

Although it was always assumed that bacterial infections accounted for most acute

exacerbations of COPD, there is increasing evidence for an important role for virus

infections and for noninfective causes (34, 35). Bacterial products, such as endotoxin

and polyglycans, and virus infections, such as rhinovirus, activate NF-kB and

thereby switch on an increase in the existing neutrophilic inflammatory response (36,

37). However, other transcription factors in addition to NF-kB are also involved in

rhinovirus-induced increased transcription of inflammatory genes (38). What is not

clear is whether there is any difference in the exacerbation activated by bacteria and

virus infections, in terms of the nature of the inflammatory response. Antibiotics are

commonly used to treat exacerbations, but are presumably only of benefit when

exacerbations are due to bacterial infections. At the moment there is no easy way to

distinguish between these infective causes, but future research may identify non-

invasive markers that might differentiate between bacterial and viral infections, so

that antibiotics may be used selectively in bacterial infections. Noninvasive markers

may include the profile of inflammatory mediators, or protein products of specific

bacteria detected by proteomics.

Some patients appear to suffer frequent exacerbations. While this is predicted

to some extent by disease severity, there are clearly differences between patients of

matching severity. The reasons for these differences are not yet understood, but may

be genetically determined or may be related to colonization of the respiratory tract

during the stable state. There is a relationship between the number of bacterial

colonies and the intensity of the neutrophilic inflammatory response and concentra-

tions of IL-8 and LTB4 (39). Those patients with higher bacterial counts may be

more susceptible to exacerbations as less increase is required to initiate an

exacerbation.

The infecting bacteria may also determine the nature of the exacerbation.

There is some evidence that Pseudomonas and Enterococci are more common in

exacerbations of patients with severe disease (FEV1< 35% predicted) (40, 41). The

pathogen may influence the nature of the inflammatory response. For example, acute
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exacerbations associated with Haemophilus influenzae was associated with higher

concentrations of IL-8, TNF-a and neutrophil elastase in sputum compared to

infection with H. parainfluenzae (42). Further studies are needed relating different

infections agents and bacterial load to the inflammatory response in acute exacer-

bations.

V. Extrapulmonary Effects

Extrapulmonary manifestations are an important feature of severe COPD and

become prominent during exacerbations (43). These systemic features appear to

reflect the inflammatory process and are mediated by cytokines, such as TNF-a.
During exacerbations of COPD there are increases in plasma ET-1, IL-6, and

fibrinogen (17, 35, 44). Recently increases in plasma leptin concentrations have

been linked to the increased systemic inflammatory response during acute exacer-

bations (45). This may contribute to the energy imbalance and weight loss associated

with exacerbations. More research is needed to understand the role of inflammatory

mediators in producing systemic features such as muscle wasting, weight loss,

fatigue, and depression that result in severe impairment in the quality of life.

Exacerbations in COPD have a profound and long-lasting influence on health status

(30), but more research is needed to identify the molecular mechanisms of these

effects and to understand their prolonged course. The prolonged course over several

weeks outlasts any infective process and suggests that the infection initiates a

sequence of inflammatory events that are self-perpetuating. The mechanisms for

these prolonged effects need to be dissected so that effective treatments can be

instituted. TNF-a is a very good target for inhibition and it is likely that TNF

inhibitors may have a beneficial effect on the extrapulmonary effects of an

exacerbation.

Humanized monoclonal TNF antibodies (such as infliximab) and soluble TNF

receptors (etanercept) that are effective in other chronic inflammatory diseases, such

as rheumatoid arthritis and inflammatory bowel disease (46, 47). There may be

problems with long-term administration because of the development of blocking

antibodies and repeated injections are inconvenient. TNF-a converting enzyme

(TACE), which is required for the release of soluble TNF-a, may be a more

attractive target as it is possible to discover small molecule TACE inhibitors,

some of which are also matrix metalloproteinase inhibitors (48, 49). General anti-

inflammatory drugs such as phosphodiesterase-4 inhibitors and p38 MAP kinase

inhibitors also potently inhibit TNF-a expression.

VI. Corticosteroids

Because there is chronic inflammation in COPD airways it was argued that inhaled

corticosteroids might be useful in treatment and in particular may prevent the

progression of the disease. However, four large 3-year controlled trials of inhaled

corticosteroids have demonstrated no reduction in disease progression (50–53). This
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might be predicted by the demonstration that neither inhaled nor oral corticosteroids

have any significant effect on neutrophil counts, granule proteins, inflammatory or

proteases in induced sputum (54–56). Inhaled corticosteroids do not inhibit

neutrophilic inflammation induced by ozone in humans (57) and this may reflect

that corticosteroids prolong neutrophil survival (58). There may also be an active

resistance to corticosteroids due to an inhibitory effect of cigarette smoke on histone

deacetylation, which is required for corticosteroids to switch off inflammatory genes

(59). Although inhaled corticosteroids do not prevent progression of COPD or

reduce the inflammatory response, they may reduce the number of exacerbations in

patients with severe disease (52, 60). However, this is a very small effect that is less

than seen with bronchodilators alone.

In contrast to the trivial effect of inhaled corticosteroids in preventing

exacerbations, systemic corticosteroids appear to have some beneficial role in the

treatment of acute exacerbations of COPD (61, 62). The reasons for the greater

efficacy of corticosteroids during an acute exacerbation compared to the chronic

stable state suggests that they may be acting on some component of the disease that

is different in acute exacerbations. This might be airway edema or an eosinophilic

infiltration that has been described during acute exacerbations (6, 63). More research

is needed to identify which components of the acute exacerbation respond to

corticosteroids, using noninvasive techniques, such as induced sputum or exhaled

breath markers.

VII. Novel Therapies

There is a pressing need to develop new therapies for COPD and particularly drugs

that may reduce the chronic inflammatory process. It is likely that suppression of the

inflammatory process would not only reduce the relentless progression of the

disease, but would also prevent exacerbations and be useful in the management of

acute exacerbations. The inflammation of COPD is largely corticosteroid-resistant

and therefore there is a need to develop novel anti-inflammatory treatments or to find

drugs that can unlock the resistance to steroids. Several novel types of anti-

inflammatory drug are now in development for COPD and these drugs are predicted

to reduce the frequency, severity or duration of acute exacerbations (9, 64). These

drugs include antagonists of LTB4 and the CXCR2 receptor for chemokines, such as

IL-8, which should inhibit neutrophilic inflammation, and inhibitors of TNF-a. As
discussed above, antioxidants have already been shown to reduce acute exacerbation

of COPD and in the future more effective antioxidants may be introduced. Anti-

inflammatory drugs with a broader spectrum of action include inhibitors of

phosphodiesterase-4 (PDE4), p38 MAP kinase inhibitors and NF-kB inhibitors.

So far, only PDE-4 inhibitors have been tested in clinical trial in COPD. PDE4 is the

predominant PDE expressed in neutrophils, CD8þ cells and macrophages (65),

suggesting that PDE4 inhibitors would be effective in controlling inflammation in

COPD. Selective PDE4 inhibitors, such as cilomilast and roflumilast, are active in

animal models of neutrophil inflammation (66, 67). Cilomilast has some beneficial
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clinical effect in improving lung function and symptoms in COPD patients (68).

Larger studies over 6 months also show a beneficial effect of cilomilast, including a

reduction in exacerbations (69). Thus, over 6 months there was an almost 50%

reduction in hospitalizations. PDE4 inhibitors are limited by side effects, particularly

nausea and other gastrointestinal effects, but it might be possible to develop

isoenzyme subtype selective inhibitors in the future which are less likely to be

dose-limited by adverse effects in the future.

VIII. Future Research

Although acute exacerbations have a major impact on patients with COPD and

account for a large proportion of associated health care costs, there is relatively little

research into underlying mechanisms. This is partly because of the difficulties in

studying patients who are acutely ill. It is likely that the enormous developments in

noninvasive exhaled markers of inflammation and oxidative stress will provide

important new insights into the inflammatory mechanisms involved in different

types of acute exacerbation (15). Because these measurements are entirely non-

invasive and may be performed repeatedly even in patients who are severely ill, it is

possible to study the kinetics of the acute exacerbations and also the effects of

various therapeutic interventions. This should provide information about the

involvement of specific mediators in exacerbations and may enable a distinction

to be made between causal mechanisms. Future research should also identify factors

that are predictive for patients who have frequent exacerbations. Current studies

suggest that higher concentrations of IL-6 and IL-8 and lower concentrations of

secretory leukoprotease inhibitor (SLPI) in sputum are found in patients with more

frequent exacerbations (> 3=year), suggesting that these features may be predictive

(12, 70). Genetic factors may play a role in predisposing toward COPD in cigarette

smokers, but they may also determine susceptibility to exacerbations (71, 72).

Powerful techniques, including high-density DNA arrays (gene chips), are able to

identify multiple polymorphisms, differential display may identify the expression of

novel genes and proteomics of novel proteins expressed.
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