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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

il
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v Introduction

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

v
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vi Preface

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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2 Siafakas

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.

Il. 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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Epidemiology of Exacerbations in Chronic
Obstructive Pulmonary Disease

JORGEN VESTBO

Hvidovre University Hospital
Hvidovre, Denmark

. 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

5
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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.

ll. 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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Figure 1 Annual number of bed days (per 1000) for COPD in Denmark.

gender (12), FEV; (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).
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Figure 2 Exacerbation rates according to baseline lung function. Numbers are reference
numbers.

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 34 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 studies were
too small to provide information on frequency and distribution of COPD exacerba-
tions. An important source of information on frequency and severity of COPD
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Table 1 Study Characteristics and Exacerbation Rates in Placebo Arms of Recently
Published Large Controlled Trials of Inhaled Corticosteroids in COPD

Mean Mean FEV, M/F Current Exacerbation rate
Ref. age (yrs) n L/%pred ratio smokers % No. per year”
26 64 139 1.5/55 78/22 49 1.6/0.6°
27 59 145 2.4/87 60/40 76 0.3¢
28¢ 52 643 2.5/77 72/28 100 0.1°
29 64 370 1.4/50 74/26 54 —/1.3°
30 56 557 2.2/63 62/38 90 —/0.02f

Calculated using number of patients randomized to placebo.
®Moderate-to-severe exacerbations treated with antibiotics and/or corticosteroids.
“Episodic worsening of cough and phlegm.

9Information on exacerbations not in the paper but from oral presentations.
“Rate of patients experiencing at least one exacerbation (per year).

fVisit to a physician for respiratory reasons.

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 in most 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.

References

1. Rodriguez-Roisin R. Toward a consensus definition for COPD exacerbations. Chest 2000;
117:398-401S.

2. Fletcher CM, Elmes PC, Fairbarn AS, Wood CH. The significance of respiratory
symptoms and the diagnosis of chronic bronchitis in a working population. Br Med J
1959; 3:257-266.

3. Fairbarn AS, Wood CH, Fletcher CM. Variability in answers to a questionnaire on
respiratory symptoms. Br J Prev Soc Med 1959; 13:175-193.

4. Fletcher CM, Peto R, Tinker CM, Speizer FE. The Natural History of Chronic Bronchitis
and Emphysema. Oxford: Oxford University Press, 1976.

5. World Health Organization. Methods for cohort studies of chronic airflow limitation.
Copenhagen: WHO Regional Office for Europe, 1982.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



10

15.

16.

17.

18.

19.

20.

21.

22.

Vestbo

. Anthonisen NR, Manfreda J, Warren CPW, Hershfield ES, Harding GKM, Nelson NA.

Antibiotic therapy in exacerbations of chronic obstructive pulmonary disease. Ann Intern
Med 1987; 106:196-204.

. Pauwels R, Buist A, Calverley P, Jenkins C, Hurd S. Global strategy for the diagnosis,

management and prevention of chronic obstructive pulmonary disease. NHLBI/WHO
global initiative for chronic obstructive lung disease (GOLD) workshop summary. Am J
Respir Crit Care Med 2001; 163:1256-1276.

. British Thoracic Society. The Burden of Lung Disease. London: British Thoracic Society,

2001.

. The Danish National Board of Health, www.sst.dk. Accessed December 10, 2001.
. Vestbo J, Rasmussen FV. Respiratory symptoms and FEV as predictors of hospitalization

and medication in the following 12 years due to respiratory disease. Eur Respir J 1989;
2:710-715.

. Vestbo J, Prescott E, Lange P, The Copenhagen City Heart Study Group. Association of

chronic mucus hypersecretion with FEV, decline and COPD morbidity. Am J Respir Crit
Care Med 1996; 153:1530-1535.

. Prescott E, Bjerg AM, Andersen PK, Lange P, Vestbo J. Gender differences in smoking

effects on lung function and risk of hospitalization for COPD: results from a Danish
longitudinal population study. Eur Respir J 1997; 10:822-827.

. Prescott E, Lange P, Vestbo J, The Copenhagen City Heart Study Group. Socioeconomic

status, lung function, and admission to hospital for COPD. Results from the Copenhagen
City Heart Study. Eur Respir J 1999; 13:1109-1114.

. Garcia-Aymerich J, Monsé E, Marrades RM, Escarrabill J, Félez MA, Sunyer J,

Ant6 J, The EFRAM investigators. Risk factors for hospitalisation for a chronic
obstructive pulmonary disease exacernation. Am J Respir Crit Care Med 2001;
164:1002-1007.

Sin DD, Tu JV. Inhaled corticosteroids and the risk of mortality and readmission in elderly
patients with chronic obstructive pulmonary disease. Am J Respir Crit Care Med 2001;
164:580-584.

Miravitlles M, Guerrero T, Mayordomo C, Sanchez-Agudo L, Nicolau F, Segu JL. Factors
associated with increased risk of exacerbation and hospital admission in a cohort of
ambulatory COPD patients: a multiple logistic regression analysis. Respiration 2000;
67:495-501.

Osman LM, Godden DJ, Friend JAR, Legge JS, Douglas JG. Quality of life and
hospital readmission in patients with chronic obstructive pulmonary disease. Thorax
1997, 52:67-71.

Decramer M, Gosselink R, Troosters T, Vershueren M, Evers G. Muscle weakness
is related to utilization of health care resources in COPD. Eur Respir J 1997;
10:417-423.

Jarad NA, Wedzicha JA, Burge PS, Calverley PMA for the ISOLDE study group. An
observational study of inhaled corticosteroid withdrawal in stable chronic obstructive
pulmonary disease. Respir Med 1999; 93:161-166.

O’Brien A, Russo-Magno P, Karki A, Hiranniramd S, Hardin M, Kaszuba M, Sherman C,
Rounds S. Effects of withdrawal of inhaled steroids in men with severe irreversible
airflow obstruction. Am J Respir Crit Care Med 2001; 164:365-371.

Anto JM, Vermeire P, Vestbo J, Sunyer J. Epidemiology of chronic obstructive pulmonary
disease. Eur Respir J 2001; 17:982-994.

Sunyer J. Urban air pollution and chronic obstructive pulmonary disease: a review. Eur
Respir J 2001; 17:1024-1033.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



Epidemiology of AECOPD 11

23.

24.

25.

26.

27.

28.

29.

30.

Seemungal TAR, Donaldson G, Paul EA, Bestall JC, Jeffries DJ, Wedzicha JA. Effect of
exacerbation on quality of life in patients with chronic obstructive pulmonary disease. Am
J Respir Crit Care Med 1998; 157:1418-1422.

Wedzicha JA. Mechanisms of exacerbations. In: Chadwick D, Goode JA, eds. Chronic
Obstructive Pulmonary Disease: Pathogenesis to Treatment. London: Novartis Founda-
tion, 2001.

Seemungal T, Donaldson GC, Bhowmik A, Jeffries DJ, Wedzicha JA. Time course and
recovery of exacerbations in patients with chronic obstructive pulmonary disease. Am J
Respir Crit Care Med 2000; 161:1608-1613.

Paggiaro PL, Dahle R, Bakran I, Filth L, Hollingworth K, Efthimiou J, on behalf of the
international COPD study group. Multicentre randomised placebo-controlled trial of
inhaled fluticasone propionate in patients with chronic obstructive pulmonary disease.
Lancet 1998; 351:773-780.

Vestbo J, Serensen T, Lange P, Brix A, Torre P, Viskum K. Long-term effect of inhaled
budesonide in mild and moderate chronic obstructive pulmonary disease—a randomised,
controlled trial. Lancet 1999; 353:1819-1823.

Pauwels RA, Lofdahl C-G, Laitinen LA, Schouten JP, Postma DS, Pride NB, Ohlsson SV.
Long-term treatment with inhaled budesonide in persons with mild chronic obstructive
pulmonary disease who continue to smoke. N Engl J Med 1999; 340:1948-1953.
Burge PS, Calverley PMA, Jones PW, Spencer S, Anderson JA, Maslen TK. Randomised,
double-blind, placebo controlled study of fluticasone propionate in patients with moderate
to severe chronic obstructive pulmonary disease; the ISOLDE trial. Br Med J 2000;
320:1297-1303.

The Lung Health Study Group. Effect of inhaled triamcinolone on the decline in
pulmonary function in chronic obstructive pulmonary disease. N Engl J Med 2000;
343:1902-1909.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



3

Effects of Acute Exacerbations on the
Natural History of Chronic Obstructive
Pulmonary Disease

SOPHIA E. SCHIZA NICHOLAS R. ANTHONISEN
University Hospital of Heraklion University of Manitoba
Heraklion, Crete, Greece Winnipeg, Manitoba, Canada

l. 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 FEV; 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
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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 FEV; (17). The results were published in 1976. They
found that chronic cough and sputum were not necessarily associated with rapid
decline of FEV. 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 FEV,; 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 FEV/, 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
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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 FEV| 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 FEV;
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 7 mL /year for one respiratory infection,
and approximately twice this number for two. The authors noted that in smokers
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Figure 3 Effect of lower respiratory infections (LRI) on annual decline of FEV, 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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Il. 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.

lll. Economic Evaluations of AECOPD

To summarize the evidence regarding the economic impact of AECOPD, we
searched the Medline (4), EconLit, and the United Kingdom’ 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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Table 1 Studies Reporting Costs of Exacerbations of COPD

Average cost

(SD) per

Method of Cost exacerbation
Study and identifying Average elements per person
origin (Ref.) AECOPD duration (SD) included (year of costs)
USA (6) Medical record 8.9 (3.3) All $942 (2173) (1994)
UK (7) Administrative NA All £193° (1994)

data®
Spain (8) Medical record NA All $159 (100) (1996)
USA (9) Medical record 9 (5 to 15)¢ Hospital $7100 ($4100

to $16,000)¢ (1994)

Costs 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.

"Considered only costs for persons with at diagnosis of chronic bronchitis (ICD-9 code 491).

°Costs per year rather than per exacerbation.

Interquartile range.

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,
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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 QALY 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 QALY's 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). 1t 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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VIl. 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

WILLIAM MacNEE

University of Edinburgh
Edinburgh, Scotland

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 FEV, was 50% predicted, was 1.90 exacerbations per year, compared to 0.37
exacerbations per year in the Copenhagen City Lung Study, where the FEV; 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 < 20kg/m?), limited exercise
tolerance measured by 6-min walking distance (<367 m), significant gas exchange
impairment (PO, < 65mmHg, PaCO, > 44 mmHg) 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.

Il. 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 B, 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 al-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 FEV; % 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)
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Figure 1 PEFR recovery from day of onset of COPD exacerbation. (Based on Ref. 36.)
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measured FEV| repeatedly in a group of patients with AECOPD and showed an
improvement in FEV,; 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 FEV, 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 FEV,
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, FEV, 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, FEV, 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 FEV, during exacerbation in a smaller
cohort of 34 patients who measured daily FEV, by hand-held spirometer, although
highly significant, were very small, amounting to a mean fall in FEV, of 24 mL
(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 FEV 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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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.)

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

Table 1 Causes of Airflow Limitation in COPD

Irreversible e Fibrosis and narrowing of airways
e Loss of elastic recoil due to alveolar destruction
e Destruction of alveolar support that maintains
patency of small airways
Reversible e Accumulation of inflammatory cells, mucus,

and plasma exudates in bronchi

Smooth muscle contraction in peripheral and
central airways

Dynamic hyperinflation during exercise

270 Madison Avenue, New York, New York 10016
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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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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).

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 (V, ,q) inequality. As Vj o
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
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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 FEV.

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 PaCO, >5 mmHg. 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, PaO,, inspiratory oxygen fraction (FiO,), 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).

lll. 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 (VpVr)], the Haldane effect, an
increase in carbon dioxide production (VCO,), 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). Py, 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 PaCO,. PaCO,
depends on both respiratory and nonrespiratory factors (54), metabolic regulation,
as well as on respiratory variables. Under normal circumstances, in a steady state,
CO, removal by the lungs equals the VCO,. The relationship between ventilation of
perfused alveoli (V'A) PaCO, is given by the equation

k x V'CO,
PaCO, = ————=

TRETVA
The normal response of the ventilatory system to any increase in VCO, or in PaCO,
beyond the normocapnic level is by increasing minute ventilation (V'E). Only a
fraction of the ventilation that remains available for gas exchange after the dead
space ventilation is useful for CO, elimination:

k x V'CO,

PaCO, =
2 = VE X (1= VD/VT)

One of the major determinants of PaCO, in hypercapnic respiratory failure is
the VD/ VT ratio, which is consistently increased in hypercapnic respiratory failure,
while changes in VCO, 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 PaCO, the degree
of heterogeneity of ventilatory and perfusion ratios seems the most important
underlying determinant for PaO, (58). Hypoxemia itself produces pulmonary
vasoconstriction, resulting in pulmonary hypertension (59), and may eventually
lead to right ventricular dysfunction.
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Figure 6 The pathophysiological and pathobiological factors and small lung vessels that
occur during an acute exacerbation of chronic obstructive pulmonary disease. (Modified
from Ref. 60.)

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.

Il. 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-CD8+ 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 CD8+ 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, CD8+ 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
CD8+ T-cell and not the CD4+ T-cell subset, which increases in number and
proportion to become the predominant T-cell subset in COPD (Fig. 1). Furthermore,
the increase of CD8+ cells shows a statistically significant negative association with
forced expiratory volume in 1s (FEV, 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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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-CDS8 antibody, shows extensive inflammation composed predominantly of CD8+
T-cells both within and below the epithelium (arrows). Scale bar = 150 um.

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 CD8+ cells and FEV % 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-y suggests a Tc-1 immune response
in this disease (25).
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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 bar =50 pm. Neu-
trophils detected by immunostaining sections with anti-human neutrophil elastase.

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
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. =\\

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.

young cigarette smokers (27,28). As in the large and small conducting airways in
COPD, CD8+ cells are also increased in the alveolar wall and their numbers show a
similarly strong inverse correlation with FEV % of predicted as that seen in the
small and large conducting airways (29,30). Thus the CD8+ 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 CD8+ 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
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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.

CD8+ T-lymphocytes, has been reported in the adventitia of pulmonary arteries in
smokers with COPD (30,31). The vascular infiltration of CD8+ cells correlates with
the degree of airflow limitation in these subjects (30), supporting the role of vascular
inflammation in the progression of the disease.

IIl. 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
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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-z in bronchial biopsies of subjects with chronic bronchitis examined during
exacerbations and under baseline conditions. the results are expressed as number of
cells per mm? of tissue examined. Immunostaining with anti-human neutrophil elastase.

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)

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 0



Immunopathology of COPD 55

(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-lo—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-1« 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
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Figure 7 Graph showing the positive association between the increased numbers of
tissue eosinophils (immunostained by EG2 antibody) and RANTES gene expression Data
are log,-transformed). (From Ref. 44.)

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 CD4+- 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 CD4+ 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.)
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Figure 8 Proposed inflammatory mechanisms for exacerbations of COPD. The regula-
tory interleukins, IL-4 and IL-5 produced by CD4+ T-lymphocytes are associated with
mucus hypersecretion and tissue eosinophilia. In contrast, the cytokines and effector
molecules produced by CD8+ T-cells are associated with the cell lysis, development of
emphysema and suppression of eosinaphilia. IFN =interferon gamma. IL = interleukin.
(From Jeffery PK. The pathology of COPD and exacerbations. Eur Resp Rev 2002;
12:2-4.

virally induced exacerbations of bronchitis but also, via CCR3 and CCR4 receptors,
recruits CD4+ memory cells (54) with consequent reduction of the normally high
CD8:CD#4 ratio present in stable disease. The prevailing balance between CD4+ and
CD8+ cells at the time of an exacerbation may be critical (Fig. 8). There is evidence
that RANTES acts synergistically with CD8+ cytolytic cells to enhance FAS-ligand-
dependent apoptosis of virally infected cells (55,56). Thus when CD8+ 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 CDS8:CD4 ratio (58) and whose
smoking habit has elevated the numbers of CD8+ cells even further (11). It
would be reasonable to predict that CDS8 cytolytic activity in response to viral
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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-o, f8, and y (Grow, 8, and y), 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 Groo, f3, and y,
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 CXCRI1 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-f5. 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
CXCRI1. There were significant positive correlations between the numbers of
neutrophils and CXCR2 mRNA+ cells in severe exacerbations of COPD, which
was not seen with CXCR1 mRNA+ 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 CD8+ cells and not CD4+
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 CD8+ 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 CD8+ 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 mRNA+ cells in severe exacerbations of COPD that are
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not seen with CXCR1 mRNA+ 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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Biomarkers of Acute Exacerbations of Chronic
Obstructive Pulmonary Disease

SIMON GOMPERTZ and ROBERT A. STOCKLEY

Queen Elizabeth Hospital
Birmingham, England

. 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.

Il. 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.

Ill. 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, 43+£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 (n=6) and those with severe disease
(FEV, <35% predicted; n=06). 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 FEV; 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 FEV;
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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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).
ppb = parts per billion. (From Ref. 29.)

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
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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 (H,O,), eicosanoids,
products of lipid peroxidation, nitric oxide derivatives, proteins, and cytokines (23).

Hydrogen Peroxide (H20,)

Inflammatory cell activation results in an increased production of O, , which
ultimately leads to the production of H,O, (35). This molecule is less reactive
than other oxygen species (23) and its solubility ensures that airway epithelial H,O,
equilibrates with air and thus expired H,O, 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 H,O, concentrations of 0.205 4= 0.054 uM in patients
with stable COPD compared with 0.600£0.075uM 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 FEV,; in stable disease (43); however, there is no
published literature relating these products to AECOPD.

Proteins and Cytokines

The proinflammatory cytokines, interleukin-15 (IL-1f) and tumor necrosis factor-o
(TNF-o) 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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Figure 2 The relationship between neutrophil elastase (NE) activity (uM) and sputum
color graded according to a 9-point color chart (Bronko Test, Heredilab Inc, Salt Lake City,
Utah, USA). 0 =clear and colorless (no samples corresponded to this color number in this
data set); numbers 1-8 indicate increasing purulence; 8 = the deepest green color observed
in patients with cystic fibrosis (no samples corresponded to this color number in this data
set). (From Ref. 49.)

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
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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 o-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)? Neutrophil granules Oxidative processes
Neutrophil elastase (NE)* Neutrophil granules Bacterial killing
Sputum : serum albumin ratio® Serum Nonspecific marker
of bronchial leakiness
Sputum : serum Serum A1AT is an
AIAT ratio®® antiproteinase
SLPI° Mucous glands Antiproteinase
and Clara cells
Interleukin-8 (IL-8)* Macrophages, Potent neutrophil
neutrophils, and chemoattractant
airway epithelial cells
Leukotriene B4 (LTB4)" Macrophages, neutrophils Potent neutrophil
chemoattractant

A1AT =alpha-1-antitrypsin; SLPI = secretory leukoprotease inhibitor.
aMarker of cellular activation or degranulation.

"Nonspecifc marker of bronchial inflammation.

Antiproteinase.

dCytokine or other chemoattractant.
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related to Moraxella catarrhalis or Haemophilus influenzae infection are associated
with higher sputum concentrations of TNF-o (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 (n = 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 (p = 0.028).

A nonpaired analysis of 81 samples (stable state, n=44; AECOPD, n=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-« 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-
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Figure 3 Changes in inflammation in sputum induction samples obtained prospectively
at baseline, at exacerbation, and in the subsequent stable state for (a) TNF-o and (b) IL-8.
The asterisks indicate significant differences; *p = 0.05 vs. baseline and p < 0.05 vs. stable
state; **p =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;
6.2-40.3 mg/L) (22), whereas mucoid exacerbations are associated with low normal
concentrations (4.6; 1.0-9.1 mg/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 +
0.30pg/mL) but rise significantly at AECOPD (n=28; 0.67 +0.35pg/mL;
p=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 (n=5; 13+ 1pg/mL) compared to stable
subjects (n=38, 1.4£0.4pg/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 ug/L vs. 469 + 71 pg/L) and higher serum levels of ECP
(222+42pg/L vs. 13.1 £2.7ng/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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Figure 4 Plasma antioxidant capacity (TEAC) in patients with stable COPD (n=29)
and AECOPD (n=20). The plasma TEAC levels are presented as mean and SEM and
were lower for those individuals with an exacerbation. (From Ref. 9.)

value of 0.49 &+ 0.09 mmol/L to 0.99 +0.19 mmol/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, iPF,,-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 iPF,,-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 iPF,, 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
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patients with stable COPD are reproducible in the short term (5). These authors
reported significantly higher (p <0.05) wurinary desmosine (mean=+ SD;
17.15+3.42 vs. 14.17£2.33 pg/g creatinine™") and isodesmosine (13.67 £2.87
vs. 10.59+2.17 pg/g creatinine™') 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 FEV;.

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 (rn = 8) compared with patients in the stable state (n =5) (6). The same
study revealed greater concentrations of GM-CSF in BAL fluid from individuals
with an exacerbation (54 &8 vs. 25 & 5pgm/L; p =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, H,0,), markers of oxidative stress (plasma
TEAC and TBA-MDA,; urinary isoprostane PF,,-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.

References

1. Di Stefano A, Capelli A, Lusuardi M, Balbo P, Vecchio C, Maestrelli P, Mapp CE, Fabbri
LM, Donner CF, Saetta M. Severity of airflow limitation is associated with severity of
airway inflammation in smokers. Am J Respir Crit Care Med 1998; 158:1277-1285.

2. Keatings VM, Collins PD, Scott DM, Barnes PJ. Differences in interleukin-8 and tumor
necrosis factor-o in induced sputum from patients with chronic obstructive pulmonary
disease or asthma. Am J Respir Crit Care Med 1996; 153:530-534.

3. Lacoste J-Y, Bousquet J, Chanez P, Van Vyve T, Simony-Lafontaine J, Lequeu N, Vic P,
Enander I, Godard P, Michel F-B. Eosinophilic and neutrophilic inflammation in asthma,
chronic bronchitis and chronic obstructive pulmonary disease. J Allergy Clin Immunol
1993; 92:537-548.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



Biomarkers of AECOPD 81

4.

15.

16.

17.

18.

19.
20.

Pesci A, Balbi B, Majori M, Cacciana G, Bertacco S, Alciato P, Donner CF. Inflammatory
cells and mediators in bronchial lavage of patients with chronic obstructive pulmonary
disease. Eur Respir J 1998; 12:380-386.

. Viglio S, Iadarola P, Lupi A, Trisolini R, Tinelli C, Balbi B, Grassi V, Worlitzsch D,

Doring G, Meloni F, Meyer KC, Dowson L, Hill SL, Stockley RA, Luisetti M. MEKC of
desmosine and isodesmosine in urine of chronic destructive lung disease patients. Eur
Respir J 2000; 15:1039-1045.

. Balbi B, Bason C, Balleari F, Fiasella F, Pesci A, Ghio R, Fabiano F. Increased

bronchoalveolar granulocytes and granulocyte/macrophage colony-stimulating factor
during exacerbations of chronic bronchitis. Eur Respir J 1997; 10:846-850.

. Maestrelli P, Saetta M, Di Stefano A, Calcagni PG, Turato G, Ruggieri MP,

Roggeri A, Mapp CE, Fabbri LM. Comparison of leukocyte counts in sputum,
bronchial biopsies and bronchoalveolar lavage. Am J Respir Crit Care Med 1995;
152:1926-1931.

. Saetta M, Di Stefano A, Maestrelli P, Turato G, Ruggieri MP, Roggeri A, Calcagni P,

Mapp CE, Ciaccia A, Fabbri LM. Airway eosinophilia in chronic bronchitis during
exacerbations. Am J Respir Crit Care Med 1994; 150:1646—1652.

. Rahman [, Morrison D, Donaldson K, MacNee W. Systemic oxidative stress in asthma,

COPD, and smokers. Am J Respir Crit Care Med 1996; 154:1055-1060.

. Rahman I, Skwarska B, MacNec W. Attenuation of oxidant/antioxidant imbalance during

treatment of exacerbations of chronic obstructive pulmonary disease. Thorax 1997;
52:565-568.

. Bhowmik A, Seemungal TAR, Sapsford RJ, Wedzicha JA. Relation of sputum inflam-

matory markers to symptoms and lung function changes in COPD exacerbations. Thorax
2000; 55:114-120.

. Paggiaro PL, Dahle R, Bakrani I, Frith L, Hollingworth K, Efthmiou J. Multicentre

randomised placebo-controlled trial of inhaled fluticasone propionate in patients with
chronic obstructive pulmonary disease. Lancet 1998; 351:773-780.

. Thompson WH, Nielson CP, Carvalho P, Charan NB, Crowley JJ. Controlled trial of oral

prednisone in outpatients with acute COPD exacerbation. Am J Respir Crit Care Med
1996; 154:407-412.

. Anthonisen NR, Manfreda J, Warren CPW, Hershfield ES, Harding GKM, Nelson NA.

Antibiotic therapy in exacerbations of chronic obstructive pulmonary disease. Ann Intern
Med 1987; 106:196-204.

Saint S, Bent S, Vittinghoff E, Grady D. Antibiotics in chronic obstructive pulmonary
disease exacerbations. A meta-analysis. JAMA 1995; 273:957-960.

Decramer M, Dekhuijzen PN, Troosters T, van Herwaarden C, Rutten-van Molken M,
van Schayck CP, Olivieri D, Lankhorst I, Ardia A. The Bronchitis Randomized On NAC
Cost-Utility Study (BRONCUS): hypothesis and design. BRONCUS-trial Committee.
Eur Respir J 2001; 17:329-336.

Pela R, Calcagni AM, Subiaco S, Isidori P, Tubaldi A, Sanguinetti CM. N-acetylcysteine
reduces the exacerbation rate in patients with moderate to severe COPD. Respiration
1999; 66:495-500.

Stockley RA, Bayley D. Validation of assays for inflammatory markers in sputum. Eur
Respir J 2000; 15:778-781.

Wilson R. The role of infection in COPD. Chest 1998; 113:242S-248S.

Seemungal TAR, Donaldson GC, Paul BA, Bestall JC, Jeffries DJ, Wedzicha JA. Effect of
exacerbation on quality of life in patients with chronic obstructive pulmonary disease. Am
J Respir Crit Care Med 1998; 157:1418-1422.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



82

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Gompertz and Stockley

Crooks S, Bayley DL, Hill SL, Stockley RA. Bronchial inflammation in acute bacterial
exacerbations of chronic bronchitis: the role of leukotriene B4. Eur Respir J 2000;
15:274-280.

Gompertz S, O’Brien C, Bayley DL, Hill SL, Stockley RA. Changes in bronchial
inflammation during acute exacerbations of chronic bronchitis. Eur Respir J 2001;
17:1112-1119.

Kharitonov SA, Barnes PJ. Exhaled markers of pulmonary disease. Am J Respir Crit Care
Med 2001; 163:1693-1722.

Saleh D, Ernst P, Lim S, Barnes PJ, Giaid A. Increased formation of the potent oxidant
peroxynitrite in the airways of asthmatic patients is associated with induction of nitric
oxide synthase: effect of inhaled glucocorticoid. FASEB J 1998; 12:929-937.

Rutgers SR, van der Mark TW, Coers W, Moshage H, Timens W, Kauffman HF, Koeter
GH, Postma DS. Markers of nitric oxide metabolism in sputum and exhaled air are not
increased in chronic obstructive pulmonary disease. Thorax 1999; 54:576-580.
Robbins RA, Floreani AA, Von Essen SG, Sisson JH, Hill GE, Rubinstein I, Townley
RG. Measurement of exhaled nitric oxide by three different techniques. Am J Respir Crit
Care Med 1996; 153:1631-1635.

Kharitonov SA, Robbins RA, Yates D, Keatings V, Barnes PJ. Acute and chronic effects
of cigarette smoking on exhaled nitric oxide. Am J Respir Crit Care Med 1995;
152:609-612.

Corradi M, Majori M, Cacciani GC, Consigli GF, de’Munari E, Pesci A. Increased
exhaled nitric oxide in patients with stable chronic obstructive pulmonary disease. Thorax
1999; 54:572-575.

Maziak W, Loukides S, Culpitt S, Sullivan P, Kharitonov SA, Barnes PJ. Exhaled nitric
oxide in chronic obstructive pulmonary disease. Am J Respir Crit Care Med 1998;
157:998-1002.

Silkoff PE, Martin D, Pak J, Westcott JY, Martin RJ. Exhaled nitric oxide correlated with
induced sputum findings in COPD. Chest 2001; 119:1049-1055.

Agusti AG, Villaverde JM, Togores B, Bosch M. Serial measurements of exhaled nitric
oxide during exacerbations of chronic obstructive pulmonary disease. Eur Respir J 1999;
14:523-528.

Culpitt SV, Paredi P, Kharitonov SA, Barnes PJ. Exhaled carbon monoxide is increased in
COPD patients regardless of their smoking habit. Am J Respir Crit Care Med 1998; 157:A787.
Yamaya M, Sekizawa K, Ishizuka S, Monma M, Mizuta K, Sasaki H. Increased carbon
monoxide in exhaled air of subjects with upper respiratory tract infections. Am J Respir
Crit Care Med 1998; 158:311-314.

Biernacki W, Kharitonov SA, Barnes PJ. Carbon monoxide in exhaled air in patients with
lower respiratory tract infection. Eur Respir J 1998; 12(Suppl 27-28):3455—346s.
Gompertz S, Stockley RA. Inflammation—role of the neutrophil and the eosinophil.
Semin Respir Infect 2000; 15:14-23.

Dohlman AW, Black HR, Royall JA. Expired breath hydrogen peroxide is a marker of
acute airway inflammation in pediatric patients with asthma. Am Rev Respir Dis 1993;
148:955-960.

Dekhuijzen PN, Aben KK, Dekker I, Aarts LP, Wielders PL, van Herwaarden CL, Bast A.
Increased exhalation of hydrogen peroxide in patients with stable and unstable chronic
obstructive pulmonary disease. Am J Respir Crit Care Med 1996; 154:813-816.
Nowak D, Kasielski M, Pietras T, Bialasiewicz P, Antczak A. Cigarette smoking does not
increase hydrogen peroxide levels in expired breath condensate of patients with stable
COPD. Monaldi Arch Chest Dis 1998; 53:268-273.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



Biomarkers of AECOPD 83

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Montuschi P, Collins JV, Ciabattoni G, Lazzeri N, Corradi M, Kharitonov SA, Barnes PJ.
Exhaled 8-isoprostane as an in vivo biomarker of lung oxidative stress in patients with
COPD and healthy smokers. Am J Respir Crit Care Med 2000; 162:1175-1177.

Hill AT, Campbell EJ, Bayley DL, Hill SL, Stockley RA. Evidence for excessive
bronchial inflammation during an acute exacerbation of chronic obstructive pulmonary
disease in patients with alpha(1)-antitrypsin deficiency (PiZ). Am J Respir Crit Care Med
1999; 160:1968-1975.

Hanazawa T, Kharitonov SA, Barnes PJ. Increased nitrotyrosine in exhaled breath
condensate of patients with asthma. Am J Respir Crit Care Med 2000; 162:1273-1276.
Antczak A, Nowak D, Shariati B, Krol M, Piasecka G, Kurmanowska Z. Increased
hydrogen peroxide and thiobarbituric acid-reactive products in expired breath condensate
of asthmatic patients. Eur Respir J 1997; 10:1235-1241.

Ichinose M, Sugiura H, Yamagata S, Koarai A, Shirato K. Increase in reactive nitrogen
species production in chronic obstructive pulmonary disease airways. Am J Respir Crit
Care Med 2000; 162:701-706.

Scheideler L, Manke HG, Schwulera U, Inacker O, Hammerle H. Detection of nonvolatile
macromolecules in breath. A possible diagnostic tool? Am Rev Respir Dis 1993;
148:778-784.

Chanez P, Enander I, Jones I, Godard P, Bousquet J. Interleukin 8 in bronchoalveolar
lavage of asthmatic and chronic bronchitis patients. Int Arch Allergy Immunol 1996;
111:83-88.

Hill AT, Bayley DL, Campbell EJ, Hill SL, Stockley RA. Airways inflammation in
chronic bronchitis: the effects of smoking and o-1-antitrypsin deficiency. Eur Respir J
2000; 15:886-890.

Richman-Eisehstat JBY, Jorens PG, Hebert CA, Ukei I, Nadel JA. Interleukin-8: an
important chemoattractant in sputum of patients with chronic inflammatory airway
diseases. Am J Physiol 1993; 264:1.413-L418.

Stockley RA, O’Brien C, Pye A, Hill SL. Relationship of sputum colour to nature and
outpatient management of acute exacerbations of COPD. Chest 2000; 117:1683—1645.
Stockley RA, Bayley D, Hill SL, Hill AT, Crooks S, Campbell EJ. Assessment of airway
neutrophils by sputum colour: correlation with airways inflammation. Thorax 2001;
56:366-372.

Hill AT, Campbell EJ, Hill SL, Bayley DL, Stockley RA. Association between airway
bacterial load and markers of airway inflammation in patients with stable chronic
bronchitis. Am J Med 2000; 109:288-295.

Woolhouse I, Hill SL, Stockley RA. Symptom resolution assessed using a patient directed
diary card during treatment of exacerbations of chronic bronchitis. Thorax 2001; 56:
947-953.

Monso E, Ruiz J, Rosell A, Manterola J, Fiz J, Morera J, Ausina V. Bacterial infection
in chronic obstructive pulmonary disease. A study of stable and exacerbated out-
patients using the protected specimen brush. Am J Respir Crit Care Med 1995;
152:1316-1320.

Soler N, Ewig S, Torres A, Filella X, Gonzalez J, Zaubert A. Airway inflammation and
bronchial patterns in patients with stable chronic obstructive pulmonary disease. Eur
Respir J 1999; 14:1015-1022.

Zalacain R, Sobradillo V, Amilibia J, Barron J, Achotegui V. Pijoan JI, Llorente JL.
Predisposing factors to bacterial colonization in chronic obstructive pulmonary disease.
Eur Respir J 1999; 13:343-348.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DExkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 0



84

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Gompertz and Stockley

Wilson R. Bacterial infection and chronic obstructive pulmonary disease. Eur Respir J
1999; 13:233-235.

Gump DW, Phillips CA, Forsyth BR, Mclntosh K, Lamborn KR, Stouch WH. Role of
infection in chronic bronchitis. Am Rev Respir Dis 1976; 113:465-474.

Seemungal TA, Harper-Owen R, Bhowmik A, Jeffries DJ, Wedzicha JA. Detection of
rhinovirus in induced sputum at exacerbation of chronic obstructive pulmonary disease.
Eur Respir J 2000; 16:677—683.

Sethi S. Infectious etiology of acute exacerbations of chronic bronchitis. Chest 2000;
117:380S-385S.

Sethi S, Muscarella K, Evans N, Klingman KL, Grant BJ, Murphy TF. Airway
inflammation and etiology of acute exacerbations of chronic bronchitis Chest 2000;
118:1557-1565.

Gompertz S, Unsall I, Bayley D, Hill SL, Stockley RA. Changes in sputum secretory
leukoprotease inhibitor (SLPI) following non-bacterial and bacterial exacerbations of
chronic bronchitis. Thorax 2000; 55(Suppl 3):A21.

Hill AT, Bayley D, Stockley RA. The interrelationship of sputum inflammatory markers in
patients with chronic bronchitis. Am J Respir Crit Care Med 1999; 160:893—898.
Sallenave JM, Shulmann J, Crossley J, Jordana M, Gauldie J. Regulation of secretory
leukocyte proteinase inhibitor (SLPI) and elastase-specific inhibitor (ESI/elafin) in
human airway epithelial cells by cytokines and neutrophilic enzymes. Am J Respir
Cell Mol Biol 1994; 11:733-741.

Fahy JV, Liu J, Wong H, Boushey HA. Cellular and biochemical analysis of ind-
uced sputum from asthmatic and from healthy subjects. Am Rev Respir Dis 1993; 147:
1126-1131.

Pin I, Gibson PG, Kolendowicz R, Girgis-Gabardo A, Denburg JA, Hargreave FE,
Dolovich J. Use of induced sputum cell counts to investigate airway inflammation in
asthma. Thorax 1992; 47:25-29.

Roland M, Bhowmik A, Sapsford RJ, Seemungal TA, Jeffries DJ, Warner TD, Wedzicha
JA. Sputum and plasma endothelin-1 levels in exacerbations of chronic obstructive
pulmonary disease. Thorax 2001; 56:30-35.

Chalmers GW, Macleod KJ, Sriram S, Thomson LJ, McSharry C, Stack BH, Thomson
NC. Sputum endothelin-1 is increased in cystic fibrosis and chronic obstructive pulmonary
disease. Eur Respir J 1999; 13:1288-1292.

Sofia M, Mormile M, Faraone S, Carratu P, Alifano M, Di Benedetto G, Carratu L.
Increased 24-hour endothelin-1 urinary excretion in patients with chronic obstructive
pulmonary disease. Respiration 1994; 61:263-268.

Mercer PF, Shute JK, Bhowmik A, Wedzicha JA. Matrix metalloproteinases and TIMP-1
in sputum from patients before, during and after exacerbation. Am J Respir Crit Care Med
1999; 159:A189.

Aaron SD, Angel JB, Lunau M, Wright K, Fex C, Le Saux N, Dales RE.
Granulocyte inflammatory markers and airway infection during acute exacerbation of
chronic obstructive pulmonary disease. Am J Respir Crit Care Med 2001; 163:
349-355.

Pavord ID. Sputum induction to assess airway inflammation: is it an inflammatory
stimulus? Thorax 1998; 53:79-80.

Seemungal TA, MacCallum P, Paul EA, Bhowmik A, Wedzicha JA. Elevated plasma
fibrinogen increases cardiovascular risks in COPD patients. Am J Respir Crit Care Med
1999; 159:A403.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



Biomarkers of AECOPD 85

72.

73.

74.

75.

76.

71.

78.

Fiorini G, Crespi S, Rinaldi M, Oberti E, Vigorelli R, Palmieri G. Serum ECP and MPO
are increased during exacerbations of chronic bronchitis with airway obstruction. Biomed
Pharmacother 2000; 54:274-278.

Sahin U, Unlu M, Ozguner F, Sutcu R, Akkaya A, Delibas N. Lipid peroxidation and
glutathione peroxidase activity in chronic obstructive pulmonary disease exacerbation:
prognostic value of malondialdehyde. J Basic Clin Physiol Pharmacol 2001; 12:59-68.
Pratico D, Basili S, Vieri M, Cordova C, Violi E Fitzgerald GA. Chronic obstructive
pulmonary disease is associated with an increase in urinary levels of isoprostane F2alpha-
III, an index of oxidant stress. Am J Respir Crit Care Med 1998; 158:1709-1714.
Doring G. The role of neutrophil elastase in chronic inflammation. Am J Respir Crit Care
Med 1994; 150:S114-S117.

Stockley RA, Hill SL, Burnett D. Proteinases in chronic lung infection. Ann NY Acad Sci
1991; 624:257-266.

Zhu J, Qiu YS, Majumdar S, Gamble E, Matin D, Turato G, Fabbri LM, Barnes N, Saetta
M, Jeffery PK. Exacerbations of bronchitis: bronchial eosinophilia and gene expression
for interleukin-4, interleukin-5, and eosinophil chemoattractants. Am J Respir Crit Care
Med 2001; 164:109-116.

Saetta M, Di Stefano A, Maestrelli P, Turato G, Mapp CE, Pieno M, Zanguochi G,
Del Prete G, Fabbri LM. Airway eosinophilia and expression of interleukin-5 protein in
asthma and in exacerbations of chronic bronchitis. Clin Exp Allergy 1996; 26:766—774.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



8

Acute Exacerbation of Chronic Obstructive
Pulmonary Disease

A Systemic Disease?
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M. ENGELEN, and E. CREUTZBERG

University Hospital Maastricht
Maastricht, The Netherlands

. 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.

Il. 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)x 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 SICAM-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 7 min), the
formation of complexes with both soluble TNF-Rs and its renal clearance (14).
Enhanced circulating levels of both sSTNF-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 sSTNF-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 PaO, 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 FEV,. 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 FEV, 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.

lll. 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,
oy-proteinase inhibitor, and o;-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 sSTNF-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-o. 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-« 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 208 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-« 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 (FiO,: 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-RS55 in patients with COPD on day 7 of an acute exacerbation (68). Also
TNF-o 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 8 mg 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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Figure 1 Factors contributing to disturbed protein turnover during AECOPD.

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 O, as a substrate, the
most critical requirement for O, is to support mitochondrial ATP production.
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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 O, to form
H,0. 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 —AMP +ATP) 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 PaO,. 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 Ilab 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 PaO,
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, PaO, was positively
and PaCO, 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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VIl. 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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Causes of Acute Exacerbations of Chronic
Obstructive Pulmonary Disease
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St. Bartholomew’s Hospital
London, England

. 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).

Il. 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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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 (p=0.006). (Reproduced with permission from Ref. 5.)

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
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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

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.
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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 EIA 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-1, 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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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.)

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-«xB), which is important in the regulation of
the IL-8 gene (33). In patients with experimental rhinovirus infections, nasal 1L-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
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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 I1-6, 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.

lll. 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-o 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).

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



114 Wedzicha

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

Moycoplasma 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 pg/m’ increase in daily
mean level of pollutant, with lags for the effects seen from 1 to 3 days, were 1.02 for
SO,, NO,, 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 NO, 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 NO, can lead to increases in expression of
inflammatory markers in airway epithelial cells (65,66). One study investigated the
effect of NO, 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 NO, 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.

Il. 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).

lll. 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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Table 1 Symptoms at the Onset of Acute Exacerbation
(n=362) of COPD*

Symptoms Proportion of appearance
Increased dyspnea 90%
Increased sputum production 70%
Sputum purulence 60%
Increased wheeze 70%
Increased cough 82%
Fever 30%

4Source: Based on Ref. 11.

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 (PaCQO,) 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 FEV, 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
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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 FEV has fallen to less than 30% of predicted normal and the
oxygen uptake is less than 15 mL/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 10 mL 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

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



Symptoms and Signs of AECOPD 127

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
FEV, 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, FEV, is less than 1L
(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-

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DExkER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



130 Kondili et al.

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 20 ms, 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
0, uptake (VO,) and elimination of CO, (VCO,) to the whole-body metabolic O,
consumption and CO, production, whatever the O, and CO, 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.

Il. 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 (PaO, and PaCO,) 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 PaO,
and/or PaCO, 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 PO, and oxygen uptake) (1-6). We will
focus essentially on the determinants of arterial PO, and PCO, 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 O, and CO, exchanger should be achieved
when ventilation and blood flow to each individual alveolar unit are adequately
balanced (V A/Q: 1.0) and, consequently, homogeneity of VA/Q ratios among
alveolar units is present. This so-called “perfect lung” is not seen in normal subjects
because mild heterogeneities of pulmonary V,/ Q 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 VA/ Q distribution in normals obtained with
the MIGET consists of narrow perfusion and ventilation distributions (second
moment) centered around a V,/Q 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 Q) is 0.60 and for that of ventilation distribution (log SD V) 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 VA/Q ratios <0.005 (by convention, accepted as
intrapulmonary shunt) is present (9). Likewise, the amount of ventilation to V,/ Q
ratios >100 (dead space) (including instrumental, anatomical, and physiological
dead space) is approximately 30%. No perfusion to lung units with VA/Q ratios
<0.1 (low VA/Q) is observed; similarly, ventilation to lung units with VA/Q ratios
>10 (high VA/Q) is not present. In most instances, VA/Q mismatch is the
predominant factor disturbing both pulmonary O, uptake and CO, output and,
consequently, inducing hypoxemia and hypercapnia (15,16). It should be noted,
however, that patients with \% A/ Q 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 PaCO, back to normal values, but it is not as effective on PaO, because of
the different shape of the oxygen and carbon dioxide dissociation curves (2,8).
Particular features of uneven V,/Q relationships in different clinical conditions
related to exacerbation of COPD are described below. The amount of VA/Q
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
VA/Q balance); and (3) magnitude of hypoxic pulmonary vasoconstriction
(increased arteriolar tone in low VA/ Q areas constitutes a well-known compensatory
phenomenon that reduces VA/Q 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 (V5/Q <0.005), it should
be considered as a particular condition of V,/Q 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 O, fraction (F,0,);
(2) total ventilation (Vg); (3) cardiac output (Qr); and (4) metabolic rate (VO,). The
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importance of FjO, as a key determinant of alveolar PO, (PAO,), and in turn of
Pa0,, is indicated by the components of the ideal alveolar gas equation (2,8):

P, O, = (Pb — PH,0) - F,0, — PaCO,/R + [PaCO, - F,0, - (1 — R)/R],

where, Pb is the barometric pressure, PH,O corresponds to the partial pressure of
water vapor at 37°C, and R is the respiratory exchange ratio (VCO,/VO,, VCO,
being carbon dioxide production). However, the relationships between F;O, and
Pa0, are also modulated by the degree of pulmonary V/Q 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 Vg on
respiratory blood gases (PaO, and PaCO,) also varies with the degree of Va/Q
mismatch. However, as mentioned above, the increase in VE is always more efficient
to remove CO, from the blood (decrease PaCO,) than to increase PaO,. Because the
CO, dissociation curve is almost linear in its working range, an increase in Vi to a
lung with substantial V/ Q inequality continues to be effective in eliminating more
CO,. This is why arterial PCO, is so sensitive to changes in Vg (15,16). It should be
noted that the equation:

P,CO, =K -VCO,/V,,

where PACO, is alveolar PO,, K is a constant term, VCO, is carbon dioxide
production, and V, is alveolar ventilation [VA= VE(I —Vp/V7)], 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 PaCO, and Vg, in
diseased lungs because effective alveolar ventilation cannot be assessed (15). By
contrast, the nonlinear O, dissociation curve determines that an increase in Vg
typically results in a modest gain in PaO,. This is because the high V,/ Q units that
are operating in the “plateau” of the oxyhemoglobin dissociation curve are unable to
compensate for the depressive effect on PaO, of the low VA/Q units.

It is important here to emphasize the role of mixed venous PO, (PvO,) and
how extrapulmonary factors (other than inspired PO, and total ventilation) may
contribute to reduce PaO, through the effects on PvO,. In this regard, a diminished
PvO, 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 PvO, on arterial PO, also varies with the pattern of Va/Q
mismatch. The more affected V,/Q relationships, the greater deleterious impact of
reduced PvO, on arterial PO,, hence amplifying its detrimental effects.

In addition to the four primary extrapulmonary factors, secondary variables
such as hemoglobin concentration, hemoglobin Ps,, 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 V,/ Q
imbalance, whereas its correction by hydrochloric acid (HCI) 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 Va/Q
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 PO,
expected from the measured Va/Q 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 PO,. 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 PO,.

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 PO, of each
factor. By the same token, it is possible to use the V,/Q algorithm to differentiate
separately, for example, the effect of increased intrapulmonary shunt versus that of
Va/Q inequality on arterial PO,.

lll. 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 VA/Q
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, Barbera 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) (FEV,, 091£0.19L, 29+6% predicted) that worsens during
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exacerbations (0.74+0.17L). 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 PaO, (PaO, 53 +12mmHg, at F;0,=0.21;
Pa0,/F;0, =245 £+ 58 mmHg) and the increase of PaCO, (51 & 12 mmHg) accom-
panied by a further worsening of VA/ Q relationships compared with stable
conditions (Fig. 1). The pattern of VA/Q abnormalities included a low (L) bimodal
perfusion pattern, characterized by a low VA/Q mode or a broad unimodal blood
flow and ventilation pattern mainly due to the increased perfusion in poorly
ventilated areas with low V,/Q ratios, as shown by the increase in log SD Q
(1.10 £ 0.29 during exacerbations, 0.96 £ 0.27 under stable conditions) and in areas
of low VA/Q (9.2£12.9% of QT during exacerbations, 4.1 £ 8.6% of QT in stable
conditions), the latter also reflected in the former. This VA/Q 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-
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Figure 1 Change in (A) ratio of arterial oxygen tension to inspired oxygen fraction
(Pa0,/F,0,); (B) ventilation—perfusion (V »/ Q) inequality (expressed as the dispersion of
the retention minus excretion of inert gases corrected by dead space (DISP R-E*)); and (C)
oxygen consumption (VO,), 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 Vg).

On the side of extrapulmonary factors, both cardiac output and VO, were sig-
nificantly increased during exacerbations (6.1 £2.4L/min and 300 49 mL/min,
respectively) compared with the results observed during stable conditions (respec-
tively, 5.1 1.7 L/min and 248 £ 59 mL/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 4+ 154 mL). In
spite of this slight increase in Vg, the ventilatory pattern during exacerbations was
essentially unchanged in comparison with the values observed under stable condi-
tions (Vg, 105422 L/min vs. 9.2+ 1.8L/min, respectively). Dead space,
increased during exacerbations, did not differ at all with the values observed during
stable conditions (43 +9% of Vg). These findings reinforce the concept that the
increased V,/ Q 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 V,/Q imbalance did not completely explain the worsening of arterial
oxygenation, implying that other factors contributed to reduce PaO, (23) (Fig. 2).
Among them, the principal factor involved was the increased VO, which, according
to the Fick principle, produce a reduction in PvO,. Indeed, PvO, calculated by mass
balance in COPD patients was actually reduced during exacerbation (32 &7 mmHg)
in comparison with stable condition (37 £5mmHg; p <0.01) (23). Such a
decreased PvO, may further reduce PaO, by a direct effect but also, and more
importantly, by amplifying the impact of increase V,/ Q inequality on end-capillary
PO, (2). The increase in VO, 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
f2-agonists (24) and/or an increased metabolic activity. It is important to emphasize
that, other things being equal, the negative effect of increased VO, on PvO, was
partially counterbalanced by an increase in cardiac output that tends to increase
oxygen concentrations of mixed venous blood without altering the degree of V,/Q
inequality. Accordingly, it was estimated that 46% of the decrease in arterial
oxygenation during exacerbations was caused by increased Va/ Q inequality, 28%
to the combined changes in oxygen consumption and in cardiac output, and the
remaining 26% to the amplifying effects that a decreased PVO, has on V,/Q
mismatch in further decreasing end-capillary PO, (23).

Additional studies of COPD patients during exacerbations have shown
comparable results (25-27). This is the case of the study performed by Diaz 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 36h 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;
Vr, 311 £42mL), a more pronounced hypercapnia (PaCO,, 66 £ 10 mmHg), and
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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 (PaO,/F;0,)
during an exacerbation of chronic obstructive pulmonary disease (COPD). Values are the
mean difference in PaO,/F;O, measured under stable clinical conditions minus that
predicted to results from a specific change, at the level corresponding to exacerbation,
in: minute ventilation (Vg), cardiac output (Q), oxygen consumption (VO,), and ventila-
tion—perfusion (Va/Q) inequality (closed symbols). The open symbol shows the actual
change in PaO,/F;0, during exacerbation. Lines indicate the 95% confidence intervals.

a greater dead space (60+7% of Vi). However, the general pattern of VA/Q
abnormalities was qualitatively similar to that observed during less severe exacer-
bations, showing a moderate-to-severe increase in VA/Q inequality (log SD Q,
1.08 £0.23), increased perfusion to areas with low VA/Q ratios (low VA/Q,
13+ 11% of QT), and a marginal contribution of increased intrapulmonary shunt
(5 £5% of Q1) (25). Inert gas data from two additional studies have confirmed the
depicted general traits of V / Q 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 V5/Q inequality developed during acute severe asthma. In
acute exacerbated asthmatics needing hospitalization but not requiring ventilatory
support (28), the changes in the V,/Q relationships were much more dramatic,
including a greater impairment during the exacerbation and a near normalization
after recovery. Accordingly, the log SD Q changed from 1.41 £0.12 in the acute
phase to 0.53 +0.07 during stable conditions (28). This greater degree of V,/Q
imbalance may imply that airway narrowing during asthma attacks is much more
pronounced than during COPD exacerbations, leading to the development of a
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greater proportion of alveolar units with low \Y% A/ Q 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 Barbera 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 VA/Q 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. FEV, increased progressively during hospitaliza-
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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 (FEV)); (B) oxygen consumption (VO,); (C) ratio of arterial oxygen tension to
inspired oxygen fraction (PaO,/F;0,); and (D) ventilation—perfusion (V,/Q) 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, V/ Q 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 PaO,/F;0, ratio improved some later, at the end of the
hospital stay. The further increase in VO, observed at day 6, most likely related
to the increment in metabolic rate possibly due to the effects of the massive use of
P>-agonists as alluded to, could account for this lack of increase in PaO,/F;O, in
spite of a simultaneous improvement of VA/Q 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 V,/ Q 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 V,/ Q distribution pattern. The increased severity of the abnormal V ,/ Q
distributions in patients mechanically ventilated during COPD exacerbations is
reflected by the greater dispersion of VA/Q distributions, as shown by the elevated
values of log SD Q (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 PaO, substantially (>300-350 mmHg).

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 V), 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, PvO, (29). Arterial PO, 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 VA/Q ratios, leading
to a further worsening of V/Q mismatch. In fact, the perfusion to areas with low
VA/Q ratios increased significantly from 9.4 +4.4% of cardiac output (during
mechanical ventilation) to 19.6 +5.3% (during spontanecous 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 (V). As a result, both the dispersion of
the alveolar ventilation (log SD V) and the overall V / Q heterogeneity (DISP R-E*)
increase leading to further V,/Q mismatch. In addition to the changes in hemody-
namics and ventilatory pattern, an eventual rise in VO, due to the increase in the
metabolic requirements of respiratory muscles during weaning may potentially
decrease mixed venous PO, which, in turn, may have a deleterious effect on
Pa0,. On the other hand, the increase of cardiac output also increases the PvO,
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 V,/Q
mismatch by showing that the critical alteration of the ventilation during weaning led
to the development of basal regions of very low V,/ Q 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 V,/Q
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 (PaO,, 44 £ 8 mmHg; PaCO,, 71 & 13 mmHg; F,0,,
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0.22 £0.01, at admission in the emergency room) were studied at baseline, and after
15 and 30 min of NIPPV, implemented by pressure support (10 to 16 cmH,0) and
PEEP (up to 5 cmH,0) combination. Compared to baseline (Fig. 5), NIPPV clearly
showed a beneficial effect on pulmonary gas exchange demonstrated by the
reduction of PaCO, and the increase in both PaO, 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
VA/Q inequalities (DISP R-E*, 17 +5 at baseline; 17 £6, and 16 + 5 after 15 and
30 min of NIPPYV, 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
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Figure 5 Sequential time course (mean =+ SD) of ventilatory and gas exchange
measurements at baseline (BL), during 15 and 30 min of noninvasive positive pressure
ventilation (NIPPV) and after withdrawal (POST), in patients with COPD and hypercap-
nic respiratory failure. Whereas arterial oxygen tension (PaO,) and arterial carbon dioxide
tension (PaCO,) improves, no changes were observed in V,/ Q 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 (V) associated with a reduction
in breathing frequency (/). (Reproduced from Ref. 25.)
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little magnitude and did not result in any detrimental effect on either arterial PO, or
PvO,. 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 AaPO, increased,
thus apparently reflecting gas exchange impairment during NIPPV in spite of the
moderate improvement in PaO, and the decrease of PaCO, by a similar amount. As
AaPO, was calculated using the actual R (i.e., VCO,/VO,), which was increased
during NIPPV as a result of an enhanced pulmonary clearance of the body stores of
CO; and a mild reduction in O, consumption, the paradoxical increase in AaPO,
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 V/Q abnormalities plus the interaction of overall indices of gas exchange,
namely, total alveolar ventilation, cardiac output, and the metabolic demands
including O, consumption and CO, 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 (PaO, >60 mmHg or SaO, >90-
92%) are easy to achieve in uncomplicated exacerbations, but CO, retention can
occur insidiously with little change in symptoms. In clinical practice, however,
physicians administer low inspired O, 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 PaO, (of the order of 10-15mmHg)
without inducing detrimental CO, retention, to optimize O, 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 V,/Q mismatch, Pa0,
rises almost linearly as the inspired O, is increased. As the severity of Va/Q
inequality worsens, the rate of rise of PaO, 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 V/Q 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 PaO,, other things being equal.

Although VA/Q inequality is no longer a barrier to O, exchange when 100%
O, is breathed, 100% O, always worsens VA/Q mismatch, as assessed by a
significant increase in the dispersion of blood flow (log SD Q), 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 VA/Q 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 Va/ Q ratios) unstable and vulnerable to
high O, 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
F0,. The contention is that alveolar units with poorly ventilated \Y A/ Q 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
O, 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 V,/Q 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% O, resulted in a
remarkable increase in PaCO,. Since the respiratory muscles maintained ventilation
at nearly the same level as when breathing room air, they suggested that the increase
in PaCO, 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 CO, dissociation curve facilitating the release of CO, from
bicarbonate and also from that directly bound as carbamate during 100% O,. This
conclusion has been disputed by Stradling (38), who advocated that the increase in
PaCO, could be explained entirely by the latter two mechanisms together with that
from flattening the slope of the CO, pressure/content relationship with a rise in
PaCO,. Our group has also shown an increase in PaCO, during 100% O, breathing
in COPD patients needing mechanical support (34). Conceivably, the increased dead
space and the experimental evidence that increased V,/Q disturbances can worsen
not only the O, transfer but also CO, exchange are behind this increase. We
estimated that the hyperoxia-induced increments of PaCO, 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 F;O, was restarted. The increased
dead space suggests redistribution of pulmonary blood flow from high V/ Q ratios
to poorly but still ventilated units (low Va/ Q 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 CO,-retaining
patients with COPD that during exacerbations ventilation fell by an average of 20%
and that the dispersion of alveolar ventilation (log SD V), as a reflection of an inert
gas measurement of alveolar dead space, increased by about 25% while breathing
100% O,. Likewise, patients who were CO, retainers showed a significant increase
in alveolar dead space, indicating a higher CO, retention, perhaps related to
bronchodilation. Moreover, there was an increase in the dispersion of pulmonary
blood flow (i.e., areas with low V/Q ratios) from release of hypoxic vasoconstric-
tion, regardless of the presence or absence of CO, 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 f,-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 f,-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 30 min after administration, patients receiving ipratropium showed a small, but
significant, rise in PaO, (from 68.5 +4.0 to 74.5 4.3 mmHg), while those treated
with metaproterenol had a significant fall in PaO, (from 64.8+4.3 to
58.6 5.1 mmHg). These differences were noted when neither of the two drugs
had reached their maximal bronchodilatory effect and disappeared at 90 min when
both drugs had reached a similar improvement in FEV . The investigators attributed
these changes to pulmonary vasodilatation induced by the 5,-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 PO, 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 (f,-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 PaO, decreased and PvO, and O, delivery increased, PaCO,
remained unchanged. There was further V/Q worsening, as assessed by increases
both in the perfusion to low V,/Q ratios and in the dispersion of blood flow.
Although FEV, and minute ventilation increased, these increments were not
significant. Thus, the Va/Q worsening could have resulted from an increased
dispersion of pulmonary blood flow and/or a decrease in the overall V,/ Q ratio
due to the increased cardiac output, not efficiently counterbalanced by the simulta-
neous increased minute ventilation. The concomitant significant increase in PvO,
may have also contributed to further worsen V,/ Q 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 V,/Q abnormalities. In
summary, despite the fact that terbutaline caused an increased cardiac output and,
consequently, mixed venous PO, 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 Barbera 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 f§,-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 120 min on
separate days in a double-blind, crossover design. The decline in PaO, following
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salmeterol was of lesser magnitude but more prolonged, of about —2.8 mmHg at
30 min, than that after salbutamol, of about —3.5 mmHg at 20 min; after ipratropium,
the corresponding change was about —1.3mmHg at 20 min. These marginal
decrements of PaO,, almost entirely explained by increases in the AaPO,, hence
suggesting further V,/Q worsening, were more evident in those patients with higher
baseline PaO, values. The study, which did not show differences among the three
agents, concluded that despite small negative changes in PaO, 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 f,-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 PaO, (about 6 mmHg) 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 VA/Q mismatch. This varies from the effects of intravenous salbutamol
given to patients with acute severe asthma (50), in whom PaO, remains unchanged
despite marked increases in cardiac output and further V,/Q 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 f,-agonists, despite having in vitro the same potency than isoproterenol;
furthermore, it is suggested that fenoterol may be less selective for f§, receptors.

The effects on V,/ Q 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 V,/Q distributions for the whole
group, individual patients, particularly those with substantial low Va/Q areas at
baseline, showed deteriorations in their V5 /Q distributions in response to the drug in
spite of a slight, but significant, improvement of the FEV,. In addition, the same
patients who worsen gas exchange during aminophylline infusion showed a further
increase in blood flow to low V ,/Q 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 VA/Q 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 (FEV|,
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 PO, in
response to inhaled NO. Whereas patients with ARDS had improved PaO,, mean
values of PaO, where not affected by NO inhalation in patients with COPD,
although four out of nine patients experienced a decrease in PaO,. 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 V/Q 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 V,/Q ratios and then dilate pulmonary
arteries already constricted by hypoxia, thus impairing V+/Q balance and reducing
Pa0,. 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
Va/Q 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 Va/ Q units
to areas with normal VA/ Q 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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l. 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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Il. 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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(A)

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.

lll. 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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(B}

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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(C)

Figure 1 (continued)

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
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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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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.

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
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P

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.

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
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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.

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
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(B)

Figure 4 (continued)

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).
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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

(A)

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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(B)

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 175 mL in volume. However, fluid volume
greater than 200 mL 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 (0 HU) and soft tissue (approximately
100 HU) 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).

o T—

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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(A)

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.

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
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(B)

Figure 8 (continued)

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
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Figure 9 Large clot is seen at this level in a AECOPD treated for middle-lobe
pneumonia. There is also ipsilateral pleural effusion.

(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 4 min. 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
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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 35 mmHg 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

(A)

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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(B)

Figure 10 (continued)
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(A)

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.

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.
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(B)

Figure 11  (continued)

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
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(A)

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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(B)

Figure 12 (continued)

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.
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(C)

Figure 12 (continued)

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
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Figure 13 Subpulmonary lucency indicating small pneumothorax.

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.
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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.

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
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Figure 15 The small pneumothorax on the right and the visceral pleural line are readily
visualized by CT.

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
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(A)

Figure 16 Aspiration in the right lower lobe. (A,B) Consolidation appears quite
inhomogeneous due to the underlying emphysema, best depicted on HRCT (B).

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.
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Figure 16 (continued)

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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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.

. 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. A variety 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.

Il. 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 Il 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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Table 1 Investigational Definitions of Exacerbation

Anthonisen® Seemungal®
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

“Ref. 4
"Ref. 5

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.

lll. 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.
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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 FEV;| <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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Table 2 Guidelines for Admission to Hospital and ICU

Indication Guideline

Hospital admission

Marked increase in intensity of symptoms (e.g., resting ATS, BTS, ERS, GOLD
dyspnea, inability to perform activities of daily living)

Failure to respond to outpatient management ATS, BTS, ERS, GOLD

Onset of new physical signs (e.g., cyanosis, peripheral ATS, BTS, ERS, GOLD
edema, cor pulmonale)

Insufficient home support ATS, BTS, GOLD

Altered mentation ATS, BTS, ERS, GOLD

Significant comorbid conditions (e.g., older age, changes on ATS, BTS, GOLD

CXR, steroid myopathy, compression fractures, planned
procedure requiring sedation/analgesia)

Severe background COPD (e.g., requires LTOT, etc.) BTS, GOLD

pH <7.35 BTS

Diagnostic uncertainty GOLD

Newly occurring arrhythmias GOLD

ICU admission®

Severe dyspnea that responds adequately to initial emergency ATS, GOLD
therapy

Confusion, lethargy, coma or respiratory muscle fatigue ATS, ERS, GOLD
(paradoxical abdominal motion)

Persistent or worsening hypoxemia (PaO, < 6.7 kPa or ATS, GOLD

< 50 mmHg) despite supplemental O, or severe/
worsening hypercapnia (PaCO, > 9.3 kPa or 70 mmHg) or
severe/worsening respiratory acidosis (pH < 7.30) despite
supplemental O, and NIPPV

Assisted mechanical ventilation is required (ETT or NIPPV) ATS

ATS = American Thoracic Society; BTS =British Thoracic Society; ERS =European Respiratory
Society; GOLD = Global Initiative for Chronic Obstructive Lung Disease.
“BTS did not provide guidelines on ICU admission.

to the hospital (13). Miravitlles and colleagues found that increasing age, severity of
FEV, 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 FEV; 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 < 20kg/m?), a decreased PaO, and increased PaCO, and an increased
mean pulmonary artery pressure were associated with significantly increasing
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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 (PaCO, > 50 mmHg) 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/m? 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 PaO,/FiO, (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 PaCO, and the FEV, and the percent predicted FEV; (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 PaCO, 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 PaCO, independent of
pH did not influence the prognosis during an acute exacerbation (22). Recent
guidelines suggest that respiratory failure is present when PaO, <60 mmHg or
Sa0, <90% on room air and that pH<7.30, PaO,<50mmHg and
PaCO, > 70 mmHg 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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Table 3 Physiological Signs of Exacerbation Severity

Severity

Sign Moderate Severe
pH <7.35 <7.30
PaCO, > 70 mmHg
PaO, < 50mmHg
ECG S1, S2, S3

P axis > +90°
Post-treatment FEV < 40% predicted normal

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 PaO, on room air and during oxygen
therapy and had a higher PaCO, 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 c