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FOREWORD 

Historically, the recognition of pulmonary 
emphysema and, less certainly, of chronic 
bronchitis can probably be attributed to 
Laennec. The two conditions became coupled 
and the relationship confused throughout the 
latter part of the last century and the first part 
of this. In the 1940s, the common story was as 
follows. Acute bronchitis is a bacterial infec
tion, usually following viral upper respir
atory infection. In some people, this acute 
bronchitis invariably followed such upper 
respiratory infections and persisted for 
increasingly long periods until, for most of 
the winter, they had cough and sputum. They 
were then said to have chronic bronchitis. 
This went on for years until they began to 
have troublesome breathlessness. At which 
time, it was thought that their lungs were des
troyed by emphysema. This put a strain on 
the right heart and they became edematous 
and were said to have cor pulmonale. 
Usually, they died during an acute infection, 
and probably in respiratory failure but blood 
gases were not, of course, measurable until 
the 1960s. Throughout the 1930s, 1940s and 
1950s, the situation was complicated by a diff
erence in verbal habits on the two sides of the 
Atlantic. In Britain, many patients were said 
to have chronic bronchitis who, in the United 
States, were said to have emphysema. The sit
uation was greatly clarified by the CIBA 
Symposium in 1958 which gave a sound basis 
for the discrimination of chronic bronchitis, 
emphysema and asthma, and led to the adop
tion of terms such as chronic airflow obstruc
tion or chronic obstructive lung disease. 
Recognition of the common factor of chronic 
airflow obstruction or limitation can fairly be 

attributed to the Bellevue group in the late 
1930s, and of emphysema and its subtypes to 
Gough. 

In the late 1950s, it was recognized that 
bronchitis and emphysema did not necess
arily follow each other in the order outlined 
above. Some patients died with little evidence 
of emphysema; some patients with emphy
sema had little bronchitis. With the advent of 
methods for measuring blood gases, it also 
became recognized that the hypoxaemia 
which was quite profound during acute 
infections required careful management; 
otherwise the patient died in CO2 narcosis. It 
is to be wondered that until the 1950s 
cigarette smoking was not linked as an 
important factor in either chronic bronchitis 
or emphysema. 

The chapters in this book fill out this 
sketch, give authoritative accounts of recent 
developments, point out the areas of 
ignorance and thus indicate the likely paths 
of future research. 

When I was a student and houseman, 
chronic bronchitis and emphysema were un
fashionable diseases, not generally seen in 
teaching hospitals and the vestige of this 
neglect is perhaps the fact that this is one of 
the few books devoted to the subject of 
chronic airflow obstruction. 

E.J.M. Campbell 



PREFACE 

Chronic obstructive pulmonary disease 
(COPD) is one of the commonest respiratory 
diseases of the developed world. It kills many 
more people each year than does bronchial 
asthma and has a similar prevalence in adults 
but has not attracted an equivalent amount of 
attention from either research funding agen
cies or textbook writers. This surprising state 
of affairs is likely to have several causes. 
COPD is perceived as being a 'dull' chronic 
illness with undramatic physical signs which 
result from largely irreversible lung damage. 
As a result prognosis cannot usually be radi
cally altered and is often the patient's own 
fault for having smoked. We reject this view 
and this book is an attempt to redress this 
unduly pessimistic perception. It cannot hope 
to be comprehensive given the wide range of 
disciplines needed to understand all aspects 
of COPD but we hope that the reader will 
find insights into the scientific basis of this 
illness and some guidance on the practical 
care of these patients. 

Much of the scientific basis of COPD which 
is the subject of the first chapters is far from 
settled. Even the definition, particularly the 
borderlands between COPD and persistent 
asthma, remains controversial (indeed the 
remaining chapters diverge from Chapter 1 in 
not following the recommendation to include 
incompletely reversible asthma as a sub
category of COPD). Readers coming fresh to 
the field may be surprised that it is still 
unclear whether airway disease (Chapter 3) 
or emphysema (Chapter 2) is the more 
important factor determining obstruction; 
perhaps we are on the edge of some quan-

titative morphology of airways and airspace 
with increasing concentration on the micro
scopic rather than the macroscopic changes in 
lung structure ('the doughnut, not the hole'). 
Epidemiologic studies not only perform their 
traditional role of defining the scale of the 
problem, but have been important in defining 
the 'preclinical' course of the disease. The 
proteolytic theory of emphysema has pro
vided a rational biochemical basis for the 
disease but remains a reasonable theory 
rather than an established fact, a point 
stressed in Chapter 6. Apart from their intel
lectual value these differing pathologic, etio
logic and biochemical approaches have 
identified areas where intervention may 
modify the natural history. The most familiar 
is smoking cessation but modifications of 
small airways 'inflammation' by cortico
steroids or even enhancement of antiprotease 
activity by appropriate supplementations are 
all under active investigation. 

Physiologic abnormalities in lung mechan
ics, gas exchange and ventilatory control have 
been exhaustively studied and explain most of 
the clinical features with which the COPD 
patient presents. Even here new data are still 
emerging to challenge previous orthodoxy. 
The role of pulmonary hyperinflation espe
cially in acute and chronic respiratory failure 
in COPD, the new understanding of ven
tilation-perfusion abnormalities using the 
multiple inert gas elimination technique and 
the importance of behavioral influences on the 
control of breathing are all relatively recent 
themes under-represented in most textbooks. 
The activities of the respiratory muscles and 



xii Preface 

how they cope with the altered geometry of 
advanced COPD now merits separate con
sideration. Much of the research which led to 
long-term domiciliary oxygen treatment was 
based on studies of pulmonary circulation 
and its effects on cardiac function and fluid 
retention. This is reviewed in detail in 
Chapter 11 where some of the contradictions 
and misconceptions of the terms cor 
pulmonale and right heart failure are high
lighted with the aid of more current investi
gational methods. Finally, the role of sleep 
and sleep-disordered breathing in the genesis 
of the daytime complications of COPD are 
authoritatively addressed in Chapter 12. 

The remaining chapters look at the diagno
sis, investigation and management of the 
COPD patient, hopefully in an equally critical 
fashion. They stress the importance of phy
siologic assessment for both the diagnosis 
and treatment selection and the range of 
imaging techniques available as well as their 
limitations. In considering management a 
graded approach seems reasonable. Thus all 
continuing smokers will need advice about 
nicotine withdrawal (Chapter 15) whilst 
many will benefit from symptomatic bron
chodilator therapy although the exact choice 
of dose and type of drug may vary with the 
circumstance as indicated in Chapter 17. At 
present guidelines for routine corticosteroid 
prescription are lacking and the evidence of 
the benefits of this treatment are reviewed in 
Chapter 18. Many patients will present for the 
first time to hospital in an acute exacerbation 
and the modern approach to diagnosis and 
management is comprehensively addressed 
in Chapter 19. The more severe patient will 
need more specialized rehabilitation which 
will certainly include assessment for domicili
ary oxygen (Chapters 20 and 21) as well as ex
clusion of surgically resectable bullous 
disease (Chapter 22). For the younger patient 
single or double lung transplantation may 
offer an escape from otherwise inevitable 
early death. Whether this treatment will be 
widely used is as likely to depend on the 

availability of donor organs as on technical 
considerations as pointed out in Chapter 23. 

Although this book considers many aspects 
of COPD we have not specifically addressed 
the politics of its principal cause, tobacco 
smoking. Others better qualified than our
selves have already done so and we feel that 
to do so here would merely be to preach to 
the converted. Yet the global impact of 
tobacco is enormous and as the pressures in
crease within the developed world to restrict 
its consumption so the commercial energies 
of the relevant multinationals have switched 
their merchandising to the easier markets of 
the developing world and in particular the 
rapidly expanding economies of the Pacific 
rim. Given this depressing development it is 
likely that COPD will continue to be an 
important component of the work of all 
respiratory physicians. Moreover, since many 
patients who stop smoking in their fifties may 
still have done sufficient damage to develop 
physiologically important COPD in their 
seventies all responsible for the care of older 
patients are likely to be seeing new cases of 
this widespread illness. 

This book would not have been completed 
without a great deal of effort by many people. 
We are especially grateful to our dis
tinguished contributors who have borne the 
vagaries of our extended editing, resultant 
faxes and rewriting with great patience and 
understanding. It is a particular pleasure for 
us to have a forward by Professor Moran 
Campbell whose contributions to COPD 
through his insights into respiratory mechan
ics and breathlessness and his impact on 
patient care with the development of con
trolled oxygen therapy made him our 
obvious choice. Our secretaries have coped 
stoically with the further burden this project 
has produced in an already busy schedule 
whilst Ms Annalisa Page, the Commissioning 
Editor from Chapman & Hall, has shep
herded us with patience and perseverance to 
the end of this project which has proven to be 
a greater task than either the Editors or she 



initially envisaged. The publishers hope the 
use of American spelling will make this book 
accessible to a wider market. 

Finally, our wives and families have, as 
ever, had to put up with even more dis
ruption than is their usual lot and for their 
sakes as well as that of our present and future 
patients we hope that you feel that the effort 
has been worthwhile. 

Peter Calverley 
Neil Pride 

Preface xiii 



GLOSSARY OF ABBREVIATIONS 

RESPIRATORY MECHANICS 

STATIC LUNG VOLUMES 

TLC Total lung capacity 
VC (Slow) vital capacity 
RV Residual volume 
FRC Functional residual capacity 

(= end-expiratory volume) 
Vr Relaxation volume of the respir

atory system 

SINGLE BREATH N2 TEST 

SBN2 

CV 
CC 

Single breath nitrogen test 
Closing volume 
Closing capacity (sum of residual 
volume and closing volume) 

CONTROL OF BREATHING 

VT Tidal volume 
TI Inspiratory time 
TE Expiratory time 
TTOT Total respiratory cycle time 
\.E Expired minute ventilation 
POJ Mouth occlusion pressure 0.1 s 

after onset of inspiration 

FORCED VII AL CAP ACIIY MANEUVRES 

FEV! 

FVC 
MEFV 

Forced expiratory volume in one 
second 
Forced vital capacity 
Maximum expiratory flow-
volume 

MIFV 

MBC 
PEF 
PIF 
\.E max 
LlVmaxso 

VisoV 

Maximum inspiratory flow-
volume 
Maximum breathing capacity 
Peak expiratory flow 
Peak inspiratory flow 
Maximum expiratory flow 
Difference between maximum 
expiratory flow at 50% vital capa-
city breathing air and breathing a 
helium-oxygen mixture 
Volume at which maximum 
expiratory flow is same breathing 
air and a helium-oxygen mixture 

IVPF iso-volume pressure-flow 

MECHANICS OF BREATHING 

Pressure measurements 

PL 

PLmax 
Palv 
Ppl 
Ppl min 

PI max 

PEmax 

Pab 
Pdi 

Pdimax 

Static trans pulmonary pressure 
(syn. lung recoil pressure) 
PLat TLC 
Alveolar pressure 
Pleural pressure 
Lowest Ppl during a maximum 
inspiratory effort 
Lowest mouth pressure during a 
maximum inspiratory effort 
Highest mouth pressure during a 
maximum expiratory effort 
Abdominal pressure 
Transdiaphragmatic pressure 
(= Pab - Ppl) 
Pdi during a maximum inspir
atory effort 
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Pao 

PEEPi 

TTdi 
CPAP 

Pressure at airway opening 
(mouth, nose or tracheotomy) 
Intrinsic positive end-expiratory 
pressure 
Tension-time index of diaphragm 
Continuous positive airway 
pressure 

Resistance and compliance 

Raw Airways resistance 
SGaw Specific airway conductance 
Rrs Total respiratory resistance 
~Rrs Additional total respiratory 

Est,rs 

Edyn,L 
Cdyn,L 
PV 

k 
Gus 

resistance 
Static elastance of respiratory 
system 
Dynamic elastance of lungs 
Dynamic compliance of lungs 
Static pressure-volume curve of 
the lungs 
Shape factor of PV curve 
Upstream conductance (ratio of 
maximum expiratory flow /PL) 

Work of breathing 

WI,rs 

WIst,rs 

WI,PEEPi 

WIdyn,rs 

WI,aw 

WI,L 

WI,W 

Total inspiratory work (static and 
dynamic) on the respiratory 
system 
Static component of total inspir
atorywork 
Static work required to overcome 
PEEPi 
Dynamic component of total 
inspiratory work 
Dynamic work to overcome 
subject's airway resistance 
Dynamic work due to time con
stant inequality and viscoelastic 
pressure dissipation 
Dynamic work to overcome chest 
wall tissue resistance 

BLOOD AND ALVEOLAR GAS EXCHANGE 
AND PULMONARY CIRCULATION 

BLOOD AND ALVEOLAR O2 AND CO2 

Sa02 
Cao2 
D02 

Pa02 
PaC02 
PA02 
PA02-Pa02 
PV02 

Ptc02 
PAC02 
Petco2 
Vo2 
Vo2max 
VC02 
RQ 
RE 
FIo2 

Q 
VA 
VA/Q 
VD 
VD/Vr 

arterial O2 saturation 
arterial O2 content 
O2 delivery 
Arterial O2 tension 
Arterial CO2 tension 
Alveolar O2 tension 
Alveolar-arterial P02 difference 
Mixed venous O2 tension 
Transcutaneous O2 tension 
Alveolar CO2 tension 
End tidal CO2 tension 
O2 consumption 
maximum O2 consumption 
CO2 production 
Respiratory quotient 
Respiratory exchange ratio 
Fractional concentration of O2 in 
inspired air 
Cardiac output 
Alveolar ventilation 
Ventilation-perfusion ratio 
Dead space 
Dead space as a proportion of 
tidal volume 
Proportion of shunt to total 
cardiac output 

CARBON MONOXIDE TRANSFER 

TLCO Carbon monoxide transfer factor 
(syn. diffusing capacity for CO, 
DLco) 

TLco/VA TLco per unit alveolar volume 
(VA) (syn. carbon monoxide 
transfer coefficient) 

Kco Krogh constant for CO, 
analagous to TLCO /V A 

PULMONARY CIRCULATION 

Ppa Pulmonary artery pressure 
Ppw Pulmonary artery wedge pressure 
Ppv Pulmonary venous pressure 



DEFINING CHRONIC OBSTRUCTIVE 
PULMONARY DISEASE 

1 

C.L. Snider 

'Then you should say what you mean,' the 
March Hare went on. 
'I do,' Alice hastily replied; 'at least - at 
least I mean what I say - that's the same 
thing, you know.' 
'Not the same thing a bit!' said the Hatter. 
'You might just as well say that "I see what 
I eat" is the same thing as "I eat what I 
see"!' 

A Mad Tea Party 
Alice's Adventures in Wonderland 

Lewis Carroll [1J 

That the initial chapter of this book is on the 
definition of chronic obstructive pulmonary 
disease (COPD) reflects not only the con
fusion that exists in the field of the obstruc
tive airflow diseases [2], but also the 
confusion in nosology and definitions that 
has historically pervaded all of medicine. 
There is not even a generally accepted 
definition of the widely used term 'disease'. 
In this essay, I shall first deal with the concept 
and definition of the term 'disease' and how it 
is generally used in medical discourse. I shall 
then turn to a treatment of the issues asso
ciated with the definition and use of the term 
'COPD'. Before proceeding, I would like to 
pay tribute to J.G. Scadding, whose thought
ful, rigorous work on the meaning of terms 
used in medicine, published over the last 3 

decades, has helped enormously to clarify my 
thinking in this area [3-8]. 

1.1 THE CONCEPT OF DISEASE 

1.1.1 HISTORICAL OVERVIEW 

In the era of Hippocrates, disease was con
sidered to be a purely clinical phenomenon; 
terms such as fever, dropsy or cyanosis were 
used as names of diseases. During the 17th 
century, Thomas Sydenham founded the dis
cipline of nosology by insisting that diseases 
had their own natural history and could be 
described and classified on the basis of their 
specific characteristics [9]. This concept did 
not have a major impact until the latter part 
of the 19th century, when the observational 
techniques of physical examination - per
cussion, auscultation, sphygmomanometry 
and thermometry had been developed [9,lD]. 
The correlation of first the gross and later the 
microscopic findings at necropsy with the 
clinical history and physical examination 
completely changed the concepts and names 
of diseases. This process accelerated in the 
20th century as a result of a torrent of new 
information coming from radiography, ultra
sonography and other biophysical techniques 
of imaging, and from epidemiology, 

Chronic Obstructive Pulmonary Disease. Edited by Dr P. Calverley and Professor N. Pride. Published in 1995 by 
Chapman & Hall, London. ISBN 978-0-412-46450-8 



2 Defining COPD 

microbiology, immunology, biochemistry, 
electron microscopy and molecular genetics. 

1.1.2 DEFINITION OF DISEASE 

It is important in nosology that the names of 
diseases not be used as if they were independ
ent morbid entities with external existences 
that are causing the patient's illness. In the 
terms of philosophy, this approach represents 
a realist or essentialist definition [8,11,12]. An 
example of such usage would be to say that a 
patient was ill because of COPD. Such usage 
has inappropriate implications for therapy 
and also implies that there is a finite number 
of diseases in the universe. 

The names of diseases should be con
sidered verbal symbols designed to refer to 
an area of interest. In the terms of philosophy, 
this approach represents a nominalist 
definition. An example of such usage would 
be to say that the patient's diagnosis was 
COPD. This usage implies that diseases are 
due to interactions between the host and one 
or more causes of disease, thus permitting a 
potentially infinite number of interactions. 
The name of a disease is a relatively arbitrary 
way of referring to a particular patient's 
illness that is useful in communication. It is 
an abbreviated way of referring to groups of 
patients who have some common features to 
their illness. 

Scad ding [8] has provided a useful 
definition, which may be paraphrased as 
follows: 

The name of a disease should refer to the 
abnormal phenomena displayed by a 
group of persons who have a specified 
characteristic by which they differ from the 
norm in a way that is biologically 
disadvantageous. 

The name of a disease should be as brief and 
descriptive as possible. It may be used in the 
title of an investigative report and it provides a 
convenient means of communication between 
patient and health-care givers. It is almost 

never possible to formulate a proper treatment 
plan simply from the name of a disease used 
as a diagnosis. The name of a disease need 
give no indication of its cause. Even when a 
disease is defined in terms of etiology, using 
the name of the disease as the patient's diag
nosis gives only limited information as to its 
manifestations in the sick person. The diag
nosis of tuberculosis reveals that a disease is 
present that is caused by Mycobacterium tuber
culosis, but gives little indication of the exact 
nature of the patient's illness or even whether 
an illness is overtly manifest. 

1.1.3 THE DEFINING CHARACTERISTICS 

Concise definitions of the names of diseases 
can be developed using as the defining char
acteristics the common properties specifying 
the group of abnormal persons upon whom 
the description of a disease is based [4]. The 
characteristics specifying the population of 
interest may have different origins. The spe
cifying characteristic may be a consistent syn
drome (a set of clinical findings) whose 
etiology is unknown; it may be a specified 
disorder of structure or function of unknown 
etiology; or it may be the effects in persons of 
a particular etiologic agent [4,8]. These three 
levels indicate increasing knowledge of the 
disease, and they therefore acquire a pro
gressively higher priority as a defining char
acteristic. The clinical features of a disease 
have the lowest priority, altered structure or 
function are intermediate, and etiology has 
the highest priority. It is apparent that accord
ing to this scheme, the name and the 
definition of a disease may change as new 
knowledge is acquired. However, the current 
definition should leave no doubt about the 
field of study from which the defining charac
teristic is drawn. 

1.1.4 COMPOUND DEFINITIONS 

A group of patients selected because they 
have a common characteristic in one field of 



study, will not necessarily share common 
characteristics in another field. Compound 
definitions, which utilize defining charac
teristics from two or more fields of study, 
may define subsets of patients with over
lapping characteristics [8]. For example, 
pneumococcal pneumonia represents an 
overlapping subset of patients with pneumo
nia (defined in pathologic terms) and 
infection with S. pneumoniae (defined in 
etiologic terms). 

1.1.5 DESCRIPTION OF A DISEASE 

Once a disease has been defined, the next step 
is to study subjects with the defining char
acteristics by all available means, thus deter
mining all ascertainable features. In this way 
the description of the disease is established, 
including features that are of frequent as well 
as of infrequent occurrence. If the population 
studied is large enough, the frequency of 
inconstant features can be estimated, although 
we do not usually redefine the disease in 
order to include the inconstant features. 

1.1.6 DIAGNOSTIC CRITERIA 

From the description of the disease, diag
nostic criteria can be chosen, which are found 
in practice to best distinguish the disease 
from other diseases that resemble it. The 
diagnostic criteria mayor may not include 
features of the defining criteria. When the 
defining characteristic is clinically based the 
diagnostic criteria must perforce include 
them. However, when the diagnostic criteria 
are based on etiology, the diagnostic criteria 
may not include the defining characteristics. 
For example, the diagnosis of viral diseases is 
regularly made without directly demons
trating the presence of the virus in the patient. 
The diagnosis of mitral stenosis may be made 
with considerable confidence from the char
acteristic heart murmur, and with more 
confidence by echocardiography or phy
siologic data from heart catheterization. 
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Although echocardiography comes closest as 
a surrogate, none of these methods actually 
demonstrate the pathology that is the 
defining characteristic of mitral stenosis. The 
validity of the diagnostic criteria should 
be established by appropriate correlative 
studies. 

1.2 OBSTRUCTIVE AIRWAY DISEASES 

1.2 . .1 HISTORICAL OVERVIEW 

The occurrence of diseases characterized by 
cough, expectoration, wheezing, dyspnea, 
first on exercise, and later at rest has been 
known at least since the time of Hippocrates 
[13]. Floyer gave us the first clear description 
of asthma in the early part of the 18th century 
[14]. Through the early 19th century, the 
term asthma was used synonymously with 
dyspnea. Percussion was invented by 
Leopold Auenbrugger about 1751 but his 
1761 report of his findings was given little 
notice by physicians until the publication in 
1808 of Corvisart's translation into French of 
Auenbrugger's work [15]. The interest of the 
Parisian school in pathologic-clinical cor
relation, and the addition of the stethoscope 
to the tools of physical diagnosis by Laennec 
[16,17], began attempts to classify patients 
with obstructive airway diseases. Laennec 
used the term pulmonary or bronchial 
catarrh, from the Greek word meaning 'to 
flow down' for excessive production of 
bronchopulmonary secretion, and he defined 
emphysema as we know it today. Charles 
Badham introduced the term bronchitis into 
medicine in 1808 [18]. 

In the mid-20th century, as tuberculosis 
came under control, the increasing morbidity 
and mortality from chronic obstructive respir
atory diseases was recognized [19]. Studies 
were undertaken to determine the nature, 
frequency and causes of these disorders. In 
1958, a Ciba Foundation Guest Symposium 
was convened and subsequently published 
the first attempt to achieve a consensus on 
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definitions of disorders associated with 
chronic airflow obstruction [20]. In 1962 
definitions that were similar to those of the 
Ciba Symposium were published by the 
American Thoracic Society [21]. The sub
sequent history of definitions of these diseases 
has been reviewed recently by Samet [22]. 

1.2.2 CHRONIC BRONCHITIS 

Chronic bronchitis is defined for epidemio
logic purposes as the presence of chronic 
productive cough for three months in each of 
two successive years in a patient in whom 
other causes of chronic cough, such as infec
tion with Mycobacterium tuberculosis, car
cinoma of the lung, and chronic congestive 
heart failure, have been excluded [20,21]. It is 
practical for clinical purposes to define 
chronic bronchitis more simply as chronic 
productive cough, without a medically dis
cernible cause, present for more than half the 
time for two years. This definition, based on 
symptoms, reflects our current state of 
knowledge regarding this condition. 

Pathologic changes in the large and small 
airways have been described in chronic bron
chitis, but the changes are non-specific, 
reflecting the relatively limited ways in which 
the airways can respond to injury [23] (Chapter 
2). Tobacco smoking has been identified as the 
major risk factor for the development of 
chronic bronchitis and a number of other 
factors have been identified as less important 
risk factors [24-27] (Chapters 4 and 5). How
ever, the risk factors are multiple and the pro
portion of individuals exposed to these agents 
who develop chronic bronchitis is relatively 
small- 15-20% [28]. The combination of multi
ple risk factors, and incomplete knowledge of 
etiology makes it impossible to use etiology as 
a defining characteristic for chronic bronchitis. 

1.2.3 ASTHMA 

Asthma was defined by the American 
Thoracic Society [21] as a disease character-

ized by an increased responsiveness of the 
trachea and bronchi to various stimuli and 
manifested by a widespread narrowing of 
the airways that changes in severity either 
spontaneously or as a result of therapy. 
Subsequent official groups [29,30] have not 
substantially changed this definition. 

1.2.4 EMPHYSEMA 

Emphysema has been defined in morphologic 
terms since the Ciba symposium [20]. There 
have been clarifications from time to time 
[21,29,30,31]. In the latest of these [31], 
respiratory airspace enlargement was classi
fied into three categories. 

• Simple airspace enlargement is defined as 
enlargement of the respiratory airspaces 
without destruction. It may be congenital, 
as in Down's syndrome, or acquired, as in 
the overdistention of the contralateral lung 
that follows pneumonectomy. 

• Emphysema is defined as a condition of 
the lung characterized by abnormal per
manent enlargement of the airspaces distal 
to the terminal bronchioles accompanied 
by destruction of their walls and without 
obvious fibrosis. Destruction is defined 
as non-uniformity in the pattern of 
respiratory airspace enlargement; the 
orderly appearance of the acinus and its 
components is disturbed and may be lost. 

• Airspace enlargement with fibrosis occurs 
with obvious fibrosis, such as associated 
with infectious granulomatous disease 
such as tuberculosis, noninfectious granu
lomatous disease such as sarcoidosis, or 
fibrosis of undetermined etiology. The 
scarring is readily evident in the chest 
radiograph, or in the inflation-fixed lung 
specimen, and is apparent to the naked 
eye. This form of airspace enlargement 
with fibrosis was formerly termed irregu
lar or paracicatricial emphysema [21]. It is 
not included under the umbrella of COPD. 
The separation of airspace enlargement 



with fibrosis and emphysema is not as 
clean as at first appears. In a recent review 
[19] I suggested that emphysema is multi
factorial in its pathogenesis and respiratory 
airspace enlargement is a stereotyped 
response of the lungs to a variety of 
injuries. Fibrosis may be part of the healing 
process after some injuries. Microscopic 
fibrosis is observed in the microbullae of 
centriacinar emphysema and these lesions 
may represent focal airspace enlargement 
with fibrosis. In the light of current think
ing, the older term 'para cicatricial emphy
sema' seems more apropos than the 
current term 'airspace enlargement with 
fibrosis'. 

1.2.5 CHRONIC OBSTRUCTIVE PULMONARY 
DISEASE 

Chronic bronchitis [27] and emphysema [32] 
occur with or without airflow obstruction. 
Asthma, by definition [8,21] is associated at 
some time in its course with discernible 
airflow obstruction, although in variant 
asthma, special maneuvers may be necessary 
to make it evident. The diagnosis of mild or 
even moderate emphysema is not readily 
made during life except with computerized 
tomography (Chapter 14). Furthermore, 
chronic bronchitis and emphysema usually 
occur together [33]. Asthmatic individuals 
exposed to chronic irritation, as from cigarette 
smoke, may develop chronic productive 
cough, a feature of chronic bronchitis. 
Asthmatics may develop non-remitting 
airflow obstruction. Emphysema and asthma 
may coexist by coincidence. Patients without 
evidence of atopy who develop chronic bron
chitis and emphysema as a result of long
standing cigarette smoking may develop 
increased reactivity of the airways that is 
responsive to bronchodilator drugs [34]; 
airways hyper-reactivity is an important 
feature of asthma. 

Accordingly, precise classification of the 
disease of a patient with chronic productive 
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cough with airflow obstruction may be 
difficult. A variety of terms have come into 
common usage to identify patients who have 
evidence of one or more of chronic bronchitis, 
asthma or emphysema with airflow obstruc
tion. These terms, used synonymously, are 
chronic obstructive lung disease, chronic 
obstructive airways disease and the term 
used in this book, chronic obstructive pul
monary disease. The terms chronic non
specific lung disease and generalized 
obstructive lung disease [25] and chronic gen
eralized airways obstruction [30] have never 
come into wide use. 

The term COPD has been applied to pa
tients who have airflow obstruction, mani
fested either clinically or by an abnormality in 
a standard spirometric index such as the FEV 1 

[29,33]. The profession has not developed a 
generally agreed upon definition of COPD. 

We can deal with the combination of 
chronic bronchitis defined in clinical terms, 
emphysema in anatomic terms, and airflow 
obstruction representing a physiologic state 
by using a compound definition. 

Chronic obstructive pulmonary disease is 
defined as a disease state characterized by 
the presence of chronic bronchitis and/or 
emphysema associated with airflow ob
struction; the airflow obstruction may be 
accompanied by airways hyper-reactivity 
and may be partially reversible. 

Figure 1.1 is a non-proportional Venn 
diagram, which shows the relations among 
chronic bronchitis, emphysema, asthma and 
airflow obstruction; the shaded band encloses 
the subsets comprising COPD. Patients who 
have features of chronic bronchitis or emphy
sema without airflow obstruction (subsets 1 
and 2) are not considered to have COPD. The 
largest subset of patients with COPD is subset 
5, patients who have features of both chronic 
bronchitis and emphysema. Patients who 
have completely reversible airways obstruc
tion without features of chronic bronchitis or 
emphysema are classified as having asthma 
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Fig. 1.1 Schema of chronic obstructive pulmonary disease. A non-proportional Venn diagram shows 
subsets of patients with chronic bronchitis, emphysema, and asthma in three overlapping circles; the 
shaded band encloses the subsets comprising COPD. Subsets of patients lying within the rectangle have 
airway obstruction. Subset 10 includes patients with airflow limitation that is not considered to be COPD 
such as cystic fibrosis and obliterative bronchiolitis. Patients in subset 1 and 2 have clinical or radi
ographic features of chronic bronchitis or emphysema; since they do not have airways obstruction as de
termined by an index such as the FEV 11 they are not classified as having COPD. Patients with 
unequivocal asthma (subset 9) defined as having completely reversible airways obstruction, are not clas
sified as having COPD. Patients in subsets 6 and 7 have partially reversible airways obstruction with 
chronic productive cough or emphysema, respectively; since it is difficult to be certain whether such pa
tients have asthma or whether they have developed bronchial hyper-reactivity as a complication of 
chronic bronchitis or emphysema they are included within COPD. Patients in subset 8 have features of all 
3 disorders. Patients in subset 3 have chronic productive cough with airways obstruction but no emphy
sema; it is not known how large this subset is, since only limited epidemiologic studies using computer
ized tomography to diagnose emphysema are available. It is much easier to identify patients with 
emphysema in the chest radiograph who do not have chronic bronchitis (subset 4). Many patients who 
require medical care for their disease have features of both chronic bronchitis and emphysema and fall 
into subset 5. 

(subset 9) and are not included within COPD. 
As a practical matter, patients whose asthma is 
characterized by incomplete remission of 
airways obstruction have been included as a 
subset of COPD (subsets 6-8) because it is 
often not possible to differentiate these indi
viduals from persons with chronic bronchitis 
and emphysema who have partly reversible 
airways obstruction. It is apparent that those 
who use airflow obstruction as the sole 
defining characteristic of COPD would include 
all patients with asthma under this rubric. 
Although some authors have done so [35], pa-

tients with airways obstruction due to diseases 
with known etiology or specific pathology, 
such as cystic fibrosis or obliterative bronchi
olitis, are not included in this definition. 

In epidemiology, precise diagnostic criteria, 
and questionnaires that reflect them, have 
been developed for chronic productive cough 
and for features such as dyspnea on effort, 
which are descriptors of the disease [22] . 
Until the disease is severe, emphysema can 
only be diagnosed accurately by an imaging 
technique. The diagnosis of a patient's illness 
as COPD does not provide sufficient informa-



tion to plan therapy and to make a prognosis; 
these are based on the physician's assessment 
of the nature of the pathology and patho
physiology, the history of response to previ
ous treatment and other factors that cannot be 
epitomized in the name of a disease. 

How should one deal with exceptions, for 
example, the smoker with bronchiolar inflam
mation and airflow obstruction but without 
productive cough or emphysema? Such 
patients are sometimes referred to as small 
airway disease and do not fit the diagnostic 
criteria of COPD. The diagnosis is readily 
recorded as airflow obstruction due to 
bronchiolitis (subset 10, Fig. 1.1). 

Exceptions are to be expected, given the 
concept that there is a potentially infinite 
number of interactions between different 
hosts and an etiologic agent of disease. It is 
not possible to develop a definition of a 
disease that will encompass every exception. 

Since the introduction of a code for COPD 
into the Ninth International Classification of 
Diseases, there has been a progressive shift of 
causes of death into this category from those 
for chronic bronchitis and emphysema [36]. 
This reflects clinical pathologic correlations 
showing that airflow obstruction can be due 
to both airway disease and emphysema and 
the difficulty of accurately diagnosing 
emphysema in life, until it is severe [28,32]. 
One approach to defining COPD is offered 
here. It is my hope that this presentation will 
initiate discussions in the pulmonary com
munity that will lead to a widely accepted 
definition of the commonly used term 
'COPD'. 
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PATHOLOGY 

D. Lamb 

2.1 INTRODUCTION 

The pathologic changes found in the lungs of 
patients with COPD and in particular those 
who progress to respiratory failure and death 
are complex and show poor correlation 
with the clinical patterns of functional 
abnormalities in life [l,2]. 

All patients with COPD show a fixed 
airflow limitation. As a pathologist I can 
imagine only two patterns of change which 
could give rise to fixed airway obstruction. 
These are narrowing of the airway lumen due 
to inflammatory scarring or due to loss of 
alveolar support to an airway wall (with or 
without associated scarring). In both cases the 
proposed basis of the airway obstruction is 
irreversible. Despite the apparent simplicity 
of these two alternatives there is no clear 
consensus among pathologists as to what is 
the structural basis of the functional 
abnormalities in COPD. 

This lack of a clear consensus is due to 
several factors: 

1. Clinical studies, of necessity, describe fea
tures pertaining to the patient as a whole 
whereas pathologic study may involve a 
single lung lobe or even a small biopsy. 

2. Pathologic material does not allow recog
nition of purely functional abnormal
ities such as bronchoconstriction or the 
effects of variation in respiratory chemo
sensitivity and drive. 

2 

3. Most pathologic studies attempting to 
identify the structural basis of functional 
abnormalities in COPD have been based 
on either surgically resected material 
(lobes or lungs) for which preoperative 
pulmonary function data were available 
or autopsy material on end-stage COPD. 
Such studies have allowed a cross
sectional analysis at two moments in the 
natural history of COPD, without any 
longitudinal information to relate the 
changes identified in the early disease to 
those seen in the end-stage disease. That 
this may be an important problem can be 
seen by the current interest and emphasis 
on the importance of airway wall inflam
mation in 'early' or mild disease and the 
apparent emphasis given to gross struc
tural abnormalities such as centri- and 
pan-acinar emphysema found in most 
autopsy studies. 

4. A confusing element in any attempt to 
elucidate the relation between histologic 
or structural abnormality and function, is 
the common factor of smoking. Smoking 
is associated with a wide range of what 
may be considered epiphenomena, e.g. 
mucus gland hypertrophy, which in them
selves may not be associated with the 
development of functional abnormality. 
We must be clear that any structural 
change which is proposed as a basis for 
airflow limitation must show not just a 
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general relationship with function but a 
clear quantitative relationship between 
severity of the structural abnormality and 
the severity of airflow limitation or other 
functional abnormality, by bivariate ana
lysis and, if possible, a better relationship 
than other possible proposed causes using 
a multivariate analysis. Any proposed 
structural cause must relate to the airflow 
limitation and explain the airflow 
limitation in mechanistic terms. 

5. Many of the techniques described by 
pathologists to assess structure have in fact 
not been true measurements but 'grading', 
'scoring' or 'picture matching' which do 
not provide a true quantitative measure of 
structure and have often been inappro
priate to the statistical analyses carried out. 

2.2 PULMONARY ANATOMY 

The airway develops during intrauterine life 
and provides about 25 generations along the 
longest axial path between the hilum and 
diaphragm with a decrease in this number 
through childhood associated with de
differentiation into respiratory bronchioles. 
Airways can be divided into bronchi and 
bronchioli, the bronchi containing cartilage 
and mucus glands in their walls while bron
chioles have no cartilage or glands. The 
bronchi can be further subdivided into large 
and small bronchi, the large bronchi have 
numerous cartilage plates which surround 
the lumen whereas the smaller bronchi have 
smaller and more infrequent cartilage plates 
which do not provide circumferential 
support. The more peripheral bronchi have 
such scanty and widely separated cartilage 
plates that a histologic cross-section may fall 
between small islands of cartilage. 

The bronchioli extend from the last plate of 
cartilage to the terminal bronchiole, which is 
defined as the last bronchiole to have a com
plete wall and which precedes the respiratory 
bronchioles which have alveoli forming part 
of their walls. The respiratory bronchioles 

therefore fulfil both a gas transfer and a con
ducting role. The terminal bronchiole, apart 
from its position immediately preceding 
respiratory bronchioles is structurally ident
ical to the preceding generations of bron
chioles. Both the more peripheral bronchi 
lacking integral cartilage support, and bron
chioles, depend on the surrounding lung for 
their integrity as conducting airways. 

Alveoli adjacent to the airways are attached 
to the outer aspect of the walls (Fig. 2.1) and 
this support is essential for their conducting 
function. In cross-sections of airways the alve
olar wall attachments appear as guy ropes 
attached to a single point but in three dimen
sions the attachments form an inter
connecting linear support called by 
Linhartova 'the alveolar footprints' [3]. 

The term 'small airway' describes a concept 
rather than a specific anatomic group of 
airways. It is a term widely used to describe 
the site of the increased resistance in COPD 
and dates from the pioneer work of Hogg, 
Macklem and Thurlbeck [4]. The 'small 
airways' are often defined as being those 
airways less than 3 mm, or less than 2 mm, in 
diameter depending on the publication. These 
do not conform to any specific structural type 
of airways (small bronchi and/ or bronchioli) 
or a particular generation number but rather 
reflect the original catheter size used in the in 
vitro experiments [5]. As airways vary in 
diameter related to body stature, defining a 
group of peripheral airways on size criteria 
only will identify different airway popu
lations in those of small, and those of large 
body stature. It is important to realize that the 
many smaller bronchi lacking cartilage 
support and all non-respiratory bronchioles 
probably behave in a similar manner with 
regard to their need for support from the 
surrounding parenchyma. 

2.3.1 THE ACINAR UNIT 

The portion of the lung supplied by the ter
minal bronchiole is the functional unit of the 



Fig. 2.1 Photomicrographs of two small airways 
cut in cross-section. (a) shows a small bronchiole 
from a normal non-smoking patient. The airway 
has a circular outline and the support provided by 
the adjacent alveolar walls in maintaining this is 
evident. (b) shows a small airway from a smoker 
with mild panacinar emphysema. The reduction in 
the alveolar walls and the number of their attach
ments to the airway are clearly seen. The airway 
has a mildly elliptical profile. 
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lung and this volume of lung tissue has had 
different terms applied to it: the primary 
lobule of Miller [6], the terminal respiratory 
unit [7] or the acinus [8]. Miller in fact 
described two lobules, the primary lobule 
being that volume of lung distal to the term
inal bronchiole and the secondary lobule for 
the group of primary lobules arising from a 
common stem 'lobular bronchiole'. The sup
plying terminal bronchioles of the secondary 
lobule arise relatively close to one another 
and form the millimetre pattern seen on bron
chograms in contrast to the 'lobular bron
chioles' which form the centimetre pattern. It 
should be clear that there is no structural dif
ference between these bronchioles but merely 
a difference in their arrangements. The ad
jacency of the terminal bronchioles within the 
secondary lobule explains the 'bunch of 
grapes' pattern of disease processes seen on 
the cut surface of a lung when the disease 
process involves the proximal parts of the 
acinar unit, e.g. centriacinar emphysema or 
bronchopneumonia (Fig. 2.2). There is much 
confusion, particularly among clinicians, 
between the primary and secondary lobules 
and for this reason the term acinus or acinar 
unit will be used in this text. It should, 
however, be clear that in the context of the 

I definition and classification of emphysema 
the terms acinus, centriacinar emphysema 
and panacinar emphysema, are entirely and 
completely synonymous with lobule, cen
trilobular and panlobular emphysema. In 
man neither the acinar unit nor the secondary 
lobule of Miller is regularly demarcated by 
fibrous tissue septa, though septa are com
moner at the periphery and margins of the 
lung and almost non-existent centrally. As a 
consequence there is the possibility of col
lateral drift via the pores of Kohn [9] . The 
importance of this has been questioned by in 
vivo studies of collateral ventilation during 
bronchoscopy in normal young adults [10]. 
The pathologists find no difficulty at autopsy 
in moving air around within a lobe in patients 
with panacinar emphysema and, to a lesser 
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Fig. 2.2 Illustrations of the two main patterns of 
macroscopic emphysema in the human lung. 
(a) Shows a macroscopic photograph of the lung of 
a 65-year-old smoker without macroscopic emphy
sema. The lung has been fixed by inflation with 
formol-saline and sliced. The surface has a granu
lar pattern and in places the alveolar ducts can just 
be seen in cross section. The paired structures are 
pulmonary arteries and bronchi, the single struc
tures are veins. The pigment has some accentu
ation in association with the proximal acinar areas. 
(b) Showing the focal distribution of centriacinar 
emphysema with the surrounding, apparently 
normal, lung tissue. The variation in size of the 
lesions depends on whether they have been cut 
across through the centre of an area of emphysema 
or just tangentially. (c) Shows a severe panacinar 
emphysema with widespread confluent change. 
The pattern is clearly different from (b) showing 
no residual normal lung. The tissue seen as strands 
running across air spaces are airways and vessels, 
in this severe end-stage emphysema there is 
virtually no true alveolar tissue remaining. 



degree, in the elderly lung but the gross inter
communication present in a severely emphy
sematous lung may not reflect any useful 
ventilatory function for such collateral drift. 

The number of acinar units appears to be 
defined by the intrauterine development of the 
airways. With the increase in lung volume 
during childhood and adolescence the alveoli 
increase in number and as the size of alveoli in 
adult life appears to be fairly constant despite 
variation in body stature, it is the size of acinar 
units and the number of alveoli which vary 
with body size [8,10,11]. 

2.3 PATHOLOGY OF COPD 

COPD is a complex clinical situation having 
as a common factor smoking-related, fixed 
airflow limitation. The clinical spectrum 
extends from a simple physiologic deficit 
through to acute and chronic respiratory 
failure, cor pulmonale and death in respira
tory or in cardiorespiratory failure. There are 
three clinicopathologic entities which have 
been considered as playing a role in the 
pathogenesis of the airflow limitation. These 
conditions are chronic bronchitis, emphysema 
and 'small airways disease'. These three con
ditions will be considered separately before 
proceeding to the correlation of structure 
with function and the pathologic findings in 
end-stage COPD. 

2.4 CHRONIC BRONCHITIS 

The term chronic bronchitis was originally 
defined clinically in terms of cough and spu
tum [12] production and effectively describes 
hypersecretion of mucus by the respiratory 
tract. The pathologic basis of this is an increase 
in the volume of submucosal glands and an 
increase in the number and distribution of 
goblet cells in the surface epithelium. 

The bronchial submucosal glands are 
mixed glands formed of mucus and serous 
acini; they are found only in the bronchi and 
have a similar frequency distribution to the 
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cartilage, being greatest in amount in large 
bronchi and diminishing markedly in the 
smaller and more peripheral bronchi. 
Submucosal glands are not present in bron
chioli. The submucosal glands increased 
markedly in mass in chronic bronchitis [14], 
largely as a consequence of cigarette smoking 
but other irritants may be involved. Animal 
experiments have shown that an increase in 
number of goblet cells and glands can occur 
in response to simple chemical stimuli such as 
sulfur dioxide [15,16], and infection is not a 
prerequisite. Increased submucosal glands 
may also be found in asthma. 

Goblet cells are plentiful in the proximal 
airways in normal non-smokers but decrease 
in numbers more peripherally and normally 
there are no goblet cells in the more periph
eral generations of bronchioli. In smokers the 
goblet cells increase in number and their 
peripheral extent [17]. In the proximal 
airways there may be either an increase in 
goblet cells or a decrease due to squamous 
metaplastic and/or dysplastic changes 
induced by smoking, replacing the goblet 
cells of the normal respiratory epithelium. 

As the mass of submucosal glands is much 
greater than that of the goblet cells most of 
the airway secretions are produced by the 
glands. There is a relationship between 
the amount of submucosal glands and the 
volume of sputum production [18]. 

Early studies were concerned about the role 
of infection and inflammation in the pro
gression of airflow limitation in patients with 
chronic bronchitis. The MRC subclassified 
chronic bronchitis depending on the presence 
or absence of pus in the sputum or of airways 
obstruction [13]. It soon became clear that 
even with adequate antibiotic treatment 
patients who had a reduction in the number 
of respiratory tract infections did not have an 
improved survival or a decrease in their rate 
of deterioration. Peto, et a/. [19] in their epi
demiologic studies showed that there was 
clearly no relationship between cough and 
sputum and the rate of decline of FEV1• 
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Though chronic bronchitis as defined by 
the MRC criteria is clearly related to smoking 
and occurs in the same population of patients 
that may develop airflow limitation the 
mucus hypersecretion is not related to the 
airflow limitation (Chapter 4). 

2.5 EMPHYSEMA 

2.5.1 DEFINITION 

Emphysema was first defined at the Ciba 
Foundation Guest Symposium [12] as 'a con
dition of the lung characterized by increase 
beyond the normal in size of the airspaces 
distal to the terminal bronchiole either from 
dilatation or from destruction of their walls'. 
This is an anatomical, or structural, definition 
and defines emphysema in terms of the 
acinus, that portion of the lung supplied by 
the terminal bronchiole. This original 
definition did not distinguish between over
inflation and the disruption of the lung 
architecture which occurs in smoking-related 
emphysema. Since then the definition has 
been modified on two occasions to emphasize 
the destructive process which is part of our 
concept of smoking-related emphysema. In 
1962 the American Thoracic Society [20] sug
gested that emphysema should be defined as 
'a condition of the lung characterised by ab
normal, permanent enlargement of airspaces 
distal to the terminal bronchiole accompanied 
by destruction of their walls.' This was 
further modified by Snider, Kleinerman and 
Thurlbeck in 1985 [21] who added ' ... accom
panied by destruction of their walls and 
without obvious fibrosis'. 

None of the definitions was accompanied 
by criteria which allowed the concept of 
'normal airspace size' to be defined and simi
larly in the 1985 definition the term 'without 
obvious fibrosis' is clearly a conceptual state
ment and may give rise to problems in rela
tionship to the presence of smoking-related 
fibrosis in the lung (see below). 

2.5.2 DIAGNOSIS AND CLASSIFICATION OF 
EMPHYSEMA 

Emphysema is defined in structural or patho
logic terms, therefore the diagnosis, classi
fication and assessment of emphysema is 
primarily a pathologist's responsibility and 
limits opportunities for the study of emphy
sema to those situations where tissue is avail
able. Although attempts to identify radiologic 
or physiologic criteria which identify the pres
ence and severity of emphysema are con
stantly sought, it must be recognized that any 
such radiologic or functional criteria are 
indirect and must be clearly anchored to 
pathologic assessment. 

To fulfil the definition of emphysema the 
pathologist might be expected to take the 
three points of the definition into account 
when identifying the presence of emphysema, 
i.e. the size of airspace, evidence for a destruc
tive process, and an assessment that fibrosis is 
minimal. In practice, pathologists rely almost 
entirely on the size of the airspaces in the as
sessment of severity and the classification of 
the subtypes of emphysema. 

The inclusion of the amount of fibrosis in the 
definition in 1985 [21] was not based on any 
actual knowledge of the fibrous tissue in em
physema compared with the normal lung, but 
rather to exclude certain pathologic conditions 
where enlarged airspaces are accompanied by 
gross fibrosis such as the honeycomb lung of 
cryptogenic fibrosing alveolitis, that the 
unwary and unsophisticated pathologist might 
try to diagnOSis as emphysema. 

In the context of COPD and smoking
related emphysema the concept that emphy
sema should only be considered when there 
has been a destructive process associated 
with the enlargement of airspaces is of value 
as it excludes those conditions where 
overinflation is present, such as post
pneumonectomy cases or the hyperinflation 
of asthma or when an atrophic process may 
be concerned, such as the aged lung. 
However, this aspect of the definition also 



excludes certain pediatric conditions pre
viously included under the heading emphy
sema where the pathogenetic mechanism is 
an abnormality of intrauterine or postnatal 
development [22]. The pathologist has a 
problem when looking at an established 
example of emphysema to state that the air
space walls which are no longer present were 
removed by a destructive process. This is a 
conceptual rather than a practical aspect of 
the definition at this stage of the disease. 
However, in the very early stages of emphy
sema the concept that a destructive process 
(breaks in the alveolar walls attached to 
airways) is involved may be valuable in that 
at a stage when airspaces show little or no 
abnormality there may be evidence of the 
destructive process; this was the basis of the 
development of the Destructive Index by 
Cosio et al. in 1985 [23,24] (Section 2.5.7). 

Accepting that pathologists depend largely 
on the increased size of airspaces to diagnose 
and classify emphysema, there remains the 
problem of the definition of normality of air
space size. The problem of defining accu
rately normality was avoided by early 
workers who looked at the cut surface of 
lungs inflated with formol saline and noted 
that the fine granular appearance did not 
allow the normal airspaces to be identified as 
such, but that in abnormal lungs the airspaces 
could be seen at a time when their diameter 
reached 1 mm. Such lungs were considered as 
having emphysema. Such macroscopic exam
ination of the lung surface also allowed a 
classification of types of emphysema in rela
tionship to the position of the abnormal 
airspaces within the acinar unit. 

The classification of emphysema into three 
major types - panacinar (syn. panlobular), 
centriacinar (syn. preacinar, proximal acinar, 
centrilobular) and paraseptal (syn. periacinar, 
distal acinar) emphysema [12] has stood the 
test of time and is still in current use (Fig. 2.3). 

Panacinar Emphysema (P AE): where the ab
normally large airspaces are found evenly 
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distributed across the acinar unit. Adjacent 
acinar units are usually involved to a similar 
degree giving a confluent appearance to the 
cut surface of the lung with extensive areas 
being involved. 

Centriacinar Emphysema (CAE): where the 
abnormal airspaces are found initially in 
association with respiratory bronchioles 
though in more severe cases virtually the 
whole acinar unit may be involved. In 
centriacinar emphysema the focal nature of 
the lesions stand out against often apparently 
normal lung and quite small lesions can be 
identified. However, when centriacinar and 
panacinar emphysema coexist and the pana
cinar emphysema is of some severity it may 
be very difficult to identify the presence of 
associated centriacinar emphysema. 

Paraseptal Emphysema: where the abnormal 
airspaces run along the edge of the acinar unit 
but only where it abuts against a fixed struc
ture such as the pleura, a vessel or a septum. 

Two other types of emphysematous change 
are: 

Scar, or irregular emphysema where the 
emphysematous spaces are found around the 
margins of a scar. As the scar itself may not 
be related to the anatomy of the acinar unit 
this type of emphysema is not classified in 
relationship to the acinus. 

Bullae (Chapter 22). Bullae are areas of 
emphysema which locally overdistend to 
produce a lesion which, if superficial, stands 
proud of the pleural surface. By convention, 
only lesions of more than 1 cm in diameter 
justify the description of bullae [12]. Bullae 
are easily identified by pathologists, but they 
are much less easy to identify in life by radio
logic techniques. They have been classified 
into 3 subtypes [22]. Type i has a narrow neck 
and is overdistention of a small portion of 
lung. Type ii has a broad base and is over-
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Fig. 2.3 A diagrammatic representation of the distribution of the abnormal airspaces within the acinar 
unit in the three major types of emphysema. (a) represents the acinar unit from a normal lung, though 
illustrated as a clearly defined area for the purposes of this diagram it must be remembered that, in the 
lung adjacent acinar units inter-communicate and are not necessarily demarcated by septa. (b) shows the 
focal enlargement of the airspaces around the respiratory bronchioles in centriacinar emphysema. 
(c) shows the confluent even involvement of the acinar unit in panacinar emphysema, and (d) shows the 
peripherally distributed enlarged airspaces where that portion of the acinar unit butts up against a fixed 
structure such as the pleura in para septal emphysema. 

distention of a moderate area of emphysema 
and type iii is relative overdistention of part 
of a lobe or lung due to severe emphysema in 
it. Types ii and iii are complications of severe 
panacinar emphysema, type iii is only really 
seen in end-stage emphysematous change. 
Type i arising on a narrow neck is pushed by 
the chest wall back into the lung, where it is 
surrounded by a double layer of pleura 
which may be clearly seen radiologically. 
The pathogenesis of the type i bulla is uncer
tain, but is probably over distention arising 
from damage in an area of scarred lung. 
There is no evidence for the bulla being 
congenital in origin. 

The two common types of emphysema, 
panacinar and centriacinar, have differing 
distributions within the lung. Panacinar 
involving confluent areas of lung tissue 
may be found in the upper or lower lobe 
but particularly in aI-antitrypsin (arAT) 
deficiency it is characteristically maximal at 
the base. Centriacinar emphysema has a very 
clear preference for the upper zones of both 
the upper and lower lobes [25] and centri
acinar emphysema only involves acinar 
units from apex to base in end-stage COPD 

and in coal-workers' pneumoconiosis. The 
differing types of emphysema are not 
exclusive and may occur alone in a lung or 
together and a major problem to the patho
logist is the separate identification of the 
different types and their severity in a 
lung with more than one pattern of 
emphysema. 

There has been some debate as to whether 
centriacinar and panacinar emphysema are 
different disease processes [24,25] and it 
has been suggested by some workers 
that panacinar emphysema is a natural 
progression of centriacinar emphysema 
[26,27,28]. However, the original workers 
who defined these conditions clearly recog
nized in the early stages a difference in posi
tion within the acinar unit and also 
described differences in distribution within 
the lung [25,29]. Centriacinar emphysema 
has a closer relationship to cigarette smoking 
than panacinar emphysema [30]. It has been 
shown that the presence of centriacinar 
lesions is independent of the occurrence 
of microscopic panacinar emphysema in 
surgically resected lungs [31,32]. These dif
ferences suggest a difference in the patho-



genetic mechanisms giving rise to the two 
forms of emphysema and emphasize the 
importance of trying to keep the patterns 
of emphysema separate in assessing the 
severity of emphysema. 

2.5.3 MACROSCOPIC ASSESSMENT OF 
SEVERITY 

The macroscopic examination of inflated lung 
tissue allowed the presence or absence of 
emphysema to be identified easily but it was 
more difficult to give a truly quantitative 
assessment. Dunnill [33] described the value 
of the point counting technique for the assess
ment of the extent of macroscopic emphy
sema but it was difficult to combine 
assessment of the extent of lung involvement 
with an assessment of the severity of the em
physematous process. Heard [34] described a 
grading method whereby the lung cut surface 
was divided into six zones and each zone 
subdivided into fields where the presence or 
absence of emphysema was recorded, giving 
an estimate of the amount of lung involved 
by emphysema. This was not truly quantita
tive and there were difficulties when trying to 
record the different types of emphysema. 
Thurlbeck et al. [35,36] simplified the grading 
of emphysema by using a series of paper 
mounted cross-sections, ranking these from a 
to 100, where a was a normal lung and 100 
the worst case of emphysema encountered in 
a series of 500 paper-mounted sections. They 
produced a series of standard pictures for 
comparison as a general standard. A problem 
with this grading system was that there was 
no measured quantitative relationship 
between the various grades such that a grade 
of 25 was not necessarily half as severe or as 
extensive as grade 50. Neither the point 
counting technique nor the picture matching 
technique could separately assess the differ
ent patterns of emphysema. Thurlbeck has 
gone so far as to say such separation of types 
of emphysema is unnecessary [37]. Though 
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this may be so in true end-stage disease when 
confluent centriacinar emphysema becomes, 
de facto, panacinar emphysema this is cer
tainly not the case in early disease where one 
wishes to study the pathogenesis or possible 
functional effects of the separate types of 
emphysema. 

With macroscopic techniques the criterion 
for recognition of emphysema was visible air
spaces with an airspace size of approximately 
1 mm as the cut-off point, so ignoring early 
stages of emphysema which could only be 
identified microscopically. 

2.5.4 MICROSCOPIC ASSESSMENT OF 
SEVERITY 

The normal alveolus is approximately 
250 p.,m in diameter and thus by the time the 
airspaces in panacinar emphysema have 
reached 1 mm, approximately three-quarters 
of the alveolar surface area has been de
stroyed (Fig. 2.4). If one is to study early 
emphysema and its relationship to patho
genesis or to function, then it is obviously 
important to study it at the microscopic 
stage. Dunnill [38] and Thurlbeck [39] both 
used microscopic techniques to identify 
early abnormalities using the linear intercept 
technique which gave an estimate of the di
ameter of the airspaces. This technique was 
moderately tedious and time-consuming to 
apply but when combined with careful lung 
sampling gave a good estimate for the air
space size of a lung. However, to produce 
sufficient data for different areas of the lung 
to be compared one with another, a very 
large number of measurements had to be 
made. With the introduction of image analy
sis systems it has become easier to make 
accurate estimate of the alveolated portion of 
the lung and recently a fast fully automatic 
method based on the linear intercept tech
nique has been developed [40] which allows 
a detailed analysis of large numbers of lung 
samples, almost as a routine. These micro
scopic techniques produce data which can be 
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22-year-old non-smoker 82-year-old non-smoker 70-year-old with panacinar' 
emphysema 

(a) (b) (c) 

Fig. 2.4 This figure represents three binary images from the image analysis estimation of emphysema. 
Each square represents a 1 mm square of tissue. (a) is derived from a 22-year-old non-smoker. (b) is from 
an 82-year-old non-smoker, and (c) is from a 70-year-old patient with mild panacinar emphysema. The 
difference between (a) and (b) is not macroscopically recognizable, (c) would show as a mild macro
scopic panacinar change. It is clear from this that if only macroscopic techniques are used, large changes 
in alveolar surface area will be missed. Magnification x 40. 

expressed in terms of airspace size [38] e.g. 
mean linear intercept (Lm) or in terms of 
surface area of alveolar or airspace wall 
which surround the enlarged air spaces.* 
There are advantages in expressing the data 
in terms of surface area of airspace wall per 
unit volume (AWUV)t [41,42,43] when 
comparing the results with CT scan which 
provides the radiologic tissue density, and 
with tests for pulmonary function in which 
the function is related more to the airspace 
wall than to the hole in the middle. 

Having measured accurately either air
space size or alveolar surface area there 
remains a problem: what is normal and what 

is abnormal? Thurlbeck [39] investigated the 
Lm of groups of cases described as 'normal' 
and 'emphysematous', but these terms refer 
to the presence or absence of macroscopically 
recognized emphysema and the normal 
group included smokers. More recently 
Gillooly and Lamb [44] have studied a group 
of non-smokers between the ages of 23 and 93 
and defined a normal range for A WUV 
(Fig. 2.5). These authors suggest defining nor
mality as those values lying outside the 95% 
confidence limits of their measurements, or 
one can normalize the data for age by cal
culating a percentage of the predicted value. 
This change in mean A WUV identified an 

'Mean linear intercept (Lm) is calculated as the total length of graticule test-line divided by the total number of 
intercepts between the test-line and alveolar walls [41]. The values obtained for Lm depend on the number of 
intercepts counted for each alveolar wall. Ideally, 2 intercepts should be counted for each, as both sides of the 
alveolar wall are involved in the gas exchange process. From the literature it is obvious that some workers have 
counted only 1 intercept, with the result that they quote Lm values which are twice as large as Lm obtained by 
counting 2 intercepts per wall. 
+AWUV is directly related to Lm using the formula: 
Surface area = 2V I Lm (in the case of AWUV V = 1 mm3, so this becomes AWUV = 2/Lm [40]. It is therefore possible 
to derive AWUV from Lm values, and vice versa, provided care is taken with the formula used (the formula 2V ILm 
applied only if two intercepts have been counted for each alveolar wall. If only one intercept has been counted, the 
appropriate formula to use is 4V ILm. 
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Fig.2.5 This figures shows the mean AWUV (expressed as mm2/mm3 lung tissue). The mean value 
varies with the age of the patient in a linear manner. The dotted lines indicate the 95% prediction limits 
and indicate the limits of the normal mean A WUV values. 

overall change in the whole lung and is prob
ably appropriate for the identification of early 
panacinar emphysema as this appears to 
affect the whole lung. 

Gillooly and Lamb [45] have studied a 
population of smokers and compared the 
mean A WUV values for the smokers with a 
population of non-smokers (Fig. 2.6). The 
large majority of smokers lie within the 
normal range with only about 30% having 
evidence of developing P AE (a larger pro
portion had CAE). There was no dose 
relationship between the number of cigarettes 
smoked and the risk of having an abnormally 
low AWUV value. These authors raised the 
possibility that there was a group who had a 
genetic predisposition to developing P AE, 
independent of the risk of developing CAE. 

However, focal types of emphysema such 
as centriacinar emphysema may not affect the 
overall mean A WUV or Lm value as they 

only involve a small proportion of the total 
lung volume [31,32]. There are two ways of 
identifying early centriacinar emphysema; by 
the examination of tissue sections and observ
ing qualitatively the presence of focal abnor
malities of centriacinar type or looking at the 
frequency distribution of the actual measure
ments looking for evidence of focal abnormal
ity [31,32]. Using such techniques these 
authors have emphasized that the two pat
terns of emphysema (P AE and CAE) are 
clearly separate in their clinical associations 
and development. This raises the important 
point that if there are two independent 
smoking-related patterns of emphysema 
there should be two pathogenetic mechan
isms involved in their production. 

The point of using a microscopic technique 
to assess the severity of emphysematous 
change is to ensure a quantitative linear 
measurement covering normality through to 
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Fig. 2.6 The effect of smoking on the mean A WUV values. The dotted lines indicate the normal range 
derived from a population of non-smokers. It is clear that not all smokers show an abnormal mean 
AWUV value and, interestingly, those that fall outside of the normal range have a similar smoking 
history to those lying within. The reason for the development of this microscopically assessed panacinar 
emphysema does not appear to be smoking-dose related. 

emphysema. It is not limited to the assess
ment of early emphysema. To get a linear 
quantitative measurement covering normality 
through early emphysema to end-stage 
disease means it is necessary to measure all 
degrees of severity on histological material 
using the same technique. One must not 
confuse the 'microscopic measurement' with 
emphysema that is only identifiable by a 
histological technique. 

2.5.5 LOSS OF ALVEOLAR WALL 
ATTACHMENTS TO AIRWAYS IN 
EMPHYSEMA 

Bronchioles and small bronchi are supported 
by, and owe their tubular integrity to, the at
tachment of adjacent alveolar walls to the 
outer aspect of their airway wall. It has been 
suggested [46,47,48] that loss of such attach
ments may lead to distortion and irregularity 
of airways and consequent functional effects, 

possibly airflow limitation. Any loss of at
tachments of alveolar walls to airways will 
fulfil the criteria of the definition of emphy
sema as there must be an increase in size of 
the airspaces adjacent to airways associated 
with the loss (destruction ?) of alveolar walls. 
Airways run between acinar units and those 
alveoli that abut against the bronchiolar walls 
would be those that are at the periphery or 
distal aspects of the acinar unit. These areas 
will be affected by a panacinar or paraseptal 
pattern of emphysema. It is possible that our 
current classification of emphysema based on 
observations of macroscopic emphysema may 
not include all patterns of abnormality found 
at a microscopic level and, in particular the 
selective loss or retention of alveolar walls ad
jacent to airways has not been so far studied. 
The integrity of the alveolar wall supports 
can be assessed by measuring the linear dis
tance between the junction of the alveolar 
walls with the outside of the airways walls. 
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Fig.2.7 The diagrammatic representation of how variation in the interalveolar attachment distance 
(IAAD) may arise. (a) represents a normal lung with airway cut in cross-section. The alveoli are repre
sented by the hexagons. In (b) showing panacinar emphysema the hexagons are larger and it is clear that 
the distance between alveolar walls attached to the outer aspect of the airway is increased. In (c) there is 
selective loss of alveolar wall attachments adjacent to the airway despite the presence of normal alveoli a 
short distance away, this might occur in para septal emphysema. (d) shows an appearance which is occa
sionally seen in what otherwise appears to be macroscopically panacinar emphysema. At the microscopic 
level this does not extend right up to the airway, leaving a narrow band of maintained alveoli giving a 
normal IAAD despite the loss of surface area elsewhere. Such a situation may conserve function. 

The actual measured distance is proportional 
to the diameter of the alveolar spaces which 
abut on the airways. The possible situations 
giving rise to an increase in the interalveolar 
wall attachment distance (IAAD) are shown 
in Fig. 2.7. The situation seen in Fig. 2.7(d) 
where there is selective retention of attach
ments around airways in panacinar emphy
sema certainly does occasionally occur and 
may preserve pulmonary function. Whether 
or not there is a pure loss of alveolar walls ad
jacent to airways as in Fig. 2.7(c) is unproven 
but if so this would probably be a variation 
on paraseptal emphysema with selective loss 
of alveolar walls occurring at the periphery of 
the acinar unit. Such a selective loss could be 
caused by local inflammatory changes in the 
airway wall and might link those who feel 
that airway inflammation is an important 
pathogenetic mechanism in airway obstruc
tion with those who believe the obstruction is 
a consequence of emphysema. 

2.5.6 FIBROSIS AND EMPHYSEMA 

The current definition of emphysema defines 
emphysema 'as being without obvious 
fibrosis' [21]. Most pathologists would agree 

that it is characteristic of an emphysematous 
lung that when it is fixed by inflation with 
formol saline and sliced, the slices collapse 
down upon themselves due to the lack of sub
stance associated with the loss of alveolar 
walls. If the protease/ antiprotease theory of 
pathogenesis of emphysema is correct one 
might expect a reduced collagen and elastin 
in emphysematous pulmonary parenchyma. 
Histologically there is clearly fibrosis in the 
region of terminal and respiratory bron
chioles, the respiratory bronchiolitis de
scribed by Niewoehner, and this may 
occasionally produce a true interstitial lung 
disease [49,50]. However, it is difficult to 
actually measure the amount of collagen 
within the parenchyma of the lung in rela
tionship to the alveolar walls. A large amount 
of the total collagen framework of the lung is 
associated with the bronchovascular bundles, 
the pleura and septa and not in the alveolar 
walls themselves. When sensitive techniques 
are applied and levels of collagen and elastin 
in the samples of lung of smokers and non
smokers consisting predominantly of alveolar 
walls are measured an increase in collagen 
can be identified in the parenchyma of the 
smokers [51]. When emphysematous lungs 



22 Pathology 

are examined the amount of collagen is also in
creased in relationship to less emphysematous 
areas or to non-emphysematous lungs [52,53]. 
The fibrosis in association with end-stage em
physema is clearly seen in histological sections 
or visualized by scanning electron microscopy 
[54]. One must be careful in interpretation of 
such results because there is a condensation or 
concentration of the connective tissue frame
work around the mouths of alveolar spaces in 
the alveolar ducts and it is possible that a loss 
of alveolar wall with a relative retention of the 
architectural framework of the lung could give 
an increase in collagen and elastin associated 
with a loss of alveolar wall surface area. 
However the work of Lang et al. [52] suggests 
that whether collagen and elastin data are ex
pressed per unit volume of lung or per alveo
lar wall surface area there is an increase in 
emphysema. This is a timely reminder that in 
our discussion of the role of emphysema in af
fecting pulmonary function we have assumed 
that the quality of the lung is constant, but that 
the quantity is altered. It is possible that both 
the quality and quantity of alveolar walls may 
change and both may affect elastic recoil and 
the support to small airway walls. So far no 
consideration of such qualitative changes in 
the function of the pulmonary parenchyma 
have been included in structure function 
studies. 

2.5.7 DESTRUCTION OF AIR SPACE WALLS 

In an attempt to combine an estimate of air
space size with the element of destruction of 
alveolar walls included in the 1985 definition 
of emphysema Sa etta et al. [23] described a 
Destructive Index (On which used a point
counting technique to identify the proportion 
of airspaces surrounded by walls showing 
evidence of destruction, or conforming to a 
subjective assessment of 'classic emphysema
tous lesion'. Using this technique it has been 
possible to identify smoking-related alveolar 
wall damage in the absence of measurable 
emphysema [23,24]. 

There is no proof that such damage to 
alveolar walls is a necessary stage in the 
development of either CAE or P AE. Such 
evidence of destruction may identify a patho
genetic mechanism and fulfil the definition of 
emphysema. It does not reflect outcome, the 
severity of emphysema, and therefore is 
unlikely to correlate with any functional 
variable. 

2.5.8 EMPHYSEMA AND CT ASSESSMENT (SEE 
ALSO CHAPTER 14) 

In 1978 Thurlbeck and Simon [55] described 
criteria for the diagnosis of emphysema using 
the chest radiograph. These were based on 
indications of overinflation and vascular 
pruning and showed only a moderate cor
relation with macroscopic emphysema as 
assessed by the picture matching technique. 
When CT scans became available it became 
possible to extract quantitative data on lung 
density. When quantitative histologic assess
ment is compared with quantitative CT 
density a good correlation is found even 
within the range of those showing normal 
age change and early emphysema [42]. 
Quantitative CT gives directly comparable 
data to quantitative histological assessment, 
as Gould et al. [42,56] found when they com
pared A WUV measurements to CT volume 
values for 1 mm cubes of lung tissue. Those 
using quantitative CT scans to identify and 
assess the severity of emphysema must still 
take into account whether a decrease in 
density is due to hyperinflation or true 
emphysema, and what are age-related normal 
values. Changes in mean values are likely to 
reflect panacinar emphysema whereas the 
focal lesions of CAE can only be identified by 
careful examination of frequency distribu
tions of density measurement or qualitative 
assessment in the identification of individual 
lesions [56]. It is a pity that many attempts to 
use CT to identify emphysema have com
pared CT and lung using qualitative grading, 
scoring or picture matching techniques which 



have a poor correlation with pulmonary func
tion (Section 2.7) rather than actual quantita
tive measurements. Those groups who have 
used true density measurements have shown 
better correlation of their lung density meas
urements ('emphysema') with pulmonary 
functional changes including carbon monox
ide transfer coefficient and FEV} [42,56,58,59]. 

2.6 SMALL AIRWAYS DISEASE 

The concept of small airways disease is based 
on the work of Hogg, Macklem and 
Thurlbeck who showed that the increased 
airflow resistance in COPD lies in the periph
eral airways [4]. Whatever the pathogenesis 
of the fixed increase in resistance to airflow 
which develops in the airways of some 
smokers the actual mechanism for the final 
airway obstruction, if this is due to changes in 
the airways, must be scarring with distortion 
and narrowing of the lumen. Such histo
logical changes are clearly seen in patients 
who develop bronchiolitis obliterans or con
strictive bronchiolitis [60] as a sequela of 
severe acute insult [60,61] such as the inhala
tion of toxic fumes [62] or part of an ongoing 
acute or chronic inflammatory state involving 
the airways such as extrinsic allergic alveoli
tis, rheumatoid arthritis [66] or in post
transplant cases [63,65] or as part of severe 
post-inflammatory damage in chronically 
infected lung, those with severe bron
chiectasis or in cystic fibrosis [63,64,65,67]. In 
these cases the pathologist easily identifies 
the airway changes at a subjective level. He 
looks, sees the abnormality and suggests a 
diagnosis. He does not need to make careful 
quantitative measurements to identify the 
changes from normal. In COPD the small 
airways do not appear to show such severe 
changes and researchers are driven to make 
detailed and time-consuming measurements 
on the airways to try and identify a cause for 
the increased airways resistance. 

Airways are a set of tapering tubes and 
measurement of the size of small airways on 
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histologic sections may differ depending on 
sampling site in the lung. Thus it is likely that 
the samples from the midsagittal site will 
provide a set of values rather higher than that 
from the subpleural position. The smallest 
non-respiratory bronchioles in a large person 
will be larger than those from a smaller 
person, therefore both selection of the popula
tion to be studied and sample site within the 
lung can provide a variation of small airway 
size. The ideal would be to study the patient's 
values against a known normal range,· nor
malized for body size. Unfortunately no such 
data are available. 

What measurement of a cross-sectioned 
airway should be made? Figure 2.8 shows 
some of the potential problems involved. 
Ideally measurements can be made on 
airways cut in true cross-section (Figs. 2.1 and 
2.8(a» but in reality most airways are tan
gentially sectioned (Fig. 2.8(b». These two 
have in common the measurement of the 
minimal diameter which is easily measured 
by an eye piece graticule or simple image 
analysis system. However, there are two 
problems which affect the minimum diameter 
of a cross-sectioned airway. First the degree 
of 'tone' provided by the bronchial muscle in 
resected specimens results in varying degrees 
of crenated outline (Fig. 2.8(d» which give 
apparently smaller diameter airways. 
Measurements of either diameter or lumen 
area made on such an airway would be 
unrepresentative of its true dimensions. 
Secondly even truly cross-sectioned airways 
may have an elliptical profile which may be 
produced by inadequate distending pressure 
during fixation, but may also be seen in asso
ciation with lack of support to the airway 
wall by adjacent alveoli in emphysema, in 
particular, in the loss of the alveolar wall at
tachments to the outer aspect of the small 
airway. If more sophisticated measurements, 
using image analysis, are made it is possible 
to measure the circumference, the lumen area 
and to derive a theoretical lumen area from 
the measured circumference. This problem of 
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Fig. 2.8 Five diagrams of cross-sections of small airways in lung. (a) a perfect cross-section of an airway 
with a rounded outline. The vertical line indicates the diameter. (b) a tangential section across an airway 
of the same minimum diameter as (a). (c) a cross-section of a similar sized airway to (a) but with com
pression due to technical artefact or poor inflation during fixation. The minimum diameter is decreased. 
(d) a crenated outline of an airway showing increased muscle tone, the original airway size similar to that 
in (a) measured in the crenated position shows a significant diminution in minimum diameter. (e) shows 
an airway lacking alveolar wall support with partial collapse, its minimal diameter is significantly 
decreased, though the lumen area available if the outline is circular is the same as for (a). 

elliptical airways is important because it is 
possible to imagine a population of such 
elliptical airways being measured to provide 
evidence of decreased minimum diameter 
(despite no change in the true lumen area) on 
the one hand, or the degree of ellipticality 
being used for evidence of lack of support to 
the airways by the pulmonary parenchyma in 
emphysema. These two approaches provide 
evidence for entirely different pathogenesis for 
any functional abnormality! 

Apart from measurement of small airway 
dimensions the commonest series of 'meas
urements' in the literature are those relating 
to the smoking-related effects in the airway 
wall. These were originally described by 
Niewhoener [49] and extended by Cosio et al. 
in 1978 [68]. Eight aspects were included by 
Cosio in his assessment: 

1. Occlusion of the lumen by mucus and 
cells. 

2. Presence or absence of mucosal ulceration. 
3. Goblet cell hyperplasia. 
4. Squamous cell metaplasia. 
5. Inflammatory infiltrate of the airway wall. 
6. Amount of fibrosis in the airway wall. 
7. Amount of muscle. 
8. Degree of pigmentation. 

The first two of these were directly assessed 
as a percentage of airways involved; the 
remaining six were scored 0-3 qualitatively 
and the score expressed as % of maximum 
possible score of 18. The total of the three in
dividual % scores were added to provide an 
overall small airway disease score (SAD) 
(maximum 300). 

The assessment of each of these variables is 
'semi-quantitative' by a subjective grading 
which became refined by a use of a set of 
standard illustrations of the various grades of 
abnormality [69]. The main problem about 
the SAD score of Cosio was the fact that the 
scores for each variable provided a ranking of 
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severity. However, the overall score which 
was a sum of the individual rankings of 
several variables is not a true quantitative 
figure and is unsuited for parametric 
statistical analysis. 

2.7 STRUCTURAL BASIS FOR 
ABNORMALITIES IN PULMONARY 
FUNCTION IN COPD 

Historically there have been three phases in 
attempts to identify the structural basis of pul
monary function tests. In the 1960s and early 
1970s most interest was in end-stage COPD 
with autopsy studies largely relating to pat
terns and severity of emphysema. This phase 
was well summarized by Thurlbeck in 1976 
[25]. There was then a reappraisal of the com
plexities of studying end-stage disease and a 
recognition of the importance of small airways 
disease and the next phase was a study of 
early disease using surgically resected lungs 
and lobes with an emphasis on small airways 
as well as emphysema assessed both macro
scopically and microscopically. More recently 
there has been a recognition that as emphy
sema with its increased airspace size and de
creased alveolar walls represents a fall in 
tissue density, CT scanning can be used to 
quantify emphysema [42]. Clinicians tried 
to bypass the complexities of pathologic 
assessments of autopsy material and studied 
pulmonary function in relationship to CT
assessed emphysema in living patients. 

At autopsy on patients dying of COPD 
emphysema is commonly widespread and 
severe [2,22,25,70]. When the amount of 
emphysema in COPD patients is compared 
with randomly selected smoking populations, 
there is more severe emphysema in the COPD 
cases [1,25,71]. This is not an absolute rela
tionship, for there are patients with moderate 
or even severe emphysema, as assessed 
macroscopically, without clinically identified 
COPD in this series. Despite this it has been 
the custom to ascribe a major causative role to 
emphysema in producing the complex patho-

physiologic abnormalities found in end-stage 
COPD. 

Quantitative correlations of the severity of 
emphysema with the severity of airway ob
struction have appeared to confirm a 
causative relationship [1,2,70,71,72]. There 
does not appear to be any marked changes in 
the small airways in parallel with the severity 
of the emphysema to offer an alternative ex
planation for the severe airway obstruction 
[1,2,70,72,73,74]. It is unfortunate that much 
of the work referred to was based on assess
ment of emphysema which was semi
quantitative involving grading or picture 
matching. These techniques did not sep
arately identify the different patterns of 
emphysema. It may seem surprising that 
there is no clear information on the physio
logic consequences of CAE itself, P AE or a 
combination of the two. One might expect 
differences in the physiologic effects of two 
such different patterns of alveolar wall de
struction. The discrete focal lesions of CAE 
lying in the proximal part of the acinus have a 
predominant effect on diffusion in the gas 
phase, but not directly affecting support to 
airways which lie at the periphery of the 
acinar unit. PAE on the other hand may be 
the basis for changes in lung elasticity and 
affect measurements of pressure volume 
curves or of the constant k, and be the basis of 
the loss of alveolar wall attachments to small 
airways with consequent decrease in support 
to small airways on expiration. It is perhaps 
relevant that at autopsy on patients with end
stage COPD, it is usual for both patterns of 
emphysema to be present and usually both in 
a severe form. 

The one clearly measurable aspect of 
emphysema which may affect airway resist
ance is the assessment of the support pro
vided to small airways by the adjacent 
alveolar walls by measuring the distance 
between the alveolar wall attachments to the 
airways. 

The work of Anderson and Foraker and 
Linhartova and co-workers [46,48,75] has 
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stressed the importance of peribronchial 
alveolar attachments in maintaining airway 
shape. These authors proposed that airway 
distortion due to loss of such attachments 
may be related to airflow limitation. A rela
tionship between loss of alveolar attachments 
and a decrease in FEV 1 has been shown in 
patients with COPD coming to necropsy [76] 
and in early disease [77,78]. Nagai et al. [79] 
measured the distance between alveolar 
attachments and also quantitatively assessed 
emphysema in a series of autopsied patients 
with COPD. They could not identify a rela
tionship between the inter-attachment dis
tance and changes in FEVl1 believing that all 
such changes were more closely related to 
their assessments of emphysema. In early or 
mild disease we have shown clearly a rela
tionship with an increased IAAD and the 
percent predicted FEV 1; the relationship 
between alveolar wall attachments and the 
percent predicted FEV 1 were closer than for 
measurement of alveolar surface area [78]. 

The findings of Nagai [79] and Lamb et al. 
[78] raise the possibility that the changes in 
FEV 1 associated with loss of support to the 
airways in emphysema may be associated 
with two aspects of the loss of alveolar walls. 
In early disease the loss of immediate support 
as represented by the changes in the inter
alveolar attachment distances may be more 
important than the more distal generalized 
effect provided by panacinar emphysema 
though this may be more important in end
stage disease. 

The measurements of alveolar wall attach
ments have been made usually on the most 
peripheral bronchioles. The fact that a change 
in the support of the most peripheral bronchi
oles may be associated with the loss of FEV1 

in COPD may seem surprising. Several 
studies have reported, however, that the 
major site of increased resistance to airflow in 
COPD is the peripheral airways and therefore 
the FEV1 might be expected to reflect abnor
malities of peripheral airways [4,5,9,78]. 
Although the alveolar attachments are meas-

ured in relationship to the small peripheral 
bronchioles, the effect of any lack of support 
associated with such changes is not confined 
to such airways. It is probable that all bron
chioles and small peripheral bronchioli in 
which the cartilage plates are widely sep
arated, depend on support from adjacent 
alveolar walls for their functional integrity. It 
might be argued that a measure of the largest 
gaps between alveolar attachments support
ing a bronchiole would be more important in 
providing an opportunity for premature 
airway closure than a change in the mean 
values. This may be the case, but in our 
experience the relationship between the 
largest gaps and the mean values of the IAAD 
measured are mathematically so related that 
it is not possible to identify a preferential role 
for the widest gaps or for the mean value [78]. 

If the changes in alveolar wall attachments 
to bronchioli are the prime cause of the in
creased airway resistance in COPD, then it 
might be expected that there would be a rela
tionship between measurement of the alveo
lar wall attachments and other tests of small 
airway function. There is a positive relation 
between the distance between the alveolar 
wall attachments and the slope of the single 
Nz test (SBNz) [78,79]: thus loss of attach
ments leads to increased lack of homogeneity 
in the distribution of ventilation in the lungs 
[80]. There was no direct relationship 
between CV /VC% and IAAD as might be 
predicted if loss of attachments allowed 
airway closure to occur at a higher lung 
volume. There was a negative relation 
between CV /VC% and measurements of 
alveolar surface area reflecting a reduction in 
general support for the airways, thus allow
ing premature collapse. These results, 
although requiring confirmation, do suggest 
a certain complexity in the relationship 
between emphysema in its various patterns 
and its physiologic effects. 

Though airway obstruction and changes in 
the FEV1 may be the prime abnormality in 
COPD, there are other physiologic abnormal-
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ities which are more clearly related to emphy
sema. Both single breath and steady state 
carbon monoxide transfer (transfer factor) 
measurements show a significant decrease with 
increasing degree of emphysema [42,43,72,79, 
81,82,87]. The relation of transfer factor values 
to a macroscopic assessment of emphysema 
was not close enough to be of major clinical 
importance; however, if microscopic measure
ments of emphysema, either Lm or surface 
area, are used, there was a very close and linear 
correlation between the loss of alveolar surface 
area and the transfer factor [42,43]. 

An even better predictor of the presence and 
severity of emphysema are changes in lung 
elastic recoil [72,82,83,84,85]. Changes in the 
static deflation pressure volume curve and in 
particular, the constant k used in describing 
the shape of the curve are the single best pre
dictor of emphysema [72,82]. The constant k is 
influenced mainly by surface tension forces 
within the lung, and hence relates directly to 
the alveolar surface to volume ratio. This 
should directly relate to the mean size of pe
ripheral air spaces or the alveolar surface area 
[72]. If this is the case, one might expect some 
disparity between changes in k and changes in 
FEVv and the slope of the SBN2 test which 
both appear to have a closer relationship to 
alveolar attachments [78,79]. 

2.8 SMALL AIRWAYS DISEASE AS A CAUSE 
OF SMOKING-RELATED AIRFLOW 
LIMITATION 

In 1968 Hogg, Macklem and Thurlbeck [4] 
showed that the small airways (airways 
<2 mm in diameter) had a low resistance in 
normal lungs but that they were the major 
site of increased resistance in patients with 
capo. These experiments suggested that the 
increase in resistance was due to structural 
changes in the small airways rather than a 
consequence of the elastic recoil changes 
found in emphysema. Based on this work 
Hogg developed the hypothesis that small 
airways disease as a cause of the airflow limi-

tation in capo was a structural consequence 
of small airway inflammation. 

Evidence for smoking-related inflam
matory change in small airways has steadily 
accumulated [49,68,86,88,89], much based on 
the SAO score of Cosio et al. Using such 
scoring systems relationships between these 
inflammatory changes and reduced FEV1 

have been shown [77,86]. The significance of 
these findings is not straightforward, for the 
scoring system is a summation of several in
dividual semi-quantitative gradings of histo
logic features representing inflammation or 
the consequences of inflammation and it is 
difficult to see how these particular features 
could be directly related, in a cause and effect 
sense, with airflow resistance unless there is 
an associated decrease in airway lumen. 

It is possible that the evidence of inflam
mation may be related to later structural 
changes and a relationship between inflam
mation and airway scarring and loss of alveo
lar attachments has been reported [76,77]. 

Structural narrowing of small airways in 
smokers has been related to functional changes 
of airflow limitation [90,91], but while the 
changes have been statistically significant they 
are not great in absolute terms. For example 
Bosken et al. [90] showed that 70% of membra
nous bronchioles were <0.85 mm in internal 
diameter in patients with measured air flow 
obstruction compared with 55% in groups of 
patients with FEV1 within normal limits. 

We have not been able to confirm the rela
tionship between a decreased small airway 
lumen size and the FEV1 [78] and, in fact, in 
our study there was a trend for the small 
airways to be increased in their lumen size in 
patients with a decreased % predicted FEV1• 

Epidemiologic studies of decline in FEV1 in 
patients with capo [92,17] have shown that 
this accelerated decline appears to affect only 
some 20% of heavy smokers. Studies of inflam
matory change in small airways and changes in 
bronchiolar diameter have not identified a sus
ceptible group among the smokers which 
would account for these epidemiologic find-
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ings, though there may be a group of smokers 
who are susceptible to developing P AE [45]. 

Attempts to work out the structural basis for 
the physiologic abnormalities in COPD have 
not produced clear-cut definitive answers. In 
particular there is no universally accepted ex
planation for the structural basis of the fixed 
airway obstruction. There is certainly no 
obvious narrowing and scarring of the small 
airways as seen in bronchiolitis iobliterans. 
There is a group of smoking related changes in 
small airways, associated with which are 
minor changes in airway diameter, but there is 
no evidence that these changes progress and 
are of sufficient severity to explain the severe 
fixed airway obstruction in late stage COPD. 

It is possible that such changes found in 
studies using material resected from lung 
cancer was from an older age range, or repre
sent a mild smoking-related abnormality 
independent from early COPD, which was 
the aim of the investigations. 

Personally, I believe that the airway 
obstruction in COPD is largely, if not entirely, 
due to the consequences of emphysema, if 
one accepts that changes in alveolar wall 
attachments to airway walls is one aspect of 
emphysema. However, the physiologic 
significance of the different patterns of 
emphysema still require elucidation. 

The main confounding feature in under
standing the pathophysiology of COPD is the 
co-correlation of our measures of histologic 
and structural change with smoking and 
aging. The smoking-related problems are 
well recognized [72]. The problem of co
correlation of structural changes with aging is 
just being recognized. Studies of life-long non
smokers has shown that there is a clear linear 
fall in alveolar surface area with age [39,44] 
and a rise in the inter-alveolar attachment dis
tance [93]. The FEVl has also an age-related fall 
in its value. If we believe that smoking may ex
aggerate the loss of alveolar surface area, the 
increase in alveolar wall attachments and the 
decrease in FEVv we have a situation where 
the structural and functional variables all vary 

with age and smoking. To identify the func
tional significance of such structural changes 
requires a normalization of the structural data 
against standard values for a non-smoking 
popUlation: such values are only just becoming 
available [45]. It may be that the commonly 
used measure of smoking dose 'pack years' is 
inappropriate in the context of COPD when 
both components, time, and the number 
smoked, are independently related to change 
in structure. 

2.9 AUTOPSY FINDINGS IN PATIENTS WITH 
COPD 

All those changes described earlier in this 
chapter under the heading of 'Pathology of 
COPD' section 2.3 may be found at autopsy. 
However, the most prominent abnormal
ity seen in the lungs at post-mortem in a pa
tient with COPD is the presence of severe 
macroscopically evident emphysema 
[1,2,25,70,71,94]. The emphysema may be pre
dominantly centriacinar or panacinar or a 
mixture with recognizable focality of lesions 
with an overlying panacinar pattern. It is char
acteristic of the centriacinar emphysema in 
end-stage COPD that the lesions are larger and 
more extensive than found in smokers without 
COPD and it is common for the lesions which 
are normally distributed in the upper parts of 
the upper and lower lobes to extend through
out the lung from apex to diaphragm surface. 
Such a wide distribution of centriacinar em
physema lesions is only seen in end-stage 
COPD or in coal-workers' pneumoconiosis. 
The panacinar emphysema may be widespread 
throughout the lung, or predominantly upper 
or lower in its distribution. There appears to be 
no clear reason for such variation in pattern of 
distribution. It has been suggested that the 
variation and severity of emphysema may be 
related to clinical patterns of COPD (the 'pink 
puffer' and 'blue bloater') [95], but more recent 
studies have shown no correlation between the 
amount or type of macroscopic emphysema 
and chronic hypoxemia [96]. 



At autopsy it is common to see bullae of 
type ii or type iii [22] particularly at the apex 
or the diaphragmatic surface of the lower 
lobe. 

The airways at autopsy often contain 
mucus and many of the peripheral bron
chioles may be plugged, but these plugs of 
mucus are never as frequent or as inspissated 
with cellular debris as is the case in asthma. 
Because a terminal chest infection is common, 
this may exaggerate the problems of mucus 
plugging of airways and also the degree of 
inflammatory change in airway walls. It is 
usual to find areas of bronchopneumonia or 
more confluent lower lobe consolidation in 
such patients. As with all heavy smokers lung 
cancer is not uncommon but there is epidemi
ologic evidence that even taking smoking 
history into account, lung cancer is more 
common in patients with COPD than one 
would expect [97,98] Fig. 2.9. 

Some patients dying with COPD have a 
history of chronic hypoxemia and this group 
of patients characteristically shows changes of 
pulmonary hypertension and right ven
tricular hypertrophy of cor pulmonale. 
Alveolar hypoxia is associated with an 
increase in pulmonary vascular resistance, 
both in the acute and chronic states, although 
the mechanisms for this response is still 
uncertain [99,100] (Chapter 11). 

Morphologic changes in the pulmonary 
blood vessels are characteristically those of an 
increase in medial muscle, an extension of the 
medial muscle distally to involve small 'arter
ial' vessels which in normal subjects have no 
muscle in their wall [101,102,103,104]. The 
intima shows fibrous thickening and bands 
of longitudinal muscle develop within the 
intima and also external to the elastica 
lamina. The significance of the fibrous thick
ening is uncertain, because it is clearly 
present in smokers without COPD [104,105]. 
The large pulmonary arteries show intimal 
atheroma and the main pulmonary trunks 
may show an aneurysmal dilatation often 
containing laminated thrombus. 
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Fig. 2.9 Lung from an autopsy of a 58-year-old 
patient with a history of many years COPD and 
three years' domiciliary oxygen treatment. The 
patient died in what appeared to be a typical exa
cerbation of his COPD. At autopsy the lung 
showed severe widespread emphysema with some 
scarring and there was an undiagnosed upper lobe 
carcinoma on the left. The picture illustrates a 
primary squamous carcinoma arising in relation
ship to the apical segment of the upper lobe. Hilar 
nodes are involved. The lung shows severe, wide
spread panacinar emphysema; the pulmonary 
artery is atheromatous. 

Attempts to quantify structural abnormali
ties in the pulmonary vasculature in relation
ship to the degree of pulmonary hypertension 
and the right ventricular hypertrophy are as 
complex as the problems associated with the 
assessment of small airways disease! Much 
work in the literature is based on relatively 
crude techniques in which the muscle hyper
trophy is assessed by comparing the thicken-
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ing of the muscle to the diameter of the artery 
as seen in cross-section. Unfortunately, this 
takes no account of the vasoconstriction 
which is clearly seen even in post-mortem 
material. Improved measurement techniques 
which allow more accurate assessment of 
medial muscle and intima are available 
[106,107]. As with airways disease, the blood 
vessels may show changes produced by ciga
rette smoking which mayor may not be part 
of the pathophysiology of vascular disease in 
co PO, in particular, marked intimal changes 
may be seen without evidence of significant 
airways obstruction [105,106]. 

Right ventricular hypertrophy is charac
teristically found in patients with a history of 
chronic hypoxemia [94] and is best assessed 
at autopsy by dissection of the heart and sep
arate weighing of the free wall of the right 
ventricle, left ventricle and septum by the 
technique of Fulton [109]. There is a wide 
variation in ventricular weight due to the 
variation of body size and physical activity 
and this makes the assessment of minimal 
degrees of right ventricular hypertrophy 
difficult. The most sensitive method is to 
compare the ratio between the weight of the 
left ventricle and septum to that of the right 
ventricle. This ratio is normally greater than 
2.2, but values as low as I, associated with the 
weight of the free wall of the right ventricle 
as high as 160 g, can be seen in hypoxic cor 
pulmonale due to COPO. Simple measure
ments of the thickness of ventricular wall at 
post-mortem are of little value in the assess
ment of right ventricular hypertrophy, owing 
to the complicating effects of ventricular 
dilatation in heart failure [110]. 

Several other extrapulmonary abnormal
ities have been described in hypoxemic COPO 
including carotid body enlargement [111,112] 
and enlargement of the renal glomeruli [113]. 
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LUNG STRUCTURE-FUNCTION 
RELATIONSHIPS 
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P.D. Pare and J.e. Hogg 

3.1 INTRODUCTION 

The characteristic physiologic abnormality 
that defines chronic obstructive pulmonary 
disease (COPD) is a decrease in the maximal 
expiratory flow. Mead and his associates [1] 
developed the concept that during forced ex
piration lateral pressures at points within the 
airways become equal to pleural pressure and 
that the pressure driving flow from the 
alveoli to these equal pressure points approx
imates the static recoil pressure of the lung. 
This means that forced expiratory flow can be 
reduced by (1) a loss of lung elasticity, (2) an 
increase in resistance of the airways upstream 
from the equal pressure points, and/ or (3) an 
increase in the compliance of airways down
stream from equal pressure points. Over the 
past 15 years we have collected data on lung 
function and structure on more than 400 pa
tients who have had a surgical resection of a 
lung or lobe. Despite a remarkably uniform 
smoking duration and intensity and a narrow 
age distribution these patients show a wide 
variation in the degree of airway obstruction. 
The purpose of this chapter is to examine the 
factors that determine maximal expiratory 
flow in an attempt to define the relative 
importance of loss of lung elastic recoil and 
peripheral airways obstruction to the 
reduction in forced expiratory flow. 

3.2 RELATIONSHIP OF LUNG RECOIL 
PRESSURES TO LUNG STRUCTURE 

It is often assumed that changes in lung 
elastic recoil can be equated with the mor
phologic lesions of emphysema. Elastin is 
a major component of the lung interstitium 
and an important contributor to the elastic 
recoil properties of the lung parenchyma. 
Destruction of the connective tissue frame
work of the lung by the emphysematous 
process disrupts the elastic tissue network of 
the lung and this is assumed to account for 
the physiologic decrease in elastic recoil 
pressure. 

Figure 3.1 shows a pressure-volume curve 
obtained in a patient with COPD prior to re
sectional surgery. Multiple volume and static 
lung recoil points are recorded by measuring 
trans pulmonary pressure (the difference 
between mouth pressure and pleural pressure 
determined using the esophageal balloon 
technique) at lung volumes between FRC and 
TLC. Quantitative data concerning lung 
elasticity can be obtained from this relation
ship by fitting an exponential equation of the 
form V = A-Be-kp [2] to the deflation curve. 
The constant k describes the shape of the 
pressure-volume curve: increased values for 
k are associated with loss of lung elastic recoil 
and decreased values indicate lung stiffening. 

Chronic Obstructive Pulmonary Disease. Edited by Dr P. Calverley and Professor N. Pride. Published in 1995 by 
Chapman & Hall, London. ISBN 978-0-412-46450-8 
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Fig. 3.1 Relation between lung recoil pressure (PL) and lung volume (pressure-volume data) in 
a patient with COPD. Multiple trans pulmonary pressure and volume points are obtained using an 
esophageal balloon technique and a body plethysmograph. The pressure-volume data are best described 
by an exponential function in which A = the theoretical maximal lung volume at infinite transpulmonary 
pressure, B = the volume difference between A and the volume at 0 transpulmonary pressure and k is a 
description of the PV curve. Increased k indicates loss of lung recoil. 

In addition to fitting the pressure-volume re
lationship to an exponential function, discrete 
pressure volume points representing the 
elastic recoil pressure at TLC (PL max) or at 
90%,80%,70%, or 60% of TLC can be used to 
characterize the pressure-volume behavior of 
the lung. 

Emphysema was quantitated in these re
sected lung specimens using a modification of 
the pictorial grading system originally devel
oped by Thurlbeck et al. [3,4]. This requires 
that the lung or lobe is inflated with a fixative 
at a constant pressure and sliced in a prede
termined manner after it is fixed. A grade of 
emphysema is then assigned to the specimen 
by comparing the cut surface of the lung to a 
standard set of pictures. This technique 

allows the emphysematous lung destruction 
visible to the naked eye to be quantitated on a 
scale of 0 to 100 and it provides values for 
emphysematous destruction that are in rea
sonably good agreement with the extent of 
emphysema detected on CT scans [5]. 

It is also possible to quantify the destruc
tion of the alveolar surface by measuring air
space dimensions on histologic preparations 
of the lung using the light microscope. This is 
accomplished by projecting a grid of lines of 
known length on the microscopic image and 
calculating mean linear intercept or the 
average distance between alveolar walls 
(Lm). Although it is true that areas of emphy
sema will result in an increased average alve
olar size it is not necessarily true that lungs in 
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which there is an increase in average alveolar 
size will have the macroscopic characteristics 
of emphysema. It is our contention that 
changes in average alveolar size represented 
by an increase in Lm provide a more precise 
morphologic counterpart of loss of lung elas
ticity than macroscopic emphysematous 
lesions [6]. In fact, over the range of volumes 
between FRC and TLC the pressure-volume 
relationship of macroscopic emphysematous 
spaces have a value of k that is substantially 
lower than the lung parenchyma surrounding 
it [7]. In addition, fully developed emphyse
matous lesions change very little in volume as 
the lung is deflated and so they contribute 
very little to the expired lung volume or to 
the pressure-volume relationship of the 
whole lung. 

Studies on a group of 163 patients showed 
no significant relationship between the preop-
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erative measurement of the exponential con
stant K and the emphysema score determined 
macroscopically on their resected lungs (Fig. 
3.2). Since lung recoil is one of the major de
terminants of maximal expiratory flow, a 
corollary of this observation is that one would 
not predict a close relationship between 
macroscopically determined emphysematous 
destruction of the lung and decreased 
maximal expiratory flow. Figure 3.3 shows 
that this prediction was confirmed in the 
same group of patients where some individu
als had severe airflow obstruction but no em
physema and others had marked emphysema 
but no decrease in maximal expiratory flow. 

The airspace size (Lm) away from the em
physematous spaces was examined in a sep
arate group of 44 patients to test the 
hypothesis that the PV curve of the lung 
reflects the behavior of the lung parenchyma 
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Fig. 3.2 Emphysema score plotted against the exponential constant k. There is no significant relationship 
(N = 163). 
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Fig. 3.3 Emphysema score versus FEV 1 % predicted (N = 163). There is no significant relationship. 
Patients who have mild emphysema may be severely obstructed and vice versa. 

away from these lesions. This analysis 
showed (Table 3.1) that the patients who had 
decreased lung elastic recoil (i.e. increased k) 

had increased values for Lm irrespective of 
the absence (Group 2) or presence (Group 4) 
of macroscopic emphysema. This suggests 
that k reflects the structure of the lung apart 
from the grossly visible emphysematous 

Table 3.1 

Group 2 
No significant emphysema 

lesions and indicates an increased mean alve
olar size in these regions. Airspace size is an 
important determinant of lung elastic recoil 
because of the contribution of surface tension. 
The Laplace relationship shows that the pres
sure (P) generated across a spherical structure 
is related to the surface tension (T) and the 
radius of curvature (r) of the structure (P = 

Group 4 
Significant emphysema 

Normal k Increased k Normal k Increased k 

Emphysema score 
k%P 
Lm (ILm) 
PLmax%P 

2±4 
107±21 
188±38a 

91±35 

Mean ± standard deviation; %P, percent predicted. 
aSignificantly different from Group 2 or 4. 

2±3 
176±26 
251±74 

73±18 

26±17 
107±9 
239±50 

79±33 

29±11 
180±19 
260±75 

66±15 
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2T Ir). This means that the larger the radius of 
curvature of the airspace units the lower 
transmural <tranpulmonary) pressure and 
that increasing airspace size will reduce lung 
elastic recoil pressure if surface tension 
remains the same. 

A similar conclusion regarding the relation
ship between lung structure and recoil was 
reached by Kim et al. [8] using a different ap
proach. They used a microscopic scoring pro
cedure to characterize emphysema into its 
centrilobular form, where the respiratory 
bronchioles and alveolar ducts of the primary 
lobule are grossly dilated and the alveolar 
sacs adjacent to interlobular septa are of 
normal size, and the panlobular form of em
physema where all airspaces are enlarged. 
When they measured mean linear intercept in 
two groups, one with predominant centrilob
ular and the other with predominant panlob
ular emphysema they found no significant 
difference in the average value for Lm but 
those with centrilobular emphysema had a 
significantly increased value for the standard 
deviation of Lm. The lungs with the panaci
nar type of emphysema on the other hand 
had a narrow standard deviation for Lm (i.e. 
indicating uniformly increased alveolar size). 
Despite similar average values for Lm the 
subjects who showed panlobular emphysema 
had more loss of lung recoil (ik, i compliance 
and J.. values for PL90 and PL60). They con
cluded that the pressure-volume behavior of 
the lung was influenced by the distribution of 
alveolar destruction where homogeneous 
alveolar destruction results in an increase in 
Lm with little variation in mean alveolar size, 
increased K, and decreased elastic recoil. 

These results indicate that the loss of lung 
recoil in COPD correlates with an increase in 
airspace size in the lung parenchyma away 
from centrilobular emphysematous spaces. 
During the process of emphysematous 
destruction there is presumably a phase 
when individual alveolar walls are disrupted; 
the resulting moderately enlarged alveolar 
airspaces continue to empty during lung 

deflation and so they contribute to the 
pressure-volume behavior of the lung. When 
these enlarged airspaces coalesce into 
gross emphysematous lesions which tend 
to remain inflated during expiration [7], they 
stop making a contribution to expired 
lung volume. When this occurs the pres
sure-volume behavior is determined by the 
remaining airspaces and if their average size 
is normal, a relatively normal PV curve is 
the result. However, if the alveolar wall 
destruction is homogeneous throughout the 
lung parenchyma and the average alveolar 
size of contributing airspaces increases, lung 
elastic recoil will decrease irrespective 
of whether or not gross morphologic 
emphysematous spaces can be detected. 

3.3 MAXIMUM EXPIRATORY FLOW AND 
SMALL AIRWAY PATHOLOGY 

In the early part of this century Rohrer [9] cal
culated the resistance of central and periph
eral airways based on measurements made 
from lung casts and predicted that the small 
airways were the major site of resistance in 
normal lungs. This concept was not chal
lenged until Macklem and Mead [10] devel
oped a retrograde catheter technique that 
allowed total airway resistance to be parti
tioned into its peripheral and central com
ponents. Direct measurements with the 
retrograde catheter, on post-mortem lungs 
[11,12] and more recent measurements with a 
new technique in living patients [13] have 
confirmed that the peripheral airways are not 
the major site of resistance in normal human 
lungs. Verbeken et al. [14] have recently 
shown that much of the peripheral resistance 
in normal human lungs is tissue resistance 
rather than airway resistance. However, 
direct measurements in both post-mortem 
lungs and in living patients have now 
confirmed that the peripheral lung is the 
major site of obstruction in disease and that it 
is peripheral airways, not tissue resistance, 
that is increased [14]. These studies showed 
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that the contribution of the peripheral 
airways to total resistance increases from 
20-30% of the total in normals to as much as 
80% of the increased value of resistance in 
patients who have moderate COPD. The 
concept that the peripheral airways represent 
a relatively silent zone in the healthy lung, 
but becomes a major site of increased resist
ance in disease led to a series of investigations 
attempting to identify the earliest structural 
and functional abnormalities in these airways 
[15,16]. 

Possible causes of peripheral airway 
narrowing are listed below: 

Loss of alveolar attachments 
Decreased lung recoil 
Altered surface tension in the airway 
lumen 
Occlusion of the lumen by exudate 
Edema, cellular infiltration, fibrosis and 
scarring of the wall 
Airway smooth muscle contraction 

In addition to the loss of elastic recoil and 
destruction of alveolar support which are part 
of the emphysematous destruction of the lung 
parenchyma, the airways are also changed by 
the inflammatory process. These changes 
include those produced by an inflammatory 
exudate into the lumen as well as those which 
occur deeper in the airway wall. Furthermore, 
functional events such as airway smooth 
muscle shortening may act in conjunction 
with the changes in the wall and lumen to 
narrow the caliber of the airway. 

Some years ago Macklem, Proctor and 
Hogg [17] showed that the peripheral airways 
were lined by surfactant which has a surface 
tension of 3 dynes/ cm. If this was replaced by 
an exudate of plasma which has a surface 
tension of 50 dynes/ cm it would increase 
transmural pressure of a 1 mm diameter 
airway by approximately 1.0 cm H20. This 
would decrease the stability of the peripheral 
airways particularly at low lung volumes and 
markedly reduce the total cross-sectional area 
in this region. Since in virtually all studies of 

peripheral airway morphology the lungs 
have been inflated with a fixative the poten
tial contribution of surface tension differences 
to airway diameter cannot be assessed. 

In 1977 Cosio, Ghezzo and Hogg [18] 
showed that decreased maximal expiratory 
flow correlated with morphologic evidence of 
a chronic inflammatory process in the walls of 
the peripheral airways. Surprisingly, the 
occlusion of the lumen by an inflammatory 
exudate that formed a mucus plug appeared 
to have little effect on total airway function. 
This suggests that peripheral airway plug
ging is scattered and has little effect on total 
airways cross-section or that mucous plugs 
are lost during fixation. The findings of Cosio 
et al. were confirmed and extended in several 
laboratories [19,20] but in many of these 
studies, including the original one by Cosio et 
al., the groups with the best lung function 
were younger and had smoked less than 
those with the worst lung function. More 
recent evaluations are beginning to show that 
in patients who are correctly matched for age 
and smoking history there is little difference 
in the semiquantitative estimate of the inflam
matory process in those with or without 
reduced FEV}. This suggests that the func
tional abnormality in the peripheral airways 
in COPD may be related to increased airway 
wall thickness in the same way as has been 
demonstrated in asthma. To test this hypothe
sis Bosken et al. [21] compared the airways 
from 30 subjects with mild to moderate 
airways obstruction to those from 30 non
obstructed patients selected from our patient 
group (Tables 3.2 and 3.3). They examined 
189 and 175 membranous airways per group 
with at least 5 bronchioles per patient. There 
was no difference in the frequency distribu
tion of the airway internal perimeter in the 
non-alveolated, non-cartilaginous airways ex
amined, suggesting that smaller membranous 
bronchioles were not systematically selected 
in patients with airways obstruction (P>0.05 
for internal perimeter). The airways of the ob
structed individuals had a smaller luminal 
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Table 3.2 

N 
Age 
Pack years 
FEVdFVC% 
PL max (cmH20) 
Membranous 

bronchiolar 
pathology score 

Non-obstructed 

30 
65±9 
45±36 
77±4 
25±8 

126±49 

Obstructed 

30 
64±8 
70±42a 
55±6a 
18±5a 

154±45a 

'Significantly different obstructed vs non-obstructed 
(P<O.05). 

Table 3.3 

Non-obstructed Obstructed 

Membranous airways 189 175 
Luminal diameter 0.74±0.5 0.61±0.4a 

(mm) 
Luminal perimeter 3.77±2.21 3.47±2.2 

(mm) 
Wall thickness O.l06±0.06 0.132±0.08a 

(mm) 

'Significantly different obstructed vs non-obstructed 
(P<O.05). 

area and thicker walls than the non
obstructed patients and the relationship 
between internal perimeter and wall thick
ness was significantly different from the non
obstructed subjects. In addition, quantitative 
study of the components of the airways based 
on point counting showed that all three layers 
of the airway wall (submucosa, muscle, and 
adventitia) were significantly increased in 
thickness in the obstructed subjects. The ob
structed individuals also had significantly 
greater inflammation scores in membranous 
bronchioles as judged semi-quantitatively; 
however, there were subjects who had thick 
airways with low inflammation scores and 
vice versa. The fact that there was better separ
ation of obstructed and non-obstructed indi
viduals based on airway wall thickness than 
on inflammation scores suggests that the 
presence of an inflammatory process as 

judged by a visual grading system provides 
only part of the answer as to why the periph
eral airways are obstructed. It also suggests 
that the structural consequences of chronic 
inflammation as represented by the thickness 
of the airway wall may be a better way to esti
mate the long-term effect of the inflammatory 
process on airway function. However, the dif
ferences in small airway dimensions between 
the obstructed and non-obstructed individ
uals is not as great as might be expected for 
the differences in flows. It is possible that it is 
not the average peripheral airway dimensions 
that are important but rather the existence of 
short critically narrowed segments that could 
be missed during random sampling. 

During forced expiration the maximal expi
ratory airflow at each lung volume is deter
mined by the behavior of the airways 
upstream and downstream from the equal 
pressure point. With relatively normal lungs 
the equal pressure point occurs in car
tilaginous central airways and it is the 
dynamic pressure-area behaviour of these 
airways which is an important determinant of 
maximal expiratory flow. With peripheral 
airway narrowing and decrease in lung recoil 
the equal pressure points and therefore flow 
limiting segments move toward the alveoli 
during forced expiration. Under these circum
stances the dynamic behaviour of the periph
eral airways will determine airway 
cross-sectional area and maximal expiratory 
flow. Unfortunately, examination of the 
airway morphometry in a fixed specimen 
cannot determine the mechanical behavior of 
the airway wall as it is stressed during forced 
expiration. Deposition of connective tissue in 
the airway walls could either stiffen the 
peripheral airways and prevent their cross
section from decreasing during forced expira
tion or, alternatively, make them more 
compliant so that their cross-section would be 
obliterated as the lung is forcibly emptied. 

We have recently examined the structural 
differences in the lungs and airways of 
smokers with and without airway hyper-
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responsiveness. Airway hyper-responsive
ness was correlated most closely with base
line values for FEVv but when this was 
corrected for peripheral airway wall thickness 
and lung recoil provided separate contribu
tions to the prediction of airway responsive
ness [22]. 

The relative contribution of loss of lung 
elasticity and increase in peripheral airway 
resistance to expiratory air flow obstruction 
can be appreciated by constructing maximal 
expiratory flow-static recoil plots, the slope of 
which is upstream conductance (Fig. 3.4). 
Patients can have decreased flow purely 
related to loss of recoil, purely related to in
creased upstream resistance, or due to a com
bination of these changes. In a patient in 
whom decreased flow is due only to loss of 
recoil, the relationship between maximal flow 
and recoil will be normal; the flows are de-
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creased simply because the recoil forces 
during flow are decreased. Those who have 
decreased flow due only to an increase in 
airway resistance will have a normal range of 
recoil pressures but a decreased slope of the 
maximal flow-recoil relationship. 

The normal range for this relationship illus
trated in Figs 3.4 and 3.5 was constructed by 
using the range of normal maximal flow and 
recoil pressures from data of Morris, Koski 
and Johnson, [23] and Colebatch, Greaves and 
Ng [24] respectively. The maximal flows and 
recoil pressures from the effort-independent 
portion of the patients' flow-volume curves 
and pressure-volume curves between 25 and 
75% of VC were used to construct individual 
maximal flow-static recoil plots. The curves 
represent the slope between the pressure and 
flow points at 25 and 75% of measured vital 
capacity. A mean curve for each group of sub-

• EM< 5 

• EM >15 

6 8 10 

PL (em H2O) 

Fig. 3.4 Mean maximal flow-static recoil plots in the 26 patients who had significant emphysema 
(EM>15) and those who did not (EM<5). The normal range for the relationship between maximal flow 
and recoil is shown in the shaded area and is expressed as predicted vital capacities/sec/cmH20 (Table 
3.4). The slope of the relationship is upstream conductance (Gus). Dividing patients on the basis of em
physema does not separate a group with normal and decreased upstream conductance. 
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Fig. 3.5 The mean maximal flow-static plots in the 26 subjects with the lowest and the highest values 
for k (Table 3.5). Dividing subjects on the basis of recoil separates those whose obstruction is primarily 
related to decreased recoil (normal upstream conductance) and those whose obstruction is primarily 
related to peripheral airway narrowing (decreased upstream conductance). 

jects was determined and expressed as pre
dicted VC/sec to normalize for lung size. 
Table 3.4 shows data from 52 patients with 
evidence of mild to moderate airflow obstruc
tion, 26 of whom had either no or minimal em
physema (score <5) and 26 of whom had mild 
to moderate emphysema (score of >15). It is 
apparent that those who have no or minimal 
emphysema have FEVt/FVC and FEV1% pre
dicted values that are comparable to those 
who have moderate emphysema. Figure 3.4 
shows the mean maximal flow-static recoil 
plot for these two groups. The data show that 
there was no difference in the slope for sub
jects with or without emphysema but both 
groups had mean curves which fall below the 
normal range. Some patients in both groups 
had slopes which were well within the normal 
range. However, when the subjects were 
divided into two equally sized groups based 
on lung recoil (k <0.2058 and >0.2058) (Table 

Table 3.4 Anthropometric and physiologic data: 
subjects divided on basis of emphysema score 

Emphysema <5 Emphysema >15 

N 
Emphysema score 
Males / females 
FEVj%P 
FEVdFVC% 
PLmax %P 
k%P 
Gus VC/sec/cmHzO 

26 
0.7±1.3 
20/6 
85±10 
67±5 
81±25 

125±30 
0.15±0.07 

26 
31±15a 

22/4 
89±9 
66±4 
78±26 

131±38 
0.16±0.05 

%P, percent predicted; Gus, upstream conductance. 
aSignificantly different (P<O.05). 

3.5) those subjects who had high values for k 
have a mean slope of maximal flow vs recoil 
which falls within the normal range. On the 
other hand, those subjects who were equally 
obstructed but had a more normal k had a 
significant reduction in upstream conductance. 
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Table 3.5 Anthropometric and physiologic data: 
subjects divided on basis of exponential constant 
k 

N 
Emphysema score 
Males / females 
FEVj%P 
FEVd FVC % 
PLmax %P 
k%P 
Gus VC/ sec/ cmH20 

k<O.2058 

26 
13±15 
21/5 
88±9 
68±6 
86±22 

107±14 
0.12±0.03 

bO.2058 

26 
18±16 
21/5 
86±11 
66±5 
76±30 

148±24a 

0.19±0.05a 

%P, percent predicted; Gus, upstream conductance. 
ap<O.05. 

This analysis illustrates that dividing sub
jects on the basis of either the presence of 
macroscopic emphysematous lesions (Table 
3.4) or on lung elasticity (Table 3.5) does not 
identify a group in whom there is a greater 
reduction in FEV], or FEVd PVc. Separation 
of patients on the basis of emphysema (Table 
3.4 and Fig. 3.4) shows that upstream conduc
tance was decreased irrespective of the sever
ity of emphysema. However, separation 
of patients on the basis of the lung pres
sure-volume behavior does result in 
identification of groups who have normal and 
decreased upstream conductance. 

In summary, structure-function compari
son supports the hypothesis that the decrease 
in maximal expiratory flow in chronic 
smokers develops because of both decreased 
lung elasticity and increased peripheral 
airway resistance. A combination of these 
processes occurs in most patients with COPD 
and separation of a group who have gross 
emphysema does not select those in whom 
loss of recoil is more important than in
creased resistance. Conversely, loss of recoil 
contributes equally to decreased flow in indi
viduals who do not have gross emphysema. 
The closest morphologic counterpart of de
creased lung recoil is increased mean alveolar 
size in parenchyma away from emphysema-

tous spaces and the closest correlate of de
creased peripheral airway conductance is the 
thickening of the membranous bronchioles 
produced by the inflammatory process. 
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EPIDEMIOLOGY: A BRITISH 
PERSPECTIVE 

4 

D.P. Strachan 

4.1 INTRODUCTION 

Bronchitis has been recognized as a disease 
with a high prevalence in Great Britain since 
the early years of this century, even before 
smoking became a habit of mass appeal [1]. 
The 'English disease' (from which the Scots, 
Welsh and Irish are by no means immune!) 
became the focus of epidemiologic interest 
following the demonstration of the acute toxic 
effects of smoke and sulfur dioxide air pollu
tion during the London smog of 1952 [2]. This 
led to the development of a standardized 
definition of the disease that would be suit
able for clinical and epidemiologic purposes. 
The outcome of early studies [3] was the rec
ommendation by the Medical Research 
Council's Committee on the Aetiology of 
Chronic Bronchitis [4] of a standardized ques
tionnaire [5] and diagnostic criteria [6]. 
Chronic bronchitis thus became one of the 
first diseases to be defined for the purposes of 
epidemiologic research. 

The MRC Committee defined chronic bron
chitis as chronic productive cough for at least 
three months of the year in two successive 
years [6]. Breathlessness on exertion was used 
to distinguish between 'simple' and 'obstruc
tive' bronchitis. Their discussions reflected 
the prevailing 'British' hypothesis that indi
viduals reporting chronic phlegm production 
would later become disabled by chronic 
airflow obstruction. Longitudinal studies of 

working men in the fourth to sixth decades of 
life [7] later demonstrated that mucus hyper
secretion and progressive airflow obstruction 
were independent disorders, each related to 
smoking, but with distinct natural histories. A 
subsequent overview of mortality in a 
number of early cohort studies of chronic res
piratory disease showed that airflow obstruc
tion, but not chronic cough and phlegm, was 
related to future mortality certified as due to 
chronic bronchitis or emphysema [8]. This led 
to the recommendation that the term 'chronic 
bronchitis' should be used only to denote 
chronic or recurrent mucus hypersecretion 
[9]. 

Over time there has been substantial vari
ation in the diagnostic label applied to pa
tients with chronic respiratory symptoms, and 
even in recent years there may be considerable 
similarities in the clinical characteristics of pa
tients labelled as asthmatic and those labelled 
as having chronic bronchitis [10]. Routine sta
tistics relating to specific diagnoses (bronchi
tis, chronic bronchitis, emphysema, asthma, or 
chronic obstructive airways disease) are likely 
to be misleading unless they are grouped to
gether to minimize the effects of diagnostic 
transfer. In the subsequent sections, the term 
'chronic respiratory disease' is used to denote 
these groups in combination (i.e. ICD9 codes 
490-493 and 496). 

While the symptomatic definition of 
chronic bronchitis derived from the MRC 

Chronic Obstructive Pulmonary Disease. Edited by Dr P. Calverley and Professor N. Pride. Published in 1995 by 
Chapman & Hall, London. ISBN 978-0-412-46450-8 
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questionnaire may not adequately distinguish 
those at most risk of severe disability and 
death, it remains a useful tool for studying re
current morbidity. Early studies, using clini
calor sickness absence records, suggested 
that those who suffered from bronchitis in 
middle age often had a history of recurrent 
chest illness dating back to early adulthood 
[11,12]. On the other hand, when the MRC 
questionnaire has been administered on re
peated occasions, there have been substantial 
numbers of those with chronic cough or 
phlegm who deny these symptoms on follow
up. Sharp et al. [13] found that half of their 
middle-aged men who reported chronic 
symptoms had 'recovered' seven years later. 
Symptoms were more likely to persist in 
smokers than in non-smokers. Among a na
tional sample of young adults studied by 
Kiernan et al. [14], less than half of those re
porting chronic winter cough at age 20 did so 
five years later. This was so even after remov
ing from the comparison subjects who had 
changed their smoking habits. Thus, simple 
questions about persistent cough and phlegm 
do not appear to identify a universally 
'chronic' tendency to mucus hypersecretion. 

Although complete absence of a mortality 
risk from simple mucus hypersecretion has 
been questioned [15,16], the occurrence of 
severe disability and death in chronic lung 
disease is related most closely to symptoms of 
breathlessness [17,18] and to levels of ventila
tory function measured up to 20 years previ
ously [8,18]. Spirometric indices measured in 
middle and old age depend upon the level 
achieved in early adult life (determined by 
lung growth in childhood) and the rate of 
decline during adult life (determined by the 
pathology leading to progressive airflow limi
tation), superimposed upon which may be 
episodes of reversible airflow obstruction (the 
hallmark of asthma). The etiological factors 
influencing these three processes may be very 
different. Thus, cross-sectional surveys of 
ventilatory function are a blunt tool for inves
tigating the causes of chronic airflow limita-

tion. On the other hand, longitudinal studies 
of lung function decline which specifically 
address the progression of disease in adult 
life cannot investigate the determinants of 
lung growth in childhood. 

4.2 BURDEN OF DISEASE 

4.2.1 PREVALENCE 

Table 4.1 summarizes the prevalence of 
symptoms of mucus hypersecretion as re
ported in surveys of general population 
samples in Great Britain over the past forty 
years. The prevalence of chronic cough and 
phlegm in men appears to have declined in 
line with a decreasing proportion of active 
smokers, although there has been little 
change in women. In the late 1980s, 15-20% 
of middle-aged men and about 8% of middle
aged women in Britain reported chronic 
cough and phlegm (Table 4.1). 

There has been only one national study of 
ventilatory function among British adults of a 
broad age range. The Health and Lifestyle 
Survey assessed a representative sample of 
2484 men and 3063 women aged 18-65 years 
by turbine spirometry in the home [29]. 
Overall, 10% of men and 11 % of women per
formed two or more standard deviations 
below the predicted value for their age and 
height. This proportion with 'poor' ventila
tory function increased with age, particularly 
among smokers. At ages 18-39, 11 % of cur
rently smoking men and 9% of lifetime non
smoking men had 'poor' FEV1, whereas at 
ages 40-65 the equivalent figures were 18% 
and 7%. Among women at ages 18-39, 12% of 
smokers and 11 % of lifetime non-smokers 
had 'poor' function, whereas at ages 40-65, 
the figures were 14% and 6% respectively. 
Although these are cross-sectional findings, 
they are consistent with what is known of the 
natural history of lung function change in 
smokers and non-smokers. A follow-up study 
of the original sample was completed in 1992 
and the results should prove of considerable 
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interest in distinguishing true age-related 
changes in lung function from generational 
(cohort-related) variations in level of FEV1. 

Information from three national surveys of 
consultations in British general practice 
[30-32] indicate the prevalence of clinically 
diagnosed chronic bronchitis, asthma, em
physema and corD in different age and sex 
groups over the past forty years (Table 4.2). 
Overall, there has been a modest decline in 
the proportion of middle-aged men consult
ing for chronic respiratory disease, whereas 
there has been a slight increase among 
middle-aged women. Among both men and 
women over 65 years of age the proportion 
consulting for any of the four diagnoses has 
changed little over the 25-year period. 
However, there is evidence of larger shifts in 
diagnostic preference, away from the label of 
chronic bronchitis towards other diagnostic 
terms (Table 4.2). The extent to which these 
shifts reflect true alterations in the nature of 
disease presenting to clinicians, as opposed to 

changes in diagnostic fashion, is unclear. 
Considerable overlap between the character
istics of patients with different respiratory 
diagnoses has been documented in recent 
years [10]. 

4.2.2 MORTALITY 

The interpretation of mortality statistics relat
ing to chronic respiratory disease is not 
straightforward. Symptoms of mucus hyper
secretion or airflow limitation are common in 
most populations, particularly at advanced 
ages. A substantial proportion of people there
fore die 'with' chronic respiratory disease. 
However it is the decision of the certifying 
doctor whether a patient with (for example) a 
terminal respiratory infection died 'of' chronic 
respiratory disease (Le. with chronic bronchi
tis, emphysema, asthma or chronic airways 
obstruction as an underlying cause). 

Recent changes in the rules for coding the 
underlying cause of death (WHO Rule 3) 

Table 4.2 Proportion of persons consulting a general practitioner annually for chronic respiratory 
disease by age and sex, Great Britain: 1955-6, 1970-1, 1981-2 

Men (per 1000) Women (per 1000) 

Diagnosis Age 1955-6 1970-1 1981-2 1955-6 1970-1 1981-2 

Chronic 45-64 32.7 29.6 12.3 12.9 12.0 6.7 
bronchitis· 65-74 73.8 37.9 23.5 13.6 

75+ 70.7 47.5 23.2 12.3 
65+ 72.0 32.3 

Emphysema 45-64 3.1 3.4 6.5 0.2 0.5 3.0 
andCOPDb 65-74 11.1 26.2 1.5 7.8 

75+ 5.0 31.2 0.4 7.2 
65+ 4.4 0.8 

Asthma 45-64 9.0 8.1 13.9 10.6 9.7 18.1 
65-74 10.7 21.5 9.1 18.7 
75+ 6.6 16.2 5.7 12.9 
65+ 7.9 8.9 

Chronic 45-64 44.8 41.1 32.7 23.7 22.2 27.8 
bronchitis, 65-74 95.6 85.6 34.1 40 . .1 
emphysema, 75+ 82.3 94.9 29.3 32.4 
COPD and asthma 65+ 84.3 42.0 

Sources: National Morbidity Surveys in General Practice [30-32]. 
"Excludes bronchitis unspecified but includes bronchitis with mention of emphysema (in 1955-6). 
bEmphysema without mention of bronchitis in 1955-6; includes chronic obstructive pulmonary disease in 1981-2 only. 



ensure that where pneumonia is certified as 
the underlying cause of death (in Part 1 of the 
death certificate), a range of diseases (includ
ing the four mentioned above) may be coded 
as the underlying cause of death if they 
appear in Part II of the certificate (contribu
tory causes). This convention only partly 
rectifies the problem as full information may 
not be provided in Part II of the certificate. 

Several recent studies have demonstrated 
that reduced levels of FEV1 predict subse
quent mortality from a range of non-respira
tory diseases, particularly coronary heart 
disease [33,34] and stroke [35]. These associ
ations are independent of smoking habit and 
are apparent in lifelong non-smokers [36]. It 
seems highly probable, therefore, that rates of 
death certified as chronic bronchitis, emphy
sema, asthma or chronic airways obstruction 
underestimate the mortality due to COPD. 
Indeed, it is arguable that the greater part of 
the burden of mortality attributable to these 
conditions is concealed among deaths 
certified to other causes. 

Comparisons of mortality rates over time 
and between countries are complicated by the 
use of different diagnostic labels to describe 
fatal chronic respiratory disease. Historically, 
chronic bronchitis (ICD8&9 491) was the 
cause certified in the majority of such deaths 
in Britain. Emphysema (ICD8&9 492), asthma 
(ICD8&9 493) and bronchitis unspecified 
(ICD8&9 490) were each coded in a small pro
portion of cases. A separate ICD code for 
'chronic airways obstruction not elsewhere 
classified' (hereafter termed COAD) was in
troduced in 1978 (ICD8 519.8, ICD9 496) and 
since then it has been used increasingly. Over 
the same period, there has been a substantial 
decline in mortality attributable to chronic 
bronchitis, suggesting diagnostic transfer, 
rather than a recent epidemic of fatal COPD 
(Figs 4.1 and 4.2). 

In England and Wales in 1992, the latest 
year for which national figures are available, 
there were 3873 deaths certified as due to 
chronic bronchitis, 251 due to bronchitis not 
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specified as acute or chronic, 1946 due to em
physema, 1791 due to asthma, and 19963 due 
to chronic obstructive airways disease. 
Together, these accounted for 6.4% of all 
deaths in males and 3.9% of all deaths in 
females [37]. 

4.2.3 IMPACT ON HEALTH SERVICES AND 
EMPLOYMENT 

Information available on hospital admissions 
and general practice consultations indicates 
the utilization of health services for chronic 
respiratory disease in the United Kingdom. 
As with mortality, these figures refer to con
sequences directly attributable to bronchitis, 
emphysema, asthma or COPD, and do not 
take account of their role as co-morbid condi
tions which may influence the occurrence or 
severity of other respiratory or non-respira
tory illness. Table 4.3 summarizes the esti
mated workload currently attributable to 
chronic respiratory disease in an average UK 
health district serving 250 000 people. 

Chronic respiratory disease is also an im
portant cause of lost working time. Changes 
in the regulations for sick pay have resulted 
in exclusion of many short periods of sickness 
absence from official UK statistics since 1983. 
Before these changes were introduced, bron
chitis, emphysema, asthma and COPD ac
counted for 24.4 million lost working days 
annually (9% of all certified sickness absence) 
among men, and 3.1 million days (3.5% of the 
total) among women [38]. 

4.3 TIME, PLACE AND PERSON 

4.3.1 TIME TRENDS 

Figures 4.2 and 4.3 show recent trends in 
mortality from chronic respiratory disease in 
England and Wales. These broadly corre
spond to the changes in disease prevalence 
as indicated by prevalence surveys and 
general practitioner consultations (Tables 4.1 
and 4.2), with declining rates among older 
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Fig. 4.1 Age-standardized mortality rates (per 1000 per year) for chronic respiratory diseases 
(ICD9 490-493 and 496) by diagnosis, males aged 55-84, England and Wales 1950-1992. (Source: Office of 
Population Censuses and Surveys and Lung and Asthma Information Agency.) 

women in the 1950s and 1960s and among 
middle-aged men in the 1970s and 1980s. 

Age- and sex-specific mortality rates from 
chronic respiratory disease can be described 
simply in terms of the combined effects of 
age, period of death and cohort (generation, 
or year of birth) on the risk of death for each 
sex. Two such age-period-cohort analyses 
have been published [39,40]. Each shows a 
marked generation effect, with a peak for 
men born around 1900 and for women born 
around 1925. These non-linear cohort effects 
closely follow those for lung cancer mortality 
and correspond to what is known of inter
generational differences in lifetime cigarette 
consumption at various ages [40]. 

The analyses differ in the effect shown for 
period of death on chronic respiratory disease 
mortality. This is because there has been a 

very substantial downward 'drift' in age
specific mortality rates since the Second 
World War and it is statistically impossible to 
assign this with confidence to a generation or 
to a period of death effect, or to some combi
nation of the two. However, the downward 
drift started in the late nineteenth century in 
all age-groups simultaneously [41] and there
fore is perhaps more likely to be a period of 
death effect. It continued throughout the 
1970s, a period during which there were sub
stantial reductions in urban smoke and sulfur 
dioxide air pollution in Britain [42]. 

4.3.2. INTERNATIONAL VARIATIONS 

International comparisons of chronic respira
tory disease based on figures published 
annually [43] are difficult to interpret because 
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Fig. 4.2 Age-standardized mortality rates (per 1000 per year) for chronic respiratory diseases 
OCD9 490-493 and 496) by diagnosis, females aged 55-84, England and Wales 1950-1992. (Source: Office 
of Population Censuses and Surveys and Lung and Asthma Information agency.) 

Table 4.3 Estimated annual health service workload due to chronic respiratory disease in an average UK 
health district serving 250 000 persons 

Chronic bronchitis a 

Emphysema and COPD 
Asthma 
Chronic bronchitis, 

emphysema, asthma 
andCOPD 

Modified from Anderson et al. [28]. 

Hospital 
admissions 

100 
240 
410 
750 

In-patient 
bed-days 

1500 
3300 
1800 
6600 

General practice 
consultations 

4400 
2700 

11900 
19000 

aInciudes bronchitis unspecified for hospital use but not for GP consultations. 

deaths attributed to COAD (ICD9 496) are not 
included. A special study among men and 
women aged 65-74 in 26 countries during 
1984 showed considerable variation between 
countries in the proportion of all chronic res-

piratory deaths attributed to COAD, rather 
than bronchitis, emphysema or asthma. The 
proportion certified as COAD varied from 
almost none in Poland to about two-thirds in 
the USA [44]. 
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Fig. 4.3 Age-specific mortality rates (per 1000 per year) for chronic obstructive lung diseases (ICD9 
490-493 and 496), all diagnoses combined, for males aged 55-84, England and Wales 1950-1992. (Source: 
Office of Population Censuses and Surveys and Lung and Asthma Information Agency.) 

The general pattern of mortality from all 
chronic respiratory disease (ICD9 490-496) 
among 31 developed countries is of high rates 
in Great Britain, Eastern Europe and 
Australasia, intermediate rates in Western 
Europe and North America, and low rates in 
Southern Europe, Scandinavia, Israel and 
Japan [44]. Romania had the highest death 
rates from all chronic respiratory diseases 
(ICD9 490-496) amongst both men and 
women aged 65-74 in 1984. Countries of the 
British Isles had the next highest rates, with 
Ireland and Scotland slightly higher than 
England and Wales. British rates were ex
ceeded only by Romania (in both sexes),the 
German Democratic Republic (in men) and 
New Zealand (in women). 

The high rates of mortality from chronic 
respiratory disease in Britain have been rec-

ognized for several decades and cannot be at
tributed solely to diagnostic variations, al
though the specific labels used to describe 
chronic respiratory illness do vary between 
Great Britain, Europe and the United States 
[45]. There have been few standardized inter
national comparisons of symptom prevalence 
or ventilatory function, but those which have 
been conducted, mainly between Great 
Britain, Norway and the USA, suggest that in
ternational differences in smoking habits 
largely explain variations in the prevalence 
of chronic phlegm, whereas British men 
have lower ventilatory function than their 
American and Norwegian counterparts, after 
controlling for smoking [45]. On the other 
hand, studies of respiratory symptoms 
among middle-aged migrants from the British 
Isles to the United States of America and 
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Fig. 4.4 Age-specific mortality rates (per 1000 per year) for chronic obstructive lung diseases (ICD9 
490-493 and 496), all diagnoses combined, for females aged 55-84, England and Wales 1950-1992. 
(Source: Office of Population Censuses and Surveys and Lung and Asthma Information Agency.) 

among indigenous Americans with similar 
smoking habits suggested that a high-risk 
'British factor' was carried with migrants 
when they moved elsewhere [46]. 

4.3.3 GEOGRAPHIC VARIATIONS WITHIN 
ENGLAND AND WALES 

Age-adjusted death rates from chronic respi
ratory disease vary by a factor of more than 5 
(in men) and more than 10 (in women) 
between small areas of Great Britain [39]. 
There are two major underlying trends: a ten
dency for higher mortality rates in the towns 
and particularly in major conurbations; and a 
regional trend, independent of urbanization, 
from south-east (low) to north-west (high), 
with high rates in South Wales and Scotland 
[47J. 

Early prevalence surveys showed consider
able variation in morbidity from chronic 
bronchitis which broadly followed the pattern 
described for bronchitis mortality [23,24,48]. 
This contrasts with the finding that in studies 
of individuals, symptoms of mucus hyper
secretion are poor predictors of mortality 
from chronic respiratory disease [8]. Fewer 
studies have assessed ventilatory function in 
different areas of the United Kingdom, but 
there is the expected pattern of lower ventila
tory function in towns [49] and in the more 
northerly regions [29]. The high level of mor
tality in South Wales is accompanied by low 
levels of ventilatory function, independent of 
smoking habits [50]. 

Reid [51] hypothesized that the geographic 
distribution of chronic respiratory disease 
might be determined in childhood. Mortality 
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rates from chronic bronchitis in adults during 
1968-78 in small areas of England and Wales 
were highly correlated with rates of mortality 
from bronchitis and pneumonia in infancy in 
the same areas during earlier years of this 
century [39], suggesting that some aspect of 
the environment in early childhood, possibly 
early episodes of chest infection, might be re
sponsible for the geographic distribution of 
disease in adults. However, they were also cor
related with the current prevalence of cough 
and phlegm among children in the same areas 
[52]. Thus, a continuation of the adverse envi
ronmental influence could not be excluded. 

Studies of migrants are required to clarify 
the critical age at which area differences 
in disease occurrence are determined. 
Rosenbaum [53] found that military recruits 
from industrial areas carried an increased risk 
of episodes of respiratory disease compared 
with those from rural areas, regardless of the 
region to which they were posted. This would 
favour the hypothesis of an influence in early 
life. On the other hand, a study of proportional 
mortality (the proportion of all deaths due to 
chronic bronchitis) in 153 areas of England and 

Wales found that the area of death had a 
much greater influence than place of birth, al
though a statistically significant birthplace 
effect could be discerned [54]. 

4.3.4 SOCIAL CLASS 

It has long been recognized that there is a 
strong association between poor socio
economic status and chronic respiratory 
disease in Great Britain [55]. Table 4.4 shows 
the extent of social class variations in mortal
ity and general practitioner consultations for 
chronic respiratory disease around the 1981 
census. Marked social class trends are appar
ent in women (classified by their husband's 
occupation) as well as men, suggesting that 
specific occupational exposures play only a 
small part in explaining socio-economic dif
ferentials. There are intriguing differences 
between the sexes in the relationship of 
social class to consultations for asthma. One 
explanation would be that practitioners 
more readily apply the diagnostic label of 
chronic bronchitis to a man with a manual 
occupation than to his wife. 

Table 4.4 Social class variations in general practice consultations and mortality due to chronic respira-
tory disease in Great Britain, 1979-83 

Registrar-General's social class 

I II IIIN 

Standardized mortality ratio for Men 20-64 34 48 85 
bronchitis, emphysema and Married women" 20-59 41 61 70 
asthma 

Standardized mortality Men 20-64 43 63 80 
ratio for cancer of trachea, Married women" 20-59 50 73 81 
bronchus and lung 

Consultation ratio Men 45--64 48 77 
for chronic bronchitis 65-74 53 95 

All women" 45-64 69 72 
65-74 56 64 

Consultation ratiob for asthma Men 45-64 97 94 
65-74 90 93 

All women" 45--64 71 81 
65-74 69 112 

Sources: Registrar-General's decennial supplement, occupational mortality 1979-80, 1982-83 [57] 
Morbidity statistics from general practice 1981-82, socio-economic analyses [58]. 

IIIM 

110 
122 

120 
122 

123 
113 
140 
150 
106 

91 
109 
113 

"Married women classified by their husband's occupation. 
bProportion of patients consulting annually relative to the proportion in all social classes combined (=100). 

IV 

133 
144 

126 
138 

161 
141 
177 
127 
98 

126 
147 
114 

V 

211 
222 

178 
170 



The social class gradient in mortality from 
lung cancer, among both men and women, is 
of comparable magnitude, suggesting that 
much of the variation in chronic respiratory 
disease is attributable to social class differences 
in lifetime smoking habits. On the other hand, 
population surveys have shown associations 
of socio-economic status with symptoms of 
mucus hypersecretion [24,56] and measures of 
ventilatory function [29], independent of 
current smoking habit. Furthermore, bron
chitis mortality showed a strong social class 
gradient long before there was any substantial 
variation in smoking behaviour by social class 
[55]. Thus, it seems likely that smoking offers 
only a partial explanation for the observed 
trends in mortality and consultations by socio
economic status in Britain. 

An important and topical issue is the extent 
to which such gradient reflect upbringing and 
living conditions in childhood or lifestyle and 
environment in adult life. Among a national 
cohort followed from birth in 1946 to adult 
life, strong associations have been demon
strated between indices of socio-economic de
privation in childhood (particularly domestic 
crowding) and adult ventilatory function [59]. 
However, chronic cough and peak flow rate 
were also related to current socio-economic 
circumstances, as indicated by housing tenure 
[60]. More specific studies of socially mobile 
individuals are required to distinguish 
reliably between influences in childhood and 
later life. 

4.4 CAUSES 

4.4.1 ACTIVE SMOKING 

Tobacco smoking is undoubtedly the most 
important influence on the development of 
chronic respiratory disease in adults in devel
oped countries. The evidence implicating 
smoking and the benefits of smoking cessa
tion have been extensively reviewed [61,62] 
and only the salient points will be reiterated 
here. 
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Smoking is a cause of both mucus hyper
secretion and progressive airflow limitation. 
Symptoms of cough, phlegm, wheeze and 
breathlessness are much more common 
among individuals and populations who 
smoke and are reduced when they quit the 
habit [25]. Although ventilatory function does 
not improve substantially on stopping 
smoking, the subsequent rate of decline in 
FEV1 is slower [7]. The benefits of smoking 
cessation have been determined largely from 
observational studies. Two randomized con
trolled trials of antismoking advice which 
have been conducted tend to support these 
conclusions, although they have lacked statis
tical power to conclusively demonstrate the 
benefits of stopping smoking, particularly in 
terms of respiratory mortality [63,64]. 

The tar content of cigarettes is an important 
determinant of mucus hypersecretion, but not 
of impaired ventilatory function. For a given 
amount smoked, high tar cigarettes are more 
likely to cause mucus hypersecretion, the 
effect being more marked at lower cigarette 
consumption [65]. However, a randomized 
controlled trial of different types of cigarette 
was unable to demonstrate any symp
tomatic benefit from switching to lower tar 
preparations [66]. 

4.4.2 PASSIVE SMOKING 

Quantitative overviews have demonstrated a 
weak but statistically significant association 
between environmental tobacco smoke expo
sure and lung cancer among non-smokers, 
with a pooled relative risk of the order of 
1.2-1.3 [67,68]. Given that active smoking is 
as strongly related to death from chronic res
piratory disease as it is to fatal lung cancer, in 
a dose-dependent fashion [69], a similar weak 
relationship might be expected between 
passive smoking and development of chronic 
airflow limitation. 

Three case-control studies [70-72] and one 
cohort study [73] have investigated the rela
tionship of chronic bronchitis, asthma or 
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emphysema among non-smokers to passive 
smoke exposure in the home or workplace. 
The findings would be consistent with a rela
tive risk of the same magnitude as for lung 
cancer, although none of these studies, either 
individually or pooled, are powerful enough 
to demonstrate such a weak effect as statisti
cally significant. As with the lung cancer 
studies, residual confounding by unmeasured 
active smoking may account for some of the 
observed association [68]. 

Studies of the effects of passive smoking 
on lung function in middle-aged adults 
have yielded inconsistent findings [74,75]. 
However, a study of young adult non
smokers suggested that cumulative lifetime 
exposure to tobacco during childhood was 
associated with significantly poorer lung 
function, suggesting that the peak level of 
ventilatory function attained during life 
might be impaired by parental smoking [76]. 
Only four studies have investigated the rela
tionship of parental smoking to rates of lung 
growth in childhood. These, too, are inconsist
ent; two found little effect [77,78], one 
showed a highly significant adverse effect 
[79], while in the fourth and largest study the 
effect of maternal smoking on initial FEV1 

was more convincing than the effect on lung 
growth [80]. 

Maternal smoking is an important determ
inant of low birth weight [81] and smoking by 
either parent is associated with an increased 
incidence of respiratory illnesses in the first 
three years of life [75]. These may be mechan
isms whereby passive smoke exposure in 
childhood may influence the future develop
ment of chronic respiratory disease in adult 
life. 

4.4.3 AIR POLLUTION 

A major stimulus to epidemiologic investiga
tion of chronic respiratory disease in Great 
Britain was the occurrence of some 4000 
excess deaths during the London smog of 
December 1952 [2]. Concentrations of smoke 

and sulfur dioxide in central London during 
this 5-day period were about 100 times higher 
than those recorded in urban areas of Great 
Britain nowadays. The excess deaths were 
mainly due to cardiorespiratory disease and 
occurred principally among the elderly and 
chronic sick, suggesting that their demise was 
precipitated earlier than would other
wisehave been the case by the irritant air 
pollution. 

Similar analyses of short-term (usually 
daily) variations in mortality, hospital admis
sions and symptoms experienced by panels 
of bronchitic patients were conducted in 
London during the 1950s and 1960s [82]. 
These suggested that, as smoke and sulfur 
dioxide levels declined and became less vari
able during the 1960s, temporal relationships 
with respiratory outcomes diminished. The 
winter of 1962-63 was the last in which 
readily discernible peaks of pollution-related 
morbidity and mortality occurred in Greater 
London. 

An expert group meeting under the aus
pices of WHO in 1990 [83] concluded that 
acute effects on health of sulfur dioxide and 
particulate air pollution (as indicated by 
measures of black smoke) could be expected 
at concentrations of about 250 /-lg/m3 502, or 
similar concentrations of black smoke, with 
an increase in respiratory morbidity among 
adult patients with chronic bronchitis. At 
levels in excess of 500 /-lg/m3 502 or black 
smoke an increase in mortality among elderly 
and chronically sick persons could be 
expected. 

More recent application of complex statisti
cal modelling to daily deaths data from 
Greater London and elsewhere has challenged 
these conclusions, and suggested that a tem
poral correlation between particulate air pol
lution and total mortality may extend into the 
range 0-100 /-lg/m3 (black smoke) currently 
experienced in many urban areas of the UK 
and other developed countries [84]. Whether 
this effect is due to pollution or to the 
confounding effects of meterologic variables, 



operating either directly or through 
behavioral changes, remains unclear. 

While smoke and sulfur dioxide ('winter 
pollutants') have been of greatest interest in 
the past, attention is now turning to the poss
ible hazards of 'summer' (photochemical) 
pollutants such as nitrogen oxides, ozone and 
acid aerosols. Time-series analyses address
ing the acute effects of photochemical 'smogs' 
have been confined to asthmatic patients and 
there are no reports of panel studies of the 
effects of ozone on chronic obstructive lung 
disease, nor of the association of ozone 
episodes with mortality [85]. Natural fluctu
ations in nitrogen dioxide exposure were not 
associated with short-term effects on symp
toms or lung function in a combined labora
tory and community-based study of patients 
with chronic respiratory illness [86]. 

Studies of the chronic effects of air pollu
tion rely upon geographic variations in 
prevalence of symptoms, ventilatory function 
or mortality. Such studies are highly prone to 
confounding by broader urban-rural and re
gional effects, even if they control for risk 
factors at the individual level such as 
smoking and occupation. A number of exten
sive reviews have commented on the litera
ture relating to smoke and sulfur dioxide 
pollution [42,87-89]. Many of these studies 
relate to children, or to mortality data. Few 
have studied adults, possibly because chronic 
lung disease in adults may be attributable to 
delayed consequences of past (e.g. childhood) 
exposure to air pollution. However, longitu
dinal studies of a British cohort born in 1946 
(and therefore potentially exposed to high 
urban levels of smoke and S02 throughout 
childhood) have failed to demonstrate a 
major influence of early pollution exposure 
on chronic phlegm or peak expiratory flow 
rate at age 36 years, after controlling for other 
factors [59]. 

Although historically there has been a geo
graphic relationship between particulate pol
lution and chronic respiratory disease 
mortality in Great Britain [90], this became 
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less marked after control of pollution in the 
1960s [91]. Whereas early prevalence studies 
suggested relationships of British urban pol
lution with chronic phlegm [23] and reduced 
levels of FEV} [49], more recent studies of 
lower levels of pollution in the USA 
have yielded conflicting results. Repeated 
prevalence studies and longitudinal investi
gations have generally not shown improve
ment in respiratory health of populations 
when smoke and sulfur dioxide levels 
decline. Nevertheless, a recent review con
cluded that the possibility of chronic effects 
on respiratory health at levels of particulates 
below 100 f.lg/m3 annual average could not 
be excluded [42]. 

Prevalence studies investigating the 
chronic health effects of photochemical air 
pollution in North America have found a 
higher prevalence of respiratory symptoms 
and reduced lung function in more polluted 
areas, but the specific pollutant responsible 
could not be identified [92]. Nitrogen dioxide 
is found at higher levels indoors than out
doors, particularly in homes with unvented 
gas or paraffin appliances. Few studies have 
investigated the effects of indoor N02 on res
piratory health in adults. The findings with 
respect to chronic cough and phlegm and 
lung function are inconsistent, pOSSibly 
because the presence of a gas cooker has been 
used as a crude surrogate for personal N02 
exposure [74]. In one small study where N02 
exposure was measured in adult non
smoking women, there was a significant asso
ciation with measurements of lung function 
at entry to the study, but not with the rate of 
subsequent decline [93]. 

4.4.4 OCCUPATIONAL EXPOSURES 

While a causal link between occupational 
dust exposure and mucus hypersecretion is 
generally acknowledged [24,94], the role 
of dust and fumes in the etiology of
progressive airflow obstruction remains 
controversial. 
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The best evidence for the latter comes from 
longitudinal studies of workers in specific oc
cupations, where the exposure can be charac
terized in detail, longitudinal measurements of 
ventilatory function can be obtained, and con
founding by smoking and socio-economic 
status can be controlled. Becklake [94] re
viewed ten such workforce studies, including 
six where the exposure was primarily to dusts, 
two to gases only, and two to a combination of 
dusts and fumes. Exposures to a variety of in
organic dusts and to sulfur dioxide were con
sistently related to more rapid decline in FEV v 
whereas exposure to chlorine was not. 

Cross-sectional studies of the general popu
lation are less easy to interpret. They are 
usually constrained to a single measurement 
of ventilatory function and to questionnaire 
reports of occupational exposures. Past 
changes in occupation may be difficult to deal 
with analytically and confounding by 
smoking and socio-economic status may not 
be adequately controlled. Nevertheless, they 
are broadly consistent with longitudinal 
studies in that the relationship of ventilatory 
function impairment to mineral dusts is 
clearer than its association with exposure to 
fumes and chemicals [95]. 

Mortality from chronic respiratory disease 
in Britain is significantly raised in only a few 
occupational groups, after adjustment for age, 
social class and region of residence (Table 
4.5). In some groups e.g. artists, hotel man
agers, butchers, steel erectors and boatmen), 
the increased risks appears to be due to a 
high prevalence of smoking, as indicated by a 
similarly raised risk of lung cancer. In others 
(e.g. clerks, painters, lorry and crane drivers), 
a moderately raised risk is statistically 
significant because of the large size of the 
occupational group. Few of the remaining 
occupations are obviously associated with 
exposure to dusts or fumes. 

Among coal miners and general labourers 
there is known to be a degree 'numerator
denominator bias' in occupational mortality 
statistics, because the sources of information 

on occupation on death certificates and 
census returns are not strictly comparable. 
On the other hand, there is evidence that 
these occupations may pose a true risk of 
chronic respiratory disease. Construction 
work has emerged as a significant exposure 
in some cross-sectional studies [96] and lon
gitudinal studies of British coal miners 
support a relationship between dust expo
sure and the development of progressive 
airflow obstruction [97] and related mortality 
[98]. 

4.4.5 CHILDHOOD CHEST INFECTION 

The association between chest illness in child
hood and both chronic respiratory morbidity 
and impaired ventilatory function is well doc
umented [99]. However, it remains unclear 
whether this reflects lung damage due to 
early episodes of chest infection or a long
standing susceptibility to all forms of chest 
illness [l00]. Investigation of this issue raised 
serious methodologic problems because of 
the long timescale between early childhood 
and the development of clinically significant 
mucus hypersecretion or chronic airflow lim
itation in late middle age. 

A recent study of Hertfordshire men born 
1911-30 overcame this difficulty by using his
toric records compiled by health visitors of 
illnesses in early childhood. Records of ill
nesses labelled as whooping cough, bronchi
tis or pneumonia in the first year of life were 
associated with a significant reduction in FEV} 
measured at age 59-70 [101]. These same ill
nesses at age 1-4 years were not associated 
with significant deficits in lung function. 
Somewhat surprisingly, none of the illnesses 
were associated with father's social class, 
which in turn was not related to adult lung 
function. 

Studies of the British 1946 cohort provide 
the most comprehensive prospective data 
linking early chest illness with adult symp
toms and lung function. Chronic cough and 
phlegm were more commonly reported at ages 



Causes 61 

Table 4.5 Occupations with significantly raised standardized mortality ratios for chronic respiratory 
disease among men aged 20-64, after adjustment for social class and region of residence, Great Britain 
1979-83 

Group Brief description of occupations Bronchitis, emphysema Cancer of trachea, bronchus 
number included in the group and asthma SMR (deaths) and lung SMR (deaths) 

001 Judges, barristers, solicitors 189 (12) 82 (25) 
016 Nurses 192 (23) 132 (76) 
019 Authors, writers, journalists 166 (16) 99 (48) 
020 Artists, designers 172 (14) 151 (59) 
021 Actors, musicians, entertainers 221 (14) 118 (36) 
027 Electrical and electronic engineers 172 (17) 142 (65) 
039 Hotel and club managers 219 (151) 185 (559) 
044 Managers not elsewhere classified 170 (68) 187 (344) 
046 Clerks 110 (486) 95 (1488) 
055 Salesmen, shop assistants 147 (71) 119 (196) 
064 Chefs, cooks 155 (36) 103 (100) 
069 Travel attendants, porters 138 (59) 114 (180) 
077 Farm workers 137 (101) 100 (274) 
085 Tannery and leather workers 164 (30) 113 (88) 
089 Chemical, gas, petroleum plants 134 (87) 132 (308) 
091 Bakers 193 (85) 108 (83) 
092 Butchers 170 (42) 157 (159) 
096 Glass and ceramics workers 165 (26) 103 (64) 
110 Metal drawers, moulders, casters 154 (58) 134 (193) 
126 Sheet metal workers, platers 125 (91) 134 (192) 
127 Steel erecters, benders, fixers 208 (46) 192 (168) 
133 Painters, decorators, polishers 123 (192) 121 (779) 
145 Face-trained coalminers 172 (125) 97 (273) 
148 Bargemen, boatmen 271 (42) 239 (136) 
152 Bus, coach and lorry drivers 121 (561) 118 (2310) 
153 Bus conductors, drivers' mates 147 (27) 103 (65) 
155 Plant, truck and crane drivers 122 (155) 97 (508) 
160 General and unskilled labourers 170 (1264) 141 (3347) 

Source: Registrar-General's decennial supplement, occupational mortality 1979-80, 1982-83 [57]. 

20-36 by subjects with a history of chest illness 
in childhood [59,60,102,103]. After adjustment 
for smoking and socio-economic status both in 
childhood and adult life, there was no 
significant effect of bronchitis, bronchiolitis or 
pneumonia before age 2 years on peak expira
tory flow rate at age 36 years [59]. However, 
when all respiratory illnesses up to 10 years 
were considered, a significant effect on peak 
flow was found for bronchitis and pneumonia 
[60], but not for whooping cough [103]. 

The findings with respect to ventilatory 
function contrast with the results of the 
Hertfordshire study and suggest that recurrent 

episodes of bronchitis, which might nowadays 
receive a diagnosis of childhood asthma, may 
be the respiratory illnesses more strongly asso
ciated with adult lung function. This would be 
consistent with a retrospective study of 
Burrows, Knudsen and Lebowitz [104] which 
suggested that the respiratory problems in 
childhood which were associated with adult 
obstructive airways disease were those in the 
category of 'chronic or recurrent airway 
disease' rather than 'severe acute respiratory 
illness'. 

Asthma is a possible link between respira
tory problems in childhood and adult life. 
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Two long-term follow-up studies confirm that 
although the majority of wheezy children ap
parently grow out of their asthma, those that 
do not are at increased risk of chronic cough 
and phlegm in their twenties [105,106]. 
Asthmatic children often have a history of 
early episodes of chest illnesses labelled as 
bronchitis, bronchiolitis or pneumonia, but 
the direction of cause and effect is a matter of 
debate. Abnormalities of lung function have 
been described in newborn infants who sub
sequently develop recurrent wheezing [107], 
suggesting that susceptibility to chest ill
nesses may exist from birth. Reports of an as
sociation of birth weight with adult lung 
function [101] may be evidence that such 
susceptibility continues into adult life. 

4.4.6 GROWTH AND NUTRITION 

Until recently, there was little evidence to im
plicate diet and nutrition as causes of chronic 
respiratory disease. However, the results of 
several recent studies suggest that both the 
growth and decline of ventilatory function 
may be affected by nutritional factors. 

Among men born in Hertfordshire during 
1911-30, mortality from chronic respiratory 
disease (ICD9 491-493 and 496) was 
significantly and inversely related to weight 
at birth and at one year of age [101]. Deaths 
from lung cancer did not show this pattern, 
suggesting that confounding by smoking 
habit was unlikely. Although these trends 
were not adjusted for socio-economic status 
in childhood or in adult life, they raise the 
possibility that impaired growth in utero or in 
the early postnatal period may be a risk factor 
for the later development of fatal chronic 
respiratory disease. 

A subsequent field study among a sample 
of this historic cohort showed that birth 
weight was positively correlated with FEV1 at 
ages 59-70, though not with PVC nor with 
persistent cough and phlegm [101]. These 
effects were independent of smoking habit 
and of social class at birth and in adult life. 

The effect of weight at one year on FEV1 (after 
adjustment for birth weight) was weak and 
non-significant, but the study lacked statistical 
power to discriminate conclusively between 
prenatal and postnatal growth as influences 
on adult lung function. Further long-term 
cohort studies are required to further investi
gate these intriguing observations. 

Consideration of the role of proteases and 
antiproteases in the pathogenesis of emphy
sema suggests that tissue levels of dietary an
tioxidants, such as the vitamins A, C and E 
might protect against destruction of alveolar 
tissue. A cross-sectional study of British adults 
showed a correlation between frequent fresh 
fruit consumption (reported by food frequency 
questionnaire) and levels of ventilatory func
tion [108]. This relationship was found among 
both current smokers and lifelong non
smokers and was independent of a wide range 
of possible confounding variables. Never
theless, the possibility of uncontrolled con
founding persists, and because of the crude 
nature of the dietary information the role of 
specific nutrients could not be investigated. 

A possible protective effect of high vitamin 
C intake was also suggested by an analysis of 
data from US National Health and Nutrition 
Examination Survey [109]. This found a rela
tionship between physician-diagnosed bron
chitis and both dietary and plasma levels of 
ascorbic acid. In contrast, symptomatic chest 
disease was unrelated to fruit intake in the 
study of British adults [108]. 

Heavy alcohol consumption has been sug
gested as a risk factor for impaired ven
tilatory function [110]. However, this finding 
may be due to inadequate control of the 
effects of smoking, which is very closely 
associated with alcohol consumption. 

4.5 CONCLUSIONS 

Tobacco smoking has proved a most effective 
method of delivering toxic particles and gases 
to the lungs. There have been few epidemio
logic tools as powerful as the cigarette, due to 



the wide variations in its use both within and 
between populations. The volume, strength 
and consistency of epidemiologic evidence 
implicating active smoking as a cause of both 
mucus hypersecretion and progressive 
airflow limitation is overwhelming. The dis
tributions of both forms of chronic respiratory 
disease with respect to time, place and person 
are heavily influenced by smoking and it is 
here that any programme of disease preven
tion must start. 

Mucus hypersecretion appears to be a 
largely reversible response of the bronchial 
epithelium to airborne irritants, including 
tobacco smoke, urban air pollution and occu
pational dust exposures. Arguably, this rep
resents the body's natural defensive reaction 
to mucosal irritation. The development of dis
abling airflow obstruction is probably a more 
complex process, influenced by the growth of 
the lung from an early age, as well as by the 
rate of functional decline in adult life. 

The focus of respiratory epidemiologic re
search in recent years has been upon patho
physiologic indicators of the smoker at risk of 
more rapid lung function decline. There has 
been a relative neglect of more promising 
targets for prevention, such as the promotion 
of lung growth in childhood and protection of 
lung tissue against the toxic effects of ciga
rette smoke. Future epidemiologic studies 
need to take a broad etiological perspective 
and encompass a wide age range if our un
derstanding of the causes and natural history 
of chronic obstructive airways disease is to be 
better understood. 
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DEVELOPMENT OF IMPAIRED LUNG 
FUNCTION: NATURAL HISTORY AND 
RISK FACTORS 

5 

N.B. Pride and B. Burrows 

5.1 INTRODUCTION 

The definition of COPD adopted in this 
chapter is that proposed by Burrows [1]: 

'A chronic, slowly progressive airway 
obstruction disorder resulting from some 
combination of pulmonary emphysema 
and irreversible reduction in the calibre of 
small airways of the lung'. 

There are three important consequences; first, 
COPD will be used solely to refer to persis
tent airway obstruction; second, asthma and 
COPD are regarded as distinct conditions 
even when asthma leads to persistent airways 
obstruction; third, a patient with fixed ob
struction of the peripheral airways without 
chronic cough and expectoration ('chronic 
bronchitis') and without destruction of alveo
lar ducts and walls ('emphysema') can still be 
accepted as having COPD, even although the 
obstructive bronchiolitis (and accompanying 
obstruction of small bronchi) in smokers is 
not readily differentiated from other causes of 
persistent bronchiolitis. This is supported in 
practice by the studies of Fletcher, Peto and 
colleagues [2,3] which suggested that while 
both chronic mucus hypersecretion ('chronic 
bronchitis') and progressive airway obstruc
tion were related to inhaling cigarette smoke 
the two conditions were relatively distinct. 
Chronic mucus hypersecretion, which re
sulted in persistent cough and phlegm, was 

largely the result of pathologic changes in the 
central conducting airways. In contrast the 
progressive airways obstruction of smokers 
(COPD) originated chiefly in the peripheral 
airways and air spaces of the lung, was re
sponsible for breathlessness on exertion and 
ultimately led to disability and death. In 
support of this dissociation Fletcher and col
leagues [3] showed that about 20% of male 
smokers with chronic bronchitis had a com
pletely normal FEV} at age 50 years, while 
a further 25% of smokers with definitely 
reduced FEV} denied chronic productive 
cough. Further studies investigating the rela
tive independence of the two conditions are 
considered in Section 5.3.4. 

5.2 DEVELOPMENT OF IMPAIRMENT IN 
LUNG FUNCTION 

The development of severe impairment in 
spirometry in COPD is believed to result from 
many years of moderately accelerated decline 
in lung function. This was first suggested by 
the modest increase in rates of decline in 
FEV} observed in symptomatic patients with 
COPD (Table 5.1). Subsequently Fletcher, 
Peto and colleagues [3] obtained direct evi
dence of the early change in FEV} in working 
men in London; because they found a rela
tionship between the annual rate of decline in 
FEV} over 8 years ('slope') and the level of 
FEV v they suggested susceptible smokers 
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Table 5.1 Some reported rates of change in FEV 1 

in chronic obstructive pulmonary disease 

Pre-clinical OLD 

Mean change in FEV1 
(ml/year) 

Tucson population, smokers -91 
Relatively mild clinical illness 

British chronic bronchitis -83a 

Chicago emphysema FEV l >1.241 -72 
Salt Lake City chronic OLD -69 

More severe clinical illness 
Chicago emphysema, all patients -56 
Houston V A Hosp. capo -52 
Groningen CNSLD -54 
IPPB study of capo -48 

Reprinted from Burrows [8]. 
'Studied FEVO.75 rather than FEV). 
OLD, obstructive lung disease; COPD, chronic ob
structive pulmonary disease; CNSLD, chronic non
specific lung disease; IPPB, intermittent positive pressure 
breathing. 

could be identified by reduction in FEV} by 
early middle age (Fig. 5.1). This assumes that 
individuals in the highest or lowest percentiles 
with regard to FEV1 stay in the same percentile 
over many subsequent years, so showing 
'horse-racing' or 'tracking', as has been de
scribed in longitudinal studies of blood pres
sure. An alternative hypothesis has been 
proposed: because the initial stages of 
smoking-related lung damage are character
ized by inflammatory and obstructive changes 
in the peripheral airways, which have an enor
mous functional reserve, these pathologic 
changes might cause few symptoms and negli
gible decline in tests of overall lung function 
such as the FEV} until they become very severe 
and widespread. Susceptible smokers might 
only declare themselves by accelerated decline 
of FEV} in late middle age, while earlier in 
their smoking years their FEV}, although 
slightly lower than in most non-smokers, 
might be indistinguishable from FEV} in the 
general population of smokers. If this was the 
usual course it would be difficult to study risk 
factors by following annual decline in lung 

~100~~~::~~~~~~~~ 
Cl 
IU 
10 75 Smoked 
CI) regularly and 
::J susceptible 
~ 50 to its effects 

'0 Disability " 
~ 25 ---------------------------- -,---Stopped 
-> __ I:?~~!~ __________________________ ~~t_~~ __ _ 

~ 025 50 
Age (years) 

Fig. 5.1 Hypothetical model of development of 
impairment of FE V} in a susceptible smoker ac
cording to Fletcher and Peto [2]. Annual decline in 
FEV} is assumed to slightly accelerate with increas
ing age. In practice there will be a range of rates of 
decline in FEV} in susceptible smokers. On stop
ping smoking there no improvement in FEV} but 
subsequent loss of FEV} is similar to that in healthy 
never-smokers. (Reproduced from Fletcher and 
Peto [2] with permission.) 

function, as studies early in the smoking life
time would not be predictive of later disabil
ity, whilst studies in symptomatic subjects are 
complicated by exclusions due to severe 
disease and 'survivor' effects. A few long-term 
studies of individual smokers are available; 
most individuals appear to show a moder
ately accelerated decline but occasional ex
amples of a rapid decline in middle age have 
been observed (Fig. 5.2). More systematic 
support for the strength of tracking comes 
from a 20-year follow-up study of 2718 
working men whose pulmonary function 
was assessed between 1954 and 1961, in 
whom the risk of death from chronic airflow 
obstruction was more than 50 times greater 
in men whose initial FEV} was more than 
two standard deviations below average 
values than in men whose initial FEV} was 
above average [4] (Fig. 5.3). Most of these 
men were studied initially in middle age 
during their working life at a time when 
there were only minor abnormalities in 
FEV1. Further population studies of men and 
women in Copenhagen [5] and North 
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Fig. 5.2 Examples of long-term changes in FEV! (e pre-, 0 post-bronchodilator) in 4 men identified 
when FEV! was about 21. The continuous line indicates the predicted values of FEV!. The top left panel 
shows a man in whom observed decline in FEV! parallels the predicted fall, while the three remaining 
men show accelerated decline, particularly fast in WB (lower left panel) in whom decline may have 
commenced in his mid-forties. 

America [6] with follow-up of 10-12 years 
have confirmed similar high risk rates for 
death from COPD associated with a moder
ately lowered FEV1. Studies in Tucson, 
Arizona have suggested a limited period of 
rapid decline in some individuals but overall 
confirmed the presence of tracking for decline 
in FEV 1 in middle-aged males, but not in 
women smokers [7]. 

As reviewed by Burrows [8], there is a ten
dency for annual rates of decline in FEV1 to 
be slower in advanced than in milder disease 
(Table 5.1). This trend is in apparent disagree-

ment with earlier proposals that the rate of 
decline of FEV1 in an individual may acceler
ate as disease advances. The findings in ad
vanced disease may be due to loss of the most 
rapid decliners by death, but undoubtedly in
dividuals who earlier in their life have shown 
rapid decline may subsequently show a pro
longed survival and relative stability of FEV1. 

All longitudinal studies of decline in FEV! 
show considerable differences in rate between 
individuals. If the follow-up period is short 
this is largely due to a large signal-noise ratio 
with spirometry; 95% confidence limits for 
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Fig. 5.3 Risk ratios for death from COPD (top) 
according to initial value of height corrected 
FEVdH3 (where H is height in metres) at survey 
20-25 years before (bars indicate standard errors). 
(bottom) according to presence of phlegm after 
standardization for FEVdH3. (Reproduced from 
Peto et al. [4] with permission.) 

short-term repeatability of FEV 1 in an indi
vidual is 190 ml [9] which is several years' 
annual decline in FEV 1 even in smokers. But 
the range of annual decline in FEV 1 between 
individuals is still considerable when follow
up is for 10 years or more and is found in 
healthy never-smokers although over a nar
rower range than in subjects with identified 

risk factors such as cigarette smoking or 
severe arAT deficiency (Fig. 5.4) Presumably 
patients destined to develop severe ventila
tory impairment emerge from the tail of fast
declining subjects observed in population 
studies. 

Most information on the natural history of 
COPD comes from sequential measurement 
of FEVl which can be applied over the whole 
range from health to advanced disease . 
Attempts have been made to amplify this in
formation in the early stages of disease, 
because 'low normal' values of FEV 1 are 
derived from a mixture of subjects whose 
lungs are structurally normal but smaller 
than average and others in whom disease has 
started to cause a decline in lung function 
from initial average or even above average 
values. Tests of lung function which are more 
sensitive to minor changes in the peripheral 
airways and airspaces, such as the single 
breath nitrogen (SBN2) test or the later part of 
the maximum expiratory flow-volume curve, 
should therefore aid in interpretation of 
slightly reduced values in FEVl . Six to ten 
year follow-up of subjects in whom the SBN2 

test has been measured at a time FEVl is 
normal confirms that the SBN2 is abnormal in 
almost all subjects who subsequently develop 
a reduced FEV} [10]; but many subjects with 
an abnormal SBN2 test do not develop a 
reduced FEV} over this period so the predic
tive value of the test has not yet proved as 
strong as originally hoped. 

Many smokers also show a small reduction 
in CO transfer coefficient (TLeo/VA) (which 
cannot be explained by CO back pressure in 
the blood) at an early stage in their natural 
history [11]. Although moderate or severe re
ductions in TLeo/VA are associated with the 
presence of emphysema [12,13], mild reduc
tions in !Leo/VA are reversed on quitting 
smoking, suggesting removal of a pulmonary 
vascular response [11]. Therefore allowance 
has to be made for current smoking habit to 
estimate irreversible reduction in TLeo/VA 
[14]. Nevertheless occasional patients with 
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COPD have considerable reduction in 
TLCO/V A at a time when spirometry is rela
tively well preserved [15]. Sequential studies 
of change in TLCO/VA are sparse. In an un
published 19-year follow-up of 17 men first 
identified at a mean age of 54 years with FEV1 

56% of predicted there was a wide range of 
initial TLCO/VA. In the 10 men in whom 
TLCO/VA was >80% predicted value at re
cruitment, TLCO/VA remained within the 
normal range during follow-up despite con
siderable falls in FEV1; subjects in whom 
TLCO/VA was reduced at recruitment showed 
further falls in TLco /V A and a faster decline 
in FEV l' These results support separation 
between the development of predominant 
emphysema and predominant intrinsic 
airway disease occurring before severe 
airways obstruction has developed. Loss of 
lung recoil pressure has also been described 
at an early stage in the evolution of airways 
obstruction [15,16], but again there is very 
limited longitudinal information [16]. 
Sequential use of CT of the thorax should 
improve knowledge of the natural history of 
emphysema in the future. 

With advanced disease severe hypoxemia 
and a high pulmonary artery pressure 
develop and worsen prognosis [8,17]. 
Sequential studies of mean pulmonary artery 
pressure show increases which average 
0.5-0.6 mmHg/year [18]. 

5.3 RISK FACTORS 

Only a small part, probably less than 20%, of 
the varying susceptibility of a cigarette 
smoker to develop progressive airflow ob
struction is explained by current research. 
Even with the strongest genetic risk factor 
(homozygous a-antitrypsin deficiency) there 
is a very wide variation in FEV1 between indi
viduals (Fig. 5.4). Hence small differences in 
mean rates of decline in lung function may 
conceal a much greater susceptibility in an 
important subgroup of subjects; although this 
has been evident in many studies of smokers 

over the last two decades, there is very little 
information on variations in susceptibility to 
other external agents. 

Because morbidity and mortality in COPD 
are very strongly linked to the development 
of ventilatory impairment, in particular a low 
FEV 11 risk factors are usually investigated 
either by studying related mortality or by 
seeking evidence of accelerated annual 
decline in FEV1. A further risk factor may be 
impaired childhood lung growth and devel
opment, so that subjects enter adult life either 
with reduced FEV1 or with lungs particularly 
susceptible to damage by smoking or other 
unfavorable influences. 

Risk factors have been identified by two 
main routes - large-scale epidemiologic 
studies using simple measurements and end
points and more detailed clinical studies of 
proposed risk factors. Intervention studies 
aimed at specific risk factors provide further 
information. As discussed in Chapter 4 epi
demiologic studies have usually been cross
sectional and have used end-points such as 
impairment of lung function, symptoms of 
cough, phlegm, wheeze and breathlessness, 
morbidity and mortality to detect the effects 
of age, gender, smoking habit, urban living, 
environmental pollution, occupation, diet and 
socio-economic status (Table 5.2). In this 
section some additional evidence concerning 
smoking, occupation, the protease-antipro
tease hypothesis, recurrent bronchopul
monary infections ('British' hypothesis) and 
allergy and airway hyper-responsiveness 
('Dutch' hypothesis) will be reviewed. 

5.3.1 CIGARETTE SMOKING 

Although not formally included in the 
definition of COPD, in Western countries 
cigarette smoking is usually regarded as the 
dominant risk factor and much of our 
knowledge of the natural history comes from 
studies in smokers. Indeed many clinicians 
are reluctant to make the diagnosis except in 
a smoker or ex-smoker, but clearly COPD can 
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Table 5.2 Proposed risk factors for COPD 

Risk factor Comments 

Increasing age Ventilatory impairment predominantly reflects 
cumulative life-time smoking history 

Gender After standardizing for smoking, males more at risk 
than females 

Smoking habit Some relation to number of cigarettes smoked 
per day and cumulative pack-years 

Environmental pollution Large differences in urban and rural death rates. 
Particulates more important than photochemical 
pollutants 

Occupation Many dusts cause mucus hypersecretion. Persistent 
obstruction develops in coal and gold miners, 
farmers, grain handlers, cement and cotton 
workers. Cadmium workers have increased risk of 
emphysema 

Socio-economic status More common in individuals of low socio-economic 
status 

Diet High fish intake may reduce risk in smokers 
Genetic factors Homozygous aI-antitrypsin deficiency is strongest 

single risk 
Birthweight and childhood respiratory illness Low birthweight predicts low FEV I and high COPD 

mortality in later life. Chronic childhood disease 
predisposes to chronic adult disease 

Recurrent bronchopulmonary infections Cause short-term decline in lung function, but not 
shown to accelerate long-term decline in otherwise 
healthy smokers 

Allergy and airway hyper-responsiveness Increased blood IgE and eosinophils and 

See text and Chapter 4 for further details. 

occur in non-smokers (for instance with ar 
antitrypsin deficiency [19]) while chronic 
bronchitis is found in about 4% of never
smokers without other obvious respiratory 
disease. Equally it is accepted that only a mi
nority of smokers develop disabling airway 
obstruction. On average current cigarette 
smokers show rather less than double the 
annual decline of FEV 1 found in non-smokers 
- about 50 compared to 30 ml per year - but 
this average value conceals a considerable 
range of decline in FEVl in individuals, in 
particular a tail of smokers showing unusu
ally rapid decline (Fig. 5.4). Annual decline in 

hyper-responsiveness found in smokers but 
significance as risk factors may be confined 
to a subgroup of smokers 

FEVI in smokers probably begins at a 
younger age than in healthy never-smokers, 
who show a plateau of FEVl in early adult life 
until 30-35 years of age [20]. 

An obvious possible cause for the differing 
susceptibility of smokers is variation in 
exposure to tobacco smoke. When smokers 
are subdivided according to reported 
daily number of cigarettes smoked, some 
relation between cigarette numbers and 
annual decline in FEVl is found, but a wide 
variation in annual rate of decline in FEV 1 per
sists among smokers of similar numbers of 
cigarettes. Nevertheless there is a more than 
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two-fold difference in mortality from COPD 
between smokers of <15 and >25 cigarettes a 
day [21]. Characterization of smoking habit 
solely by current daily cigarette consumption 
- or even cumulative pack-years - does not 
allow for many other factors which influence 
the individual's exposure to cigarette smoke, 
such as the extent to which smoke is taken 
from the burning cigarette and inhaled deep 
into the lungs and the yield of tar, nicotine 
and other constituents of the cigarette. 
Because a smoker's own assessment of depth 
of inhalation is unreliable, smoking pattern 
(or chemical markers of smoking intensity) 
must be measured directly. Small studies of 
smoking pattern in men showing rapid and 
normal rates of decline in FEV} have failed to 
show significant differences. Reduction in the 
tar content of the cigarettes smoked reduces 
mucus hypersecretion [22,23] but it has been 
difficult to determine if the progression of 
airflow obstruction is slowed [22,24-26]. One 
large scale study of mortality and smoking 
habit found fewer deaths ascribed to emphy
sema in smokers of lower tar cigarettes than 
in smokers of medium or high tar cigarettes 
[27]. Undoubtedly any benefit is modest; po
tential benefit may be counteracted by more 
intense smoking of low-tar cigarettes [28]. 
Because there are so many potentially toxic 
constituents of tobacco smoke, it is impossi
ble to exclude the possibility that some partic
ular component of smoke, which might not be 
inhaled in parallel with any of the established 
markers, might be of overwhelming import
ance. But despite inevitable deficiencies in 
quantifying smoke exposure, there is proba
bly a true wide difference in susceptibility 
between smokers which is not explained by 
variation in dose of tobacco smoke. As dis
cussed below, there is clear evidence that 
smoking adds to the risk attached to G'r 
antitrypsin deficiency and dusty occupations; 
interactions between smoking anq other cur
rently unidentified risk factors could account 
for this difference in susceptibility between 
smokers. 

5.3.2 occur A TION 

There are considerable difficulties in identify
ing occupational risks from simple epidemio
logic data, because even such obvious factors 
as quantification of occupational exposure or 
smoking are often not known. Studies of the 
general population usually include a greater 
proportion of workers with low exposure, 
while long-term workplace follow-up may 
exclude some of those at most risk, but allows 
quantification of exposure and change in 
FEV}. The distinction between hypersecretory 
and obstructive disease is particularly import
ant in considering the effects of dust and irri
tant fume inhalation at work. Workers in 
many of the most dusty occupations are fre
quently heavy smokers, and in the past often 
lived in polluted general environments. 
Furthermore it is necessary to distinguish 
between the effects of dust in causing rela
tively transient bronchoconstriction during 
and shortly after exposure and the develop
ment of persistent airway obstruction when 
removed from exposure. 

There is no doubt that many dusty occupa
tions are associated with the development of 
mucus hypersecretion [29,30]: this has been 
established by simple cross-sectional studies 
and general population surveys [30,31,32]. 
Many such studies also show reduced FEV1 

in workers exposed to dust, but it has been 
more difficult to determine whether persis
tent airway obstruction develops to a greater 
extent than predicted from smoking history 
and socio-economic factors. In urban popula
tion studies occupational dust exposure is as
sociated with a higher risk of reduced FEV} 
than exposure to gas or fumes [30,31,22]. 
Recent longitudinal studies of decline in FEV} 
together with quantification of dust exposure 
in coal [33,34] and gold miners have estab
lished a small additive effect of dust exposure 
and smoking in accelerating decline in FEVl1 

previously the source of much controversy 
[34,35]. Accelerated decline of FEV} is also 
found in cotton workers even with improved 



dust control [36,37] and in grain handlers 
[38]; cement workers and farmers also appear 
to be at risk of progressive airways obstruc
tion [30]. As with other risk factors, there may 
well be considerable differences in susceptibil
ity between individuals. The role of fumes 
and gases such as ammonia and S02 in 
causing chronic symptoms after acute expo
sure is more controversial. The prevalence of 
emphysema has been claimed to be greater 
following chronic low dose exposure to 
cadmium fumes and to oxides of nitrogen. 
Recent evidence supports an increased risk of 
developing emphysema in cadmium workers 
[39], although this could be by increasing the 
effects of cigarette smoke rather than by an in
dependent effect which would also be found 
in non-smokers. The evidence incriminating 
oxides of nitrogen is so far inconclusive. 

Because of the long natural history of 
COPD and the overriding importance of 
smoking it is difficult to establish subtle occu
pational effects; probably these are currently 
under-estimated. 

5.3.3 arANTITRYPSIN DEFICIENCY 

The genetic and biochemical background and 
clinical presentation with chronic airways ob
struction and basal emphysema is discussed in 
Chapter 6. Although the genetics have turned 
out to be relatively complex with over 75 bio
chemical variants of the protease inhibitor (Pi) 
system described, the situation is simplified by 
the belief that the risk of developing airflow 
obstruction is indicated by serum levels of ar 
AT measured in the basal state. 

This is particularly convenient because 
there is considerable separation between the 
serum arAT levels with different alleles [40]. 
'Normal' values for the population are 
derived from subjects with the PiMM allele, 
which is found in 85-90% of the population 
in Britain. The next two commonest alleles, 
PiMZ and PiMS, are associated with serum 
arAT levels 50-75% of mean levels of PiMM 
subjects, as is the much less common PiSS 

Risk factors 77 

allele. Most of the subjects with the lowest 
serum levels are homozygous for the Z allele 
(PiZZ) and have blood levels <20% of the 
basal levels in PiMM subjects; a few rare vari
ants, some of which result in complete func
tional absence of circulating arAT, account 
for the remainder of severely deficient pa
tients. The most important other Pi type is 
PiSZ where basal serum levels are 35-40% of 
the levels in PiMM subjects; PiSZ subjects are 
about 7 times more common than PiZZ 
subjects. 

Overall clinical evidence supports a very 
strong relation of disabling emphysema and 
PiZZ, possibly some increased risk with PiSZ, 
while other variants with serum levels 50% or 
more of those in PiMM subjects are not 
definitely associated with increased risk 
of developing COPD. PiSZ subjects have 
significantly lower serum arAT levels than 
other heterozygotes and so would be ex
pected to be at greater risk. Nevertheless in
creased risk has been shown only in one [41] 
of three studies [42,43]. More information is 
available on the risk of emphysema and 
airways obstruction in PiMZ subjects, which 
was extensively investigated in the 1970s. 
These studies typically showed a two to five
fold excess of PiMZ subjects in hospital based 
studies of COPD patients [40,44,45] and mild 
abnormalities of lung function in PiMZ sub
jects, identified by studying relatives of PiZZ 
subjects with COPD [40]. In contrast it has 
proved difficult to show impairment in 
spirometry in PiMZ subjects identified in epi
demiologic surveys [45]; subtle change in 
other tests of lung function and elasticity 
have been suggested [46] but the most com
prehensive study failed to confirm any 
significant changes in a wide range of tests 
[47]. One longitudinal study has shown a 
slightly accelerated annual decline in FEV} in 
PiMZ subjects who smoked [48]. Overall 
therefore there may be a small increased risk 
associated with the PiMZ allele; in contrast 
more limited studies have failed to show any 
risk in PiMS subjects [40]. 
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Early studies in Sweden indicated a very 
poor prognosis for subjects with PiZZ, 
especially in men who smoked. Few 
identified male smokers lived beyond 60 
years and COPD developed even in life-long 
never-smokers [19]. Nevertheless there is a 
suspicion that a considerable proportion of 
PiZZ subjects must escape disability. Cross
sectional studies of PiZZ relatives of 
identified patients show considerable vari
ations in spirometry, beyond that expected 
from age and smoking history [49] and longi
tudinal studies of the rates of decline in lung 
function in PiZZ subjects also show a very 
wide variation (Fig. 5.4) [50,51]. How many 
PiZZ subjects escape severe COPD is 
unknown; screening of adult blood donors in 
the USA has identified a 1/2700 prevalence of 
PiZZ subjects, most of whom had normal 
spirometry and had not been suspected of 
any abnormality [52]. 

5.3.4 RECURRENT BRONCHOPULMONARY 
INFECTIONS 

The relations between chronic mucus hyper
secretion, airways obstruction and mortality 
of smokers are still disputed. In the 1950s it 
was realized that the normal bacterial sterility 
of the bronchi was lost in the presence of 
mucus hypersecretion [53] and the 'British' 
hypothesis arose that chronic bronchitis, al
though often a trivial symptom, could some
times predispose to infections which in turn 
damaged the airways and/ or alveoli leading 
to progressive airflow obstruction. This led to 
a great deal of emphasis being placed on the 
history of chronic cough and expectoration 
and the overall diagnosis 'chronic bronchitis' 
was commonly used, contrasting with the em
phasis on 'emphysema' in North America. 
The British Medical Research Council report 
in 1965 [54] which recommended dividing 
chronic bronchitis into simple mucus hyper
secretion, purulent hypersecretion and 
'chronic obstructive bronchitis' - the last being 
the combination of hypersecretion and persis-

tent airway narrowing - suggested a single 
progressive process. 

There is no dispute that the frequency of 
bronchopulmonary infective episodes in
creases with increase in severity of airways 
obstruction and that infection is the common
est precipitant of acute-on-chronic respiratory 
failure and is often finally responsible for 
death in advanced disease. There is consider
able evidence that smokers have chronic 
inflammation of the airways, irrespective of 
the presence of exacerbation of infections. 
Nevertheless despite its inherent plausibility, 
little experimental support has been obtained 
for the hypothesis that bronchopulmonary in
fections initiate the progressive decline in 
airway function by causing irreversible 
damage to alveolar and airway walls in 
smokers. Trials of continuous winter 
antibiotic prophylaxis and treatment over 
several years (admittedly often in low dose) 
in men with chronic bronchitis in the 1960s 
found no significant slowing of decline 
in lung function [55-57]. Also in the 
1960s Fletcher, Peto and colleagues [3] set 
up an 8-year prospective study in working 
men in West London expecting to establish 
the effects of mucus hypersecretion and 
bronchopulmonary infections on rate of 
decline in FEV 1. They found that acute bron
chopulmonary infection caused declines in 
lung function which sometimes lasted for 
several weeks but that recovery was usually 
complete. Although they found the usual as
sociations between mucus hypersecretion, in
creased frequency of infection and lower 
absolute levels of FEVv they concluded that 
neither mucus hypersecretion nor bronchial 
infection caused FEV1 to decline more rapidly 
because after adjusting for age, smoking and 
FEV 1 level, there was no independent corre
lation between indices of mucus hypersecre
tion or bronchial infection and annual decline 
in FEV 1. This led them to suggest that the hy
persecretory and obstructive components of 
smoking-induced chronic lung disease should 
be regarded as 'largely unrelated conditions, 



chronic phlegm production being much less 
important'. With the known potential of in
fection to cause tissue damage, these results 
were, and remain, extremely surprising. 

A number of subsequent studies have re
examined this important question. No relation 
between frequency of respiratory infections 
and decline in FEV} or PVC was found in 
members of the Belgian Air Force [58], obvi
ously an unusually young and fit group of 
men. In compiling the Tecumseh index of risk 
of chronic obstructive pulmonary disease 
(COPD), Higgins and colleagues [59] found no 
additional predictive value from the presence 
of cough or phlegm after allowing for age, 
smoking habit and FEV}. Peto, Speizer and col
leagues [4] analysed mortality from chronic 
lung disease in a large number of men who 
had been studied in surveys in the UK 
between 1954 and 1961; after adjustment for 
initial lung function, the relative risk of chronic 
phlegm production for mortality was only 1.4 
and not statistically significant (Fig. 5.3). This 
compares with a risk ratio of over 50 for the 
correlation between reduction in FEV} and 
COPD mortality. A similar relative risk factor 
for phlegm 0.35) contributing to total mortal
ity in a 22 year follow-up has also been found 
in Paris men [60]. Negative studies have been 
published from follow-up of men in the 
Whitehall study [61] and in Cracow (relative 
risk 1.1) [62]; the latter study did show a mar
ginally significant association of mucus hyper
secretion and mortality (relative risk 1.56) in 
women. These studies, therefore, generally 
support the conclusions of the original West 
London Study that any risk associated with 
mucus hypersecretion was small. In contrast, 
Kanner in Salt Lake City found that frequent 
lower respiratory tract illnesses were associ
ated with accelerated decline in FEV} and PVC 
in a group of patients who already had COPD 
at recruitment [63]. (In this study annual 
decline in FEV} was examined without allow
ing for FEV} at the time of recruitment.) The 
major source of the positive association was a 
group of 15 patients with intermediate or 
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severe a-antitrypsin deficiency. Two other 
studies [5,6] have found 3 or 4-fold increases 
in risk ratios for death from COPD associated 
with chronic mucus hypersecretion, still an 
order less important than for a reduced FEV}. 
In the study from Copenhagen [5] hypersecre
tion was associated with a relative risk of 
death from COPD of 1.2 if FEV} was 80% pre
dicted and of 4.2 if FEV} was 40% predicted. 
Thus, once obstruction has developed, hyper
secretion and/ or infections may accelerate 
further decline in FEV} and even precipitate 
respiratory failure. Apart from the Salt Lake 
City [63] and Copenhagen [5] studies, there are 
indications of this in the more obstructed sub
groups of men in both West London [3, p. 256] 
and Paris [60] studies. 

Certainly when there are additional mech
anical or immune defects in lung defence 
mechanisms, such as in cystic fibrosis [64] and 
complete [65] or subclass [66] hypogamma
globulinemia, frequency of infections does 
appear to be related to sustained decline in 
FEV}. Childhood infections may be more im
mediately damaging or may subtly impair the 
subsequent ability of the adult lung to handle 
irritants [67]. Infection both in children and 
adults may be more important in communities 
with poor socio-economic conditions where 
infections are particularly common and 
severe, nutritional status is poor and antibi
otics are less available. Hence the conclusions 
reached about the apparent lack of effect of 
mucus hypersecretion and bronchial infec
tions in causing progressive airway 
obstruction in the general population of 
smokers with mild or moderate impairment of 
lung function should not be extended beyond 
the relatively healthy adult populations in 
which they were obtained. 

5.3.5 ALLERGY AND AIRWAY 
HYPER-RESPONSIVENESS 

In contrast to most British and North 
American doctors, some doctors in the 
Netherlands have regarded asthma and 
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COPD as two aspects of the same basic 
process, proposing that smokers with chronic 
and largely irreversible airflow obstruction 
shared with asthmatic subjects a common al
lergic constitution and increased airway re
sponsiveness [68]. This theory was termed the 
'Dutch' hypothesis by Fletcher and colleagues 
[3] whose own investigation failed to find any 
relation between increased airway respon
siveness to inhaled histamine (or evidence of 
allergy) and accelerated annual decline of 
FEV1 in smokers. However, subsequent 
studies of middle-aged smokers with some 
impairment of lung function have consis
tently shown a positive relation between in
creased airway responsiveness to inhaled 
methacholine or histamine and accelerated 
annual decline in FEV lover the preceding 
years [69,70]. In addition smokers show a 
slight elevation of total serum IgE which is in
dependent of atopic status as defined by posi
tive skin tests to common inhaled allergens 
[70-73]. These findings will be described in 
more detail in the next two sections before 
considering their importance as risk factors 
for progressive airways obstruction. 

(a) Airway hyper-responsiveness 

Investigation of airway hyper-responsiveness 
(AHR) in smokers and patients with COPD in 
the last 15 years has centered on two main 
questions: (1) is the AHR found in these sub
jects similar to that found in atopic or asth-

matic subjects, or is it directly related to 
smoking?; (2) is AHR in smokers important 
for the development of progressive airways 
obstruction? 

Some qualitative differences between AHR 
in smokers or COPD and asthma have been 
described (Table 5.3). Thus cross-sectional 
studies show that AHR is more common in 
middle-aged than young non-atopic smokers 
[69,74] and is almost invariably present 
when there is reduction in baseline FEV1 

[75,76] (Fig. 5.5). In contrast, in asthma AHR 
may be found with normal baseline lung 
function. The intensity of AHR tends to be 
greater in asthma than COPD, patients with 
COPD having AHR in the range of mild to 
moderate asthma as defined by the 
McMaster group [77]. The intensity of AHR 
in asthma is related to the eosinophil count 
in the peripheral blood but this is not the 
case in COPD [68]. In normal subjects a 
plateau of airway narrowing restricting con
striction is found as the dose of inhaled hist
amine or methacholine is increased [78,79]. 
No limits are found in symptomatic asth
matic subjects [78], but smokers with COPD 
show limited bronchial narrowing to inhaled 
methacholine but not to histamine [80]. 
Some, but not all, studies suggest that 
patients with COPD are significantly less 
responsive to methacholine than histamine 
[80,81]. For a given intensity of AHR diurnal 
variation in peak expiratory flow is greater in 
asthma than in COPD [82]. 

Table 5.3 Contrasts between airway hyper-responsiveness to inhaled histamine in subjects with asthma 
and smokers 

Relation to 
baseline FEV 1 

diurnal variation in PEF 
blood eosinophil count 

Slope of dose-response curve 
Plateau of response when symptomatic 
Response to indirect stimuli 

Asthma 

Weak 
Strong 
Present 
Steep 
Absent 
Consistently present 

Smokers 

Strong 
Weak 
Absent 
Shallow 
Sometimes present 
Weaker but present 
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Fig, 5,5 Percentages of men and women respond
ing to <5 and <25 mg/ml concentrations of metha
choline with a >20% decline in FEV} from baseline, 
by baseline FEVv percent predicted. -e- = women, 
<25 mg/ml; -D- = men, <25 mg/ml; - -e- - = 
women, <5 mg/ml; - -0- - = men, <5 mg/ml. Data 
of Lung Health Study: tests were made in 3572 
men and 2074 women; mean age 48 years and 
smoking on average 30 cigarettes/day. 
(Reproduced from Tashkin et al. 1992 [76] with 
permission.) 

In the studies reviewed so far, AHR tests 
were performed with directly acting broncho
constrictor drugs such as histamine or metha
choline. These drugs may be expected to give 
enhanced airways responses when there is 
airway wall thickening [83] as is found both 
in asthma and to a more limited extent in 
COPD [84]. Investigators have therefore 
searched for a specific constrictor challenge 
which might depend on release of mediators 
from mast cells and be present in asthma but 
not in COPD. Many stimuli which do not act 
by directly contracting airway smooth muscle 
have been investigated in asthma; these 'indi
rect' stimuli are believed to act by stimulating 
neural pathways or by cellular activation (or 
both) which then results in contraction of 
airway smooth muscle. The most specific 
challenge appears to be with inhaled adeno
sine monophosphate (AMP), which slightly 
dilates the airways in normal, non-atopic in
dividuals but causes airway narrowing in 
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asthma. Inhaled AMP is believed to stimulate 
mast cells in the airway lumen/wall to 
release histamine and other mediators and its 
bronchoconstrictor effect is inhibited by treat
ment with Hrantagonists in subjects with 
asthma [85]. Smokers with mild airways ob
struction, however, also develop airway nar
rowing after inhaling adenosine, although 
they are less sensitive than subjects with 
asthma. Similarly all other 'indirect' stimuli 
that have been examined so far in smokers 
and/or patients with COPD cause some 
airway narrowing although in general the 
stimulus has to be stronger and the response 
is weaker than in subjects with asthma. 

Numerous studies of the short-term effects 
of drugs in attenuating AHR in asthma and in 
smokers have also been made. In asthma beta
adrenoceptor agonists have a considerably 
larger short-term effect on attenuating AHR to 
histamine or methacholine (up to 4 doubling 
dilutions increase in provocation concentra
tions) than anti-muscarinic drugs (up to 1.5 
doubling dilutions) [86]. Similar results are 
found in smokers with mild airflow obstruc
tion, which is slightly surprising in view of the 
emphasis given to the usefulness of muscarinic 
antagonists in smoking-related airways ob
struction. Short-term studies of aspirin and 
other non-steroidal anti-inflammatory drugs 
have shown no effect on AHR in smokers [87]. 
The most striking difference between the AHR 
of asthma and smokers is the response to 2-3 
months treatment with inhaled corticosteroids, 
which is very effective in attenuating AHR in 
asthma but is usually ineffective in smokers 
with mild airways obstruction. (Chapter 18). 

Thus no test for distinguishing the AHR of 
smokers from that of asthma has been estab
lished but the increase in prevalence of AHR 
with length of smoking history and reduction 
in baseline FEVt have led to the hypothesis 
that in many smokers AHR may be acquired. 
There is a variety of possible geometric expla
nations for increased responsiveness [69] 
which include (a) airways obstruction result
ing in more central deposition of aerosols, 
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(b) a given absolute shortening of airway 
smooth muscle resulting in a proportionately 
bigger rise in resistance in a narrowed 
airway, (c) loss of airway wall support due to 
emphysema [88], (d) increased thickening of 
airway walls [83]. 

(b) Allergy 

Non-asthmatic smokers show modestly raised 
serum IgE, greater sensitization to certain rare 
occupational allergens, and increased blood 
eosinophil counts compared to healthy never
smokers. The increase in total IgE is indepen
dent of the presence of positive skin tests to 
common aero-allergens [71-73], does not 
follow the usual pattern of seasonal variation 
[71] and is not related to allergic rhinitis. 
Furthermore the prevalence of a personal or 
family history of allergic disease or positive 
skin tests to common aero-allergens is not in
creased in smokers [70,75]. In contrast the in
crease in IgE is related to age and pack-years 
smoked, and occurs at an age when IgE is de
creasing in cross-sectional population surveys 
of never-smokers; the level of IgE in groups of 
ex-smokers declines over the years following 
stopping smoking [71]. This has prompted 
study of whether the raised IgE is specifically 
related to allergy to tobacco [70] or to coloniza
tion by Strep. pneumoniae [89], but no conclu
sive results have been obtained. Another 
hypothesis has been that the airway inflamma
tion induced by smoking may increase 
mucosal permeability allowing non-specific 
sensitization to inhaled allergens. This has 
been supported by finding that smokers 
develop specific IgE more readily than non
smokers to a variety of unusual occupational 
antigens [70,90,91]; this finding conflicts with 
the lack of evidence that the general popula
tion of smokers show increased skin sensitiza
tion to common aero-allergens. 

Total eosinophil counts in venous blood are 
higher in non-asthmatic smokers than never 
smokers but it is less certain whether the in
crease is disproportionate to the approxi-

mat ely 30% rise in total leucocyte count 
found in smokers [73,92,93]. An increase in 
eosinophils (>5% of totalleucocytes) is associ
ated with ventilatory impairment [94], but the 
strength of this association at least in subjects 
without a diagnosis of asthma is rather weak 
and probably stronger in never and ex
smokers than in current smokers [75,93]. 
Indeed Burrows' group in Tucson, who have 
been impressed with the general importance 
of allergic indicators as predictors of symp
toms and reduced lung function in their pop
ulation studies [94], find that once subjects 
with diagnosed asthma are removed, there is 
no evidence that these allergic indicators are 
important in smokers [95]. 

(c) Relevance as risk factors for 
progression of COPD 

Atopy and cigarette smoking both involve 
about one-third of the population. Because 
there is a clear relationship between total IgE, 
positive skin tests to aero-allergens and 
airway hyper-responsiveness in asthmatic 
and atopic subgroups of the population, these 
relationships will be found also in large popu
lation studies which include smokers unless 
the adverse effects of smoking are so strong 
as to make smoking a rarity among asthmatic 
subjects. Despite the presumption that adoles
cents with asthma would be particularly dis
couraged from taking up smoking, smoking 
is not rare among asthmatic subjects [96] and 
the onset of asthma in middle-age has been 
found to be no more common in smokers 
than non-smokers [97]. Indeed there is a con
trary strand of reports of asthma first emerg
ing after quitting smoking [98]. 

Recent results of the Lung Health Study in 
North America confirm the importance of 
AHR as a risk factor for subsequent decline in 
FEV 1 in smokers. Some of the difficulty in de
termining the importance of hyper-respon
siveness in the pathogenesis of accelerated 
decline in FEV1 (see review in [70]) could be 
explained if increases in airway responsive-
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Fig. 5.6 Probability of airway hyper-responsive
ness to inhaled histamine in a community survey 
in South of England in subjects 18-64 years accord
ing to current smokings and atopic (A) status (mean 
weal size to 3 common aero-allergens >4 mm). 
(Slightly modified from Burney et al. [74] with 
permission.) 

ness (and to a lesser extent increase in total 
IgE) could result either from an allergic or a 
smoking related mechanism. Community 
surveys provide some evidence supporting 
this (Fig. 5.6) [74] and also for some interac
tion between smoking and atopy [74,92]. 
Because at present there is no way to distin
guish these two types of pathogenesis in epi
demiologic studies, the results of such studies 
will be heavily influenced by the rates and 
strength of smoking habit and the age, gender 
and atopy profile in the community studied. 
Indeed Burrows and co-workers have sug
gested that it is useful to consider two major 
causes of persistent airflow obstruction in 
middle-aged and elderly subjects. One type is 
associated with an asthmatic predisposition, 
and may be associated with childhood respi
ratory problems, atopy, blood eosinophilia 
and high levels of serum IgE. The second type 
occurs primarily in male smokers, has a more 
insidious progression of airways obstruction, 
a much worse prognosis and has no obvious 
relation to eosinophilia or elevated serum 
IgE. Burrows has suggested calling the first 
type 'chronic asthmatic bronchitis' in contrast 
to the more emphysematous type of COPD 

without clinical significance; AHR may be re
sponsible for some of the overlapping symp
toms between asthma and COPD, for the 
increased susceptibility to exposure to smog 
episodes and cold air, perhaps playa part in 
the reduction in lung function which persists 
for some weeks after acute infections, and 
may be responsible for the improvement after 
bronchodilator drugs in acute exacerbations. 

5.3.6 INTERACTION OF RISK FACTORS 

A clear interaction between homozygous O'r 
antitrypsin deficiency and smoking habit has 
been demonstrated for rate of decline in FEV1 

[50] and mortality [19]. Some studies of occu
pational dust exposure also find an additive 
effect in smokers and a very much smaller at
tributed effect in never-smokers. There are 
also suggestions that women are less likely to 
develop chronic mucus hypersecretion [100] 
and impaired lung function [102] for a given 
smoking history. 

5.4 MODIFICATION OF RISK FACTORS 

Few controlled long-term intervention studies 
have been made in COPD. Some non-system
atic information is available on the results of 
bullectomy (Chapter 22) and lung transplanta
tion (Chapter 23); undoubtedly these surgical 
procedures can improve radically the progno
sis for a few patients with COPD, but the 
number of patients so treated is small. Two 
controlled studies have been made of the im
proved prognosis associated with long-term 
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home oxygen in patients with advanced 
disease and chronic hypoxemia (Chapter 20). 
Trials of replacement therapy in Ur 
antitrypsin deficiency in North America are 
proceeding but without control groups. 

Several long-term studies of inhaled drug 
treatment are in progress: The Lung Health 
Study in North America in which the effects of 
quitting smoking and of regular use of an 
inhaled muscarinic antagonist were studied 
over 5 years [76] has shown AHR to be an im
portant risk factor for accelerated decline in 
FEV1 in smokers, although this decline was not 
slowed by treatment with the muscarinic an
tagonist, perhaps because these agents only 
weakly attenuate AHR [86]. One three-year 
study of inhaled glucocorticosteroids has been 
published [101] and three large studies are in 
progress in Europe. 

At present, most information is available 
on the effects of quitting smoking; there are 
no studies following removal of any 
environmental or occupational risk. 

5.4.1 EFFECTS OF STOPPING SMOKING 

In younger subjects with relatively minor loss 
of lung function short-term studies have 
shown small improvements in some aspects of 
lung function (SBN2 test, frequency depend
ence of compliance) on stopping smoking but 
changes in spirometry or maximum expiratory 
flow-volume curves have been inconsistent 
[103]. In middle-aged or older subjects with 
mild airways obstruction, rates of decline in 
FEV1 after quitting smoking approach those 
found in never-smokers [2,3,101,104]. There is 
also a small early improvement in FEV 1. When 
cigarette consumption is assessed in terms of 
total 'pack-years' (average daily consumption 
in packs of 20 cigarettes x years of smoking) 
some, but not all, cross-sectional studies have 
shown slightly higher mean FEV1 in ex
smokers than current smokers [105-107]. 

Longitudinal measurements in the Lung 
Health Study show an improvement in FEV1 

in the first months after quitting and, indeed, 
a decrement if smoking is resumed, confirm
ing the presence of a reversible element in 
spirometry in smokers. Nevertheless, at any 
given time in an individual the cumulative 
total smoking history is the major deter
minant of lung function. There is very little 
direct information on the short-term and 
long-term effects on FEV 1 of quitting 
smoking in individuals with more advanced 
COPD. It has been difficult to find an im
proved prognosis in ex-smokers with ad
vanced disease [8,17]; indeed the British 
doctors' study showed increased mortality 
during the first 9 years after quitting [21]. 

As discussed in the earlier section on im
pairment of lung function, mild reductions in 
TLco IV A are reversed fully on quitting 
smoking, so that ex-smokers as a group are in
distinguishable from never-smokers [11]. But 
as disease progresses an irreversible reduction 
in TLco IV A develops in a proportion of 
subjects who develop impaired FEV1 [14]. 

5.5 PROGNOSIS 

Overall, age and baseline FEV 1 are the 
strongest predictors of mortality [8,17]. Fewer 
than 50% of patients with FEV1 <30% pre
dicted survive 5 years, and the prognosis is 
still poor in patients with higher initial FEV1 

(Fig. 5.7) [17]. Survival is more closely related 
to post- than pre-bronchodilator FEV1. 

Mortality is related to reduced body weight, 
but because this in tum is related to reduced 
FEV 11 it is not clear if it has an independent 
effect on survival in COPD. 

Concealed in these group trends there are 
great variations between individuals and vari
ations within individuals in the rate of pro
gression with time (and possibly treatment). 
Survival for 10 years or more has been ob
served in individuals with advanced disease 
and very low FEV1 (even in individuals who 
have continued smoking) yet such individuals 
must have had accelerated decline in FEV 1 at 
some earlier period. 
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Fig. 5.7 Three-year survival of patients with 
COPD in the intermittent positive-pressure breath
ing (IPPB) trial in North America according to 
post-bronchodilator FEV! at entry. As IPPB treat
ment had no effect, results for IPPB and control 
group are combined .• ~60, 0 >60 years at entry. 
(Reproduced from Anthonisen [17] with 
permission.) 

The dominant role of FEV1 in predicting 
outcome is in part because it can be applied 
across the full spectrum of disease from initial 
health to advanced disease, and in part 
because the amount of data available on FEV1 

is much greater than that on other potential 
prognostic factors. Particularly when patients 
with more advanced disease and a more 
limited range of FEV 1 are studied, other 
important prognostic factors can be identified 
[8,17]. Unfavorable factors include severe 
hypoxemia, high pulmonary artery pressure 
and low carbon monoxide transfer. Favorable 
factors presumably include stopping smoking 
(at least when this is achieved before COPD is 
too advanced) and a large bronchodilator 
response. 

There is very little information on the extent 
to which the 'natural history' can be modified 
by current treatment. The only treatment so far 
shown to improve long-term prognosis is 
home O2 for 15 hours or more a day in patients 
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with advanced disease (Chapter 20). The use 
of intermittent positive-pressure breathing as 
an addition to a standard regimen failed to 
improve survival [108]. A large controlled trial 
of regular inhaled muscarinic antagonists in 
North America failed to slow the 5-year 
decline in FEV1. Ongoing trials of inhaled glu
cocorticosteroids in Europe should clarify 
whether this widely used treatment slows 
decline in FEV1. Prognosis in a small number 
of individuals can be radically improve by 
lung transplantation or bullectomy. 

As originally shown in the Framingham 
study [109], a modestly reduced FEV1 is a 
significant predictor of later cardiovascular 
mortality, even after adjustment for cumula
tive smoking habit and other associated factors 
[61,110]. Airways obstruction is also an impor
tant additional risk factor for lung cancer, in
dependent of increasing age or smoking 
history [111]. 

5.6 DIFFERENT SUBGROUPS OF COPD 

Most published surveys, and indeed trials of 
treatment such as that of intermittent positive
pressure breathing, assume that COPD can ef
fectively be separated from asthma. While this 
is relatively easy in younger subjects with 
highly variable and fully reversible disease, in 
middle-aged and older subjects asthma often 
becomes incompletely reversible with persist
ent airway obstruction despite vigorous treat
ment. Analysis of the characteristics and 
prognosis of individuals with an initial FEV1 of 
45-59% of predicted value in a community 
survey in Tucson, USA showed that when in
dividuals with a reported diagnosis of asthma, 
who also were non-smokers and/or atopic 
('chronic asthmatic bronchitis') were separated 
from those with classic COPD (who were all 
non-atopic smokers or ex-smokers), there were 
large differences in 10-year survival (Fig. 5.8). 
Survival of the COPD group was no better 
than that of patients studied in Chicago 20 
years earlier [112]. Average rates of decline in 
FEV 1 were 5 ml per year in the asthma group 
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Fig. 5.8 Ten-year survival in three groups of sub
jects with initial FEV 1 45-59% of predicted value. 
Two groups of subjects identified in Arizona com-
munity survey (atopic and/or non-smokers ___ ; 
non-atopic smokers 0- -0) and followed in the 
1980s are compared with an earlier group of pa
tients with smoking-related COPD (0-0) followed 
in Chicago in the 1960s. (Reproduced from 
Burrows et al. [112] with permission.) 

and 70 ml per year in the COPD group. In the 
Arizona community survey there were also 
many subjects who were difficult to place in 
the two polar groups. These subjects were pre
dominantly men, had similar mean age and 
FEV} to the other two groups at enrolment and 
similar smoking histories to individuals in the 
classic COPD group but differed from the 
group with classic COPD in showing more 
asthmatic features such as positive allergy skin 
tests, increased blood eosinophils, raised 
serum IgE and wheezing. This group had 
annual rates of decline in FEV} and survival 
intermediate between the subjects classed as 
asthma and COPD, presumably because their 

obstruction can be partially reversed by 
treatment. 

As discussed in the section on allergy and 
airways hyper-responsiveness, these results 
support the relevance of the 'Dutch' hypothe
sis for a subgroup of subjects with persistent 
airways obstruction; they emphasize that 
COPD is a non-specific diagnosis of exclusion 
applied to subjects with persistent airways ob
struction which is poorly responsive to treat
ment and cannot be ascribed to a lengthening 
list of identifiable specific causes which 
include cystic fibrosis, bronchiolitis following 
lung or bone marrow transplant and byssi
nosis. But no precise criteria have been devel
oped for distinguishing individuals whose 
persistent airways obstruction is thought to be 
due to asthma. Because smoking, allergy and 
asthma are so common in the community, in
evitably many individuals will have a combi
nation of features attributed to COPD and to 
asthma, even if the pathogenesis of the two 
conditions was by entirely separate pathways. 
Because drug treatment at present aims to 
improve airway function and inflammation 
and is not directly aimed at preventing pro
gression of emphysema, it is broadly similar 
for all forms of persistent airflow obstruction. 
As a consequence distinction between differ
ent subgroups of patients has not been of 
practical importance for management. But 
with such different prognoses and with appar
ently divergent trends in prevalence in 
Western countries (asthma rising, COPD 
falling, at least in men) clearer means of 
making a practical distinction are required. 
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BIOCHEMICAL AND CELLULAR 
MECHANISMS 

6 

R.A. Stockley 

6.1 INTRODUCTION 

At first sight it may seem an impossible task 
to cover the biochemical and cellular aspects 
of a variety of chronic destructive lung dis
eases encompassed by a term as broad as 
COPD. Indeed even if one assumes that the 
term is largely synonymous with emphy
sema, as suggested by Thurlbeck [1], it is clear 
that even this covers a variety of pathologi
cally and anatomically distinct conditions. 
Whereas it is far from the scope of this 
chapter to argue the pros and cons of patho
physiologic similarities, it may well be that 
the basic processes that lead to COPD (what
ever its pathologic features) have a common 
theme. 

Chronic destructive lung diseases have 
well recognized associations, including risk 
factors such as smoking, pollution, infection 
and some clear genetic associations as in 
cystic fibrosis. However, it remains clear that 
even when the apparent risk factors are 
present there remains a 'susceptibility' that 
determines the presence and degree of lung 
disease. This was best demonstrated by the 
longitudinal studies of Fletcher and Peto [2] 
who suggested that within a population of 
smokers there is a subsection who develop 
accelerated evidence of airflow obstruction. 
Because cessation of smoking prevents this 
rapid decline, the evidence would suggest 
that events related to smoking are the direct 

cause of progressive destructive lung disease 
in this 'susceptible' group (Fig. 6.1). 

Cigarette smoke is essentially a lung irri
tant and results in lung inflammation mani
fest by bronchitis and increased permeability 
to radio-tracers [3]. In addition, lung lavage 
has consistently demonstrated an increase in 
inflammatory cells including macrophages 
and neutrophils in the lungs of smokers. This 
continual and low grade 'inflammation' prob
ably underlies the pathogenesis of emphy
sema in smokers but may also playa role in 

Lung 
Flow 
Rates 

-------. --. 

-- Non smok.rs 
- - - - Heahhy smokers 
_.- Susceptible smokers 

Age 

Fig. 6.1 The effect of age upon airflow obstruc
tion is indicated for healthy subjects. The slow 
decline is similar to that seen for most regular 
smokers. The accelerated rate of decline is also 
shown for the 'susceptible smoker'. Cessation of 
smoking (*) returns the rate of decline to normal 
(adapted from reference [2].) 
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other conditions including bronchiectasis and 
cystic fibrosis (see later). 

The susceptibility of a small population at 
risk from cigarette smoke would probably 
have remained obscure but for two observa
tions in the early 1960s. The most important 
observation was of the association between 
deficiency of alpharantitrypsin (arAT) and 
emphysema in 1963 [4]. In the same year 
Gross and his colleagues also described the 
first animal model of emphysema produced 
by the instillation of a proteolytic enzyme into 
the lungs [5]. Since arAT is a major plasma 
inhibitor of proteolytic enzymes [6] and since 
such enzymes can induce experimental em
physema it seemed likely that the association 
of arAT deficiency with emphysema repre
sented cause and effect. 

On the basis of these two observations the 
proteinase/ antiproteinase theory of emphy
sema was founded. This hypothesis states 
that in health the lungs are protected from 
tissue degradation by inhibitors of proteolytic 
enzymes. However, when the inhibitors are 
deficient or the enzyme load is excessive the 
protective screen of inhibitors is no longer 
sufficient and the uncontrolled enzymes 
degrade lung tissues, leading to destructive 
lung disease. 

This concept has now become central to our 
understanding of the pathogenesis of many 
lung diseases and has influenced thinking to 
such an extent that pharmaceutical agents 
have been developed to regulate the process. 
The remainder of this chapter examines the 
evidence to support this concept, explores 
the putative mechanisms and addresses 
the potential for determining susceptibility 
and modifying the disease process 
thera peu tically. 

6.2 ANIMAL MODELS 

The development of animal models of em
physema has increased greatly our under
standing of the pathogenic mechanisms of the 
disease process. There remain concerns, 

however, over the validity of such emphy
sema models. In particular the pathologic 
changes of air space enlargement are often 
not typical of those seen in the human 
disease. In addition, many of the models 
depend upon single exposure to the relevant 
agent and rapid development of the changes, 
which does not mimic the chronic develop
ment of emphysema in man. Furthermore 
there has yet to be an animal model devised 
that develops emphysema purely as a result 
of cigarette smoke exposure. Nevertheless, 
with these reservations the relevance of 
animal models to human emphysema does 
have some foundation. 

6.2.1 ELASTASE MODEL 

By far the most extensively studied model of 
emphysema relates to the role of elastases. 
This is because of the association of arAT 
deficiency with emphysema and the sub
sequent evolution of the proteinase/ anti
proteinase hypothesis. Only enzymes with 
the ability to degrade elastin (elastases) have 
the potential to cause experimental emphy
sema. The early experiments were carried out 
with porcine pancreatic elastase but studies 
rapidly progressed to identify and assess a 
human enzyme with the same capability. 

In 1968 Janoff and Scherer first described an 
elastinolytic enzyme in the human neutrophil 
[7] and since the plasma of arAT deficient 
subjects had a decreased ability to inhibit this 
enzyme [8] it became the most likely mediator 
of emphysema in these subjects. The poor neu
trophil elastase (NE) inhibitory capacity of ar 
AT deficient serum is shown in Fig. 6.2 and 
studies confirm that arAT is the most potent 
natural inhibitor of this enzyme [9]. In 1972 
Lieberman demonstrated that leukocyte 
enzymes could digest arAT deficient lungs 
and that this could be prevented by arAT [10]. 
It was not until 1977 that purified NE was 
shown to produce emphysema in experimen
tal animals [11] and that it was associated with 
decreased lung elastin [12]. The decrease in 



100 

Elastase 
Activity 

(%) 

50 

\ 
\ 
\ 

o~----~~------------------
Volume of Plasma 

Fig. 6.2 Inhibition of neutrophil elastase is shown 
for increasing volumes of normal (PiM) plasma 
and aI-antitrypsin deficient (PiZ) plasma. The 
latter requires greater volumes of plasma to inhibit 
the same amount of enzyme. 

lung elastin was transient and after the initial 
exposure to elastase the lung elastin gradually 
returned to normal [12]. Despite this 'repair' 
process to the connective tissue the lung archi
tecture remained abnormal and 'emphysema' 
developed [12]. 

The experiments summarized above are 
unphysiologic and involve the intratracheal 
instillation of single doses of neutrophil con
tents or purified enzymes. However, similar 
though milder lesions have been generated 
following intrapulmonary sequestration of 
neutrophils with endotoxin both in monkeys 
[13] and dogs [14]. Furthermore the gen
eration of anti-elastase deficiency at the same 
time results in the development of a greater 
degree of emphysema [15]. 

These, and many other studies, confirm the 
potential of NE to cause 'emphysematous' 
lesions in the lungs of experimental animals. 
On the basis of these studies, the reduced 
plasma inhibitory activity against elastase 
and the susceptibility of patients with arAT 
deficiency to develop emphysema, NE has 
been considered the most likely cause of this 
disease in man. Thus the proteinase/ 
anti proteinase theory has largely developed 
into an elastase/anti-elastase theory of the 
pathogenesis of emphysema with NE being 
the major enzyme implicated. 
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6.3 ALPHA1-ANTITRYPSIN 

Alpharantitrypsin is a 52 KDa glycoprotein 
that is a potent inhibitor of serine proteinases. 
Although it has a broad spectrum of in
hibitory activity against enzymes in this class 
its greatest affinity is for the enzyme neu
trophil elastase and this is believed to be its 
major role [9]. It is made by hepatocytes [16] 
and its 'normal' plasma concentration is ap
proximately 2 gil although this can increase 
rapidly [17] as part of the 'acute phase' 
response. 

The protein is readily identified in the lung 
secretions and its concentration is dependent 
upon its size, plasma concentration and 
the degree of lung inflammation [18-20]. 
Although monocytes and macrophages can 
also make arAT it is generally believed that 
most of the lung arAT is derived from the 
plasma. 

The protein is coded for by a single 12.2 
kilobase gene on chromosome 14 [21] and 
consists of seven exons (4 of which code for 
the mature protein) and 6 introns. The first 3 
exons are not translated into protein and their 
transcription to mRNA is dependent upon 
the cell of origin [22]. The relevance of this 
difference is not known. 

The mature protein consists of 394 amino 
acids with 3 carbohydrate side chains. The 
genes are pleomorphic with over 70 known 
alleles and these usually involve amino acid 
changes that do not alter protein structure, 
function or expression. Most such changes 
alter protein charge which is reflected in 
changes in electrophoretic mobility. These 
electrophoretic changes are responsible for 
the original classification of arAT pheno
types (the Pi classification), some of which are 
related to deficiency states (see below). The 
protein is globular in structure but the 
enzyme inhibitory region protrudes and in
teracts with the active site of its target 
enzyme. In this respect the Met358-Ser359 se
quence at the active site is the crucial 
sequence that gives aI-AT its specificity. This 
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sequence has implications for both the func
tion of arAT and potential therapy in em
physema (see later). 

6.3.1 ALPHArANTITRYPSIN DEFICIENCY 

Our current concepts concerning the cellular 
and biochemical events underlying the patho
genesis of emphysema relate directly to the 
first description of arAT deficiency in 1963. 
In the preliminary paper [4], Laurell and 
Eriksson first described 5 subjects in whom 
the aI band on paper electrophoresis was 
absent (Fig. 6.3). Three of the original subjects 
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Fig. 6.3 Paper electrophoretic strips from normal 
(lower track) and arAT deficient plasma (upper 
track). Note the absence of the al protein band in 
the upper track. The trypsin inhibitory activity is 
shown for the respective bands (hatched columns). 
The major trypsin inhibition resides in the al band 
(reproduced with permission from reference [6].) 

had severe, early onset emphysema suggest
ing an association, which was confirmed in a 
subsequent study including the inherited 
nature of the deficiency [23]. 

(a) The Pi System 

Isoelectric focusing showed that arAT from 
normal subjects and those with deficiency 
could be distinguished (Fig. 6.4) and it 
became clear that the protein showed marked 
electrophoretic pleomorphism. This led to the 
protein being classified phenotypically by its 
isoelectric properties (Pi). Such studies 
clarified the genetic expression of the protein. 
The common Pi type was designated M and 
the deficient Pi type was designated Z. 
Studies confirmed that heterozygotes with 
a combination of both patterns (M and Z) 
also existed (Fig. 6.4). The phenotype 
related to the plasma concentrations of 
aI-AT: M homozygote approximately 2 gil; 

... 
... 

M MZ Z 

Fig.6.4 Isoelectric focusing of arAT M, MZ and 
Z phenotypes are shown. Note the heterozygote is 
a combination of patterns seen for the M and Z 
phenotypes (figure kindly supplied by E.J. 
Campbell, University of Utah, USA). M and Z 
specific bands are shown by arrows. 
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Table 6.1 Average plasma levels of O!rantitrypsin for more common phenotypes 

Phenotype Average basal concentration Risk factor for emphysema 

MM 
55 
M5 
MZ 
MNull 
5Z 
ZZ 
ZNull 
Null Null 

2 gil 
1.2 gil 
1.6 gil 
1.2 gil 
1.0 gil 
0.8 gil 
0.4 gil 
0.2 gil 

No 
No 
No 
No 
No 
Yes 
Yes 
Yes 
Yes 

Relationship of phenotype to average arAT concentrations and risk for emphysema. Note, however, that the M and 5 
phenotypes show acute phase responses and the range for these phenotypes is wide (MM normal range 1.4-2.8 gil 
but may rise to 4-6 g/!). On the other hand the PiZ phenotype may only rise to 0.55 gil. The arrow indicates threshold 
for risk. 

MZ heterozygote approximately 1.2 gil and 
Z homozygote approximately 0.3 gil (Table 
6.1). Thus it became apparent that the genome 
possessed 2 arAT alleles that determined the 
plasma concentration with each M allele re
sponsible for approximately 1 gil and the Z 
allele for 0.1-0.15 gil. 

Since these early studies more than 75 dif
ferent Pi types of arAT have been identified 
and a complex system of nomenclature has 
evolved, some Pi types being associated with 
normal a1-AT concentrations and some with 
low to absent concentrations. The Pi letter 
relates to the position on the isoelectric focus
ing gel (from A to Z) but even the PiM pheno
type can be subdivided into those with 
normal arAT concentrations (indicated by 
the amino acid variation): M1 (Ala218), M1 
(VaF18) and the rarer varieties with very low 
concentrations (indicated by the town of 
origin): MMalton' Finally there are some alleles 
associated with no detectable arAT at all: 
Null Isola de Procida, and Null Mattawa' In the null 
states no arAT can be identified on 
isoelectric focusing and if the subject is het
erozygous (M:Null) the pattern will reflect the 
arAT positive allele alone (M). The clue to 
the presence of a null gene depends on the 
demonstration of a low arAT concentration 
(approximately 50% normal) or a family 
including a homozygote null. Hence 

identification of arAT deficiency and 
its nature requires a combination of 
quantification, isoelectric focusing, familial 
studies and gene sequencing. Indeed it 
should be emphasized that simple quantita
tion of arAT is insufficient to identify some 
of the deficiency states. The values given 
above are average results for a healthy 
population. The M and S phenotypes (com
monly found in partial deficiencies) are regu
latable and may rapidly double in 
concentration as part of the acute phase re
sponse. Thus the MZ, MNull and even SZ 
phenotypes may have concentrations in the 
'normal' range at certain times. However, 
average concentrations for the more common 
phenotypes are shown in Table 6.1. 

(b) Cause of deficiency states 

In theory plasma arAT deficiency can occur 
for many reasons. Like all secreted proteins 
it depends upon the presence of a gene that 
can be transcribed to form messenger RNA. 
This message has to be translated into the 
protein which is then transported from the 
rough endoplasmic reticulum of the cell, 
processed intracellularly and finally 
secreted. Defects at any step in this process 
can lead to decreased or absent plasma 
protein. 
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Although the Z deficiency state has been 
recognized for almost 30 years the mechan
ism has only recently been elucidated. One of 
the features of patients with the PiZ pheno
type is the presence of PAS positive inclusion 
bodies in the liver (Fig. 6.5). These are accu
mulations of the aI-AT protein at the rough 
endoplasmic reticulum suggesting blockage 
at this point. Indeed studies have shown that 
liver and mononuclear cells from PiZ 
patients make normal amounts of mRNA 
[16,24] and this can be translated into normal 
amounts of protein in a cell-free translation 
system [25]. However, if the mRNA is intro
duced into a cellular translation system the 
protein is made but little is secreted indi
cating that intracellular processing is 
impaired [26]. 

Genetic studies demonstrated that the Z ar 
AT gene was normal except for a single point 
mutation (change of a glycine nucleotide for 
adenine) in the DNA sequence that codes for 
the amino acid at position 342 on the mole
cule, resulting in a change from the normal 
glutamic acid to lysine [27]. It was originally 
believed that this single change interfered 
with protein folding because the normal glu
tamic acid at position 342 forms a salt bridge 
with lysine at position 290 [28]. The poorly 
folded protein would not pass through the 
endoplasmic reticulum to enter the secretory 
pathway. However, subsequent studies sug
gested this was not the case and the salt 
bridge was irrelevant but the charge of the 
amino acid at 342 was crucial [29]. Recent 
studies seem to have clarified the mechanism 

Fig. 6.5 Histology of liver from a patient with the PiZ phenotype showing the PAS-positive inclusion 
bodies in hepatocytes (arrowed). (The figure was kindly provided by Dr S. Hubscher, Department of 
Pathology, University of Birmingham.) 



involved. The glutamic acid at position 342 is 
at the base of the inhibitory active site loop. 
When replaced by lysine the normal 'hinge' at 
this region is altered and the active site loop 
is extended. This loop then fits between the A 
sheets of a second molecule leading to spon
taneous polymerization of the protein [30]. 
The net effect is large arAT polymers (seen 
as PAS positive bodies, Fig. 6.5), which 
cannot pass through the rough endoplasmic 
reticulum and hence impair secretion. 

The explanations for other deficiency states 
have taken less time. MMalton (deletion of 
phenyalanine at position 52 [31]) and Siiyama 
(serine53 changed to phenylalanine53 [32]) also 
result in accumulation at the endoplasmic 
reticulum. These defects affect the B helix 
which stabilizes the A sheets and is thought 
to make the space between the sheets more 
accessible for the normal active site loop [30], 
again leading to polymerization. 

A multitude of other defects have been 
identified, characterized and explained by a 
series of molecular and biochemical studies. 
These are covered extensively elsewhere [33] 
but examples of other defects include: 

1. gene deletion: Null Isola De Procida [34]; 
2. premature termination of gene transcrip

tion: NullBeliingham [35] and Nullcranite falls 
[36]; 

3. production of a protein that is less stable 
and thus becomes degraded intracellu
lady: S[37] and PIowell [38]; 

4. normal secretion of al-AT that is non
functional as an inhibitor: MMineral springs 
[39]. 

All these defects (with the exception of the 
S variant) have been associated with the 
presence of emphysema suggesting a causal 
relationship. 

6.3.2 PATHOGENESIS OF EMPHYSEMA IN 
ALPHArANTITRYPSIN DEFICIENCY 

The deficiency alleles are associated with de
creased plasma concentrations of arAT. The 
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common deficiency state (PiZ) probably arose 
in Northern Europe and is confined to cau
casians. In Britain approximately 86% of sub
jects have arAT alleles associated with 
normal concentrations of arAT (MM) 
whereas 9% have the MS phenotype; 3% -
MZ; 0.25% - SS; 0.2% - SZ and 0.03% - zz 
[40]. Of these MS, MZ and SS are associated 
with partial deficiency and SZ and ZZ with 
severe deficiency. Emphysema is well recog
nized in association with severe deficiency of 
the SZ [41] and ZZ phenotype [42], as well as 
the rarer null phenotypes [43]. The incidence 
of the null phenotypes is unknown but is 
probably ten times less than the PiZ pheno
type. However, the relationship to partial 
deficiency and in particular the MZ pheno
type remains controversial. Large population 
studies of subjects with the MZ phenotype do 
not indicate that it is a significant risk factor 
[44]. On the other hand large studies of pa
tients with established lung disease indicate 
that the MZ phenotype is over-represented 
suggesting some susceptibility [45]. In reality 
the effect of the MZ phenotype may be small, 
but it may, in the presence of other risk 
factors, tend to result in more severe disease 
[46]. 

The relationship of phenotypes with lower 
arAT concentrations to emphysema is not 
controversial and this has led to concept of a 
threshold of arAT concentration below 
which susceptibility to emphysema increases. 
This concept has implications for therapy (see 
later). 

Serum deficiency of arAT results in a com
parable decrease in the plasma inhibitory 
capacity for the enzyme NE (Fig. 6.2). Since 
arAT enters the lung largely by diffusion 
from plasma [18] the deficiency is also 
reflected in lung fluids [47,48]. Studies have 
suggested that arAT is the only major in
hibitor of NE in the lower airways [49,50] and 
hence protection of lung tissue from NE 
would be defective in arAT deficiency. 
Indeed animal models have shown that gen
eration of arAT deficiency increases the 
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severity of emphysema following neutrophil 
sequestration [15]. 

Thus it seems likely that the low arAT 
levels in severe deficiency result in reduced 
anti-elastase protection for the lung. In addi
tion, the lungs of arAT deficient subjects 
contain more PMN [47] possibly due to the 
release of chemotactic factors such as L TB4 
[51], thereby increasing the elastase load and 
highlighting the defective anti-elastase screen. 
The net result would be continued and poorly 
controlled degradation of lung elastin by the 
NE released from the recruited cells. 

On the basis of these results and the elas
tase/ anti-elastase theory of emphysema it is 
easy to understand the susceptibility of 
deficient subjects to disease. Indeed the life 
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expectancy of arAT deficient subjects is 
significantly reduced especially if they smoke 
[52] as indicated in Fig. 6.6. The additive 
effect of cigarette smoke may be complex (see 
later) but could influence disease progression 
merely by the increased recruitment of PMN 
(and hence NE) seen in the lungs of smokers 
[53]. 

Nevertheless although mortality is in
creased in early life in arAT deficiency [52] 
the relationship of deficiency to disease is not 
entirely clear. Some patients live to old age 
with relatively well preserved lung function 
even if they smoke [54]. Furthermore our im
pression of the relative risks may be 
influenced by the methods of identification of 
deficiency. Patients are usually identified 

• = SMOKING PiZ MALES 

6 = NON-SMOKING PIZ MALES 

• = ALL SWEDISH MALES 

60 70 SO 90 100 
AGE IN YEARS 

17 15.5 13.5 9 1.5 0 

6 S.5 15 13 6 
EFFECTIVE NUMBER AT RISK 

Fig. 6.6 Life expectancy curves for normal Swedish subjects and those with arAT deficiency. 
(Reproduced with permission from reference [52].) 



after presentation with disease and other 
members of the same family are then investi
gated. Thus most arAT deficient subjects are 
identified because of established disease in 
themselves or a relative. Studies have shown 
that factors other than aI-AT deficiency may 
playa role in these families [55,56]. Hence 
there may well be a selection bias leading to 
an over-estimation of risk and indeed popula
tion screening has identified more 'healthy' 
arAT deficient subjects [57]. Perhaps the true 
risk in arAT deficient subjects will only be 
determined with lengthy follow-up of sub
jects identified at birth [58]. In addition, an 
understanding of the disease process in these 
deficient subjects depends upon the assump
tion that arAT is the major lung anti-elastase 
and NE is the enzyme which causes emphy
sema. Since both assumptions may be incor
rect (see later) our concepts may also be, at 
least in part, incorrect. 

6.3.3 REASONS FOR IDENTIFICATION OF 
DEFICIENCY 

There are three potential strategies that can be 
employed to identify subjects with aI-AT 
deficiency: 

1. identification in a population of patients 
with established disease; 

2. routine population screening; 
3. identification in the perinatal period. 

There are reasons for identifying subjects 
with any of these three approaches although 
each has different indications and 
implications. 

The identification of subjects with estab
lished emphysema is most cost effective. The 
incidence is relatively high, ranging from 
1-2% of all patients presenting with COPD 
[59] to greater than 50% for patients with 
severe disease who are less than 40 years of 
age [60]. The identification of these patients 
has several benefits. First, an explanation for 
their susceptibility can be imparted, thereby 
assisting their medical management. Second, 
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the presence of deficiency will affect progno
sis and this will also help management and 
reinforce the introduction of preventative 
measures (smoking cessation). Third, family 
studies may identify other unrecognized 
members with deficiency who may be less se
verely affected permitting earlier intervention 
and genetic counselling. Finally, the suitabil
ity of the patients for replacement or other 
therapies can be addressed and this will be 
discussed in more detail later. 

The second approach of routine population 
screening is difficult in practice and less cost 
effective, with an expected incidence of 1 in 
3000 in the UK. The advantages of this ap
proach would be to address the true progno
sis of the deficiency in the general population 
without the added effects of other social, en
vironmental and genetic factors that may 
influence the observations in family studies 
based upon index cases (see above). In addi
tion screening may identify subjects with 
early disease where intervention may be 
more effective. 

The final approach involves perinatal 
identification. This can be achieved by both 
postnatal [58] and prenatal diagnosis [61]. 
The advantage of postnatal screening is to 
identify subjects prior to the development of 
disease. Potentially this means that behav
ioral patterns can be impressed in childhood 
thereby preventing late sequelae. However, 
since the proportion of these subjects who 
will develop disease remains unknown, the 
true cost benefit may not be determined for 
20 or 30 years. At present follow-up of such 
subjects has highlighted an increased inci
dence of asthmatic symptoms [62] and pro
vided reassurance concerning possible 
psychological problems in other family 
members aware of the deficiency at this early 
stage [63]. The advantages of screening at 
primary and secondary school age may be 
similar to postnatal screening without the 
potential familial disadvantages although the 
cost-benefit will still await extensive long 
term non-interventionist studies. 
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The use of prenatal screening is very 
limited. Chorionic villus sampling has shown 
that it is possible to diagnose arAT 
deficiency during early fetal development 
[61]. The only advantage to this approach is if 
therapeutic abortion were to be considered. 
Clearly this is not indicated for the lung con
sequences since it is unknown whether they 
will occur in an individual subject and advice 
on smoking may prevent most of the morbid
ity. Even if disease occurs it is compatible 
with a reasonable though reduced life ex
pectancy: 40-50% survival to 50 years of age 
[52]. However, another major problem associ
ated with al-AT deficiency is liver disease, in
cluding cirrhosis [64], primarily liver cancer 
[65] and neonatal jaundice [66]. The latter can 
be fatal and particularly if one such infant has 
been born the risk of a subsequent PiZ infant 
developing the same problem is greater than 
75% [66]. Thus in this limited situation prena
tal screening may be indicated and the poss
ibility of therapeutic abortion can be discussed 
and possibly implemented. 

6.3.4 TREATMENT 

Once a diagnosis of arAT deficiency has 
been made in patients with COPD the thera
peutic strategies are largely similar to those 
used in non-deficient patients. These include 
counselling about the effects of smoking, 
bronchodilators if of proven efficacy and 
treatment for exacerbations and com
plications including cor pulmonale. However, 
on the assumption that the low levels of ar 
AT in the lung cannot protect the tissue from 
damage by NE, alternative strategies have 
been developed. This is based largely upon 
the unproven hypothesis that such ap
proaches will alter the natural history of the 
disease process significantly. 

(a) Increase natural aI-AT production 

AlpharAT is an acute phase protein with an 
ability to double its plasma concentration 
within days and, although the exact mechan-

isms are unknown in vivo, interleukin 6 can 
increase gene transcription in vitro [67]. Based 
on the assumption that arAT gene transcrip
tion is regulatable even in PiZ deficiency, 
several approaches have been investigated in 
an attempt to raise endogenous plasma arAT 
levels. 

Danazol (17 a-ethinyl testosterone) does 
result in moderate elevation of plasma levels 
in some subjects with the PiZ phenotype of 
about 37% on average, but not to levels con
sidered to be above the 'at risk' threshold of 
800 mg/l [68]. Thus together with the poten
tial long term side effects, especially in 
females, this approach is not practical. An 
alternative agent is tamoxifen which binds to 
estrogen receptors and hence should mimic 
the rise in plasma arAT found in pregnancy. 
This has also been shown to have little effect 
in PiZ patients [69]. Interestingly tamoxifen 
does increase the levels of arAT alleles associ
ated with increased cellular degradation of the 
mature protein such as the 5 variant [70]. Thus 
it may be that tamoxifen would be appropriate 
therapy in the 5Z phenotype which does 
impart an increased risk of emphysema but is 
on the borderline of the 'at risk' threshold and 
is heterozygotic for the regulatable 5 allele. 

It may be that other agents will be 
identified with greater potential to increase 
endogenous al-AT production. However, 
they will not be effective in the Pi null vari
ants and may actually exaggerate the PiZ 
protein accumulation and polymerization at 
the rough endoplasmic reticulum and thereby 
worsen hepatocyte damage [30]. Thus this 
general approach is likely to prove impracti
cal in the majority of deficient subjects. 

(b) Replacement therapy 

Because the lung disease is thought to relate 
directly to a deficiency state the most appro
priate therapy would appear to be intravenous 
replacement to raise the circulating plasma 
levels above the 'at risk' threshold. This was 
first shown to be feasible in 1982 by Gadek and 
colleagues in a limited study [71]. In addition 



the authors demonstrated that the alveolar 
lining fluid responded in a similar manner 
with an increase in the anti-elastase protective 
screen. Subsequent studies confirmed that ad
ministering 60 mg/kg on a weekly basis main
tained the plasma level above the protective 
threshold [72]. An alternative strategy based 
upon monthly administration of 250 mg/kg is 
also effective in maintaining 'protective' 
plasma concentrations of arAT [73] but may 
prove more acceptable to patients. 

These replacement strategies depend upon 
the availability of native arAT purified from 
whole blood that has been collected for other 
purposes (transfusions, factor VIII, etc). The 
supply is finite and if replacement therapy 
becomes established an alternative source will 
be required. It is feasible to produce arAT by 
recombinant DNA technology [74] and thus 
the demand could be met. However, recombi
nant arAT (TarAT) lacks carbohydrate side 
chains and has a serum half life of approxi
mately 90 min [75], suggesting that adminis
tration by this route would be impractical. The 
alternative is to deliver the TarAT directly 
into the airways. Studies have shown that 
aerosolization does not inactivate the rarAT 
and a single administration of 200 mg raises 
the levels in bronchial fluids above 'normal' 
for 12 hours or more [76]. In addition the Tal
AT enters the circulation, suggesting it has 
diffused into the lung interstitium where its 
major protective role is required [77]. Whether 
the concentrations achieved at this site are ad
equate and influence the course of the disease 
needs to be determined. 

Clearly these strategies replenish ar A T 
levels in deficiency states. However, they are 
all expensive and have to be given for life. As 
yet it remains uncertain whether this ap
proach will actually influence disease pro
gression and it may prove more cost effective 
to instigate a successful no smoking pro
gramme. Both approaches assume that the 
progression can be altered once moderate to 
severe airflow obstruction has been estab
lished and that the lung disease itself does not 
become self perpetuating. These doubts can 
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only be answered by a formal controlled trial 
although the numbers (more than 600) and 
the time (5 years) required make a worth
while evaluable study highly unlikely. Thus 
at present each case will have to be taken on 
merit with the understanding that this form 
of therapy could be a very expensive placebo. 

(c) Gene therapy 

The severe deficiency states (with the excep
tion of the Z allele) are caused by defects of 
gene transcription or translation. Thus poten
tially the introduction of a normal gene into 
the cell of origin or cells in the lung could 
'cure' the deficiency. Although the prospect 
of gene therapy in humans still has a long 
way to go the methodology is being devel
oped. Initial studies showed it was possible to 
introduce the arAT gene into cultured cells 
in vitro (transfection) and these would 
produce the protein [78]. Furthermore, re
introduction of transfected cells into the peri
toneal cavity of experimental animals 
resulted in release of arAT into the plasma 
and the lung [78]. More recently attempts 
have been made to introduce the arAT gene 
into epithelial cells lining the bronchial tree 
on the assumption that local gene expression 
would increase the anti-elastase screen at the 
site of lung damage. 

Potential mechanisms of gene delivery 
include the transfer of plasmid DNA in lipo
somes and DNA attached to ligands which 
bind to specific receptors on the target cells. 
However, most work has been carried out 
with viral vectors. 

(i) Retroviruses 

Retroviruses are RNA viruses that contain se
quences coding for their RNA and structural 
proteins in addition to the enzyme reverse 
transcriptase. Once the virus enters the cell 
the RNA is released and reverse transcriptase 
changes the RNA sequences into DNA and 
inserts them into the DNA of the infected cell. 
Thereafter the cell DNA insert makes further 
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RNA copies which are made into the virus 
and its structural proteins and new viruses 
are released. 

Manipulation of the virus RNA can exclude 
the sequences that code for the structural pro
teins and include the gene to be replaced (in 
this case a1-AT). The result is 'infection' of the 
target cell, introduction of some virus RNA 
and the replacement gene into the cell's DNA 
and finally 'normal' expression of the 
replacement gene without viral replication. 

At present this approach has several draw
backs including: 

1. Efficient transduction requires the target 
cell to be replicating. 

2. The retroviral vectors can become contam
inated with replication competent viruses 
leading to infection. 

3. The viral RNA may become inserted into 
the cellular genome at a critical site 
activating oncogenes and resulting in 
malignant change. 

Only extensive in vivo experimentation will 
determine the long-term safety of the 
retroviral approach. 

(ii) Adenovirus vectors 

An alternative and probably safer approach is 
the use of the DNA adenoviruses. These have 
several advantages over retroviruses. First, 
they can carry larger segments of DNA. 
Second, they can be obtained in very high 
titers and can 'infect' non-replicating cells, 
which makes them very attractive as a means 
of gene delivery to the airway epithelium. 
Finally, there are less concerns about safety as 
the vectors rarely undergo recombination and 
there are no known malignancies associated 
with adenovirus infection. 

The vector is constructed by removal of the 
E3 region (which will allow encapsidation of 
the recombinant sequence containing the ar 
AT gene) and part of the E1a coding sequence 
to impair the viral replication. The arAT 
gene expression cassette consists of the arAT 
gene and the adenovirus major late promoter 

Adenovirus 
enhancer + 
encapsidation 
signal 

ADENOVIRUS DNA 

Fig. 6.7 Diagrammatic representation of the con
struction of the adenovirus vector for delivery of 
the arAT gene to bronchial epithelium. See text 
for details. (Adapted from reference [79].) 

as well as a polyadenylation sequence 
(Fig. 6.7). Using this vector, the arAT gene 
has been delivered into the lungs of experi
mental animals. The viral DNA undergoes 
illegitimate recombination with the epithelial 
cell genome and the arAT gene is expressed. 
The isolated epithelial cells secret the protein 
and it can be detected in bronchial lining fluid 
for up to a week [79]. 

Although these early experiments seem en
couraging several problems remain. The 
major one is that the adenovirus structural 
proteins are antigenic and thus will induce a 
local immune response. Because the virus 
'infects' non-replicating cells the treatment 
will have to be repeated on a regular basis as 
old cells die and are replaced. Activation of 
the immune system will render the vector in
effective due to prevention of cell infection by 
subsequent treatments. Furthermore even if 
gene delivery can be effectively repeated and 
remain efficiently transcribed, the success will 
depend upon subsequent delivery of the ar 
AT to the lung interstitium to prevent lung 
damage at this site. 

(d) The Z defect 

As mentioned earlier the Z a1-AT accumu
lates at the rough endoplasmic reticulum 



because of polymerization [30]. Gene replace
ment will not prevent this process but if poly
merization can be inhibited the protein 
should be transported normally. In this 
respect insertion of a blocking peptide into 
the A sheets may have therapeutic potential 
if delivery can be facilitated to the hepato
cytes. Clearly further studies are indicated to 
assess this possibility. 

(e) Transplantation 

In severe arAT deficiency transplantation of 
both liver and lung have been undertaken 
successfully. The former has been carried out 
in advanced liver disease and the plasma ar 
AT (which is made by the liver) changes phe
notype in days [80]. Clearly in these patients 
intravenous or inhaled replacement therapy 
would no longer be necessary. 

Single or double lung, as well as 
heart/lung, transplantation has also been 
carried out for patients with severe respira
tory disease. There is uncertainty as to 
whether replacement therapy should follow 
transplantation. However, since the lung 
disease occurs gradually over a 30-40-year 
period and current survival after trans
plantation is considerably shorter, it is poss
ibly unnecessary as a measure to prevent 
recurrence of emphysema. On the other hand 
episodes of acute rejection and atypical infec
tion are inflammatory processes (albeit pre
dominantly lymphocyte mediated) and it 
may be necessary to provide short courses of 
supplementation to cover these events. 

Other potential therapies will be covered at 
the end of the next section on emphysema in 
non-arAT deficient subjects. 

6.4 EMPHYSEMA IN THE ABSENCE OF aI-AT 
DEFICIENCY 

Although the simple concept of emphysema 
relating to a disturbance in the elastase/ 
anti-elastase balance is at least intellectually 
valid in the presence of severe arAT 
deficiency, its relevance to the non-deficient 
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patient is less clear. Nevertheless the overall 
credibility of this hypothesis is so high that its 
principles have been applied to the pathogen
esis of emphysema in subjects with normal 
plasma arAT. However, the processes that 
lead to disturbance of the 'normal' pro
teinase/ antiproteinase balance are less clear 
but a summary of potential mechanisms is 
outlined in Table 6.2. 

In theory this could happen for one of three 
general reasons: 

1. There may be a functional deficiency of 
the inhibitors due to excessive inactivation 
in the lung or failure to mount an appro
priate acute phase response in the 
presence of inflammation thereby pro
ducing a persistent or intermittent relative 
deficiency. 

2. The proteinase burden may be increased 
beyond the protective capacity of the 
anti proteinase in the lung. 

3. A combination of both a relative inhibitor 
deficiency and an increased proteinase 
burden may be sufficient to tip the bio
chemical balance in favour of the enzymes. 

Whichever mechanism applies, the as
sumption is that the enzymes predominate 
either continuously or intermittently, result
ing in unchecked degradation of connective 
tissue leading to COPD. Because of the 
lessons and concepts that have derived from 
studies in arAT deficiency, most of the 
research has again focused upon the balance 
between arAT and NE and in particular 
factors which affect the function of arAT. 

Until the late 1970s extensive studies of 
plasma aI-AT had failed to provide any 
further clues to the pathogenesis of emphy
sema other than identification of the rare 
deficiency states. However, animal models had 
shown that emphysema only occurred if the 
elastase was placed into the lungs directly. 
Furthermore Kimbel and colleagues [81] had 
shown that lung lavage prior to instillation of 
elastase resulted in the development of more 
severe emphysema. This suggested that the 
secretions contained a protective inhibitor 
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Table 6.2 Possible mechanisms of emphysema in subjects with normal arAT 

Functional deficiency of arantitrypsin 
inactivation 

inadequate acute phase response 

Deficiency of other inhibitors 

Increased elastase burden 

Other enzymes 

that had been removed by the lavage pro
cedure. The likely candidate as a lung 
inhibitor appeared to be arAT. 

Studies showed that al-AT was present in 
secretions of patients with COPD and that it 
was partially complexed with NE [20]. 
Furthermore during clinical exacerbations the 
al-AT level rose but the degree of NE 
complex fell and free elastase activity was 
found suggesting the remaining arAT was in 
some way inactivated [20]. 

Studies have shown that there are four 
ways in which arAt can be inactivated: 

1. Oxidation of the critical methionine 
residue at the centre of the active site 
[82]. 

2. Cleavage of the reactive site loop releasing 
the carboxy terminus [83]. 

3. The formation of irreversible complexes 
with proteolytic enzymes [84]. 

4. More recent data have shown that 
insertion of small peptides into the tertiary 
structure between the A sheets can also 
inactivate arAT [85]. 

- oxidation of active site 
- cleavage of active site 
- complexing with enzyme 
- peptide insertion into tertiary structure 
- Taq 1 polymorphism? 

- metalloproteinase inhibitors - TIMP 
- cysteine proteinase inhibitors - cystatins 
- other serine proteinase inhibitors 

- anti-Ieukoprotease 
- elafin 

- raised cellular elastase content 
- increased recruitment 

- excess chemotactic factors 
- greater cell response 

- increased degranulation 

- metalloelastase (macrophage) 
- cathepsin B 
- collagenase 

6.4.1 LUNG LAVAGE arAT 

In 1979 Gadek and colleagues published a 
key paper on lung lavage arAT. They studied 
the function of arAT in lavage fluids from 
healthy smokers and non-smokers. The 
results shown that arAT function was 
normal in healthy non-smokers but on 
average reduced by 40% in smokers [86]. This 
finding was not unexpected as previous 
studies had shown that oxidation of arAT re
sulted in loss of inhibitory function [82] and 
that cigarette smoke was one agent capable of 
effecting this change [87]. In addition, studies 
in vivo using an animal model confirmed that 
smoke exposure reduced lung al-AT function 
[88] and oxidation of the methionine residues 
was confirmed biochemically in the lungs of 
healthy smokers [89]. 

Thus the mechanism resulting in emphy
sema appeared straightforward. Cigarette 
smoking (the major risk factor) resulted in 
significant inactivation of arAT by oxidation 
of the active site of the protein. In addition 
to this direct effect of cigarette smoke, 



macrophages from the lungs of smokers 
spontaneously released more reactive oxygen 
species that could also inactivate arAT in 
vitro [90]. The net effect of these two mechan
isms would be to reduce lung al-AT function 
in smokers' lungs by oxidation of the active 
site resulting in a significant disturbance of 
the al-A T / elastase balance in the lung. It was 
suggested that the reason most of the lavage 
arAT remained active, even in smokers, 
reflected the mixing of protein from wide 
areas of the lung - some with fully active ar 
AT and some with completely 'inactive' ar 
AT [91]. It was hypothesized that the areas 
where all the arAT was fully oxidized, and 
hence non-functional, were the sites of tissue 
destruction by NE. 

This concept has subsequently dominated 
the field of emphysema research and the 
potential for intervention with antioxidants 
and even oxidation-resistant arAT has been 
suggested (Fig. 6.8). However, studies by 
other groups have failed to consolidate this 
hypothesis. With the exception of one study 
showing a very transient and minimal 
decrease in arAT function following 
smoking [92], other investigators have failed 
to find any difference in ar A T function in 
lavage from healthy smokers and non
smokers [93,94]. Furthermore there is also 
disagreement concerning the inhibitory activ
ity of lung arAT with some groups finding it 
to be fully functional in lavage fluids [92,95] 
and others finding a degree of inactivation 
[93,94,96]. This disparity may reflect technical 
differences in the studies since concentration 
[97] and storage [96] of samples can both alter 
arAT function. Furthermore the original 
observation of oxidized arAT in smokers' 
lavage fluid has not been confirmed. The only 
direct study using a specific monoclonal 
antibody failed to detect significant amounts 
of oxidized arAT in lavage fluids [98]. 
Indirect confirmation of this latter result was 
obtained by incubating lavage fluids with 
the enzyme methionine sulfoxide peptide 
reductase which restores the inhibitory 
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Fig. 6.S Diagrammatic representation of the 
hypothesis implicating cigarette smoking in the 
pathogenesis of emphysema. Oxidants released 
from cigarette smoke and activated inflammatory 
cells inactivate the protective anti-elastase shield. 
NE can then penetrate the shield and destroy lung 
elastin resulting in the development of 
emphysema. 

activity of oxidized arAT [99] but failed to 
alter arAT function in normal lavage fluids 
[96]. 

On balance no clear picture emerges, which 
makes it unlikely that oxidation of arAT is 
the only explanation for the susceptibility to 
emphysema in smokers. There are other 
mechanisms that reduce the inhibitory 
activity of arAT including cleavage of the 
active site and previous complex formation 
with enzyme. These two mechanisms result 
in a change in the molecular size of the arAT 
making it smaller (49 000 KDa) or larger 
(approximately 80 000 KDa) respectively 
compared to native active arAT (52 000-
54 000 KDa). Studies have shown that arAT 
of these molecular weights can be present in 
lavage fluids from emphysema patients [loa] 
but not in healthy subjects [96]. Thus the in
activity of lung lavage al-AT in healthy sub-
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jects remains unexplained although it appears 
to be more positively charged [96]. Perhaps 
this may relate to the presence of a peptide 
insert into the native molecule [85] although 
the mechanism is currently unknown. 

An alternative to inactivation is that the 
inhibitory characteristics of the ar A T is 
changed in a less dramatic way. Studies have 
shown that the arAT in smokers' lavage has 
a slightly reduced association rate constant 
for NE [101]. This change is small but may 
affect the way arAT, NE and lung elastin 
interact to favour elastin degradation. 
Certainly similar changes in association rate 
constant are found in the Z phenotype pro
tein and this is less efficient than comparable 
amounts of the M protein in connective tissue 
from degradation by neutrophils [102]. Thus 
even if smoking does not reduce the absolute 
inhibitory capacity of arAT in vivo it may 
alter it more subtly in a way which facilitates 
connective tissue degradation. 

In general terms the lavage studies sum
marized above would suggest that changes in 
lung arAT function are not central to patho
genesis of emphysema in non-deficient sub
jects. However, this may be a consequence of 
asking the wrong question and one of finding 
the wrong answer. The studies have been 
limited to differences between healthy 
smokers and non-smokers. Since most 
smokers do not develop significant emphy
sema one would not expect a major clue to 
emerge except in the 10-20% of subjects who 
are susceptible to the development of disease. 
Furthermore a difference would only be 
found easily in these subjects during the 
study if the development of emphysema is a 
continual rather than an intermittent process. 
Perhaps the evidence could emerge by study
ing patients with established disease who cur
rently smoke and those who have stopped 
(when disease progression will have stopped 
and presumably the arAT /NE balance will 
have been restored). Only one such study has 
been carried out [l00] and although there was 
more evidence of cleaved a1-AT in smokers' 

lavage the inhibitory function was no differ
ent to that in the ex-smokers' lavage. It 
remains possible that the presence of estab
lished disease may have altered the results 
but the majority of the evidence to date does 
not implicate inactivation of arAT in lung 
secretions as a major cause of an elastase/ 
anti-elastase balance in emphysema. 

The studies outlined above have been 
limited to lung lavage a1-AT and it is be
lieved that emphysema is the result of elas
tase activity near the lung interstitial elastin 
fibres. It may be that arAT function at this 
site is more relevant to the pathogenesis of 
the disease. However, lung arAT is thought 
to derive from the plasma by transudation 
through the lung interstitium and thus 
lavage arAT should partly reflect the inter
stitial arAT. Similarly if a direct effect of 
cigarette smoke on ar AT is difficult to 
demonstrate in lavage fluids it is even less 
likely to affect arAT function in the intersti
tium. Nevertheless other local events in the 
interstitium may be of importance in deter
mining the elastase anti-elastase balance (see 
later). 

The final possibility is that arAT function 
is not affected but the concentrations of 
protein do not increase appropriately during 
the acute phase response of inflammation. In 
support of this hypothesis genetic studies in 
patients with emphysema have shown an in
creased incidence of a polymorphism of the 
arAT gene [103]. This polymorphism is 
related to a single change in the nucleotide se
quence of an area beyond the end of the gene 
itself that alters a recognition sequence for the 
restriction enzyme Taql, resulting in a failure 
of the enzyme to cleave DNA at this site [104]. 
Recent analysis of this polymorphism shows 
that the area involved is an enhancer 
sequence [lOS] that can amplify gene expres
sion. Thus the patients with the poly
morphism may not be able to mount an 
appropriate acute phase response because of 
failure of the enhancer region to increase gene 
expression. If so the increase in elastase 



burden that would be predicted when the 
lung becomes inflamed would not be counter
acted by an appropriate rise in the anti
elastase concentration provided by arAT. As 
this polymorphism is the single most com
mon genetic defect found in unrelated 
patients with emphysema (22%) further 
studies to determine its implications are 
clearly warranted. 

6.4.2 INCREASE IN ELASTASE BURDEN 

Although most research has concentrated on 
the anti-elastase side of the elastase/ anti
elastase balance it is equally possible that the 
balance could be disturbed in favour of the 
enzymes if the enzyme load exceeded the 
capacity of the lung to inhibit it. Thus the 
pathogenesis of emphysema could be depen
dent upon the activity of the cells capable of 
damaging the connective tissue. 

Normal lung lavage contains a small 
number of neutrophils recruited as part of 
the normal host defence to inhaled antigens. 
The number of neutrophils in the lungs of 
smokers is increased [53], perhaps due to the 
release of chemotactic factors such as LTB4 
and IL8. If this process is not adequately 
controlled or the cells respond excessively 
the enzyme load could be increased 
sufficiently to exceed the capacity of the in
hibitor screen. This may occur for several 
reasons: 

1. There may, in some smokers, be excessive 
release or activity of chemotactic factors 
from the lung. 

2. The neutrophils may respond excessively 
to the standard chemoattractant stimulus 
resulting in greater recruitment for a given 
signal. 

3. The neutrophils from susceptible smokers 
may contain increased amounts of elastase 
compared to control subjects. 

4. The neutrophils may degranulate excess
ively leading to more connective tissue 
damage. 
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(a) Chemotactic factors 

Little is known about the true chemotactic 
gradient that exists across the lung tissues. 
Undoubtedly PMN migrate into the lung, 
nicotine itself is chemotactic [106]; and lung 
lavage fluids from smoke-exposed animals 
demonstrate increased chemotactic activity, 
possibly because of complement C3 activation 
[107]. Furthermore alveolar macro phages 
[108] and bronchial epithelium [109] release 
chemotactic factors. The control of these 
processes is poorly understood, although 
inactivators of chemotaxis also exist and may 
playa role in modulating the response in 
individual subjects. 

For instance lung lavage in arAT deficient 
subjects contains large numbers of neutrophils 
[47], and the alveolar macrophages release the 
chemoattractant leukotriene B4 [51]. However, 
in addition a deficiency of a chemotactic factor 
inactivator has been described in arAT 
deficiency [110] and part of the excessive 
recruitment in these patients may result from 
the inability to control the magnitude of the 
response because of this factor deficiency. 
Whether similar mechanisms playa role in 
patients with normal arAT remains unknown. 

(b) Enhanced response to chemotactic 
agent 

Since there is a 'normal' traffic of neutrophils 
to the lung and since the numbers are in
creased in smokers, it suggests that increased 
chemotactic response is a feature of smokers. 
Indeed circulating neutrophils seem to be 
sensitized to chemotactic signals even in 
passive smokers [111]. However, studies have 
again shown a wide degree of chemotactic 
response to a standard stimulus although 
patients with emphysema show increased 
response to a standard chemoattractant com
pared to age and smoking-matched controls 
(Fig. 6.9). The reasons for this increase have 
yet to be clarified although preliminary 
studies (Fig. 6.10) suggest that neutrophils 
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Fig. 6.9 The chemotactic response of isolated neu
trophils to the chemoattractant FMLP (10-8 M). 
Individual results are shown for control subjects as 
well as those with emphysema and bronchiectasis 
(reproduced with permission from reference [115] .) 

from these patients show increased (P <0.02) 
receptors for formyl peptides (median = 495 x 
103/cell; range 207-1080) compared to age 
and smoking-matched controls (median = 
288; range 114-855). Again it is uncertain 
whether the increased chemotactic response 
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Fig. 6.10 The average number of formyl peptide 
receptors/ cell is shown for 11 age matched healthy 
control subjects and 10 patients with emphysema. 
The bar lines are ± SE (P < 0.02). 

represents cause or effect, although no in
creased response was found in patients with 
bronchiectasis (Fig. 6.9), suggesting it was a 
feature of emphysema rather than lung 
inflammation in general. 

(c) Cell elastase content 

There have been some studies of the elastase 
content of PMN in patients with established 
lung disease. Early studies suggested that the 
elastase from PMN in COPD patients was 
qualitatively different [112]. In addition 
Rodriguez and colleagues [113] and Kramps, 
Bakker and Dijkman [114] provided evidence 
that PMN elastase content was increased in 
COPD patients with the PiM phenotype 
whereas subjects with £l'rAT deficiency did 
not show such an increase [114]. However, it 
was uncertain whether this increase in PiM 
subjects was the cause or effect. 

Elastase is preformed in the bone marrow 
during differentiation and stored in the 
azurophil granules and the gene is not 
expressed in mature circulating neutrophils 
[115]. Thus the enzyme load per cell has 
already been determined by the time the cell 
is released into the circulation. The elastase 
content of PMN shows a wide range in 
healthy subjects [116] and if those with high 
levels also smoked each cell recruited to the 
lung would deliver a greater amount of elas
tase. However, although early studies sug
gested that PMN elastase was increased in 
emphysema [114], subsequent studies have 
shown that it is not increased [116] . Thus the 
possibility of an increased elastase burden by 
this mechanism remains unproven, although 
a recent study has suggested that variations 
in elastase content may explain the variability 
in lung disease seen in subjects with PiZ £l'r 
AT deficiency [117]. 

(d) Excess degranulation 

Neutrophil activation, adherence and phago
cytosis results in release of elastase from the 



cell. If this response is excessive in emphy
sema patients each cell recruited to the lung 
would destroy more connective tissue than in 
a healthy smoker. Again evidence would 
support this possibility. Neutrophils isolated 
from patients with emphysema degrade 
more fibronectin in vitro than cells from 
control subjects matched for age and 
smoking [116]. Since this effect is almost 
solely mediated by NE [118], the results 
demonstrate the enhanced ability of cells 
from emphysema subjects to release this 
enzyme and thereby potentially lead to NE
induced lung damage. 

At first sight, although potentially of im
portance, it may seem that the mechanisms 
outlined above may not be sufficient to 
disturb the elastase/anti-elastase balance. 
Lung lavage studies have shown that active 
aI-AT is present in the lungs of smokers [96], 
emphysema patients [100] and even those 
with arAT deficiency [47]. If an imbalance 
were to exist and thereby explain the disease 
one might expect no enzyme inhibitory ca
pacity to remain in the susceptible subjects 
who have or are developing disease. 
However, this does not have to be the case. 
Firstly, as explained previously, the arAT 
function in lavage represents an average from 
many areas and thus local absence of function 
could be hidden by mixing with samples 
from areas where function remains normal. 

Secondly, and perhaps more importantly, 
studies have shown that PMN have the 
ability to degrade connective tissue matrices 
even in the presence of active enzyme in
hibitors [119]. This relates to the ability of the 
cell to adhere tightly to connective tissue sub
strates and release enzyme in the interface 
between the two whilst effectively excluding 
the surrounding inhibitors [119]. It could be 
argued that this mechanism is so effective 
that emphysema would occur in all subjects 
with PMN recruitment to the lung, irrespect
ive of arAT status. However, arAT does 
have some effect and will limit the degrada
tion perhaps by limiting enzyme activity to 
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the immediate vicinity of the cell. More wide
spread release and enzyme activity would be 
less easy to control in the presence of low 
concentrations of arAT (as in arAT 
deficiency). 

This mechanism of a privileged micro
environment of connective tissue degradation 
remains to be fully elucidated although it 
may be a critical factor in patients with 
normal arAT. Direct evidence would be 
difficult to obtain but indirect evidence sug
gests that NE is present in emphysematous 
lungs and is associated with elastin (its puta
tive target in emphysema). Such close prox
imity suggests release of NE at this site [120, 
121], although one study has suggested that 
this finding may be artefactual [122]. 
Nevertheless once released and attached to 
elastin, NE can degrade the connective tissue 
even in the presence of arAT [123]. Thus the 
neutrophil has the potential to degrade 
elastin before, during and after migration, 
even in the presence of arAT. This ability 
suggests a mechanism whereby emphysema 
can develop in subjects with normal arAT if 
long-term recruitment and activation of PMN 
occurs. 

(e) Other steps in cell recruitment 

Once activated in the circulation the PMN has 
to adhere to the endothelial cells prior to mi
gration into the tissues. This involves the in
teraction between cell surface adhesion 
molecules, primarily the CD11/CD18 family 
of neutrophil integrins, and the endothelial 
ligand ICAMI. It is possible that variations in 
this response may also affect susceptibility to 
the development of emphysema although 
studies have yet to be carried out. However, 
indirect studies have shown that neutrophil 
transit times are increased in the lungs of 
smokers [124] and this may be related to a de
crease in cell deformability [125]. The exact 
mechanism and its implications are uncertain, 
a delay in transit could facilitate endothelial 
adherence and hence migration into the 
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tissues. However, patients with emphysema 
show a more rapid neutrophil transit time 
[126L suggesting that reduced deformability 
is a less important mechanism in the presence 
of disease. 

(f) Other cells 

Although neutrophils are the richest source of 
NE, the enzyme is present in mast cells [127] 
and, perhaps more importantly, a subpopu
lation of monocytes [128]. The latter cell is the 
precursor of alveolar macrophages and also 
has to migrate from the blood into the lung. 
The process of adherence is therefore of major 
importance and recent studies have shown 
that the adherent monocytes contain small 
amounts of NE and release it during the 
adherence process [128]. Thus they may con
tribute to the lung elastase load, although the 
significance of this contribution needs to be 
determined. 

6.4.3 OTHER ENZYMES 

The importance of the mechanism discussed 
above still assumes that neutrophil elastase is 
the major mediator of tissue damage in 
emphysema. Although evidence points to a 
major role for NE, other enzymes have been 
implicated in elastin degradation in emphy
sema, either directly or indirectly. 

Elastolytic enzymes 

Enzymes other than NE could be implicated 
in emphysema either because of: 

1. intrinsic elastolytic activity 
2. their ability to interact with arAT thereby 

reducing its inhibitory function 
3. a combination of both mechanisms. 

Several other elastolytic enzymes have 
been identified including two in the neu
trophil (cathepsin G and proteinase 3). The 
elastinolytic activity of cathepsin G is rela-

tively weak compared to NE [129L but it has 
been shown to act synergistically with NE to 
degrade more elastin than either alone [130]. 
This may be of some importance since al
though both enzymes are stored within the 
azurophil granule in similar quantities [131L 
little cathepsin G is detected even in secre
tions rich in NE [132]. However, in vivo 
studies have shown that cathepsin G does not 
enhance the potential of NE to produce em
physema. Thus it is unlikely that cathepsin G 
has a major role in elastin degradation alone 
unless its activity around the site of 
PMN / substrate contact is in some way 
facilitated. 

Proteinase 3 on the other hand is a more 
potent elastase than NE at pH 6.5, but less 
potent at neutral pH [133]. Although the pH 
around inflammatory cells in the lung is un
certain, proteinase 3 has been shown to 
produce emphysema in a hamster model 
[133]. The release of proteinase 3 in vivo and 
its relationship to emphysema have yet to be 
studied. 

Macrophage 'elastase' 

Alveolar macrophages posses the potential to 
degrade elastin although the nature of the 
elastase involved has been the subject of 
much research and some confusion. An early 
study did suggest that macrophage homo
genates could produce mild emphysema 
although the enzyme responsible was not 
identified [134]. Further studies confirmed 
that macrophages had the capacity to release 
elastolytic enzymes [135] and in 1981 Banda 
and Werb characterized a macrophage elas
tase from murine cells [136L confirming that 
it was a metalloproteinase (dependent upon 
metal ions for activity). This resulted in a long 
search for a similar enzyme in human cells 
which was complicated by the ability of 
macrophages to internalize NE by receptor 
binding [137]. Subsequent studies confirmed 
that human macrophages produce a metallo
elastase but only in continued culture over 24 



hours [138]. This was complicated by the 
ability of the cells under other circumstances 
to produce a natural inhibitor of metallopro
teinases [139]. Meanwhile other studies have 
shown that macrophages also produce a cys
teine proteinase (cathepsin L) which has the 
ability to degrade elastin at acidic pH [140]. 
This enzyme has yet to be shown to produce 
emphysema but is likely to be active in the 
acidic environment beneath adherent cells 
[141]. On the other hand, recent studies 
showed that a further enzyme (cathepsin B), 
known to be present in macrophages [142], 
has the potential to produce emphysema in 
experimental animals [143]. 

Thus there are several enzymes with a 
potential role in elastin degradation and poss
ibly an association with emphysema. Studies 
in lavage fluids have not provided clear evi
dence to support the role of any of these po
tential candidates. 'Elastase' -like activity has 
been identified in lavage fluids from normal 
subjects. Two studies showed that some of 
the enzyme activity was abolished following 
the addition of an ion chelating agent (EDTA) 
suggesting it was a metallo-enzyme similar to 
that derived from the macrophage [144,145], 
although there was also evidence to suggest 
that some enzyme activity could also be at
tributed to NE [144]. Values for smokers were 
higher than non-smokers [144], and although 
this may be transient [146] the results sup
ported an elastase/anti-elastase balance in 
these subjects. There has been only one study 
demonstrating significant amounts of NE-like 
activity in lavage although the heterogeneity 
of the patients makes interpretation of the 
data difficult [147]. However, these observa
tions still failed to explain why only a minor
ity of smokers develop emphysema. The 
study by McLeod et al. [148] partly addressed 
this problem by demonstrating that 
macro phages from smokers, but especially 
those from patients with disease, secrete 
greater quantities of 'elastase' (Fig. 6.11). 
Unfortunately little was done to characterize 
this enzyme. 
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Fig. 6.11 Median 'elastase' activity is shown for 
macrophages obtained from healthy non-smokers, 
smokers and smokers with COPD. (Adapted from 
reference [148].) 

Perhaps the most complete study was that 
by Burnett et al. [149] who demonstrated that 
a low level of true elastase activity was 
present in lung lavages and was a combina
tion of serine and metallo-elastase possibly 
associated with lipids (such as cell mem
branes). This activity was increased in lavage 
from patients with emphysema. However, 
NE was not identified suggesting that the 
serine proteinase was proteinase 3 or cathep
sin G [149]. Although cathepsin B has been 
identified in lung lavage fluids [150], the 
study by Burnett et al. [149] did not demon
strate any cysteine elastase activity, suggest
ing that there was no cathepsin L present and 
that cathepsin B may act via a non-elastolytic 
mechanism. Indeed the potential effect in vivo 
may be even more complex since neutrophil 
elastase can activate cathepsin B in the secre
tions by limited cleavage of a proenzyme 
[151]. Therefore it is possible that NE may 
have a direct effect on lung connective tissues 
in vivo but may also act indirectly by activa
tion of cathepsin B, leading to an additive or 
synergistic effect. 

Thus the nature and role of lung elastases 
needs to be clarified although data would 
suggest that neutrophil elastase has little role 
in healthy and stable lavage fluids. Whether 
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these other elastases have a direct effect on 
lung elastin is uncertain, but they and others 
have the potential to affect the elastase/ anti
elastase balance more indirectly by damage to 
the anti-elastases. Cathepsin L [152], the 
mouse metallo-elastase [153] and bacterial 
enzymes [154] can all inactivate arAT as an 
anti-elastase. Thus the presence of any or all 
of these enzymes could reduce the protective 
anti-elastase screen thereby permitting lung 
destruction by enzymes normally inhibited 
by arAT. Further studies of the role of these 
and other enzymes need to be undertaken. 

6.S OTHER ANTI-ELASTASES 

The presence and significance of other elas
tase inhibitors in the lung remains a highly 
controversial issue. The problem has been ap
proached in several ways including enzyme 
inhibition, immunological measurement and 
immunohistochemistry. Each approach has 
its own advantages and disadvantages and 
interpretation may be complicated by a 
variety of technical factors. 

The simplest approach is to assess the 
ability of lung lavage fluids to inhibit the 
enzyme which has been implicated in lung 
damage (in this case NE). The results can then 
be compared with the concentration of 
known inhibitors, or those thought to be im
portant, to determine their function and con
tribution to the anti-elastase screen. However, 
problems arise if several proteins inhibit the 
same enzyme and the function of each cannot 
be determined individually. For instance anti
leukoprotease (ALP) is present in the lung 
(see below) and is also an inhibitor of NE. 
Thus it can be difficult to determine the con
tribution of this inhibitor compared to arAT 
if the function of neither is known. 

However, arAT also inhibits the enzyme 
porcine pancreatic elastase (PPE) whereas ALP 
does not. Thus in a mixture of arAT and ALP 
it is possible to assess arAT function with PPE 
and then aI-AT and ALP function with NE. 
Subtraction of the two results would give the 

contribution of ALP to the anti-elastase screen 
(Fig. 6.12). When these techniques have been 
applied workers have found that less than 50% 
of the NE inhibition in lavage can be attributed 
to arAT [96,155]. Other workers have assessed 
samples in different ways with opposite 
results. For instance, Gadek and colleagues 
specifically removed arAT from lavage fluids 
and demonstrated that only 10% of the in
hibitory capacity remained [49]. Furthermore 
studies of lavage fluids from subjects with ar 
AT deficiency had little NE inhibitory capacity 
compared to subjects with normal arAT [50]. 
However, this has not been confirmed by other 
workers where adequate NE inhibition was 
found in lavage fluids from aI-AT deficient 
subjects [47]. 

These discrepancies would suggest that 
technical factors may be influencing the 
results. In vitro studies have shown that con
centrating lavage samples (a technique used 
frequently in early studies) results in 
significant loss of protein and inactivation of 
inhibitors [97]. Furthermore storage of uncon
centra ted samples also inactivates the in
hibitors [96] and would thus give a falsely 
low value for their inhibitor capacity. In ad-
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Fig. 6.12 The inhibition of NE and PPE is shown 
for increasing volumes of lung secretion. The inhi
bition lines differ indicating that the secretion is a 
more effective inhibitor of NE. These results would 
indicate the presence of anti-elastases in addition 
to aI-AT (which accounts for most of the PPE inhi
bition). If arAT were the only inhibitor present the 
two lines would be identical (see text for details). 



dition the use of low enzyme concentration 
and high substrate concentration [156] in the 
assays used to assess inhibitory capacity also 
leads to an under-estimation of the true 
result. Finally, the substrate used to assess 
enzyme activity will also affect the results 
[157]. Thus many factors have to be consid
ered to determine the validity of the final 
result using biological fluids containing 
several inhibitors. 

An alternative approach is to purify the 
inhibitors and then assess their function. 
However, this approach assumes that all 
inhibitors are known and that purification pro
cedures do not affect protein function. Recent 
studies have used this approach and indicated 
that although ALP is present in lavage fluids it 
is largely inactive and hence contributes little 
to the anti-elastase screen [158], although the 
reasons for inactivation were not addressed. It 
thus remains possible that the issue of elastase 
inhibitors and their contribution to the anti
elastase screen may never be resolved by 
current methods to assess their function. 
However, results from these studies confirm 
that arAT and ALP are present in airways se
cretions. In addition an inhibitor distinct from, 
but functionally similar to, arAT has been 
identified in lavage fluids [159] and a low 
affinity inhibitor of NE similar in size but dis
tinct from ALP has also been demonstrated 
[48]. Further studies are clearly indicated to 
determine the role of these and other inhibitors 
in protection of the lung. 

However, some studies have been carried 
out with other inhibitors, indicating a role in 
the protection of the lung. 

6.5.1 ANTI-LEUKOPROTEASE (ALSO REFERRED 
TO AS SECRETORY LEUKOPROTEASE 
INHIBITOR (SLPI) OR BRONCHIAL MUCOUS 
PROTEINASE INHIBITOR (BMPI)) 

Anti-Ieukoprotease is an 11-12 KDa non
glycosylated protein present in a variety of 
body secretions including the lung secretions. 
The protein has been identified in serous 
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glands [160] and is present in high concen
trations in bronchial secretions where it 
exceeds the concentrations of arAT [48]. 
However, it is also present in Clara cells and 
has been identified in peripheral airways [160]. 
Although there is some disagreement about its 
function in lavage fluids (see above), all groups 
have shown that it is present immunologically 
at lower concentrations than arAT [158,161, 
162]. Nevertheless its lower concentration does 
not mean that it is less important than arAT in 
the pathogenesis of emphysema. The protein 
can be secreted from the basolateral aspect of 
airways cells [163] and is found immuno
logically in association with elastin [164], which 
is where NE has also been identified (see 
above). The protein is more effective than ar 
AT inhibiting NE that is already bound to 
elastin [123], and ALP is also very efficient at 
limiting connective tissue destruction by 
neutrophils that are closely adherent [165]. 

Thus the immunohistologic and in vitro 
studies would suggest that ALP may be an 
important inhibitor of NE activity in the lung 
interstitium where connective tissue destruc
tion is believed to be central to the patho
genesis of emphysema. Quantitative and/ or 
qualitative deficiency of ALP has not been 
verified in patients with emphysema 
although low concentrations were found in 
sputum from patients with aI-AT deficiency 
and emphysema compared to patients with 
normal arAT [48]. 

6.5.2 ALPHArANTICHYMOTRYPSIN (arACh) 

This is a 68 KDa acute phase protein which 
can double its plasma concentration within 8 
hours [166]. It is an inhibitor of cathepsin G 
and has a higher affinity for cathepsin G than 
arAT [167]. Studies have shown that arACh 
is present in bronchial secretions [168] and 
lavage fluids (Stockley, unpublished observa
tions). However, studies have suggested that 
lung arACh is not able to inhibit cathepsin G 
[169] although it is locally produced in the 
lung [169], probably by macrophages and epi-
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thelial cells [170]. These latter observations of 
local production of arACh suggest it has a 
major role in the lung, perhaps as an inhibitor 
of neutrophil chemotaxis [171]. Clearly this 
inhibitory effect on chemotaxis would 
influence the elastase/anti-elastase balance by 
reducing cell migration and hence elastase 
delivery to the lung. 

6.5.3 METALLOPROTEINASE INHIBITORS 

Although the presence and hence the role of 
metallo-elastases in the lung is uncertain it 
seems logical that as with any enzyme 
system, inhibitors also exist. Indeed studies 
have shown that the tissue inhibitor of metal
loproteinases (TIMP) is present in lung lavage 
fluids [172]. This might be expected since 
macro phages possess the ability to produce 
this inhibitor in vitro [139]. Its role has yet to 
be studied although it is likely to playa role 
inhibiting macrophage metallo-elastase at 
sites where this enzyme may be destructive. 

The only other metalloproteinase inhibitor 
identified in lung fluids is armacroglobulin. 
This 725 KDa protein is present in very 
low concentration [173] even though macro
phages also possess the ability to produce the 
protein [174]. The low concentrations are 
thought to reflect restriction of protein dif
fusion from plasma because of its large size 
[175]. Again its role is unknown but perhaps 
further studies will follow once a role for 
metalloproteinases in emphysema or other 
lung diseases has been established. 

6.5.4 CYSTEINE PROTEINASE INHIBITORS 
(CYSTATINS) 

Studies have shown that cystatins A, C and S 
are present in lung secretions [176]. However, 
the source and distribution of these inhibitors 
in the lung has yet to be assessed. Again 
studies will progress as the role of cysteine 
proteinases becomes clearer. The develop
ment of emphysema following cathepsin B 
administration [143] suggests that the rela-

tionship of this cysteine proteinase to its 
inhibitors may also influence the patho
genesis of disease in some patients. 

6.5.5 OTHER INHIBITORS 

Studies have shown that other elastase 
inhibitors also exist in the lung secretions 
[48,155,159] including cleavage products of 
the plasma inhibitor inter-a-trypsin inhibitor 
[177]. Their role particularly in the presence 
of other major anti-elastases (arAT and ALP) 
may be relatively minor. 

6.6 OTHER ASPECTS OF COPD 

Although the majority of this chapter has 
focused on the pathogenesis of emphysema 
there are other factors often associated with 
the disease (bronchitis, epithelial damage, 
reduced mucociliary clearance and bacterial 
colonization) and other diseases encompassed 
by the term COPD (bronchiectasis and cystic 
fibrosis). Proteolytic enzymes and NE in 
particular have also been implicated in these 
features and diseases [178,179]. 

Animal models of elastase-induced em
physema also show features of airways 
disease with goblet cell hyperplasia [180]. In 
addition NE is a potent secretogogue for 
mucus glands and has been implicated in the 
excess mucus production of bronchitis [181]. 
Furthermore NE can damage bronchial 
epithelium [182] and reduce ciliary beat 
frequency [183] in vitro. Thus an elastase/ 
anti-elastase imbalance within the airways 
can produce bronchial as well as interstitial 
lung disease. 

Clinical studies have shown that elastase 
activity is a regular feature of the bronchial 
secretions in bronchiectasis [184] and cystic 
fibrosis [185,186] as well as occurring during 
exacerbations of chronic bronchitis [20]. 
Although the mechanisms involved have yet 
to be clarified the secretions contain neutrophil 
chemotactic activity [187] and this probably 
results in a constant or intermittent neutrophil 



traffic which, at least at times, delivers 
sufficient NE to overcome the anti-elastases. 

In addition NE has been implicated in the 
cleavage of lung immunoglobulins [188] and 
the neutrophil C3bi receptors required for 
successful phagocytosis [189]. These effects 
may playa role in the persistence of bacterial 
colonization in many of the patients. Removal 
of elastase activity by inhalation of anti pro
teases improved the bactericidal function of 
neutrophils [190] suggesting that such an 
approach may have a major role in morbidity 
and mortality due to bronchial disease. In this 
respect antiprotease therapy is already under 
investigation in cystic fibrosis and may have a 
major role in the future management of 
bronchiectasis from other causes as well as 
acute exacerbations of bronchitis. 

6.7 INTERVENTION THERAPY 

The concept that an imbalance between pro
teinases and antiproteinases is central to the 
pathogenesis of emphysema is so widely 
supported that development of therapeutic 
regimens aimed at specifically altering this 
balance are being actively pursued. The 
approaches being investigated depend upon 
the pathways thought to be important and the 
specificity depends upon the interpretation of 
the evidence implicating specific mediators or 
the belief in more general principles. 

6.7.1 ANTIPROTEINASES 

At present most activity is directed at develop
ing strategies for the protection or supple
mentation of the anti-elastase screen, although 
this is largely based upon the assumption that 
it is inadequate in subjects without arAT 
deficiency who smoke or who are developing 
emphysema. In this respect anti-oxidants have 
been suggested to consume the presumed 
release of oxidants from activated cells in the 
lungs of smokers or those inhaled with the cig
arette smoke. The theory is to protect the anti
elastases (and arAT in particular) from 
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inactivation by oxidation of the enzyme in
hibitory site. Preliminary studies have been 
carried out with inhaled glutathione and 
shown that this enhances anti-oxidant concen
tration in the lower airways [191]. However, 
smokers already have enhanced glutathione 
levels in their lung fluids [192] and thus this 
approach may prove superfluous. Further
more, as mentioned previously, it remains con
tentious as to whether arAT function is 
reduced in the lungs of smokers or even 
patients with emphysema (see above). 

It would also be possible to prevent 
inhibitor inactivation by enzymes other than 
NE (such as complexing with other serine 
proteinases or cleavage of the active site by 
enzymes such as macrophage elastase). This 
would require firm evidence of the enzymes 
involved and the development of specific 
antagonist to be delivered to the lung tissues. 

An alternative approach to the protection of 
the lung anti-elastases is to increase their con
centrations. This may be achieved by agents 
such as danazol or tamoxifen and is more 
likely to be successful in subjects with normal 
arAT than in arAT deficiency since the secre
tory process is not impaired. However, direct 
supplementation by the inhaled or intravenous 
route would seem to be more appropriate. 
Undoubtedly both routes of administration 
enhance the anti-elastase screen in lung fluids 
(see under aI-AT deficiency) but it still 
remains uncertain whether either route would 
lead to a rise in inhibitor level that would be 
protective particularly if the 'normal' levels are 
not. If this approach of supplementation is 
adopted it may be possible to use 'super 
inhibitors' such as genetically engineered 
forms of arAT that are resistant to inactivation 
by oxidants. Replacement of the active site 
methionine by valine results in an elastase 
inhibitor that cannot be inactivated by oxi
dants [74]. Thus if oxidation of arAT is a 
major pathogenic process in emphysema the 
problem could be circumvented by delivery of 
an oxidant-resistant form to the lung. Again 
uncertainty about the role of oxidative 
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inactivation makes the validity of this 
approach uncertain. Furthermore the ability to 
inactivate Cl'rAT by oxidation may in itself be 
of major importance at hmes when the release 
of active NE is a necessary process. Since the 
role of NE in health is unknown it is possible 
that excessive inhibition may also prove to be 
harmful. This concern is of major importance 
when considering the role of specific anti-NE 
chemical agents (see below). However, indirect 
evidence might suggest that this is unlikely to 
be a problem with Cl'rAT supplementation 
since monthly augmentation in Cl'rAT 
deficiency (which markedly raises the Cl'1-AT 
level above normal) is not associated with 
increased morbidity [73]. 

The same principles apply to the use of 
other proteinase inhibitors including recom
binant antileukoprotease and chemical 
inhibitors. Certainly these agents have been 
shown to prevent experimental emphysema 
in animal models when administered with 
NE [193,194] with one major exception. In the 
studies described by Snider and colleagues a 
lower affinity boronic acid inhibitor actually 
enhanced the effect of NE [195]. This un
expected and potentially harmful outcome (if 
used in man) was thought to relate to deliv
ery of the NE inhibitor complex into the lung 
interstitium and release of the enzyme to lung 
elastin. On the basis of these experiments and 
concepts it is possible to develop a series of 
guidelines to influence the development and 
choice of a protective therapy: 

1. The inhibitor should be specific for the 
putative damaging enzyme. 

2. The inhibitor should be administered by a 
route which ensures it is effective at the site 
where tissue damage is assumed to occur. 

3. The effect of the inhibitor should not be 
excessive, thereby preventing 'normal' 
enzyme activity which presumably has a 
role in maintenance of health - indeed 
lack of lysosomal enzymes in Chediak
Higashi syndrome is associated with 
recurrent lung infections [196]. 

4. The inhibitor should bind the enzyme 
sufficiently to prevent its subsequent 
release to connective tissue. 

5. The inhibitor should work in the presence 
of activated neutrophils to prevent or limit 
the connective tissue destruction. In this 
respect smaller molecular weight inhibitors 
may prove most effective (Fig. 6.13). 
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Fig. 6.13 The relationship between molecular size 
of the inhibitor and the ability to limit fibronectin 
degradation by neutrophils. The inhibitors studied 
were SLPI (approximately 11 kDa), recombinant 
aI-AT which is not glycosylated (44 kDa) and 
native aI-AT (54 kDa). 

6.7.2 MODIFICATION OF NEUTROPHIL 
FUNCTION 

If neutrophil enzymes in general and NE in 
particular cause emphysema, it may prove 
beneficial to modulate the destructive poten
tial of the cell. Indeed this approach may be 
more realistic for two reasons. First, activa
tion of the cell results in degradation of the 
connective tissue even in the presence of anti
elastases [119]. Second, clinical studies in em
physema suggest that although most patients 
have normal inhibitor concentrations their 
neutrophils show a greater destructive 
capacity [115]. 

The destructive effects of neutrophils could 
be modulated at several stages as indicated in 
Fig. 6.14. The cell could be modified during 
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Fig. 6.14 Steps in neutrophil recruitment to the 
lung from differentiation to phagocytosis as part of 
the host defense. It is possible to modulate the 
process at several stages as indicated 0-5), see text 
for details. 

differentiation to reduce its enzyme load [197]. 
Cell recruitment to the lung could be reduced 
by blocking the release of chemotactic factors, 
their binding to the cell, adherence to endo
thelial tissue and their chemotactic response. 
Finally therapies can be introduced that 
decrease neutrophil degranulation. 

In vitro experiments have shown that is poss
ible to modify all these processes although 
few studies have been performed in vivo. 
Corticosteroids reduce chemotactic response 
and this can occur rapidly in vivo [198]. 
Studies have shown that this is associated with 
a reduction in lung inflammation [199] and an 
increase in anti-elastase function in COPD 
[200]. This latter effect may result from 
reduced neutrophil recruitment to the lung, 
although steroids also reduce neutrophil 
degranulation [201] and hence elastase release. 
Clearly, long-term oral corticosteroid therapy 
is unlikely to be indicated but similar effects 
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may occur with inhaled steroids. Recent 
studies showed that such therapy reduced 
inflammation and bronchial cell count [202] 
although the neutrophil count did not alter. A 
further preliminary study showed that the 
chemotactic activity of lung secretions was also 
reduced by inhaled steroids [203], suggesting a 
further potentially protective mechanism of 
action. However, in a larger study colchicine 
(which alters neutrophil mobility) did not have 
a measurable effect on cell recruitment and the 
elastase/ anti-elastase balance in lung lavage 
fluids [204]. 

Nevertheless, alternative approaches may 
still be proved to be practical. Non-steroidal 
anti-inflammatory agents can also influence 
neutrophil migration in vitro although the 
effect occurs over 1-2 weeks, suggesting it is 
modulating the cells' ability to respond to 
chemoattractants during cellular differentia
tion prior to release from the bone marrow 
[205]. In addition recent evidence has shown 
that the chemotactic response of mature neu
trophils may be partially dependent upon a 
cell surface serine proteinase which is similar 
to cathepsin G [206]. Therefore proteinase 
inhibitors aimed at this enzyme may also have 
a role in reducing neutrophil recruitment and 
hence NE delivery to the lungs. 

In summary, several agents that are 
currently available and other potential 
specific agents may have a major role in the 
future management of COPD based upon 
mechanisms that may alter lung proteinase/ 
anti proteinase balance. 

6.7.3 ASSESSMENT OF EFFICACY 

Emphysema is a chronic progressive disease 
and it may take several years in order to be 
sure that intervention therapy has been effect
ive by demonstrating a reduction in decline in 
lung function or CT appearance. This is of 
major importance especially because there are 
many potential mechanisms that could result 
in development of the disease (see above and 
other animal models below). Indeed clinical 
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trials aimed at specific intervention in indi
vidual processes and specific inhibition of the 
enzymes implicated may be the only way to 
determine the pathogenesis of emphysema. In 
view of the large number of potential thera
peutic approaches there have been extensive 
studies into the development of a biochemi
cal marker that could be used to assess 
efficacy more rapidly. Whereas this will not 
replace the need for extensive long-term trials 
to assess the effect on clinical, physiologic 
and radiologic progression, a biochemical 
marker would help with the screening of 
realistic therapeutic approaches. 

The current biochemical markers being 
investigated include those indicating elastase 
activity and those indicating lung elastin 
destruction. 

6.7.4 ELASTASE ACTIVITY 

Neutrophil elastase can be measured 
immunologically in the plasma as well as 
lung lavage fluids. With the exception of 
some lavage studies (see previously) the 
enzyme is usually inactive and complexed 
with inhibitors. The results therefore fail to 
indicate how active the enzyme has been and 
merely quantitate how much has been 
released. Thus alternative assays are required 
and two approaches have been adopted: 

(a) Fibrinogen degradation products 

Neutrophil elastase cleaves fibrinogen at the 
21-22 amino terminal sequence of the Aa 
chain. The generation of the Aa 1-21 peptide 
should therefore be a specific indicator of 
elastase activity. Early studies using an indi
rect assay showed that this peptide was prob
ably increased in smokers [207]. Levels were 
also increased in subjects with arAT 
deficiency supporting the presence of in
creased NE activity in these subjects [208]. 

However, the development of more direct 
assays suggested that Aa 1-21 was not a suit
able marker [209]. The issue remains un-

resolved since the peptide is very labile and 
rapidly degrades to Aa 1-19 [210]. Thus the 
validity of this marker still remains unproven. 

(b) Elastin degradation products 

Since emphysema is believed to be the result 
of excess elastin degradation, the ideal 
marker would be one that reflects this 
process. Studies have assessed the concen
trations of desmosine (an elastin cross linking 
peptide) and elastin pep tides themselves and 
shown that they are increased in experi
mental emphysema [211 and 212 respect
ively]. Desmosine values are also increased in 
smokers and COPD patients [213] as are 
elastin peptides [214] (Fig. 6.15). 

However, there are concerns that these 
markers reflect generalized elastin degrada
tion rather than that occurring only in the 
lung (Fig. 6.15). This is based upon the 
extreme longevity of lung elastin [215], sug
gesting that turnover in normal subjects is 
minimal and peptides and breakdown prod
ucts related to the lung should not be de
tectable. The issue remains unresolved and 
preliminary studies with these markers con
tinue since their validation will be critical to 
assess intervention therapy. 

The exploration of potential intervention 
therapy still assumes that the elastase/ anti
elastase balance is the key to the development 
of emphysema. However, although the best 
characterized animal model of emphysema 
involves elastase instillation other models 
also exist. 

6.8 CADMIUM 

Acute exposure to cadmium vapor has been 
reported to result in the development of lung 
fibrosis and emphysema in 2 subjects [216]. 
Animal experiments demonstrated that instil
lation of cadmium chloride into the airway 
resulted in the development of airspace 
enlargement [217] with some fibrosis. The dis
tribution of the changes was predominantly 
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Fig. 6.15 The concentration of elastin degradation 
products (elastin peptides) in plasma and urine of 
healthy non-smokers (norma!), healthy smokers 
and patients with COPD. The average data and SE 
bar lines are derived from reference [214]. 

centrilobular, although no loss of elastin was 
found. Nevertheless the addition of lathyro
gens <agents which prevent the normal cross
linking of elastin) resulted in more severe 
change [218,219] possibly as the result of an 
additive effect of two independent mechan
isms. In addition studies using neutrophil 
depleted animals suggested that proteolytic 
enzymes from these cells were not required in 
the development of this type of emphysema 
[219]. 
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There is evidence that cadmium may be im
portant in human disease other than the acute 
exposures described above. For instance it has 
been shown that fibrosis is often a feature of 
centrilobular emphysema in man [220] and 
cadmium is a constituent of cigarette smoke 
[221]. Furthermore the cadmium content of 
emphysematous lungs has been reported to 
be increased [222]. 

Thus the cadmium model may have some 
relevance to human disease, although the 
exact mechanism remains largely unknown. 

6.9 HYPEROXIA AND NITROGEN DIOXIDE 

Exposure of experimental animals to hyper
oxia can result in airspace enlargement, poss
ibly as a result of damage to collagen [223]. 
This process is not thought to be mediated via 
proteinases but provides some evidence that 
collagen plays a role in maintenance of lung 
architecture. However, few studies have been 
performed with this model. 

On the other hand more studies have been 
carried out with emphysema produced by ni
trogen dioxide. This pollutant causes emphy
sema-like changes in several animal species 
including rats [224], hamsters [225], rabbits 
[226] and dogs [227]. The process is associ
ated with the loss of lung elastin [228] which 
may relate to degranulation of neutrophils 
during their migration into the lung [224]. 
Thus the N02 model may cause architectural 
changes indirectly as a result of neutrophil re
cruitment. In this respect it may be pathogeni
cally similar to the elastase model. 

6.10 STARVATION AND ELASTIN 
SYNTHESIS 

Severe starvation has been associated with the 
development of airspace enlargement in 
experimental animals [229] with a reduction in 
lung elastin content. The changes may relate to 
disordered lung growth as a direct result of 
malnutrition. However, severe malnutrition in 
man has also been associated with emphysema 
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[230], although it is uncertain whether milder 
forms of malnutrition may be important in the 
majority of patients. 

On the other hand disorders of lung elastin 
may playa role in some patients. Emphysema 
has been described in several connective tissue 
disorders, including Ehlers-Oanlos syndrome 
[231] and cutis laxa [232]. In the latter con
dition elastin gene expression may be defective 
[233], although a defect of lysyl oxidase activ
ity may also be present [234]. Lysyl oxidase is 
an enzyme required for cross-linking of elastin 
fibers, a process that is necessary for the for
mation of normal tissue elastin. The import
ance of this process is emphasized by the effect 
of lathyrogens (which prevent elastin cross
linking) in experimental emphysema [235]. 
Furthermore starvation and in particular 
copper deficiency [236], and zinc supplemen
tation with copper deficiency [237] are 
thought to affect lysyl oxidase activity in 
animal emphysema models. 

Finally there are animal models where 
emphysema develops spontaneously. In par
ticular the tight skin mouse represents an auto
somal dominant mutation characterized by 
multiple defects in connective tissue metab
olism [238]. This genetic variant develops em
physema spontaneously [239] and this is 
associated with an increase in lung neutrophils 
[240]. Subsequent studies showed that the 
mice also had a deficiency of serum anti
elastases [241] and hence the condition was 
thought to be similar to the situation in arAT 
deficiency where enzyme inhibitors were 
insufficient to protect the lung tissues from 
enzymes released from the neutrophils. How
ever, a recent study involving cross-breeding 
of tight skin mice with beige mice (deficient in 
neutrophil elastase) has shown that emphy
sema still occurs and is likely to be related to 
defective connective tissue alone [242]. 

Nevertheless, these studies confirm that 
defects in elastin synthesis have the potential 
to cause emphysema-like lesions in both man 
and experimental animals. Recent data have 
shown that an enzyme with collagenolytic ac-

tivity can also produce emphysema-like 
lesions in experimental animals [243]. This 
again questions the assumed central role of 
NE in the pathogenesis of emphysema and 
highlights another celli enzyme/ inhibitor / 
substrate pathway to be explored. 

6.11 SUMMARY 

There is extensive direct and indirect evi
dence to implicate proteolytic enzymes in the 
pathogenesis of COPD. However, the 
mechanisms are unclear in most patients with 
this clinical problem. This may reflect 
difficulties in dividing patients into clear 
pathologic groups or indicate that the 
common pathologic problem is the end result 
of diverse yet broadly similar pathologic 
processes. Perhaps our understanding of the 
critical steps in development of this disease or 
group of diseases will await the development 
and investigation of specific antagonists to 
the putative mediators involved. 

Meanwhile, future studies should be di
rected at investigating factors which may 
alter proteinase/ antiproteinase balance in 
subjects who already have COPO. Unlike 
healthy smokers these patients have already 
demonstrated their susceptibility to the devel
opment of disease. Differences between 
COPO patients whilst exposed to or removed 
from the known risk factors (such as 
smoking) may provide the best clues, espe
cially when compared to healthy age and risk 
factor-matched control subjects. Further 
studies are clearly indicated but the wealth of 
information that has arisen has already 
influenced the management of many patients 
with severe COPO. 
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LUNG MECHANICS 

N.B. Pride and J. Milic-Emili 

Changes in the mechanical properties of the 
airways and airspaces are central to the dis
ability in COPD. Increases in airway resist
ance, decreases in dynamic compliance and 
loss of lung recoil lead to hyperinflation of the 
lungs and chest wall and greatly increase the 
work of breathing. The unequal distribution 
of these changes leads to abnormal distribu
tion of ventilation and is responsible for 
much of the inefficiency of the lungs as ex
changers of O2 and CO2, In this chapter 
changes in lung mechanics will be considered 
at three stages: (1) mild disease as found in 
population studies of smokers, usually 
without symptoms; (2) established COPD 
with moderate to severe symptoms and 
airway obstruction studied in the stable state; 
(3) acute respiratory failure, defined as a 
significant deterioration of oxygenation from 
the chronic, stable state. A fuller account and 
bibliography of work on the first two stages 
up to 1985 is published elsewhere [1]. 

In clinical practice, lung mechanics almost 
always are assessed by simple measurements 
made during a forced expiratory maneuver. 
The major exception is acute respiratory failure 
in the intensive care unit, when resistance, 
compliance and work of breathing may be 
measured during tidal breathing. The relation 
between these two types of measurement is 
not intuitively obvious, although in fact forced 
expiratory volume in one second (FEV1) pro
vides a surprisingly good summary of the 

7 

mechanical function of the lungs. The changes 
in lung distensibility and airway function 
which determine maximum expiratory flow 
will be described mainly in the section on es
tablished COPD, while measurements during 
tidal breathing will be described mainly in the 
section on acute respiratory failure. 

7.1 MILD CHRONIC OBSTRUCTIVE 
PULMONARY DISEASE 

The pathologic changes in smokers leading to 
airflow obstruction are thought to be predom
inantly in the small bronchi and bronchioles 
so investigations into mild COPD have con
centrated on examining peripheral lung func
tion [2]. In the early development of COPD 
considerable obstructive changes in the 
peripheral airways can be present without 
causing obvious reductions in total airways 
conductance or maximum expiratory flow, at 
least at volumes above functional residual 
capacity (FRC), as has been shown by wedg
ing a bronchoscope in a sub segmental 
bronchus [3]. Consequently mild changes in 
lung mechanics in smokers can be detected 
best by tests which show non-uniform behav
ior of the lungs, such as enhanced airway 
closure or frequency-dependence of lung 
mechanics. Mild changes can also be detected 
by the shape of the maximum expiratory 
flow-volume curve and the response to 
helium-oxygen breathing. 

Chronic Obstructive Pulmonary Disease. Edited by Dr P. Calverley and Professor N. Pride. Published in 1995 by 
Chapman & Hall, London. ISBN 978-0-412-46450-8 
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Fig. 7.1 Nitrogen concentration plotted against 
expired volume following a single vital capacity 
breath of 100% oxygen for two healthy middle
aged smokers. Greater slope (percentage N2/l) in 
subject A indicates more uneven distribution of 
ventilation and asynchronous emptying. Abrupt 
change of slope at the closing volume (CV) indi
cates the volume at which some lung units in the 
most dependent lung zones stop emptying. Note 
arterial P02 (Pao2) is lower in subject A suggesting 
ventilation-perfusion mismatching on basis of 
uneven distribution of ventilation. 

7.1.1 ENHANCED AIRWAY CLOSURE 

The size and patency of the airways are deter
mined by the interaction between airway 
transmural pressure and the intrinsic proper
ties of the airway wall. Transmural pressures 
are reduced as lung volume is reduced, but 
normal peripheral airways are stabilized 
against closure by the low surface tension of 
the airway lining liquid [4]; in healthy young 
subjects significant airway closure does not 
occur until lung volume is reduced below 
functional residual capacity (FRC) [5]. An 
early change in disease is enhanced airway 
closure at small lung volume. This has been 
assessed by determining the lung volume 
('closing volume') at which a sudden increase 

in expired gas concentration has been ob
served during a slow deflation from total 
lung capacity (TLC) (Fig. 7.1). In healthy non
smokers, closing volume in young adults is 
usually about 5-10% vital capacity (VC), 
rising to about 25-30% VC (and thus close to 
FRC) in old age. Increases in closing volume 
have been shown in asymptomatic young 
adult smokers with normal spirometry [6], 
but it is not certain that differences between 
smokers and non-smokers increase in middle 
age. Sometimes the closing volume has been 
assessed as an absolute volume (closing ca
pacity (CC) which is closing volume plus 
residual volume (RV», expressed as a ratio of 
TLC (CC/TLC). With more severe airway 
disease it becomes impossible to define a 
closing volume because expired N2 rises con
tinuously through the breath. The slope of 
expired N2 versus volume has also been used 
as an indicator of disease. 

7.1.2 FREQUENCY-DEPENDENT FALLS IN 
COMPLIANCE AND RESISTANCE 

In contrast to most healthy non-smokers, 
many smokers show frequency dependence 
of lung compliance, values of dynamic com
pliance falling below the value of static inspir
atory compliance as the breathing frequency 
increases [7]. This change has been observed 
consistently in smokers with few other abnor
malities of lung function and with normal 
values for spirometry and total airway resist
ance. The implied increased inequality of 
time constants in the lung could be a result of 
changes in either the compliance or resistance 
of the various parallel lung compartments, of 
changes in the serial distribution of compli
ance between central airways and the periph
ery of the lung, or it might arise from the 
delay imposed on ventilation if some air 
spaces were only ventilated via collateral 
channels with long time constants. Measuring 
dynamic compliance is technically demand
ing; a more practical technique is to measure 
the fall in total respiratory resistance (lung 



and chest wall) with increasing frequency by 
using the forced oscillation technique applied 
at the mouth [8]. Because the resistance 
offered by the peripheral airways is normally 
less than one-third of the total airway resist
ance, this technique is probably less sensitive 
in detecting minor abnormalities than is 
frequency dependence of compliance. 

7.1.3 REDUCTIONS IN MAXIMUM 
EXPIRATORY FLOW AND IN DENSITY 
DEPENDENCE OF MAXIMUM FLOW 

Theory suggests that if narrowing first in
volves the peripheral airways, the earliest 
changes in maximum flow should occur in 
the termination of the maximum expiratory 
flow-volume (MEFV) curve toward residual 
volume (RV). Several studies have shown de
creased flow confined to the lower 50% of VC 
in asymptomatic smokers, but this finding is 
not universal. Other investigators have found 
maximum flow at large volumes is also 
decreased in young smokers and even that 
abnormalities in maximum flow are more 
common at large volumes than at small 
volumes [2]. 

There is a wide variation in normal MEFV 
curves [9] so that a useful method for detect
ing mild abnormalities in an individual is to 
compare the differences in MEFV curves 
breathing air and after equilibration with a 
low density gas mixture of 80% He and 20% 
O2, Density dependence of maximum flow 
(assessed by a Vrnaxso, Fig. 7.2) is determined 
by the ratio of density-independent lateral 
pressure losses (due to laminar flow regimes) 
to density-dependent lateral pressure losses 
(due to turbulence and convective accelera
tion) between alveoli and the site of flow limi
tation. In some asymptomatic smokers there 
is a reduction in a Vmaxso, suggesting a 
greater contribution of density-independent 
flow regimes (presumably in peripheral 
airways) to the pressure drop between alveoli 
and flow-limiting airways. With increasing 
age a Vrnaxso on average does not change in 
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Fig. 7.2 Comparison of maximum expiratory 
flow-volume curves with the subject breathing air 
(solid line) and after equilibration with an 80% 
helium, 20% oxygen mixture (dotted line). Two 
measurements have been used: (1) the ratio Vmaxso 
helium!Vmaxso air (~Vmaxso); (2) the largest 
volume at which the two curves coincide (volume 
of equal flow, VisoV> which is expressed as %FVC 
remaining to be expired. 

non-smokers but decreases in smokers 
[10,11]. Unfortunately, reduction in aVrnaxso 
has not been closely related to pathologic 
changes in peripheral airways in subjects who 
underwent lobectomy [12] or in lungs studied 
post-mortem [13]. Furthermore some patients 
with advanced COPD retain normal aVrnaxso 
[14], possibly because the site of flow limita
tion remains in central airways; therefore 
measuring a Vrnaxso is unlikely to be a consis
tently reliable method for detecting mild 
COPD. 

7.1.4 SIGNIFICANCE OF CHANGES IN 
PERIPHERAL LUNG FUNCTION 

Prospective studies have shown that over a 10-
year follow-up the great majority of smokers 
who developed a reduced FEV1 had an ini
tially abnormal single breath N2 (SBN2) test at 



138 Lung mechanics 

a time FEV1 was normal; but many other sub
jects with abnormal SBN2 tests did not 
progress to an abnormal FEV1 over that period 
[6,15,16]. With mild airway disease, certain 
smoking-related changes appear reversible in 
the first weeks after stopping smoking. Several 
studies have shown that frequency depend
ence of dynamic lung compliance was reduced 
within a few weeks of stopping smoking. 
Reductions in the slope of the SBN2 test and in 
closing volume, small improvement in spirom
etry or indices from air-MEFV curves and an 
increased density dependence of maximum 
flow have all been described [17]. The tests 
used generally could not distinguish whether 
changes were in the peripheral airways or in 
the airspaces. In recent years interest in these 
'sensitive' tests has waned; the proportion of 
total airflow resistance offered by airways less 
than 3 mm diameter in normal lungs is prob
ably higher than originally estimated (section 
7.2.3b) and changes in FEV1 appear to provide 
an adequate index of progression of mild 
disease in smokers. 

7.2 ESTABLISHED CHRONIC OBSTRUCTIVE 
PULMONARY DISEASE 

When abnormal breathlessness on exertion 
develops in COPD, standard tests of overall 
lung mechanics, such as FEV1 and airway re
sistance, are usually abnormal and there are 
increases in RV and FRe. In some patients 
there are also increases in TLC and in static 
lung compliance and loss of lung recoil pres
sure at a standard volume. The changes are 
distributed unevenly and frequency depend
ence of lung compliance and resistance per
sists. The increase in FRC potentially places 
the inspiratory muscles at a mechanical disad
vantage due to their decreased resting length. 

7.2.1 MAXIMUM FLOW-VOLUME CURVE 

In clinical practice, changes in lung mechanics 
are usually assessed by measurements made 
during forced vital capacity maneuvers, with 

much more emphasis on expiratory than 
inspiratory maneuvers. The evolution of 
maximum flow-volume curves as COPD pro
gresses is shown in Fig. 7.3. Characteristically 
the MEFV curve breathing air becomes in
creasingly convex toward the volume axis 
with the greatest proportionate reduction in 
maximum flow close to RV. Reductions in 
maximum inspiratory flow are less severe. 
Maximum flow-volume curves reflect a 
complex interaction between dynamic airway 
function, lung recoil and the forces applied to 
the lung surface by the respiratory muscles; 
all these aspects of respiratory mechanics are 
themselves strongly influenced by changes in 
lung volume. The usefulness of maximum 
flow-volume curves and derived measure
ments such as FEV1, FEVt/FVC% probably 
reflects their ability to integrate all these 
changes into a simple measurement which 
itself is related to the maximum breathing 
capacity. 

7.2.2 CHANGES IN STATIC LUNG VOLUMES 
AND DISTENSIBILITY 

Early studies with multibreath gas equilibra
tion or washout methods established that RV 
and FRC were consistently increased in pa
tients with COPD. With the introduction of 
the body plethysmograph technique for meas
uring thoracic gas volume, larger increases in 
FRC were found [18,19]. Originally these dif
ferences were explained on the basis that the 
standard gas-dilution methods only meas
ured the gas that communicates with the 
airway, whereas plethysmography also meas
ured trapped gas; however, it was shown 
subsequently that if gas dilution was pro
longed sufficiently, the communicating gas 
volume in most patients with COPD was 
similar to that measured by plethysmography 
[20]. In the early 1980s various possible errors 
in the plethysmographic technique used in 
patients with increased airway resistance 
were identified. The major source of error 
appears to be that swings in mouth pressure 
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Fig. 7.3 Maximum expiratory and inspiratory flow-volume (MEPV, MIPV) curves in (left) a healthy 
subject, (middle) a subject with mild intrathoracic airways obstruction, (right) advanced intrathoracic 
airways obstruction. FEVl indicated on volume axis by vertical bar. TLC = total lung capacity, RV = 
residual volume, PVC = forced vital capacity. Note the development of convexity of flow to volume axis 
in mild obstruction which gives a diagnostic contour despite preservation of a large peak expiratory 
flow, PVC and only small reduction in FEVdpvC ratio. In advanced disease there is shrinkage on both 
volume and flow axes. 

during panting can underestimate true swings 
in alveolar pressure, so that values of TLC 
derived from mouth pressure are higher than 
values based on swings in esophageal pres
sure. The tendency to overestimate TLC based 
on mouth pressure swings increases with in
creasing panting frequency and can probably 
be removed by panting at 1 Hz or less [21,22]. 
Despite the tendency to overestimate TLC 
with plethysmography, undoubtedly in
creases in TLC occur in some patients, particu
larly those with severe emphysema. This has 
been shown in emphysematous lungs studied 
post-mortem, and an acquired increase in TLC 
in life is suggested by chest radiographs taken 
at full inflation, which frequently show an ab
normally low position of the diaphragm with 
loss of its normal curvature. 

Changes in the static pressure-volume (PV) 
curve of the lungs are partly responsible for 
the changes in lung volumes. The charac
teristic changes are an increase in static com
pliance, reduction in static transpulmonary 
pressure (PU at a standard volume, and de
creased PL at TLC (Fig. 7.4). Such changes are 
not found in all patients with COPD and are 
generally regarded as indicating severe gen
eralized emphysema. A few studies have 
compared various indices of lung distens
ibility with morphologic changes in lungs 
post-mortem or removed at surgery. In such 
comparisons, usually only one lung or even a 
single lobe is available; thus it is desirable to 
use measurements of distensibility that are 
independent of the volume, relative expan
sion, and maximum distending pressure of 
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Fig.7.4 Representative static expiratory pressure-volume curves of lungs in a subject with severe em
physema compared with a normal subject. Lung volume measured by body plethysmography. Solid lines 
through experimental pOints were derived by exponential curve-fitting procedure. Broken lines, extrapo
lation of curve to infinite pressure and to volume axis at zero pressure. Values of k (cmH2o-1): for em
physema, 0.325: normal, 0.143. (Adapted from Gibson et al. 1979 [24].) 

the lung. This can be achieved either by meas
uring PL at a standard % of TLC or by model
ling the volume-pressure curve as a single 
exponential and fitting the curve with the 
equation* 

v = Vmax-Ae-kp 

where Vmax represents the extrapolated 
volume at infinite pressure, A is a constant 
related to the intercept on the volume axis, 
and the parameter k is a shape factor, which 
when pressure (PL) is measured in em H20 
has the dimensions cmHzO-l (Fig. 7.4). The 
parameter k is particularly useful because it 
describes the shape of the curve independ-

ently of the absolute volume of the lung and 
the precise positioning of the PV curve on its 
axes. In human lungs k rises slightly with 
increasing age [23,24,25], reflecting increased 
concavity of the PV curve to the pressure 
axis; increases in k in vivo are also found in 
patients diagnosed as having severe emphy
sema by conventional clinical criteria, al
though the extent of increase observed has 
been variable. The value of k in normal 
human lungs examined post-mortem appears 
to be greater than in vivo, but allowing for this 
change, Greaves and Colebatch [26] found a 
good relation between an increase in k and 
the presence of relatively severe emphysema 

'Despite different notation, this equation is identical with the equation used in Chapter 3 (p. 35-6). 
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in seven lungs studied post-mortem. Sub
sequent studies have shown a significant but 
loose relationship between k or PL at 90% TLC 
and a macroscopic assessment of emphysema 
in surgical or post-mortem specimens [27,28] 
and also a relation between abnormalities in 
the volume-pressure curve and the mean 
number of alveolar attachments to small 
airways [29,30] (Chapter 2). That the relation
ships are not tighter is not surprising because 
the static PV curve represents the lumped 
characteristics of all lung units contributing to 
VC and would not be expected to bear a close 
relation to the gross morphologic changes 
that are characteristically distributed irregu
larly. Areas of lung affected by severe macro
scopic emphysema, such as a bulla, may not 
change volume at all during a VC maneuver 
and contribute to the static PV curve only by 
displacing it to larger absolute volumes. 
Similarly, in centrilobular emphysema the af
fected spaces have a high RV and are less 
compliant than normal lung tissue and the 
surrounding lung, which is less severely af
fected by emphysema [31]. Despite the in
crease in static compliance, relative volume 
expansion (i.e., VC/RV ratio) between RV 
and TLC is reduced in emphysema because 
increase in RV outweighs any accompanying 
increase in TLC. Therefore as local emphyse
matous changes become more severe, the VC 
of these regions falls and their contribution to 
the overall PV curve of the lung declines. 
These considerations have led to the hypothe
sis ('the doughnut not the hole' [32]) that 
changes in the PV curve in emphysema are 
dominated not by the usually localized 
macroscopic changes but by a change in 
overall microscopic lung structure that ac
companies (and possibly precedes) the 
macroscopic changes. 

The evolution of changes in the PV curve in 
established COPD is not known. Because of 
the tendency to lose the volume contribution 
of the most emphysematous areas, a progress
ive loss of recoil pressure cannot be assumed. 
Studies of asymptomatic subjects with other 

known risk factors for emphysema, such as 
homozygous arantitrypsin deficiency or re
current pneumothorax, confirm that consider
able changes in the PV curve can be found 
without accompanying severe airflow limita
tion and apparently at an early stage in the 
natural history of emphysema. 

Changes in the static PV curve contribute to 
increases in FRC and RV in COPD and are 
probably essential for any true increase in 
TLC. Lung recoil pressure (PL) at full inflation 
is reduced when TLC is increased, reflecting 
the reduced ability of the inspiratory muscles 
to lower pleural surface pressure at large 
volumes. Loss of lung recoil pressure in
creases the neutral position of the respiratory 
system (i.e. relaxation volume, Vr), and this 
may be enhanced by accompanying reduc
tions in chest wall recoil pressure [33]. 
However, because of the slow expiratory flow 
rates caused by airway narrowing, PRC may 
be determined dynamically in patients with 
severe COPD; expiration is terminated by the 
initiation of the next inspiration before the 
respiratory system has sufficient time to reach 
its relaxation volume (Section 7.2.5). A com
bination of airway changes and loss of lung 
recoil probably also accounts for the increase 
in RV. Loss of lung recoil pressure results in 
airway closing pressures developing at larger 
lung volumes, but RV probably is also deter
mined dynamically; in severe COPD the time 
to empty the lung is greatly prolonged with 
expiratory flow continuing at very low levels, 
presumably through dynamically narrowed 
airways, until RV is essentially limited by the 
breath-holding ability. 

7.2.3 AIRWAY FUNCTION 

(a) Determinants of maximum expiratory 
flow 

Pressure-flow relations are highly dependent 
on lung volume and are best analyzed by 
constructing an iso-volume pressure-flow 
curve (lVPF) from many breaths made with 
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varying efforts (Fig. 7.5) [34]. Ideally such 
curves are constructed at the same thoracic gas 
volume (as measured in a variable-volume 
body plethysmograph) rather than at a partic
ular expired volume below TLC because the 
hyperinflation and reduced expiratory flow in 
patients with severe airflow limitation results 
in reduction in thoracic gas volume due to gas 
compression on forceful expiration being large 
in relation to the volume expired at the mouth 
[35]. IVPF curves based on thoracic gas 
volume usually show a plateau of flow in both 
normal subjects and patients with capo at 
mid-VC. Compared with normal subjects, pa
tients show a reduced maximum expiratory 
flow, the plateau of maximum expiratory flow 
is reached at lower driving pressure, and the 
AV/AP slope (conductance, G) is reduced at 
low flow (Fig. 7.5) [34,36]. This initial AVI AP 
slope is related to the overall static dimensions 
of the airways. Often there is also a reduced 
lung recoil pressure. A further difference from 
normal subjects is that plateaux of maximum 
expiratory flow develop at large lung volumes. 
Changes on the inspiratory limb of the IVPF 

Normal 

curve are less striking and both in normal sub
jects and patients with capo maximum inspi
ratory flow does not show a plateau, the 
highest values being associated with the most 
negative pleural pressure. 

As implied by such IVPF curves, the factors 
determining maximum flow are only indi
rectly related to the overall static dimensions 
of the airways. The airway narrowing found at 
low flow rates (or during breath holding) 
results from disease of the airway wall or 
lumen or from loss of the normal forces dis
tending the airways. Additional dynamic nar
rowing of the airways develops on forced 
expiration. In normal subjects pressure losses 
down the airways on expiration reduce 
airway-distending pressures below the pres
sure present at the same lung volume during 
breath holding or inspiration. This leads 
to dynamic narrowing of all intrathoracic 
airways, which is most pronounced in the 
large intrathoracic airways. In capo reduc
tion in lung recoil pressure (reducing extra
airway distending pressure and effective 
driving pressure) and airway narrowing (in
creasing pressure losses down the airways for 
a given flow) both enhance dynamic narrow
ing of large intrathoracic airways on ex
piration. Hence the enhanced dynamic 
compression of central airways found in 
capo does not necessarily indicate altered 
compliance of these airways (although 

(-) --'-t,.....H---L----'---'----~ (+) atrophic changes and loss of cartilage have 
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Fig. 7.5 Schematic isovolume pressure-flow 
(IVPF) curves at 50% VC for normal subject and 
patient with COPD. Compared with normal 
subject, in COPD airway conductance at low flow 
(-e-), the lowest pleural pressure (Ppl) at which 
maximum flow is achieved (0), maximum expira
tory flow (-), and lung recoil pressure (indicat~d 
by distance from ~ to zero Ppl) are all reduced.VE 
expiratory flow: VI inspiratory flow. There is no 
plateau of maximum inspiratory flow in either 
normal subject or COPD patients. 

been described) but is commonly due to 
more peripheral airway or air space disease. 
The functional consequence of these dynamic 
effects is much greater reduction in maximum 
expiratory flow than in maximum inspiratory 
flow. 

The role of loss of lung recoil in reducing 
maximum expiratory flow can be assessed by 
examining the relation between maximum 
expiratory flow and static transpulmonary 
pressure (syn. lung recoil pressure) curves 
(Fig. 7.6) [36,37,38]. In a few patients with mild 
or moderate airflow limitation, the relation 
between maximum expiratory flow (Vmax) 
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surface pressure) are in the central intratho
racic airways until - 75% of VC has been 
expired; at smaller lung volumes, equal pres
sure points move toward the periphery of the 
lung beyond the large bronchi in which 
luminal pressure measurements are possible 

LOSS OF AIRWAY 
DISTENSION 

STATIC TRANSPULMONARY PRESSURE 

Fig. 7.6 Schematic changes in maximum expira
tory flow versus lung recoil pressure curves. With 
loss of lung recoil pressure (----) the flow-pressure 
slope remains normal but is truncated at high pres
sures; with intrinsic airway obstruction the slope is 
reduced but points to the origin. With increased 
airway collapsibility the flow-pressure slope may 
be normal but displaced to higher pressures with 
an intercept on the pressure axis. Commonly in 
COPD the flow-pressure curve has both a positive 
pressure intercept and a reduced slope. 

and lung recoil pressure (PL) remains normal 
and the upstream conductance (Vmax/PL) 
remains normaL These patients usually have 
other evidence of emphysema (Chapter 3). 
When airflow limitation is more severe (FEV} 
<50% predicted value), maximum flow is 
almost always reduced at a standard lung 
recoil pressure (decrease in upstream conduc
tance) [38]. This could be a result of any patho
logic change that reduces the total 
cross-sectional area of the static lumen of the 
airways; in addition, an enhanced collapsibil
ity of airways at or on the alveolar side of 
flow-limiting segments could have a similar 
effect even if resting dimensions are normaL 

(i) Site of expiratory flow limitation 

In normal subjects measurements of intra
bronchial pressure suggest that equal pressure 
points (points in the tracheobronchial tree 
where lateral airway pressure equals pleural 

[39]. Probably there is a similar change in the 
sites of flow limitation. In patients with 
COPO, Macklem et al. [40] found variable 
results with some subjects in whom equal 
pressure points were in central airways over 
much of the VC, whereas in others equal 
pressure points were in airways peripheral to 
the bronchial catheter even at volumes >50% 
ve 

As discussed above, there is an analogous 
variability in the density dependence of 
maximum expiratory flow in COPO [14]. 
Overall, preservation of density dependence 
becomes increasingly uncommon as expira
tory airflow limitation becomes more severe; 
nevertheless density dependence is preserved 
in a minority of patients, possibly because 
central airways are flow-limiting. 

(b) Determinants of conductance at low 
flow 

The relation between flow rate CV> and 
driving pressure (alveolar pressure Palv) at 
low flow, shown in Fig. 7.5, corresponds to 
the airway conductance measured by shallow 
panting in a body plethysmograph. Reduced 
conductance, as found in COPO, indicates a 
reduction in overall airway dimensions under 
near-static conditions, which may be due to 
intrinsic disease of the airway wall or lumen 
or to loss of the normal forces distending the 
airways. The latter forces are closely related 
to lung recoil pressure. In theory, it is possible 
to dissect out the roles of intrinsic airway ab
normality and loss of recoil by determining 
the conductance/lung recoil ratio at FRe In 
practice a much better resolution can be ob
tained by studying the relation between con
ductance and lung recoil pressure over a 
range of lung volumes, because the increase 
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Fig. 7.7 Different mechanisms of reduction in airway conductance in chronic obstructive pulmonary 
disease (COPD). Top: Schematic diagram: At a given lung volume, conductance is reduced both with 
loss of lung recoil pressure (solid lines) and with intrinsic airway disease (broken lines), but when loss of 
lung recoil pressure is the only abnormality the conductance-static transpulmonary pressure curve may 
lie in normal range (stippled area). Bottom (left): conductance (Caw) vs lung volume plots, horizontal 
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pressure in 17 patients with COPD. Shaded area represents normal range. Both Caw and lung volume 
are corrected for height and gender by expressing as predicted TLC. (Data slightly redrawn from Leaver 
eta/. [38] .) 

in lung recoil pressure as lung volume is in
creased is a major determinant of the normal 
increase in conductance as the lung is inflated 
(Fig. 7.7) [19,38,41]. The characteristic change 
in COPD is a reduced conductance/volume 

slope; however, in some patients, the relation 
between conductance and lung recoil pres
sure is normal, the abnormality in conduc
tance being explained by loss of lung recoil 
(Fig. 7.7) [38,41] . Such patients usually show 
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radiologic and functional evidence of emphy
sema. But in most patients with severe COPD, 
conductance is reduced at a standard lung 
recoil pressure and abnormality of the 
airways is present. The precise airway abnor
mality cannot be deduced; a reduced conduc
tance/lung recoil slope could be caused by 
loss of parallel airways, smaller dimensions 
of the airways at low distending pressure, or 
reduced airway compliance. 

Because of the linear relation between con
ductance and lung recoil, conductance 
(Ll V/LlPL) is the most appropriate measurement 
for this analysis. In clinical use, however, PL is 
usually not measured and allowance is made 
for the effect of lung volume. Specific airways 
conductance (SGaw) is usually measured; 
SGaw does not completely correct for the effect 
of lung volume because the conductance/ 
volume slope usually intercepts at RV on the 
volume axis (Fig. 7.7). There are practical prob
lems in measuring pressure-flow relations 
during panting in patients with COPD because 
of looping of these plots, particularly on expir
ation; in experimental studies pressure-flow 
relations are usually assessed at 0-0.5 1/ s on 
inspiration. Another problem is that frequency 
dependence of pressure-flow relations -
usually shown by a decline in resistance as 
breathing frequency - is increased in COPD 
[43]; even at the usual panting frequency of 
1-2 Hz, differences in resistance between 
normal subjects and patients with COPD are 
less than during tidal breathing. Hence the 
measurement of resistance or conductance in 
practice does not provide a simple summary of 
airway function in established COPD. 

mSite of increased airways resistance 

Because resistance of the different serial gener
ations of airways can be added to give the total 
airway resistance the important sites of airway 
narrowing can be assessed more easily in 
terms of resistance (LlP /Ll \i) than of con
ductance (LlV/LlP). Hogg, Macklem and 
Thurlbeck [44] studied the site of static intrin-

sic narrowing of the airways in nine post
mortem lungs from patients who died of 
COPD. Total airway resistance was measured 
by forced oscillation at the airway opening and 
was partitioned with the retrograde-catheter 
technique into that due to airways with diame
ters either larger or smaller than 2-3 mm. At 
low flows and at a lung recoil pressure of 
5 cmH20, most of the increase in resistance lay 
in the peripheral airways of <2-3 mm diame
ter. The increase in resistance was present on 
inspiration as well as expiration, indicating 
that it was due to morphologic changes in the 
peripheral airways and not due to a 'check
valve' phenomenon. 

Central airways resistance was only in
creased in three of the lungs and in each case 
there was also a proportionately greater in
crease in peripheral airway resistance. The 
proportion of the total airflow resistance 
accounted for by peripheral airways was 
very high at all lung volumes and averaged 
75% at a lung recoil pressure of 5 cmH20. 
Subsequent studies of excised human lungs 
at post-mortem [45,46,47] have confirmed 
the conclusion of Hogg and colleagues that 
at low flows the predominant increase in 
resistance in lungs from patients dying from 
COPD was in the peripheral airways. Recent 
in vivo studies with an intrabronchial catheter 
have confirmed these results, resistance of 
airways smaller than 3 mm diameter contrib
uting more than 50% of total pulmonary 
resistance in patients with COPD compared 
with about 25% in normal subjects [48]. 

These studies have important implications 
for the interpretation of changes in resistance 
(measured at low flow) in COPD. In life 
there is also a labile component to resistance, 
presumably due to bronchial muscle con
traction or mucosal edema as shown by re
sponse to bronchodilator drugs or increased 
inspired O2. This change probably involves 
more central airways. Nevertheless available 
evidence suggests that when total airway 
resistance is increased it is mainly due to a 
very large increase in peripheral airway 
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resistance, implying that the hypertrophy of 
mucous glands in the central airways 
usually found in COPD does not lead to 
significant luminal narrowing. 

(ii) Collateral ventilation 

In advanced COPD many airways can be com
pletely occluded. This would be expected to 
lead to the development of atelectasis or non
ventilated airspaces acting as effective right-to
left shunt. Yet neither atelectasis nor increase 
in shunt are features of advanced COPD 
except in patients in acute respiratory failure 
(Chapter 8); this is probably due to a reduction 
in the resistance to collateral ventilation related 
to the increase in PRC and destruction of alve
olar walls in emphysema [49,50]. 

(c) Summary 

The usual major site of fixed airway narrow
ing in COPD appears to be the peripheral 
airways of <2-3 mm diameter. There may be 
individual patients in whom obstructive 
changes in the central airways are of greater 
importance. Loss of lung recoil plays a role in 
many patients (particularly those with emphy
sema) by reducing the distending force on all 
intrathoracic airways, but is rarely the sole 
cause of severe airflow limitation. Static air
way narrowing due to intrinsic disease of the 
airways and loss of lung recoil both enhance 
expiratory dynamic compression so that flow 
limitation develops at lower driving pressures 
and flows. In addition, atrophic changes in the 
airways and loss of support from surrounding 
lung may alter airway compliance, enhancing 
dynamic compression and the development of 
flow limitation. The site of flow limitation in 
the upper part of the VC may be more periph
eral in many patients with COPD than in 
normal subjects. The large differences between 
maximum inspiratory and maximum expira
tory flow at the same lung volume (far in 
excess of the expected hysteresis of airway di
mensions and lung recoil pressure) emphasize 

the large role of dynamic factors in determin
ing expiratory airflow limitation. 

Tests of overall airway function such as 
airways conductance or FEV} reflect the pre
dominant serial site of airway narrowing. 
Because of the low resistance of peripheral 
airways in normal lungs, for the past 20 years 
such tests have been correctly regarded as 
mainly reflecting large airway function in 
normal subjects even though more recent esti
mates of serial distribution of airway resist
ance in normal lungs also suggest that the 
peripheral airways are not quite so 'silent' as 
originally suggested. But when the predom
inant site of airway narrowing is in peripheral 
airways, as in COPD, this is reflected in 
reduced values of conductance and FEV}. This 
is clearly indicated by the original studies of 
the lungs studied at necropsy by Hogg et al. 
and characterized by increased peripheral 
airway resistance; the patients in life had had 
severe reductions in FEV}. 

Reductions in tests of overall airway func
tion in COPD breathing air do not provide any 
evidence on whether large or small airways 
are the site of increased resistance. Indeed the 
value of the FEV} in assessing the abnormality 
of lung mechanics is that it 'integrates' infor
mation on dynamic dimensions of all genera
tions of airways and changes in lung recoil, 
providing a summary of lung size and the 
maximum rate of lung emptying. In practice, 
FEV} is the most consistent and important 
indicator of disability and prognosis. 

7.2.4 CONTRIBUTIONS OF EMPHYSEMA AND 
INTRINSIC DISEASE OF THE AIRWAYS TO 
ALTERATIONS IN LUNG MECHANICS 

Many studies of lung mechanics in COPD 
have attempted to distinguish changes due 
to primary disease of the airways from those 
due to emphysematous changes in the termi
nal bronchioles and air spaces. The most 
characteristic change in lung mechanics as
sociated with severe emphysema is marked 
loss of recoil pressure but patients with 
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COPD thought to be due to primary 
bronchial disease also show some loss of 
lung recoil and increase in TLC [42]. It is not 
clear whether this is because of a direct effect 
of airway obstruction alone or whether it 
reflects the presence of lesser degrees of em
physema among patients thought on clinical 
and functional grounds to have primary 
airway disease. In general, emphysema 
becomes increasingly common and severe as 
airways obstruction worsens in COPD. As 
discussed above, some patients thought to 
have emphysema have shown preservation 
of a normal relation between total lung 
conductance and lung recoil pressure 
(Fig. 7.7) [38,41] and, less commonly, 
between maximum expiratory flow and lung 
recoil pressure [38,42]. Usually, however, 
emphysema and intrinsic disease of the 
airways coexist and both relations are abnor
mal. Thus only the minority of patients with 
predominant emphysema and little intrinsic 

disease of the airways would be expected to 
show a normal relation between lung recoil 
and conductance or maximum flow. 

Characteristically patients with severe 
airflow limitation who develop chronic hyper
capnia show low values of dynamic lung com
pliance, have an increased inspiratory flow 
resistance, and a small tidal volume during 
resting breathing. These changes have been 
claimed to be characteristic of intrinsic disease 
of the airways rather than emphysema. 

7.2.5 FLOW, VOLUME, AND PRESSURE 
DURING TIDAL BREATHING AT REST 

(a) Pattern of breathing 

Although minute ventilation at rest in patients 
with severe airflow limitation is usually 
normal or slightly increased, this requires con
siderable adjustments in respiratory muscle 
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(bottom series) as exercise increases in intensity. Tidal flow-volume loops are shown in relation to the 
subject's complete maximum expiratory flow-volume curve. The numbers show the associated minute 
ventilation (expressed as a percentage of the predicted maximum breathing capacity) and indicate the 
intensity of exercise load. 
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activation. The most obvious requirement is 
increased swings in pleural pressure to over
come increased airflow resistance and reduced 
dynamic compliance. However, there are also 
alterations in breathing pattern so that any in
crease in ventilation tends to be produced by 
increase in frequency rather than tidal volume 
(VT) [51], whereas inspiratory time (TI) in some 
patients is a lower proportion of total breath 
duration (TTOT) [52]. Furthermore, inspiration 
is initiated from an increased PRe, which may 
partly be determined by dynamic factors. 
These altered patterns of breathing ultimately 
depend on neurologic control mechanisms but 
are clearly constrained by the alterations in 
lung mechanics, particularly expiratory flow 
limitation. When maximum expiratory flow is 
severely reduced, expiratory flow during tidal 
breathing reaches maximum levels (Fig. 7.8). 
The effects of expiratory flow limitation may 
be slightly reduced both by decreasing 
Tr/TTOT (thus allowing more time for expira
tion) and (more importantly) by breathing 
tidally at larger lung volumes, where airway 
size, and consequently maximum expiratory 
flow, is greater. However, both these adapta
tions increase the work of the inspiratory 
muscles - the former by increasing the mean 
inspiratory flow needed to sustain a given 
total ventilation, the latter by increasing the 
elastic work required to inflate the lungs and 
chest wall. 

Thus, although airflow limitation is predom
inantly expiratory, compensation is achieved 
by increased work by the inspiratory muscles; 
most of the increased tidal swings in pleural 
(esophageal) pressures in these patients are 
inspiratory. 

Some patients with severe COPD reduce 
their tidal volume and hypoventilate. This 
results in chronic hypercapnia. The rapid 
shallow breathing pattern observed in the 
hypercapnic COPD patients has in the past 
been regarded as an adaptive strategy used 
to prevent inspiratory muscle fatigue [53]. 
Recent studies do not support this con
tention [54]. 
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Fig.7.9 Volume-pressure diagram of the relaxed 
respiratory system showing the increase in static 
elastic work caused by dynamiC hyperinflation. 
Vc, vital capacity; Vr, relaxation volume of the res
piratory system. Hatched area A, elastic work for a 
breath that starts from relaxation volume. Hatched 
area B, elastic work for a similar breath that starts 
from a volume 29% VC higher than Yr. In case B, 
the intrinsic PEEP is 15 cmH20, as indicated by the 
upper circle, and WPEEPi is given by PEEPi x tidal 
volume. 

(b) Dynamic hyperinflation 

In normal subjects at rest, the end-expiratory 
lung volume (functional residual capacity, 
FRC) corresponds to the relaxation volume 
(Vr) of the respiratory system, i.e. the lung 
volume at which the elastic recoil pressure of 
the total respiratory system is zero (Fig. 7.9). 
Pulmonary hyperinflation is defined as an in
crease of FRC above predicted normal. This 
may be due to increased Vr due to loss of 
elastic recoil of the lung (e.g. emphysema) or 
to dynamic pulmonary hyperinflation which is 
said to be present when the FRC exceeds Yr. 
Dynamic hyperinflation exists whenever the 
duration of expiration is insufficient to allow 
the lungs to deflate to Vr prior to the next in
spiration. This tends to occur under conditions 
in which expiratory flow is impeded (e.g. in
creased airway resistance) or when the expira
tory time is shortened (e.g. increased breathing 
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frequency). Expiratory flow may also be re
tarded by other mechanisms such as persistent 
contraction of the inspiratory muscles during 
expiration and expiratory narrowing of the 
glottic aperture. Most commonly, however, 
dynamic pulmonary hyperinflation is ob
served in patients who exhibit expiratory flow 
limitation during resting breathing 

(c) Intrinsic Positive End-expired Pressure 
(PEEPi) 

Under normal conditions, when end-expired 
volume equals Vr, the end-expiratory elastic 
recoil pressure of the total respiratory system 
(lungs and chest wall) is zero (case A in 
Fig. 7.9). In this instance, as soon as the inspira
tory muscles contract, the alveolar pressure 
becomes subatmospheric and gas flows into 
the lungs. When breathing takes place at lung 
volumes higher than Vr, the end-expiratory 
elastic recoil pressure is positive (15 cmH20 in 
case B of Fig. 7.9). The elastic recoil pressure 
present at end-expiration has been termed 
occult PEEP, auto PEEP, or intrinsic PEEP 
(PEEPi). When PEEPi is present, the onset of 
inspiratory muscle activity and inspiratory 
flow are not synchronous; inspiratory flow 
starts only when the pressure developed by 
the inspiratory muscles exceeds PEEPi because 
only then does alveolar pressure become sub
atmospheric. In this respect, PEEPi acts as an 
inspiratory threshold load which increases the 
static elastic work of breathing. This places a 
significant extra burden on the inspiratory 
muscles, which are operating under disadvan
tageous force-length conditions and abnormal 
thoracic geometry. 

Patients with severe COPD may contract 
their abdominal muscles in the second half of 
expiration raising end-expired abdominal and 
pleural pressures, which fall rapidly with re
laxation of abdominal muscles after the start 
of inspiration [55]. In spontaneously breath
ing patients who are not increasing pleural 
pressure at the end of tidal expiration by con
tracting abdominal muscles PEEPi can be 

estimated as the negative deflection in 
esophageal pressure from the start of inspira
tory effort to the onset of inspiratory flow. 
This pressure is termed dynamic PEEPi. 
Values of dynamic PEEPi are usually lower 
than those of static PEEPi obtained by the 
end-expiratory occlusion technique used 
during mechanical ventilation [56]. 

(d) Effects of dynamic hyperinflation on 
work of breathing and mechanical 
performance of the inspiratory muscles 

In 1954 McIlroy and Christie [57] observed 
that the mechanical work of breathing was in
creased in stable COPD patients which they 
attributed to increased airway and 'viscous' 
resistance of the lung. In later studies it was 
suggested that in COPD patients there is an 
increase of work of breathing also as a result 
of time constant inequality within the lung 
which causes an increase of effective dynamic 
pulmonary elastance and flow resistance [58], 
and PEEPi [59]. 

If PEEPi is absent and static elastance of the 
respiratory system (Est,rs) is linear over the 
volume change considered (Ll V), the static in
spiratory work per breath is given by 

Wrst,rs = 0.5 Est,rs Ll V (1) 

If PEEPi is present, Eq. (1) becomes 

Wrst,rs = 0.5 Est,rs Ll V + PEEPi Ll V (2) 

Fig. 7.9 illustrates the static elastic work re
quired from the inspiratory muscles for the 
same tidal volume inhaled from Vr and from a 
higher lung volume. As shown by the hatched 
areas, Wrst,rs increases markedly when the 
breath is taken at a higher lung volume. In this 
example, the increase in Wrst,rs is due mainly 
to PEEPi, though an increase in Est,rs (as 
reflected by the decreased slope of the static 
PV curve at the higher lung volume) also plays 
a role. Clearly, during spontaneous breathing 
dynamic hyperinflation implies an increase 
of static inspiratory work, and hence in in
spiratory muscle effort. Furthermore, as 
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lung volume increases there is a concomitant 
decrease in effectiveness of the inspiratory 
muscles as pressure generators, because the in
spiratory muscle fibers become shorter and 
their geometrical arrangement changes. Thus, 
in COPD patients there is a vicious cycle: in 
addition to these increases in static elastic 
work, resistive work on inspiration is invari
ably increased due to airway obstruction 
which in turn promotes dynamic hyper
inflation with a concomitant increase in elastic 
work and impaired mechanical performance 
of the inspiratory muscles. With increasing 
severity of airway obstruction, a critical point 
is eventually reached at which the inspiratory 
muscles become fatigued. 

7.2.6 ROLE OF ABNORMAL VENTILATORY 
MECHANICS IN LIMITING EXERCISE 
CAPACITY 

Abnormalities in ventilatory mechanics pre
dominate in limiting exercise tolerance in 
patients with severe COPD. This conclusion is 
based on studies that show that, whereas ex
ercise is terminated when O2 consumption 
and heart rate are below predicted maximum 
values, maximum exercise ventilation fre
quently attains the maximum breathing ca
pacity (MBC) as predicted from the resting 
value of FEV} [51]. However, this prediction 
is rather imprecise and the formula com
monly used in normal subjects (MBC 
[litres/min] = 35 x FEV} (litres» considerably 
underestimates the maximum exercise 
ventilation achieved by patients with the 
most severe expiratory airflow limitation. 
Maximum exercise ventilation can be pre
dicted better by measuring the maximum vol
untary ventilation that can be sustained for 
4 min [60], while maintaining isocapnia. 
Indirect methods using maximum inspiratory 
pressure or flow have also been proposed 
[61]. Detailed comparison of tidal and 
maximum flow-volume curves during exer
cise supports the role of ventilatory mechan
ics in limiting performance [62-64]. In the 

patients with most severe airflow limitation, 
tidal expiratory flow reaches the MEFV curve 
even at rest (Fig. 7.8); in those with less severe 
disease, flow limitation is reached on expira
tion once ventilation is increased to meet the 
metabolic needs of exercise. Increases in ven
tilation are achieved at first by increases in 
both VT and frequency, but VT becomes fixed 
at -50% of VC and further increases in venti
lation are then achieved by increasing fre
quency [51,65]. Because of expiratory flow 
limitation, to increase expiratory flow, tidal 
breathing has to take place closer to TLC and 
end-expiratory volume rises. However, this 
increase is achieved exclusively by an in
crease in rib cage volume [66]; as in normal 
subjects, there is a small decrease in end
expired abdominal volume. This change in 
chest cage configuration assists diaphragm 
function by minimizing the decrease in its 
length that would otherwise occur with in
crease in end-expired volume. At the break
ing point of exercise, tidal inspiratory flow 
also approaches maximum levels. 

These changes in breathing pattern are 
achieved by increased tidal swings in pleural 
pressure, which are predominantly due to 
more negative inspiratory pressures, at least 
until approaching the breaking point of exer
cise when more positive pleural pressures in 
the range 15-20 cmH20 are generated. Some 
studies have suggested that the sensation of 
dyspnea during exercise is related to the 
generation of more negative inspiratory 
pressures. 

These observations raise the possibility 
that the ability to sustain respiratory muscle 
force may ultimately limit exercise [65]. 
During strenuous exercise in patients with 
COPD the predicted O2 requirements of the 
respiratory muscles have been estimated to 
be as much as 40% of the observed O2 con
sumption [67]; thus, in contrast to normal 
subjects, there is significant competition 
between limb and respiratory muscles for 
the available O2 (see Chapter 9 for further 
discussion). 



7.3 ACUTE RESPIRATORY FAILURE (ARF) 

Overall, surprisingly few studies have been 
made of the changes in lung mechanics in ex
acerbations of disease in capo and it is only 
in the last few years that adequate studies of 
changes during the most severe episodes, re
quiring assisted ventilation, have been made. 
For the purposes of this section we define 
acute respiratory failure as worsening arterial 
oxygenation and acute ventilatory failure as an 
increase in arterial PC02; implicitly these exac
erbations will have occurred on the back
ground of considerable and persistent 
underlying abnormalities in lung mechanics. 

7.3.1 ORIGINS OF INCREASED WORK OF 
BREATHING 

Acute ventilatory failure in capo patients is 
most commonly triggered by airway infection. 
As a result, there is an acute increase in airway 
resistance which causes increased resistive 
work of breathing, and promotes dynamic 
hyperinflation. The latter is further exacerbated 
by the tachypnea which is invariably present in 
capo patients with ARF. Expiratory flow limi
tation is present during tidal breathing. 
Dynamic hyperinflation promotes an increase 
in the static elastic work of breathing which can 
be due both to PEEPi and decreased lung com
pliance (Fig. 7.9). The highest values of PEEPi 
observed in stable capo patients are in the 
order of 7-9 cmH20 [68] but with ARF values 
up to 13 cmH20 during spontaneous breathing 
[59] and 22 cmH20 during mechanical ventila
tion [69] have been reported. As a result the 
work of breathing is markedly increased. This 
increase in work of breathing, in association 
with the impaired inspiratory muscle perfor
mance, promotes inspiratory muscle fatigue 
(Fig. 7.10). As a result, the patient may need to 
be mechanically ventilated. 

The average inspiratory work of the respir
atory system (Wr,rs) and its components in 10 
mechanically ventilated sedated paralyzed 
capo patients with ARF are shown in Fig. 
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Fig. 7.10 Scheme of the pathophysiology causing 
acute ventilatory failure in COPD patients. TToT, 
total breathing cycle duration; TI and TE, inspira
tory and expiratory ti mes: Raw, airway resistance; 
Edyn,L, dynamic lung elastance (reciprocal of lung 
compliance). 

7.11 together with the corresponding values 
obtained in 18 anesthetized paralyzed normal 
subjects [54]. The measurements were ob
tained during constant-flow inflation with 
tidal volume of 0.73 I, frequency of 12.5 
breaths per minute and inspiratory duration 
of 0.92 s. Wr,rs was two-fold greater in capo 
patients than in normal subjects, the differ
ence reflecting an increase of both static 
(Wrst,rs) and dynamic (Wrdyn,rs) work. 

The increase in Wrst,rs in these capo pa
tients was due entirely to the work due to 
PEEPi (Wr,PEEPi) which represented 57% of 
the overall increase in Wr,rs exhibited by the 
capo patients relative to normal subjects. 
These studies agree with those of Guerin et al. 
[70] and Tantucci et al. [71] in finding normal 
values of Est,rs in capo patients with ARF. 
By contrast, Broseghini et al. [69], who studied 
capo patients during the first day of 
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Fig.7.11 Average values of inspiratory work (WI) done on the respiratory system and its components in 
10 COPD patients and 18 normal anesthetized paralyzed subjects with inflation flow of 0.81/s and tidal 
volume of 0.731. Wst,rs, total static work of respiratory system; WPEEPi static work due to intrinsic PEEP; 
Wdyn,rs, total dynamic work of respiratory system; Waw, airway resistive work; I:-,.Ww, viscoelastic work 
of chest wall; I:-,. WL, work of lung due to time constant inequality and/ or visoelastic pressure dissipations. 
Work per liter of inspired volume (WI/VT) is shown on right ordinate. (From Coussa et al. [541.) 

mechanical ventilation found increased 
values of Est,rs (Table 7.1). This was due in 
part to the fact that these patients had a more 
marked degree of dynamic pulmonary 
hyperinflation, and hence their AV during 
mechanical ventilation impinged into the flat 
part of their static volume-pressure (V-P) 
curves (Fig. 7.9). Even in these patients, 
however, most of the increase of static work 
was due to PEE Pi. 

In the COPD patients in Fig. 7.11, increase in 
WIdyn,rs accounted for 43% of the overall in
crease in inspiratory work. Airway resistive 
work (WI,aw) was, on average, 3.3 times 
higher than in the normal subjects, and con
tributed 34% of the overall increase in WI,rs. 
The increase in WI,aw in the capo patients 
reflects increased airway resistance (Raw). 
According to Guerin et al. [70] and Tantucci et 
al. [71] at similar inflation volume and flow, 
Raw in capo patients with ARF was about 3.5 
times higher than in normal subjects (Table 

7.1). Higher values of Raw were found by 
Broseghini et al. [69], presumably because their 
patients were studied on the first day of ARF. 
The results in Fig. 7.11 do not include the 
resistive work done on the endotracheal tubes 
which is relatively high. With an endotracheal 
tube size 7 this work amounted to 4.8 cmH20 x 1 
and even with tube size 9 was 2.0 cmH20 x 1 
compared to a value of 3.8 cmH20xl, for WI, 
aw due to the lungs themselves. 

The remainder of the increase in WIdyn,rs 
was accounted for by an increase in the addi
tional work done on the lung (AWIL); the 
dynamic work due to the tissues of the chest 
wall (AWIW) was similar in capo patients to 
that of normal subjects. A WIL is the additional 
work done on the lung as a result of pressure 
dissipations caused by viscoelastic behavior 
of pulmonary tissue and/ or time constant in
equality [54,58,71]. As originally proposed by 
Mount [72] in 1955 to explain a decline in 
dynamic pulmonary compliance with increas-
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Table 7.1 Mean values (± SE) of baseline ventilatory settings and respiratory mechanics in mechan-
ically ventilated COPD patients with ARF 

Authors Time L'lV V TI h PEEPi MRC Est,rs Raw L'lRrs Rrs 
[Reference] n (days) (l) (//5) (s) (s) (cmH2O) (l) (cmHp/l) (cmHp/l/s) (cmH2O/I/s) ((",H2O/I/s) 

Broseghini 8 0.69 0.62 1.20 2.14 13.6 0.66 17.9 15.6 10.8 26.4 
et al. [69] ±0.03 ±0.01 ±0.05 ±0.05 ±0.8 ±O.lO ±0.01 ±3.1 ±2.0 ±4.7 
Tantued 6 1-4 0.80 1.01 0.93 3.35 4.6 0.42 11.1 8.0 5.5 13.5 
elal. [71] ±0.04 ±.03 ±0.04 ±0.04 ±0.9 ±0.18 ±0.01 ±1.8 ±1.0 ±1.0 
Guerin 10 1-16 0.73 0.80 0.92 3.98 5.7 0.34 12.6 7.2 5.6 12.8 
etal. [70] ±0.02 ±0.03 ±0.01 ±0.20 ±0.9 ±0.06 ±0.7 ±0.6 ±0.5 ±1.1 

n, number of patients studied; time, days from onset of ARF; I'N, tidal volume; Vinspiratory flow; TI, inspiratory time; 
TE, expiratory time; PEE Pi, intrinsic end-expiratory positive pressure; L'lFRC, difference between the end-expiratory 
lung volume during mechanical ventilation and the relaxation volume; Est,rs, static elastance of respiratory system; 
Raw, airway resistance; LlRrs, additional resistance due to time constant inequality and! or viscoelastic behavior; Rrs, 
total resistance of respiratory system. 

ing frequency of breathing, Ll WIL in normal 
subjects predominantly reflects viscoelastic 
behavior of the lungs which 'confers time
dependency of the elastic properties' [73]. By 
contrast, in COPD patients Ll WIL should 
include a substantial component due to time 
constant inequality [54,58]. This probably ex
plains the higher values of Ll WIL found in the 
COPD patients with ARF in whom Ll WIL was, 
on average, 2.3 times higher than in normal 
subjects. This increase of Ll WIL, however, rep
resented only 9% of the overall increase in 
WI,rs observed in the COPD patients. 

Predictably, the increase of LlWIL in COPD 
patients is associated with more marked time
dependency of pulmonary elastance than in 
normal subjects, as shown in Fig. 7.12, which 
depicts the relationship of static and dynamic 
elastance of the lung (Edyn,L =I/Cdyn,L) to 
inspiratory flow obtained at a fixed inflation 
volume (Ll V= 0.731) in 10 COPD patients with 
ARF [70] and 18 normal subjects [73]. Because 
inflation volume was fixed, an increase in in
spiratory flow (VI) implies a shorter duration 
in inspiration (TI), since VI is proportional to 
IITI, the data in Fig. 7.12 actually depict TI 
dependence of elastic properties. While Est,L 
was independent of TI and V I in both COPD 
patients and normal subjects, Edyn,~ in
creased progressively with increasing V, or, 
more appropriately, with decreasing duration 
of inspiration (TI). In COPD patients the 

increase in Edyn,L with increasing V was 
greater than in normal subjects because of 
time constant inequality [7,58]. In normal 
lungs the time-dependency of pulmonary 
elastance is due almost entirely to viscoelastic 
behavior [72,73]. 

Table 7.1 depicts the 'effective' additional re
sistance (LlRrs) due to time constant inequality 
within the lung and viscoelastic behavior of 
pulmonary and chest wall tissue in COPD 
patients with ARF. In this instance, LlRrs 
represented about 40% of the total resistance of 
the respiratory system (Rrs) and was sub
stantially higher than normal [69-71]. It should 
be noted, however, that LlRrs exhibits marked 
time-dependency, i.e. it decreases progress
ively with decreasing TI [70,73]. The values of 
LlRrs in Table 7.1 pertain to experimental TI 
ranging from 0.9 to 1.2 s. 

Fig. 7.13 depicts the average relationships 
between Rrs and inspiratory flow obtained at 
fixed inflation volume (Ll V = 0.5 1) in 6 COPD 
patients with ARF [71] and 16 normal subjects 
[74]. At all comparable flow rates, Rrs was 
about three-fold higher in the COrD patients. 
In both normals and COPD patients Rrs 
(= Raw + LlRrs) was highest at the lowest flow 
and decreased progressively with V up to 1 1/ s. 
At this V, Rrs had a minimal value. This 
phenomenon is due to the fact that as V de
creased there was a greater decrease of LlRrs as 
compared to the concomitant increase of Raw. 
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flow range commonly used in the leu setting 
(0.5 to 1 1/ s). Fuller accounts of LlWI,L and 
LlWI,W can be found elsewhere [54,73]. 

7.3.2 IMPLICATIONS OF PEEPi DURING 
MECHANICAL VENTILATION 

The putative role of mechanical ventilation is 
to reduce the activity of the inspiratory 
muscles to tolerable levels during patient-

o L-__ L-__ ..l...-__ ...I...-__ -L-__ ....l triggered mechanical ventilation (e.g. assisted 
o 0.5 1.0 1.5 2.0 2.5 mechanical ventilation). This end is not 

Inspiratory flow (I I s) always achieved because the pressure which 

Fig.7.13 Average relationship between total res
piratory system resistance (Rrs) and inspiratory 
flow at constant inflation volume of 0.5 I in 6 
sedated paralyzed COPD patients with ARF [71] 
and 16 normal anesthetized and paralyzed subjects 
[74]. 

At V >1 1/ s, Rrs tended to increase slightly in 
the COPD patients, reflecting the fact that over 
this range of V the increase of Raw becomes 
predominant. The initial decrease in Rrs with 
increasing flow represents a clinically impor
tant aspect because it occurs in the inflation 

has to be generated by the patient to trigger 
the ventilator necessarily includes PEEPi. If 
this is high, the inspiratory effort required by 
the patient may be excessive [75]. In contrast, 
during controlled mechanical ventilation all 
of the work of breathing is done by the ven
tilator. Nevertheless, PEEPi must be taken 
into account for correct measurement of res
piratory compliance [76] and, more import
antly, in terms of its adverse effects on cardiac 
output. In fact, PEEPi may severely decrease 
venous return and cardiac output [77], de
pending upon intravascular volume status, 
myocardial function, and other factors [78]. 



Patients with high levels of PEEPi are 
difficult to wean from mechanical ventilation 
and may become ventilator-dependent [79]. 

7.3.3 MONITORING PEEPi 

Fundamental in the management of the 
mechanically-ventilated COPD patients is to 
monitor PEEPi. Indeed, measurement of 
PEEPi should become a part of routine moni
toring in mechanically-ventilated patients, 
particularly those with airway obstruction. 
This will allow for reliable measurement and 
interpretation of other frequently determined 
cardiopulmonary variables, such as respira
tory system compliance, pulmonary capillary 
wedge pressure, etc. The potential adverse 
effects of PEEPi require that, in addition, 
management should be specifically directed 
towards those factors contributing to the de-

i:~f-
> -1~------~~------~------~--o 10 20 30 

Time (5) 
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velopment of PEEPi. This includes medical 
therapy aimed at reducing the severity of 
airflow obstruction as well as excessive 
minute ventilation (due to fever, metabolic 
acidosis, inadequate pain relief, etc.). The in
spiratory flow settings should be adjusted to 
maximize the time available for passive 
expiration. 

A simple way to detect the presence of 
dynamic hyperinflation, and hence of PEEPi, is 
to monitor the expiratory flow-time profile. 
When PEEPi is absent, there is a period of zero 
flow prior to the next spontaneous or mechani
cal lung inflation. By contrast, when PEEPi is 
present there is flow throughout expiration, 
which is abruptly terminated by the next spon
taneous breath or by mechanical lung inflation 
(Fig. 7.14 left). 

In mechanically-ventilated patients, PEEPi 
will not normally register on the ventilator 

! JH-----..I1r-
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Fig. 7.14 Left: Records of pressure at the airway opening (Pao), flow, and changes in lung volume 
during mechanical ventilation in a sedated paralyzed COPD patient. Note that flow continues through
out expiration and is abruptly terminated by the onset of the next breath indicating the presence of 
dynamic hyperinflation and PEEPi. PEEPi is measured by end-expiratory airway occlusion indicated by 
the first arrow. Upon occlusion, the airway pressure rises and reaches a plateau that corresponds to the 
static end-expiratory elastic recoil pressure of the respiratory system (=PEEPi). In this patient PEEPi 
amounted to 5.5 cmH20. Right: Records as in left panel, illustrating the measurement of .1FRC which is 
the difference between end-expiratory lung volume during steady state mechanical ventilation (FRC) 
and the relaxation volume of the respiratory system (Vr) in the same patient. A prolonged expiratory 
time was inserted during steady state mechanical ventilation that allowed the patient to exhale to Yr . 
.1FRC in this patient amounted to 0.671. From Eissa and Milic-Emili [80]. 
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manometer. During exhalation, the ventilator 
manometer is exposed to ambient pressure as 
the exhalation valve is open. Only the expira
tory pressure dissipations due to the valve 
resistance or the applied PEEP will register on 
the ventilator manometer. Despite the fact that 
the alveolar pressure may be positive through
out exhalation, the manometer will not reflect 
the increased pressure unless the expiratory 
port is occluded. If the expiratory port is 
occluded at end-expiration, alveolar pressure 
and circuit pressure equilibrate, and PEEPi is 
seen on the ventilator manometer [77]. Fig. 
7.14 (left) illustrates this method to determine 
PEEPi in a COPD patient during controlled 
mechanical ventilation. End-expiratory occlu
sion was done using the end-expiratory hold 
button on a Siemens 900C Servo ventilator. 
Following occlusion, the airway pressure rises 
until it reaches a plateau which corresponds to 
PEEPi. It should be noted, however, that 
most ventilators are not equipped with an end
expiratory hold button. 

During controlled mechanical ventilation 
the magnitude of dynamic hyperinflation can 
be determined by inserting a prolonged expir
atory time during steady state mechanical ven
tilation [69,80] (Fig. 7.14 left). In this way LlFRC 
(Le., the difference between the end-expiratory 
lung volume during steady state mechanical 
ventilation and Vr) is obtained. 

7.3.4 STRATEGIES TO REDUCE THE 
INSPIRATORY LOAD CAUSED BY PEEPi 

As implied in Fig. 7.10, treatment of COPD pa
tients with respiratory failure should be aimed 
toward increasing the expiratory duration as 
well as decreasing respiratory flow-resistance. 
To the extent that tachypnea is due to fever 
and/ or airway infection, resolution of these by 
conventional treatment should be beneficial. 
Similarly, effective bronchodilator administra
tion may be useful in reducing both flow-resis
tance and PEE Pi [81]. A less conventional but 
promising approach to deal with PEEPi is the 
use of continuous positive airway pressure 

(CPAP). Indeed, CPAP has been found to 
reduce the magnitude of inspiratory muscle 
effort and the work of breathing in stable pa
tients with severe COPD [75]. Furthermore, 
CP AP has also been found to reduce the work 
of breathing and dyspnea in patients with 
severe COPD during weaning from mechani
cal ventilation [56]. This is related to a reduc
tion in the inspiratory workload imposed by 
PEEPL CP AP administered through a face or 
nasal mask [82] may also be of therapeutic 
benefit during an acute exacerbation of severe 
COPD in the non-intubated patient. Con
ceivably, the early use of CPAP in this setting 
could preclude the need for intubation and 
mechanical ventilation in some COPD 
patients. Finally, it should also be noted that 
application of external PEEP during patient
triggered mechanical ventilation can counter
balance and reduce the inspiratory load 
imposed by PEEPi [75]. 

7.3.5 DETECTION OF EXPIRATORY FLOW 
LIMIT A TION DURING RESTING BREATHING 

Patients with severe airway obstruction com
monly exhibit expiratory flow limitation 
during resting breathing, particularly during 
acute exacerbations of their disease [1]. Such 
patients in general exhibit pronounced pul
monary hyperinflation with markedly 
increased work of breathing and markedly im
paired inspiratory muscle function. Patients 
who are flow limited during mechanical ven
tilation are difficult to wean [79,83]. 
Accordingly, detection of airflow limitation in 
COPD patients with ARF appears to be crucial. 

Several methods have been proposed to 
detect expiratory flow limitation in mechan
ically ventilated patients: (1) removal of exter
nal PEEP, if present [84]; (2) addition of a 
resistance to the expiratory circuit [84], and (3) 
application of a negative pressure of 5 cmH20 
at the airway opening during a single 
expiration [85]. The latter method can also be 
applied during spontaneous breathing [86]. 
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Fig. 7.15 Expiratory flow-volume relationships 
during passive expiration in a mechanically venti
lated patient with COPD (bottom) and in a patient 
without airway obstruction (top). Broken line: base
line expiration; solid line: subsequent expiration 
during which a negative pressure of -5 cmH20 
was applied at points indicated by arrows and 
maintained throughout the rest of expiration. For 
further information see text. From Valta et al. [85]. 

Fig. 7.15 depicts expiratory flow-volume 
curves obtained during passive expiration in a 
mechanically ventilated COrD patient with 
ARF (patient #3) and in a subject without 
airways obstruction (patient #2). In patient #2 
application of negative pressure during expir
ation resulted in a sustained increase of expir
atory flow indicating absence of expiratory 
flow limitation during tidal breathing. By con-
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trast, in patient #3 application of the negative 
pressure resulted in no change of expiratory 
flow, except for a transient change imme
diately after application of the negative pres
sure which reflects displacement of gas from 
the expiratory line due to rapid decompression 
[85, 87]. This lack of response to negative pres
sure (apart from the transient) occurs when 
expiratory flow limitation is present. Thus, ex
piratory flow limitation can be readily detected 
by analysis of expiratory flow-volume or 
flow-time relationships before and after 
application of negative pressure. 
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PULMONARY GAS EXCHANGE 8 
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8.1 INTRODUCTION 

The ultimate goal of the respiratory system is 
to exchange oxygen (02) and carbon dioxide 
(C02), to meet the metabolic needs of the 
body. In order to properly transfer both 
gases, ventilation and blood flow must be ad
equately apportioned and matched within the 
lungs. Of the four classic mechanisms deter
mining abnormal arterial blood respiratory 
gases - alveolar hypoventilation, impaired 
alveolar-end capillary diffusion to O2, 

increased shunt, and ventilation-perfusion 
(VA/Q) mismatching - the last is by far the 
most common cause of impaired pulmonary 
gas exchange in respiratory disease. All the 
abnormalities alluded to above except alveo
lar hypoventilation may be viewed as intra
pulmonary determinants of pulmonary gas 
exchange. Other key extrapulmonary deter
minants of respiratory blood gases include 
the fractional concentration of O2 in the 
inspired gas, the hemodynamic status (car
diac output), and the metabolic demands (02 

consumption) of the body. 
The underlying structural abnormalities in 

chronic obstructive pulmonary disease 
(COPD), which include widespread airway 
narrowing with varying degrees of parenchy
mal destruction, together with rarefaction, 
distortion and/or obliteration of pulmonary 
vessels are at the origin of the maldistribution 
of alveolar ventilation and pulmonary blood 

flow which leads to abnormal respiratory 
arterial blood gases and, ultimately, to respir
atory insufficiency. Ventilation-perfusion 
mismatching is the principal determinant of 
pulmonary gas exchange under both acute 
and chronic conditions even though alveolar 
hypoventilation often emerges as a key mech
anism producing hypercapnia [1,2]. By con
trast, mild to moderate shunt is only present 
in acute respiratory insufficiency, or during 
its recovery, and the role of diffusion limita
tion to O2 is negligible. 

The present chapter reviews pulmonary 
gas exchange in COPD patients pre
dominantly using the results obtained with 
the multiple inert gas elimination technique 
(MIGET) over the past two decades. This 
technique provided a quantum leap forward 
in the assessment of gas exchange abnormal
ities. We will first review the different clinical 
presentations of COPD to gain insight into 
the correlations between structure and func
tion. Subsequently, the response to exercise 
and the effects of the breathing of O2 and 
those induced by drugs on pulmonary gas 
exchange will be discussed. 

8.2 MULTIPLE INERT GAS ELIMINATION 
TECHNIQUE (MIGET) 

The potential and limitations of MIGET 
have been explored extensively [3,4]. It has 
three major advantages. First, it gives both 
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quantitative and qualitative estimates of the 
distributions of VA/Q ratios. Second, it does so 
without itself changing the airway caliber or 
pulmonary vascular tone, because there is no 
need to alter inspired O2 concentrations during 
measurements. Third, it facilitates the inter
pretation of the complex interplay between in
trapulmonary (abnormal VA/Q relationships, 
shunt, and diffusion limitation to O2) and ex
trapulmonary (inspired O2 concentration, total 
ventilation, cardiac output, and O2 con
sumption) factors influencing pulmonary gas 
exchange. 

Furthermore, the extent of VA/Q inequality 
detected by MIGET exceeds that derived from 
topographical measurements such as radio
active tracer gas scans, computed tomograms, 
or positron emission tomography (PET), in 
particular when used in patients with 
chronic, generalized lung disease, such as 
COPD [5-7]. The latter techniques all have a 
limited spatial resolution which grossly 
underestimates the intra-regional VA/Q 
abnormalities. 

Full technical details of MIGET have been re
ported [8]. In summary, the arterial, mixed 
venous and mixed expired concentrations of 
six infused inert gases, measured with gas 
chromatography, are used to calculate the ratio 
of arterial (Pa) to mixed venous pressures (PV) 
(retention) and the ratio of mixed expired or 
alveolar (PA) to mixed venous pressure (excre
tion). Retention and excretion are then used to 
compute a multicompartment VA/Q dis
tribution. These six gases include a wide spec
trum of solubilities (from the relatively 
insoluble gas, sulfur hexafluoride, to the most 
soluble, acetone, through those of intermediate 
solubility, i.e. ethane, cyclopropane, enflurane 
or halothane, and ether). The use of inert gases 
has two major advantages: first, the limitations 
due to a non-linear dissociation curve on gas 
exchange, as found for O2 and CO2, are not 
present; second, a large range of solubilities is 
used. It is known that the gas exchange behav
ior of any gas in the face of VA/Q abnormalities 
is a function of its solubility [8]. 

The principle modulating inert gas elimina
tion within the lung established by Kety in 
the early 1950s [9], and then further extended 
by Fahri and co-workers in the middle 1960s 
[10], is based on the simple concept that the 
uptake (retention) and the elimination (excre
tion) of an inert gas in any ideal homo
geneous region of the lung under the 
assumption of steady state conditions is 
regulated by the following expression, 

Pa/PV= PA/PV= >../ (>.. + VA/Q) 

where>.. corresponds to solubility. Notice that 
for a VA/Q ratio of zero (shunt), the retention 
(Pa/PV) is 1.0 for all gases, whereas for a 
VA/Q ratio of infinity (dead space), the excre
tion (PA/PV) is 0 for all gases. 

Figure 8.1 depicts a typical distribution of 
VA/Q ratios in a young, healthy non-smoker at 
rest, in a semi-recumbent position, breathing 
room air. The amounts (distributions) of alveo
lar ventilation and of pulmonary perfusion (Y 
axis) are plotted against a wide range of 50 
VA/Qratios (from 0 to infinity) on a log scale 
(X axis). Each data point represents a par
ticular amount of alveolar ventilation or pul
monary blood flow, the lines having been 
drawn to facilitate visual interpretation. Total 
blood flow or total alveolar ventilation cor
respond to the sum of all data points of their 
respective distributions. The logarithmic rather 
than linear axis of VA/Q ratios is based on 
established practice in the field of pulmonary 
gas exchange. A logarithmic normal distri
bution of ventilation and blood flow is one of 
the simplest distributions and allows the spread 
to be defined by a simple variable, that is the 
standard deviation on a log scale (see below). 

Both distributions are unimodal with three 
major common fin~ings: symmetry, location 
around a mean VA/Q ratio of 1.0, and a 
narrow dispersion (VA and Q to VA/Q ratio 
between 0.1 and 10.0). Thus, in young healthy 
subjects there is no blood flow diverted to the 
left to a zone of low VA/Q ratios (poorly ven
tilated lung units) nor ventilation distributed 
to the right to a zone of high VA/Q ratios (in-
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Fig. 8.1 Distributions of ~JveC?lar ventilation (open symbols) and pulmonary blood flow (closed symbols) 
(Y-axis) plotted against VAl Q ratio on a log scale (X-axis) from a healthy, young ~ndh:idual at rest, 
breathing room air. The first moment of each distribution corresponds to its mean V AI Q ratio (blood 
flow, <2, or ventilation, V) and the dispersion (second moment) of each distribution, expressed as the 
standard deviation on a log scale, is known as log SD Q (b.loo~ flow) or log SD V (ventilation). These 
indices are two of the most common markers used to assess VA/Q mismatch. 

completely perfused, but still finite, lung 
units). Shunt as detected by MIGET is defined 
as areas with zero VA/Chatio (in practice less 
than 0.005). Postpulmonary shunt (which cor
responds to bronchial and Thebesian cir
culations) is not detected by MIGET. 
Consequently shunt measured by MIGET is 
lower than the conventional venous admix
ture ratio (Qs/Qt) 0-2 % of cardiac output) 
breathing room air which includes perfusion 
through very low VA/Q units as well as the 
postpulmonary shunt [11]. When breathing 
100% O2 the influence of poorly ventilated 
units with low VA/Q ratios is considerably 
decreased by wash out of nitrogen and so the 
difference between shunt measured by 
MIGET and 100% O2 is greatly reduced. The 
normal value of inert physiologic dead space 
(infinite VA/Q ratio, in practice above 100) 
(approximately 30% of overall alveolar venti-

lation) is also slightly less than that computed 
with the traditional Bohr's formula (VD/Vr). 
While the Bohr's formula includes the dead 
space-like effects of all lung units whose alve
olar Peo2 values are less than the arterial 
Peo2' the inert gas measurement represents 
only the dead space-like effects of those 
alveoli whose VA/Q ratios are greater than 
100. 

The first moment of each distribution, i.e. 
the mean VA/Q ratio of each distribution, and 
the second moment (or dispersion), log SD, 
are commonly used to quantitate the degree 
of VA/Q mismatch. The second moment 
(square root) of the pulmonary blood flow 
(log SD Q) and of alveolar ventilation (log SD 
V) distributions reflects the variance (stan
dard deviation) of VA/Q ratios about the 
mean. In a perfectly homogeneous lung, log 
SD Q and log SD V should be zero. In 
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practice, in a normal healthy individual they 
range between 0.3 and 0.6 [12]. By computing 
a multicompartmentallung model with a log 
normal distribution of pulmonary perfusion 
or alveolar ventilation, or both, West [13] 
earlier demonstrated that log SO Q or log SO 
V values of 1.0 and 1.5 imply moderate and 
severe degrees of VA/Q mismatch, respec
tively. The degree of VA/Q inequality can also 
be expressed as the total percentage of venti
lation and perfusion in defined regions of the 
VA/Q spectrum. Thus, the percentage of blood 
flow distributed in areas of VA/Q ratios below 
0.1 and above 0.005 (and, therefore, excluding 
shunt) is conventionally named 'low VA/Q 
mode' and the amount of ventilation distrib
uted to the region of VA/Q ratios located 
between 10.0 and 100 (and, therefore, exclud
ing dead space) is regarded as 'high VA/Q 
mode' [8]. Using this technique no more than 
three modes of a distribution can be recov
ered and only smooth distributions can be ob
tained. Arterial-alveolar difference averag~d 
for the group of inert gas indices also can be 
calculated and used to give indirect estimates 
of the degree of VA/Q abnormalities [14]. 
Other approaches, equally valid, have plotted 
the retention minus excretion data of inert 
gases versus their partition blood:gas 
coefficient and interpolated various points for 
intermediate coefficients, giving thus a quali
tative assessment of VA/Q mismatch [15]. 
Finally, the amount of VA/Q inequality can be 
assessed qualitatively by describing the mor
phologic pattern of each distribution, which 
can be narrowly or broadly unimodal, or 
clearly bimodal. 

MIGET can also assist in addressing the 
potential presence of diffusion limitation for 
O2 because equilibration of inert gases is in 
practice not diffusion limit~d [8,9]. Accord
ingly, the technique can be used to compute 
the Pao2 predicted from the degree of both 
VA/Q mismatch and shunting compared to 
the measured actual Pao2' If the measured 
Pao2 is not similar to the estimated values, 
this indicates that other potential mechanisms 

of hypoxemia, such as diffusion limitation to 
O2, increased intrapulmonary parenchymal 
O2 consumption or increased postpulmonary 
shunt, are occurring [8]. Ventilation-
perfusion mismatch has been shown to 
explain the measured Pao2 in patients with 
COPD [16]. In contrast, limitation of diffusion 
of O2 has been shown to explain at rest 20% 
and during exercise 40% of the increased 
alveolar-arterial P02 difference found in 
patients with cryptogenic fibrosing alveolitis 
(idiopathic pulmonary fibrosis) [17] (Fig. 8.2). 

8.3 MECHANISMS OF ABNORMAL GAS 
EXCHANGE 

With the use of MIGET, different degrees of 
VA/Q inequality have been documented 
which by and large are consistent with the 
clinical severity of COPD. Increased intrapul
monary shunt is absent in stable chronic con
ditions, and during acute exacerbations rarely 
exceeds 10% of total pulmonary blood flow 
even in the presence of abundant, viscous 
bronchial secretions [17]. Moreover, in spite 
of the well-known finding of a reduced gas 
transfer factor (TLco) in the most severe 
advanced cases of pulmonary emphysema, 
all of the studies using MIGET have con
sistently excluded the presence of alveolar
end capillary diffusion limitation for O2 
at rest or during exercise, as an addi
tional intrapulmonary mechanism causing 
hypoxemia. 

8.3.1 SEVERE, ADVANCED COPD 

Combining measurements of arterial blood 
respiratory gases and routine pulmonary 
function tests and certain clinical features, 
Burrows et al. [18] in the middle 1960s were 
able to subdivide COPD patients into two dis
tinct presentations. Type B patients, or 'blue 
bloaters', presented with marked cough and 
sputum production, fluid retention, recurrent 
cor pulmonale, polycythemia, and were more 
likely to be hypoxemic and hypercapnic. By 
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Fig. 8.2 Plots of individual predicted (estimated) Pao2 (Y-axes) (reflecting VAl Q mismatch as assessed 
by MIGET) versus actual Pao2 (X-axes) at rest (closed symbols) and during exercise (open symbols) in pa
tients with COPD (left-hand panel) (upon breathing room air or 100% O2) and with cryptogenic fibrosing 
alveolitis (right-hand panel). Note that whilst in the former there were no differences between Pao2, in the 
latter predicted Pao2 was always significantly higher than measured Pao2' This suggests the coexistence 
of limitation of alveolar to end capillary O2 diffusion as an additional cause of hypoxemia in patients 
with lung fibrosis. (Taken from reference [17] and reference [20] with permission.) 

contrast, the gas exchange of Type A patients, 
or 'pink puffers' who complained of severe 
shortness of breath and were found at 
autopsy to have significant pulmonary 
emphysema, was characterized by a normal 
or low Paeoz, only a mild decrease of the Paoz 
at rest, and a low carbon monoxide diffusing 
capacity (transfer factor) (TLeo) and Krogh 
coefficient (Keo or TLeo divided by alveolar 
volume). 

Wagner et al. [20] in the late 1970s, in choos
ing 23 stable patients with advanced COPD 
for study (FEV l range 19-58% predicted), 
with mild to severe gas exchange dis
turbances (PaOz range 38-71 mmHg; PaeOz 
range 25-64 mmHg; TLeo range 17-157% 
predicted) aimed to find stable patients who 
reflected as closely as possible the two classic 
clinical types suggested by Burrows and col
leagues ten years earlier. In these patients 
VA/Q ratio distributions were remarkably 
abnormal and displayed three distinct VA/Q 

patterns (Figure 8.3). The first VA/Q profile 
show~d t~e presence of lung u~its with very 
high VA/Q ratios or a 'high VA/Q mode' (type 
H). With this pattern most of the ventilation 
was located in the zone of higher VA/Q ratios. 
The second pattern was characterized by a 
mode including a large proportion of blood 
flow perfusing lung units with very low VA/Q 
units or a 'low VA/Q mode' (type L), most of 
the blood flow being into areas of lower 
VA/Q ratios. Finally, the third pattern was a 
mixed 'high-low VA/Q mode' (type H-L), in
cluding additional modes both above and 
below the main body. Overall, the dispersions 
of blood flow or ventilation, or both, were 
moderately to severely increased (each above 
1.0). Specific amounts of distributions of 
blood flow to low VA/Q ratios and of ventila
tion distributed to high VA/Q areas were not 
reported. Interestingly, whereas 7 of the 8 
patients classified as Burrows' type A showed 
a VA/Q distribution of pattern H, only one 
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Fig. 8.3 Typical V AI Q .dist~ibutions in patients wi.th a<;J.vanced COPD (from left to right and from top to 
bottom): Type H (high VAl Q ~ode) represents a V AI Q p~tte~ characterized by a sub~tantial amount of 
ventilation distributed to high V AI Q regions; type L (l~)W yAI Q mode) depicts a VAl Q profile in which 
a marked amount of blood flow is diverted to low V AI Q areas; and, type HL illustrates both former 
abnormal YA/Q patterns. Whilst shunt (left closed symbol) is trivial, dead space (right open symbol with 
arrow) space is always moderately increased in all three patterns. (Taken from reference [20] with per
mission.) 

had pattern 1. By contrast, in the 12 patients 
characterized as Burrows' Type B, the thff~e 
VA/Q patterns (H, L, and H-L) were equally 
present (one-third each). Among the 
remaining 3 patients with clinical features of 
mixed Types A and B COPD, 2 had a pattern 
H-L and the third the pattern H. 

These results suggested that patients with 
Type A COPD were very likely to have high 
VA/Q areas, and were unlikely to have dis
tinct low VA/Q areas unless they had clinical 
evidence of Type B COPD as well. It was pos
tulated that pattern H was likely produced by 
continued ventilation of regions with reduced 
blood flow. Conceivably, these regions might 
represent emphysematous regions where de
struction of the alveolar walls results in the 
loss of the pulmonary vasculature. In con
trast, patients of the Burrows' Type B variety 
commonly have distinct low or high VA/Q 
areas, or both, although there is clearly much 
more variability within this group. Thus, 
pattern L was likely to represent regions sub
tended by airways partially blocked by 
mucus secretions and plugging, smooth 
muscle hypertrophy, wall edema, bron-

chospasm, distortion, or some combination of 
all these abnormalities. Other findings of in
terest were the essential absence of intrapul
monary shunt and the presence of a mild to 
moderate increase in dead space (range 
30-42% of alveolar ventilation) in most of the 
patients. The absence of shunt suggests that 
the efficiency of collateral ventilation is very 
active or that complete airways occlusion 
does not occur. 

Of further interest was the lack of correla
tion between spirometry (FEV}) and respira
tory blood gases. Similarly, the three patterns 
of VA/Q ratio distributions did not correlate 
with spirometry (Fig. 8.4), airways resistance, 
arterial blood gases or transfer factor. There 
was, however, some correlation between the 
loss of elastic recoil (or increased static com
pliance) and the presence of the type H 
pattern. 

Subsequently, more than a dozen studies 
[20-35] including approximately 200 patients 
with severe or very severe airflow obstruction 
(mean FEV} equal to or below 36% predicted), 
many of them with hypoxemia (with or 
without chronic hypercapnia) and some with 
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Fig. 8.4 Plots. of spirometry and transfer factor (TLco) (Y-axes)versus Burrows' clinical classification 
(top) and VA/Q patterns (bottom) (X-axes). No correlation was found between routine lung function tests 
and clinical data or inert gas measurements. (Taken from reference [20] with permission.) 

pulmonary hypertension, have been reported. 
All but 2 studies [25,28] were carried out in 
patients with stable disease, spontaneously 
breathing room air. Most of them docu
mented VA/Q patterns similar to those 
reported originally by Wagner et al. [20], al
though the relationship established with the 
clinical COPD types of Burrows et al. could 
not be established as clearly as in the study of 
Wagner et al. The amounts of blood flow or 
ventilation distributed to regions with low or 
high VA/Q ratios, respectively, were modest 
(range equal to or below 10% of cardiac 
output) in all but a few of the reports. As in 
the original study of Wagner et al. [20], the 
correlation between spirometric and gas ex
change indices was very poor. In one study 
[27], however, despite the same amount of 
airflow obstruction the VA/Q mismatching 
was less severe with broadly unimodal pat-

terns of ventilation and blood flow, clearly at 
variance with the bimodal or trimodal shapes 
shown previously [20]. Different clinical cir
cumstances may explain such differences. We 
have shown that the severity of VA/Q abnor
malities and their patterns during episodes of 
acute exacerbation of COPD may improve 
over a period of few weeks of adequate treat
ment [31]. In this sequential study of patients 
with acute hypercapnic respiratory failure not 
needing mechanical ventilation (Fig. 8.5), one 
month after the onset of study all spirometric 
and gas exchange indices had improved. 
Arterial P02 increased and Paco2 decreased 
and some distributions of VA/Q inequalities 
became unimodal. These data suggest that 
part of the VA/Q abnormalities during exacer
bations are related to partially reversible 
pathophysiologic abnormalities of airway 
narrowing, such as mucus plugging, 
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Fig.8.5 Evaluation ofVA/Q distributions in a representative patient with COPD and acute respiratory 
failure bre~thing spontaneously (FIo2 = 0.24) (from left to right and from top to bottom):On admission in
equalities V AI Q (log SD Q and log SD V ranges 1.0-1.5) were moderately to severely abno~mal.. With 
appropriate medical care there was a progressive, although partial, amelioration both in V AI Q dis
tributions and arterial blood respiratory gases. A modest shunt (less than 5% of cardiac output) is 
observed during the first days of the acute exacerbation; note also that the bimodal blood flow 
distribution is present on admission only. (Taken from reference [31] with permission). 

bronchial wall edema, bronchoconstriction, 
and/ or air trapping. 

Two studies of capo patients needing me
chanical support for acute exacerbation of the 
disease have shown qualitatively similar VA/Q 
patterns, although quantitatively more severe 
than those documented in patients breathing 
spontaneously [25,28]. The main difference was 
the presence of intrapulmonary shunt, which 
was always slightly increased (range 4-10% of 
cardiac output). This suggests that some 
airways were completely occluded, possibly by 

inspissated bronchial secretions. However, if a 
patient with capo shows a shunt of 20% or 
more of cardiac output despite a normal chest 
radiograph, which excludes extensive atelecta
sis, pneumonia, lung collapse or pulmonary 
edema, then the possibility of a reopening of 
the foramen ovale due to increase in right atrial 
pressure should be considered [36]. Contrast 
enhanced echocardiogram or angiocardiogra
phy may help to differentiate between intra
pulmonary and intracardiac shunt [37]. In the 
presence of a true shunt, breathing 100% O2 for 



30 minutes or more fails to increase Pao2 to 
more than 300-350 mmHg [38]. 

A further finding was the crucial role of both 
cardiac output and ventilatory pattern in 
influencing gas exchange when patients were 
discontinued from mechanical ventilation [28]. 
During weaning, while cardiac output 
increased considerably due to the abrupt 
increase in venous return (following the reduc
tion of intrathoracic pressure) and total venti
lation was maintained, tidal volume was 
reduced and respiratory frequency increased 
and became less efficient (Fig. 8.6). As a result, 
both the dispersion of alveolar ventilation and 
the overall VA/Q heterogeneity increased re
sulting in further VA/Q mismatch. A striking 
observation was that there was only a small 
and non-significant increase in shunt from 
mechanical ventilation to spontaneous breath
ing (from 3 to 9% of cardiac output) despite 
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the substantial increases in cardiac output and 
mixed venous Po2. This is at variance with the 
well-known, although poorly understood, 
strong linear relationship between increase in 
pulmonary blood flow and shunt fraction, 
commonly observed in patients with acute 
lung injury [39,40]. In an experimental model 
of shunt plus low VA/Q mode, Wagner et al 
[41] showed that the relationship between pul
monary blood flow and shunt fraction was 
heavily dependent on inspired O2 concen
tration (the higher the PIo2, the more the in
crease in the former relationship). They 
suggested that the increase in shunt fraction 
with cardiac output depended more on vascu
lar tone of non-injured areas of the lungs than 
on tone of the low VA/Q areas which remain 
hypoxic at all values of inspired 02. 

Another striking finding in the study of 
Torres et al. [28] was that respiratory blood 
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Fig. 8.6 './Alb. distributions during weaning (F102 = 0.36) in a representative patient with COPD, after 9 
days of mechanical ventilation (left-hand panel) During spontaneous ventilation (right-hand panel) there 
was more hypercapnia secondary to an a.bnor.mal ventilatory pattern dysfunction (rapid and shallow 
breathing), which further deteriorated VAl Q relationships. Cardiac output increased abruptly (not 
shown) resulting in increased mixed venous P02 and, consequently, in less hypoxemia. (Taken from 
reference [28] with permission). 
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gases remained unaltered despite increases in 
mixed venous P02 and O2 delivery (arterial 
O2 content times cardiac output). In other 
words, the potentially beneficial effect of the 
increased cardiac output on Pao2 was offset 
by the deleterious influence of the change in 
ventilatory pattern on Pao2. Despite these 
problems, weaning in these patients was suc
cessful. When patients were removed from 
the ventilator in this study [28], O2 consump
tion (calculated according to the Pick princi
ple) did not change. Lemaire and co-workers 
[42] also stressed the importance of cardiac 
output variations and other hemodynamic 
changes together with an increase in O2 con
sumption as causes of unsuccessful weaning, 
in a similar group of patients with severe 
COPD in the face of myocardial infarction 
and left ventricular dysfunction. These data 
[28,42] have been complemented with 
another study using both inert gas and lung 
isotopic scanning measurements whilst dis
continuing mechanical ventilation in patients 
with COPD after more than 5 days of at
tempted weaning from the ventilator [43]. 
During spontaneous breathing, the isotopic 
craniocaudal difference of VA/Q ratios was 
closely correlated to the dispersion of pul
monary blood flow. Further, the patients with 
the smallest tidal volume whilst breathing 
spontaneously showed the largest amount of 
blood flow to areas of low VA/Q units, the 
lowest isotopic VA/Q ratio at the bases, and 
the largest isotopic craniocaudal difference in 
VA/Q ratios. These results suggested that the 
abnormal ventilatory pattern induced during 
spontaneous breathing was the major deter
minant of the VA/Q inequalities, probably 
preferentially located at the bases of the 
lungs. Interestingly, this VA/Q worsening was 
not influenced by inspiratory pressure 
support, a ventilatory approach that exerts an 
adjustable level of positive pressure to the 
airways during inspiration. In these and other 
studies [42,44], however, it has been shown 
that O2 consumption usually increases during 
weaning which could tend to induce a 

decrease in Pao2. By computing a lung model 
of VA/Q mismatch alone, Wagner showed 
that Pao2 can fall by 10 mmHg when there is 
a 10% rise in O2 con~umption [45]. The behav
iour of Pao2 in this VA/Q model is more sens
itive than in the shunt model because here the 
Pao2 is located on the upper flat part of the 
oxyhemoglobin curve, and this allows larger 
variations. 

We have also to be aware of the potential 
influence of an increased CO2 production on 
Paco2. Malnutrition is an important clinical 
and therapeutic problem in COPD patients 
which is receiving increasing attention [46]. 
Normally, the amount of CO2 produced per 
minute is a function of the metabolic rate and 
the substrate used for fuel. In healthy individ
uals, the absorption and metabolism of carbo
hydrate loads causes an increase in CO2 
output (from about 70 to 100 % of the O2 con
sumed), as the whole body fuel utilization is 
shifted from predominantly fat to essentially 
carbohydrate and also from the thermogenic 
effect of food per se. In hospitalized patients 
receiving excessive hypernutrition, basal CO2 
production can increase by approximately 
50% [47]. With such an increase in CO2 pro
duction, presumably minute ventilation has 
to be doubled to avoid arterial CO2 retention. 
In patients who receive high glucose loads in 
association with total parenteral nutrition, the 
respiratory quotient can increase to 1.0 
(resting normal value, 0.8), such that CO2 
output increases markedly. Patients without 
primary respiratory problems increase venti
lation proportionately and accommodate to 
the increased CO2 production without major 
problems. In contrast, patients with COPD 
prone to hypercapnic respiratory failure are 
less able to excrete this load by increasing 
ventilation, and hypercapnia may worsen. 
Failure to wean from mechanical ventilation 
in patients with COPD may occur due to this 
increased CO2 load [48]. It has been suggested 
that these patients should receive alimenta
tion of fat emulsions, because these induce a 
lower production of CO2 than isocaloric 
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amounts of glucose [49]. The consequences 
of these nutritional problems on VA/Q dis
tributions have never been studied. 

Although the role of sleep in patients with 
COPD is addressed extensively elsewhere 
(Chapter 12), it is worth noting that as well as 
alveolar hypo ventilation, other potential 
mechanisms for worsening hypoxemia 
during sleep include a reduced functional 
residual capacity and worsening VA/Q mis
match [50]. Unfortunately because steady 
state conditions cannot be assumed, specific 
data on VA/Q distributions during sleep are 
not available. 

8.3.2 MILD, EARLY COPD 

Barbera et al. [32] studied 23 patients with a 
mild obstructive ventilatory pattern (mean 
FEV1, 76% predicted). All but 2 patients had 
normal TLeo and total lung capacity was 
within the normal range. Mean Pao2 and 
Paeo2 were normal, but mean AaPo2 was 
moderately increased (>15 mmHg). Overall, 
the dispersions of ventilation and blood flow 
were mildly abnormal (each log SD below 
1.0), shunt was absent and dead space was 
normal. Blood flow distributions were 
broadly unimodal in two-thirds of the pa
tients and modestly bimodal in the remaining 
one-third. By contrast, the ventilation distrib
utions were never bimodal and were devoid 
of regions of very high VA/Q ratios. 

8.3.3 SMALL AIRWAYS DISEASE 

In the only available study to date, Barbera et 
al. [51] studied 7 patients with functional cri
teria compatible with small airways disease 
(mean FEV1 above 80% predicted but abnor
malities of maximum mid-expiratory flow 
and single breath N2 test). The results were 
compared to 6 individuals with normal lung 
function and also to 22 others with FEV 1 

below 80% predicted. Patients with small 
airways dysfunction, but with normal Pao2, 
showed a small but significant increase in 

alveolar-arterial P02 difference and milder 
VA/Q mismatch, as expressed by modest in
creases in the dispersions of both blood flow 
and ventilation (each log SD below 1.0), com
pared to controls. No differences in these pa
rameters were shown, however, between 
patients with mild airway dysfunction and 
those with early COPD and greater airflow 
obstruction. Although the interpretation of 
these data remains speculative, they are akin 
with the concept, at least theoretically, that 
functional abnormalities in peripheral 
airways can produce maldistribution of venti
lation and VA/Q mismatching in the face of a 
normal Pao2. 

8.4 OTHER CHRONIC DISORDERS WITH 
AIRFLOW OBSTRUCTION 

8.4.1 BRONCHIAL ASTHMA 

A wide spectrum of VA/Q inequalities occurs 
in adult patients with asthma, from the nearly 
normal distributions in patients with episodic 
asthma in remission to very abnormal distrib
utions found in patients with acute severe 
asthma needing mechanical ventilation 
[40,52]. In moderate to severe asthma the 
most common VA/Q pattern is the presence of 
a bimodal or broadly unimodal blood flow 
distribution. A considerable percentage of 
pulmonary perfusion is diverted to alveolar 
units with low VA/Q ratios, the amount being 
broadly proportional to the clinical severity of 
the disease. This is the principal component 
of hypoxemia. Shunt is conspicuously absent, 
even in the most life-threatening conditions, 
the distribution of alveolar ventilation is 
never bimodal, and dead space is normal or 
slightly increased only. Conceivably, the lack 
of shunt may be related to the efficiency of 
collateral ventilation which prevents collapse 
of alveoli beyond the occluded airways and 
also to the fact that airways obstruction is 
never totally complete; alternatively, it may 
reflect the efficiency of hypoxic pulmonary 
vasoconstriction. A consistent dissociation 
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between spirometric data and gas exchange 
indices has been shown not only under base
line conditions, but also after the administra
tion of some bronchodilators [52] or following 
various bronchial challenges [53]. This sug
gests that while the reduction of airflow rates 
is more related to the presence of narrowing 
of conducting airways, gas exchange abnor
malities largely reflect the status of peripheral 
airways. In patients with asthma, especially 
in acute severe attacks, both cardiac output 
and minute ventilation tend to be increased, 
thus optimizing the baseline values of Pao2 
that otherwise would be much lower due to 
the deleterious effects of VA/Q mismatch by 
itself. 

8.4.2 CYSTIC FIBROSIS 

Dantzker and co-workers [54] studied the 
VA/Q inequalities in 6 adult patients with 
stable cystic fibrosis. Two were normoxemic 
and 4 hypoxemic, 2 with Pao2 < 60 mmHg. 
While all patients had mild to moderate 
amounts of shunt, 3 patients showed addition
ally minor VA/Q abnormalities, namely a 
broadening of the distribution of pulmonary 
blood flow; the distributions of ventilation 
were always unimodal and dead space was 
normal or increased. Unlike patients with 
asthma, gas exchange disturbances in cystic 
fibrosis were essentially characterized by the 
presence of shunt as the predominant mechan
ism of the underlying degree of hypoxemia. 
This is compatible with unventilated alveoli 
whose airways are completely occluded by 
abundant, inspissated secretions, and mucoid 
impaction; the coexistence of regions with low 
VA/Q ratios may be related to the presence of 
poorly ventilated alveolar units. 

Neither bronchial asthma nor cystic fibrosis 
showed a significant difference between pre
dicted Pao2 (according to inert gases) and 
measured Pao2 (respiratory gases) (see 
above), thereby excluding the coexistence of 
diffusion impairment to O2 transfer as a 
complementary mechanism of hypoxemia. 

8.5 STRUCTURE AND FUNCTION 

Only one study [32] has investigated the 
influence of the morphologic changes of both 
pulmonary emphysema and small airway 
abnormalities on VA/Q mismatching. In this 
study with mild capo, emphysema was the 
morphologic variable that correlated best with 
the respiratory gas indices. The emphysema 
severity correlated positively with the alveo
lar-arterial P02 difference (AaPo2), negatively 
with Pao2 and was significantly positively 
related to the dispersion of blood flow and that 
of alveolar ventilation (Fig. 8.7). The more 
severe the degree of emphysema, the more 
abnormal the VA/Q mismatch. The degree of 
abnormality in the dispersion of pulmonary 
perfusion suggests the development of areas of 
lower than normal VA/Q ratios, Likewise, 
these findings suggest that poorly ventilated 
areas associated with emphysema may be one 
of the structural determinants of hypoxemia in 
these patients. Thus, it can be hypothesized 
that the loss of alveolar attachments of bron
chiolar walls observed in emphysema may 
result in both distortion and narrowing of the 
lumen of bronchioles. The latter may cause 
reduced alveolar ventilation in the depend
ent alveolar units, and hence low VA/Q ratios. 
Likewise, it has been shown that centrilobular 
emphysema areas have a greater residual 
volume and a lower compliance leading there
fore to a decreased ventilation-to-volume ratio 
[55]. This is an additional mechanism to 
account for a reduction in effective ventilation 
in peripheral alveoli. Reduction in ventilation 
of some areas produces lung units with con
tinued blood flow and thus low VA/Q areas. 
Accordingly, this abnormality in VA/Q rela
tionships becomes evident in the dispersion of 
blood flow. 

The correlation between emphysema and 
abnormalities in the dispersion of alveolar 
ventilation (Fig. 8.7) may be, at least in part, 
related to the loss of pulmonary capillary 
network of emphysematous spaces (wasted 
ventilation). This would lead to the develop-
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Fig. 8.7 Positive correlations between alveolar-arterial P02 difference (mmHg) and blood flow and 
alveolar ventilation dispersions (Y-axes) and emphysema score (X-axes) in patients with mild COPD. 
(Taken from reference [32] with permission.) 

ment of lung units with high VA/Q ratios, 
hence increasing dispersion of ventilation. 
Accordingly, the bimodal pattern of the ven
tilation distribution, with a large amount of 
ventilation diverted to high VA/Q ratios (type 
H) alluded to above in patients with 
advanced Type A COPD, would be an exten
sion of this phenomenon likely reflecting 
large areas of destroyed parenchyma. 

Despite the lack of relationships between 
chronic abnormalities in small airways and 
the respiratory gas indices, which is con
sistent with the absence of correlation 
between these structural changes and the dis
persion of blood flow, bronchiolar lesions 
were associated with VA/Q mismatching as 
shown by the significant correlation found 
between the airway inflammation score and 

the dispersion of ventilation (Fig. 8.8). A 
potential explanation for this correlation 
might be that a non-homogeneous distri
bution of inspired air, as a result of the air
way narrowing caused by the bronchiolar 
impairment, accounted for the increased dis
persion of ventilation, particularly evident 
when the latter is broadly unimodal and 
devoid of very high VA/Q ratios as in this 
case. 

The absence of correlation between 
small airways abnormalities and both the 
dispersion of blood flow and the percentage 
of perfusion to low VA/Q ratios cannot be 
extrapolated to the common VA/Q findings 
shown in patients with more advanced COPD 
during recovery from acute exacerbations 
[20,28,31]; in these patients a bimodal blood 
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Fig. 8.8 Positive correlation between the dis
persion of alveolar ventilation (Y-axis) and inflam
matory bronchial changes (X-axis) in patients with 
mild COPD. (Taken from reference [32] with 
permission.) 

flow pattern distribution is common and may 
be attributed to the superimposition of acute 
and potentially reversible airway changes, 
such as bronchial wall edema or mucus plug
ging, on the chronic airway abnormalities. 

More recently, the same group of investiga
tors have assessed the potential correlation 
between the pulmonary vascular abnormal
ities and the VA/Q relationships in the same 
COPD patients prior to lobectomy for small 
neoplasms [56]. It was shown that the lower 
the degree of pulmonary vascular reactivity 
to the breathing of 100% O2, the greater the 
thickness of the intimal layer of the pul
monary vascular arteries. Further, the thick
ness of the intimal layer was related to gas 
exchange indices and also to the degree of 
bronchiolar inflammation. Obviously, this is 
crucial to the development of further VA/Q 
worsening. Moreover, thickening in small 
pulmonary arteries can interfere with the 
adaptability of these vessels to various O2 

concentrations and the maintenance of VA/Q 
matching. 

SUMMARY 

According to these data, it can be postulated 
that there may be a spectrum of VA/Q abnor
malities in patients with COPD. At one end of 
the spectrum, there would be those patients 
with mild to moderate airflow obstruction 
and little or no abnormality in arterial blood 
gases, whose VA/Q mismatch is mild, being 
essentially characterized by broadly uni
modal profiles of the dispersions of blood 
flow and alveolar ventilation. At the other 
end, there would be those patients with 
severe advanced disease and marked gas 
exchange abnormalities. These individuals 
will show dramatic VA/Q inequalities, with 
bimodal profiles of blood flow or alveolar 
ventilation distributions, or both, according to 
clinical conditions, reflecting thus different 
degrees of progression of disease. Con
ceivably, Type B Burrows's patients with high 
VA/Q areas have lesions of emphysema as 
well as of chronic airway changes, but Type A 
COPD patients with areas of low VA/Q units 
are rarely observed. These patients with 
severe COPD show always increased dead 
space and occasionally modest shunts, partic
ularly during exacerbations. In between these 
extremes would be many patients, with dif
ferent degrees of VA/Q mismatch, depend
ing on evolution, clinical condition and 
therapeutic regimen. 

8.6 GAS EXCHANGE DURING EXERCISE 

In the normal human at maximum exercise, 
O2 transport can increase as much as 15 to 20 
times compared to resting conditions [57]. By 
contrast, in patients with severe COPD O2 

consumption at maximum symptom-limited 
exercise only increases 3-4 times resting 
levels to approximately one liter per minute. 
Such a limitation is basically due to the inabil
ity of the lungs to match pulmonary O2 

uptake and elimination of CO2 to higher 
levels of whole body metabolic O2 consump
tion and CO2 production. Physical decondi-
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tioning also plays a role limiting exercise per
formance in these patients. The behavior of 
both Pao2 and Paco2 during exercise in these 
patients rely on complex interactions between 
intrapulmonary (essentially VA/Q mismatch
ing) and extra pulmonary factors (i.e. cardiac 
output, total ventilation and O2 consumption) 
modulating respiratory gases (Fig. 8.9). As 
during weaning, during exercise Pao2 and 
Paco2 do not necessarily reflect parallel varia
tions in VA/Q inequality because of the 
influential role of these extra pulmonary 
factors. 

The original MIGET study of Wagner et al. 
[20], performed in patients with severe COPD 
during exercise, showed a complete absence 
of systematic changes in the measured respir
atory gases and in VA/Q distributions; like
wise, there was no evidence of a diffusion 
defect for 02' A later study [26], in a smaller 
series of patients with similarly advanced 
COPD, showed the same results for intrapul-

monary determinants of respiratory gases 
(VA/Q relationships and diffusion limitation) 
but falls in Pao2 and mixed venous P02 and a 
rise in Paco2 occurred during exercise. 

Two further studies [30,58] have assessed 
the effects of submaximal exercise (approx
imately at 60% of maximal O2 consumption) 
in patients with COPD, with severe airflow 
obstruction, mild to moderate impairment of 
gas exchange and no pulmonary hyperten
sion. In the first study [30], it was shown that, 
unlike patients with more advanced disease, 
exercise had a beneficial effect on VA/Q distri
butions with a reduced dispersion of ventila
tion and a more homogeneous distribution of 
pulmonary blood flow (Fig. 8.10); as 
expected, inert dead space fell significantly. It 
was hypothesized that these improvements 
were related to less severe structural abnor
malities. 

In the second study Barbera et al. [58] 
showed, in patients with even milder COPD, 
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that, as a group, both Pao2 and AaPo2 
improved during exercise with no significant 
changes in Paco2' The main mechanism of 
adaptation of gas exchange was a relatively 
greater increase in minute ventilation than in 
cardiac output. This accounted for a shift of 
blood flow distribution to higher VA/Q ratios, 
optimizing the efficiency of the lung as a gas 
exchanger. Furthermore, the greater the struc
tural derangement of the airways, as assessed 
by the total pathologic score of the mem
branous bronchioles, the more the 
improvement in the dispersion of alveolar 
ventilation from resting to maximum 
symptom-limited exercise conditions. This 
reduction in the dispersion of ventilation 
post-exercise suggests a preferential diversion 
of ventilation to alveolar units with normal 

VA/Q ratios. Conceivably, normal areas with 
an adequate VA/Q matching are more sensi
tive to ventilation or blood flow changes, or 
both, than are alveolar units with abnormal 
VA/Q ratios. A complementary explanation 
for the improvement in the distribution of 
ventilation could be related to pulmonary 
mechanical changes during exercise. It can be 
speculated that lung volume increases due to 
a decreased internal diameter of the mem
branous bronchioles, hence leading to an 
increased functional residual capacity, 
thereby enhancing a more homogeneous dis
tribution of ventilation. In other words, there 
is an increase in and a more efficient distri
bution of ventilation which results in an 
overall improvement in pulmonary gas 
exchange in these patients. 



8.7 GAS EXCHANGE RESPONSE TO OXYGEN 

The response to high O2 concentrations in 
patients with COPD is broadly similar ir
respective of the clinical severity of the 
disease. With little VA/Q mismatch, Pao2 rises 
almost linearly as the inspired O2 is increased. 
As the severity of VA/Q inequality worsens, 
the rate of rise of Pao2 is reduced and becomes 
more curvilinear [59]. We have shown in pa
tients with COPD and acute respiratory 
failure needing mechanical ventilation that 
full nitrogen wash out of alveolar units, even 
in patients with poorly ventilated alveolar 
units with low or very low VA/Q ratios, is 
rapid and that steady state conditions are 
easily reached by about 30 min [60]. The co
existence of a modest shunt, however, further 
decreases the elevation of Pao2. In clinical 
practice, however, physicians administer low 
inspired O2 concentrations (0.24 or 0.28) deliv-
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ered through high flow masks to patients with 
COPD and acute respiratory failure, to 
provide modest but effective increases in Pao2 
(of the order of 10-15 mmHg) without induc
ing detrimental CO2 retention, to optimize O2 
delivery to peripheral tissues. 

Although VA/Q inequality is no longer a 
barrier to O2 exchange when 100% O2 is 
breathed, 100% O2 always worsens VA/Q mis
match, as assessed by a significant increase in 
the dispersion of blood flow, without changes 
in shunt or in the dispersion of alveolar venti
lation (Fig. 8.11) [28,60]; in contrast, pul
monary arterial pressure and pulmonary 
vascular resistance remain essentially un
changed. The impairment in VA/Q relation
ships implies release or abolition of hypoxic 
pulmonary vasoconstriction. The total 
absence of further increases in shunt suggests 
that reabsorption atelectasis does not take 
place, either because collateral ventilation is 
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Fig. 8.11 Effect of 100% Oz breathing on VAl Q distributions in a representative patient with COPD and 
acute respiratory failure needing mechanical ventilation (right-hand panel) [59]. Compared to low 
inspired Oz concentrations (left-hand panel), the most striking finding was the increase in the dispersion 
of pulmonary blood flow (log SD Q), suggesting that hypoxic pulmonary vasoconstriction was mitigated. 
Note that Paoz increased to considerable levels indicating full nitrogen wash out, whilst shunt remained 
constant and dead space increased minimally only. (Data correspond to the mean for 4 patients, 
whilst VA/Q distributions are representative of one single patient). 
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very efficient or regional airway obstruction 
is never complete. 

In our experience, a similar VA/Q pattern of 
response to the breathing of O2 is shown in 
most patients breathing spontaneously with 
severe asthma, of acute [61] or chronic forms 
[62], or in those with cryptogenic fibrosing 
alveolitis [17]. Only patients with life-threat
ening status asthmaticus requiring mechani
cal support increase shunt during 100% O2 
breathing, together with release of hypoxic 
vasoconstriction [63]; this suggests either the 
development of atelectasis or, more likely, 
vascular recruitment of small and not de
tectable pre-existing shunts. In patients with 
acute 'wet lung' diseases requiring mechani
cal ventilation, the breathing of O2 induces a 
less uniform gas exchange pattern depending 
on the underlying type of acute respiratory 
failure. For example, in severe bacterial pneu
monia breathing 100% O2 abolishes hypoxic 
vasoconstriction while shunt remains unal
tered [64], a pattern similar to that shown in 
patients with chronic respiratory disorders 
[17,28]. By contrast, in patients with adult res
piratory distress syndrome (ARDS) a mild to 
moderate increase in shunt without release of 
hypoxic pulmonary vasoconstriction results 
[60]. This response suggests the presence of 
critical alveolar units (with low inspired VA/Q 
ratios) unstable and vulnerable to high O2 
concentrations over time. These units tend to 
collapse easily, so leading to the development 
of reabsorption atelectasis [65]. When there is 
no release of hypoxic vasoconstriction, the 
amount of shunt is always greater, irrespec
tive of the F102,l65]. In contrast, in patients 
with COPD, breathing high inspired O2 con
centrations reduces airways resistance [66]. 
This should tend to improve the distribution 
of ventilation, and reduce the amount of areas 
with low VA/Q ratios and, consequently, the 
dispersion of pulmonary blood flow. 

An intriguing finding was that, irrespective 
of the F102, inert shunt was always less than 
venous admixture ratio; there were no differ
ences, however, between venous admixture 

ratio and the sum of inert shunt plus the per
centage of blood flow diverted to low VA/Q 
ratios. At low levels of FIo2, this is explained 
because the inert shunt and the low VA/Q 
areas are incorporated into the measurement 
of venous admixture ratio. In contrast, when 
breathing 100% O2 shunt and venous admix
ture ratio should be equal because the wash 
out of nitrogen abolishes all alveolar units 
with poorly ventilated VA/Q ratios. Although 
the reasons for this difference remain to be 
elucidated, release of hypoxic vasoconstric
tion in the bronchial and pulmonary circula
tions whilst breathing 100% O2 could be an 
alternative explanation. 

Using traditional gas exchange variables, 
such as the Bohr dead space, Aubier et al. 
[67] concluded that, in patients with 
COPD and acute-on-chronic respiratory 
insufficiency, the administration of 100% O2 
resulted in a remarkable increase in Paco2. 
Since the respiratory muscles maintained 
ventilation at nearly the same level as when 
breathing room air, they suggested that the 
increase in Paco2 was mainly attributed to 
an increased dead space; additional mecha
nisms included a small reduction in both 
tidal volume and the Haldane effect. This 
conclusion has been disputed by Stradling 
[68] who advocated that the increase in 
Paco2 could be explained entirely by the 
latter two mechanisms together with that 
from flattening the slope of the CO2 pres
sure/ content relationship with a rise in 
Paco2. Unfortunately, no information is 
available with MIGET to assess the effects of 
high O2 concentrations on VA/Q distribu
tions in acute respiratory failure. 

8.8 THE EFFECTS OF DRUGS 

8.8.1 BRONCHODILATORS 

Ringstedt et al. [29], by studying a small 
group of patients with advanced COPD and 
mild respiratory failure, before and after a 
continuous intravenous infusion of ter-



butaline (f3z-agonist bronchodilator), explored 
the role of the pulmonary vascular tone in 
modulating gas exchange in these patients. 
Following terbutaline, cardiac output in
creased and systemic blood pressure and pul
monary vascular resistance decreased. In 
addition, while Pao2 decreased and mixed 
venous P02 and O2 delivery increased, Paco2 
remained unchanged. There was further 
VA/Q worsening, as assesse~ by increases 
both in the perfusion to low VA/Q ratios and 
in the dispersion of blood flow. Although 
FEV1 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 VA/Q 
ratio, due to the increased cardiac output, not 
efficiently counterbalanced by the simul
taneous increased minute ventilation. The 
concomitant significant increase in mixed 
venous P02 may have also contributed to 
further worsening of VA/Q mismatch by re
leasing hypoxic pulmonary vasoconstriction. 
However, it was not possible to differentiate 
between these mechanisms from the data pro
vided. In the same study [29], it was shown, 
in another small group of patients with 
COPD with more airflow obstruction, more 
hypoxemia, more hypercapnia, and also more 
pulmonary hypertension, that cardiac output 
increased without changes in pulmonary 
artery pressure or in pulmonary vascular 
resistance. Minute ventilation increased mod
estly but without improvement in the indices 
of airflow obstruction. Respiratory arterial 
blood gases did not change, neither did the 
underlying VA/Q abnormalities. In summary, 
although terbutaline caused an increase in 
cardiac output and consequently in mixed 
venous P02 similar to the former group of pa
tients, this subpopulation of patients with 
more severe airways obstruction, higher pul
monary hypertension, and worse pulmonary 
gas exchange, did not modify their gas 
exchange pattern following terbutaline. Con
ceivably, the hypoxic vascular response could 
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have played a pivotal role in modulating pul
monary gas exchange before and after the 
administration 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 estab
lished 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 ad
vanced COPD not only is due to irreversible 
structural vascular lesions but also includes a 
reversible vasoconstrictive component. This 
interpretation would be consistent with the 
work of Barbera et al. [55], investigating the 
influence of the structure of pulmonary arter
ies and the contribution of the hypoxic vas
cular response in preserving an adequate 
matching of ventilation and blood flow in 
patients with mild COPD. 

In a double-blind, crossover, placebo
controlled study we have shown, in patients 
with advanced COPD during recovery from 
exacerbations, that intravenous administra
tion of aminophylline during one hour 
produced no change in ventilation, hemo
dynamics or the VA/Q distribution in the face 
of a modest increase in FEV1; in comparison, 
breathing 100% O2 increased the dispersion of 
pulmonary blood flow [35]. 

More recently, we have compared the 
short-term effect on gas exchange of 
fenoterol, a selective f3z-agonist, against that 
of ipratropium bromide, an anticholinergic 
agent, both given by inhalation, in a double
blind, placebo-controlled study in a series of 
patients with severe COPD and mild to mod
erate hypoxemia [69]. While fenoterol slightly 
decreased mean Pao2 (by 7 mmHg) due to 
further worsening in the dispersion of pul
monary blood flow, gas exchange remained 
unaltered after ipratropium bromide. 
Although pulmonary hemodynamics were 
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not measured, it was suggested that the pul
monary vascular tone was probably de
creased by fenoterol, hence inducing further 
VA/Q mismatch. This is at variance with the 
effects of intravenous salbutamol given to pa
tients with acute severe asthma [61], in whom 
Pao2 remained unchanged despite marked in
creases in cardiac output and similar changes 
in VA/Q inequalities. This suggests that 
fenoterol may have a greater direct effect in 
reducing pulmonary vascular tone. It has 
been shown that at doses based on those used 
in clinical practice, fenoterol causes more 
adverse effects (cardiac, metabolic and sys
temic) than salbutamol or terbutaline in pa
tients with mild asthma [70]. The most likely 
explanation is that fenoterol has been mar
keted at a higher dose than the other two /3r 
agonists, despite having in vitro the same 
potency as isoprenaline; furthermore, it is 
suggested that fenoterol may be less selective 
for /32 receptors. 

8.8.2 VASODILATORS 

Another good example of the influence of 
pulmonary vascular tone on gas exchange is 
given by the administration of oral nifedipine 
in patients with COPD and chronic respira
tory failure [22]. After nifedipine there was a 
reduction in mean systemic arterial pressure 
and also in systemic vascular resistance. 
While cardiac output increased, pulmonary 
vascular resistance decreased without accom
panying changes in pulmonary artery pres
sure. Similarly, Pao2 decreased and there was 
further deterioration of VA/Q relationships: 
blood flow was redistributed to areas with 
low VA/Q units such that the dispersion 
of pulmonary perfusion increased. These 
changes suggest partial release of hypoxic 
pulmonary vasoconstriction and raise a real 
concern regarding the use of vasodilating 
drugs for the therapy of pulmonary vasocon
striction due to COPD. Similar results were 
shown by our group [30] in patients with 

COPD with mild hypoxemia and less severe 
disease. 

In another study [33], felodipine, a calcium 
antagonist vasodilator, was administered to 
patients with advanced COPD and chronic 
respiratory failure as an adjuvant to long
term oxygen therapy. Short-term infusion of 
the drug produced similar pulmonary gas 
exchange alterations to the two previous 
studies using nifedipine [22,30], explained 
also by a reduction of hypoxic vasoconstric
tion. Interestingly, while long-term oral 
administration of felodipine over a period of 
several weeks induced systemic and pul
monary hemodynamic changes similar to 
those produced during short-term therapy, 
VA/Q relationships improved [33]. Although 
the mechanism remains to be elucidated, it 
was postulated that a redistribution of ven
tilation to areas with low VA/Q ratios receiv
ing simultaneously an increased amount of 
blood flow could be the most likely explana
tion. Similar deleterious 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 [71]. 

A preliminary report [72] using inhaled 
nitric oxide (NO) in patients with severe 
COPD and chronic respiratory failure has 
shown a selective vasodilator effect but 
without gas exchange impairment. Similarly, 
inhalation of NO has been proven, in patients 
with adult respiratory distress syndrome 
(ARDS), to reduce pulmonary hypertension 
and optimize arterial oxygenation, without 
associated side effects [73]. Because of its 
unique properties [74], NO was designated 
the molecule of the year 1992 [75]. Thus, 
inhaled NO could be contemplated in the 
future as an agent of therapeutic benefit in 
patients with COPD and pulmonary hyper
tension, without inducing the well-known 
deleterious effects on gas exchange shown by 
more conventional vasoactive drugs. 



8.8.3 ALMITRINE 

There have been three studies [21,25,76] in 
patients with COPD and different degrees of 
ventilatory failure investigating the effects of 
oral almitrine bismesylate, a peripheral 
chemoreceptor stimulant, on pulmonary vas
cular tone and pulmonary gas exchange. In 
the first report [21], it was observed in a few 
patients, some with hypercapnic respiratory 
failure, that respiratory arterial blood gases 
improved significantly due to VA/Q amelio
ration. The only associated hemodynamic 
change was a modest increase in pulmonary 
vascular resistance without increase in pul
monary artery pressure. In another study 
[25], in patients requiring mechanical ventila
tion because of severe respiratory failure, con
ventional and inert gas exchange indices 
improved significantly together with a small 
but significant decrease in cardiac output and 
a mild increase in pulmonary vascular resis
tance. In all three studies [21,25,76], there was 
essentially a redistribution of puh;l.Onary 
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, brought about by markedly re
ducing the amount of shunt (by an order of 
magnitude greater than that induced by NO 
[73]), has been shown in patients with ARDS 
following intravenous almitrine [77]. In both 
COPD and ARDS, it was suggested that en
hancement of hypoxic pulmonary vasocon
striction was responsible for the overall 
improvement in pulmonary gas exchange. 
However, this beneficial effect on gas ex
change in patients with COPD needs to be 
balanced against the unwanted side effects of 
almitrine, such as peripheral neuropathy and 
body weight loss, particularly if long-term 
administration is considered. 
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RESPIRATORY MUSCLES 

G.]. Gibson 

The respiratory muscles are the only skeletal 
muscles whose regular contraction is neces
sary for the maintenance of life. In this respect 
their role is intermediate between that of 
other skeletal muscles and cardiac muscle. 
Their action may be altered profoundly in pa
tients with COPD. In such individuals dys
function of the respiratory muscles can have 
major effects on the maintenance of ventila
tion awake and asleep and during exercise, 
on the motion of the chest and abdomen, on 
pulmonary gas exchange and the symptom of 
dyspnea. The importance of abnormalities of 
muscle function in patients with COPD has 
been appreciated increasingly over the last 20 
years as a result of many studies in all these 
areas. 

9.1 ACTIONS OF THE RESPIRATORY 
MUSCLES 

9.1.1 NORMAL ACTIONS 

During quiet tidal breathing in normal sub
jects inspiration is achieved predominantly by 
contraction of the diaphragm and expiration 
is largely passive, dependent on the elastic 
recoil of the lungs and chest wall. The inspira
tory action of the diaphragm is supported 
by other inspiratory muscles including the 
inspiratory intercostals, particularly the 
deepest parasternal layer of muscles and the 
scalene muscles [1]. Activation of these 

9 

muscles has the effect of stabilizing the rib 
cage. The diaphragm has a complex action 
(Fig. 9.1): its contraction leads to shortening 
of the muscle fibers and caudal displacement 
with lowering of pleural pressure (PpD and 
increase in abdominal pressure (Pab). Due to 
the curvature of the diaphragmatic domes 
there is at lower lung volumes a circumferen
tial 'zone of apposition' between the internal 
surface of the lower rib cage and the superior 
surface of the diaphragm. The increasing ab
dominal pressure produces forward motion 
of the abdominal contents and abdominal 
wall and also of the lower rib cage which is 
effectively exposed to abdominal pressure via 
this zone of apposition [2]. In addition the in
sertional action of the diaphragm via its at
tachments to the lower six ribs contributes to 
expansion of the rib cage. The upper part of 
the rib cage, however, is exposed to pleural 
pressure which becomes increasingly nega
tive during inspiration; without the action of 
other inspiratory agonist muscles the upper 
ribs would tend to move inwards as the lower 
ribs and abdomen move outwards. The action 
of the rib cage and accessory muscles 
becomes increasingly important as ventila
tory efforts increase, e.g. during exercise. 

The importance of a further group of inspi
ratory muscles has been appreciated only in 
recent years as a result of studies on patients 
with sleep apnea and related conditions: 
these are the muscles which surround and 
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Fig. 9.1 Schematic diagram showing actions of 
the diaphragm on the chest wall in a normal 
subject (left) and patient with COPD (right). 
Normally the lower rib cage (RC) is expanded (1) 
by direct insertion and (2) by the effect of increas
ing abdominal pressure (Pab) via the zone of ap
position; these effects are partly offset by (3) the 
deflating effect of pleural pressure (Ppl) as it 
becomes more negative. The net effect is inspira
tory but mechanisms (1) and (2) become progress
ively less effective as lung volume increases. In the 
hyperinflated patient with COPD (right) the 
expanding effect of the diaphragm is compromised 
because (a) the zone of apposition is reduced and 
(b) the insertional effect (1) is now expiratory. 
Increased activity of other inspiratory muscles is 
necessary to compensate for these effects. 

support the upper airway, particularly the 
pharynx and their phasiC inspiratory contrac
tion is necessary for maintenance of airway 
patency during inspiration [3]. Without their 
action during inspiration the upper airway 
would narrow and might close due to the 
subatmospheric pressure inside the airway. 
These muscles thus have a role in supporting 
the upper airway analogous to the action of 
the intercostal and scalene muscles maintain
ing the stability of the rib cage. 

Expiration in normal subjects at rest is es
sentially passive: indeed, inspiratory muscle 

activity continues for a short period into 
expiration ('post-inspiratory braking') and 
this controls the rate of expiratory airflow. 
The major expiratory muscles are those of the 
abdominal wall; earlier studies using surface 
electromyographic (EMG) recordings or 
needle electrodes sampling the rectus abdo
minis and external oblique muscles showed 
that they were electrically silent during 
normal quiet expiration and activity became 
detectable only when ventilation was 
markedly increased. More recent study [4] of 
the deepest abdominal muscle, transversus 
abdominis, shows that when ventilation in
creases it is recruited more readily than the 
more superficial abdominal muscles. The 
transversus muscle is orientated circumferen
tially around the abdomen and is therefore 
likely to be more effective in raising abdomi
nal pressure than either the rectus or external 
oblique muscles which run from the rib cage 
to the pelvis. 

9.1.2 RESPIRATORY MUSCLE DYSFUNCTION 
INCOPD 

The net effects of respiratory muscle contrac
tion are related to the force of contraction and 
the mechanical load against which the 
muscles are required to act, or in simple 
terms to the ratio of load to power. In COPO 
both these factors are affected adversely, in 
that the mechanical load is increased (in
creased respiratory impedance) whilst the 
pressure generating capacity of the muscles 
over the tidal breathing range is impaired. 
The latter results from a combination of the 
effects of pulmonary hyperinflation affecting 
the mechanical advantage of the muscles, 
malnutrition resulting in muscle weakness 
and, possibly in some situations, respiratory 
muscle fatigue. 

The hyperinflation associated with COPO 
leads to shortening and flattening of the 
diaphragm and impairs its capacity to gener
ate pressure because of both length-tension 
and geometric factors (see below). In addi-



tion, the 'zone of the apposition' where the 
lower rib cage is exposed to Pab is less than in 
normal subjects while that exposed to Ppl is 
greater: these factors impair the ability of the 
diaphragm to expand the rib cage by both 
appositional and insertional effects (Fig. 9.1). 
In consequence patients with COPO show 
increased use of the rib cage muscles and the 
inspiratory accessory muscles, e.g. sterno
mastoid, may also be active even during quiet 
breathing. Inevitably this pattern becomes 
more pronounced as ventilation increases on 
exercise. The result is distorted and some
times paradoxical motion of the rib cage. 
Although narrowing of the intrapulmonary 
airways in COPO is predominantly expiratory, 
the burden falls mainly on the inspiratory 
muscles. Earlier EMG studies using sur
face electrodes showed no activity in the 
superficial muscles of the abdominal wall 
during quiet breathing [5]. A recent study by 
Ninane et al. [6] using needle electrodes 
inserted into the different layers of abdominal 
muscles has, however, shown that expiratory 
phasic activity is present at rest in the deeper 
transversus abdominis muscle in many 
patients with COPO, especially those with 
more severe degrees of airway narrowing. 

9.2 MORPHOLOGY AND ENERGETICS 

Skeletal muscle comprises two main types of 
fiber, classified in terms of histochemical ap
pearances and corresponding to important 
differences in metabolic activity. Type I or red 
fibers are relatively slowly contracting and re
sistant to fatigue. They are well endowed 
with mitochondria and metabolize predomi
nantly by oxidative pathways. Type II fibers 
are fast contracting, may be either fatigue-re
sistant (Type IIA) or fatiguable (Type lIB); 
they metabolize by either oxidative or gly
colytic pathways (IIA) or predominantly by 
glycolysis alone (lIB). Both in normal subjects 
and patients with COPO the proportion of 
Type I fibers in intercostal and diaphragmatic 
muscle is greater than that found in a pos-
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tural muscle such as latissimus dorsi [7]. This 
is consistent with the general finding that 
muscles in regular use tend to have a rela
tively high proportion of fatigue-resistant 
Type I fibers. Although the proportions of 
Type I and Type II fibers are similar in CO PO 
patients and normal subjects, patients show 
reduced diameter of individual fibers and 
greater variations in fiber size with abnormal
ities such as splitting of fibers. The reduced 
diameter of individual fibers correlates with 
body weight [7], an observation which may 
underlie the important effects of weight 
on mechanical function of the respiratory 
muscles. It is likely that all the respiratory 
muscles share in the muscle wasting seen in 
many patients with advanced COPO. Most at
tention has been paid to the diaphragm, for 
the obvious reasons that it is the main inspira
tory muscle, and it is relatively easy to 
'isolate' mechanically and to measure mor
phometrically. Autopsy studies show that 
diaphragmatic mass and thickness are 
broadly proportional to body weight. It does, 
however appear that in more advanced 
COPO the reduction in diaphragmatic weight 
is relatively greater than the associated reduc
tion in body weight [8,9]. Rochester and 
Braun [10], using radiographic measurements 
in vivo, found that estimated diaphragmatic 
length at RV in patients with COPO was ap
preciably less than that in normal subjects at 
RV but, as the authors pointed out, this com
parison is potentially misleading because the 
absolute lung volumes represented are very 
different. Arora and Rochester [9] argued that 
if comparisons were made at similar lung 
volume the differences in diaphragmatic 
length were very small. They therefore con
cluded that in relation to absolute lung volume, 
COPO has only a small effect on diaphrag
matic length in vivo. At similar relative 
volumes, however (e.g. RV or FRC), pa
tients with hyperinflation inevitably have a 
markedly reduced muscle length. 

The normal respiratory muscles, par
ticularly the diaphragm, are highly active 
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metabolically, in comparison with a postural 
muscle such as latissimus dorsi; there is a 
greater activity of various enzymes involved 
in both glycolysis and oxidative metabolism, 
to a degree comparable to the activity found 
in highly trained limb muscles in athletes 
[11]. Although still greater than that found in 
latissimus dorsi, enzymatic activity in the dia
phragm of patients with COPD is less than in 
normal subjects, suggesting relative 'detrain
ing' of the diaphragm; this might be a conse
quence of relatively less use of the 
diaphragm associated with the greater use of 
other inspiratory muscles in these patients 
[11]. The respiratory muscles of patients with 
COPD show reductions in high energy meta
bolic fuels such as ATP and phosphocreatine 
[12]. Similar findings have been reported in 
non-respiratory muscles in these patients [13] 
and may contribute to generalized weakness. 
In addition to the reduction in muscle bulk in 
many patients with COPD, there is evidence 
that the contractile force per unit area of the 
diaphragm is reduced out of proportion to 
any reduction in muscle mass [14]. Possible 
factors which may be involved include elec
trolyte and mineral deficiencies, impaired 
muscle membrane function, reduction of 
critical energy metabolite concentrations and 
the effects of hypoxemia, hypercapnia and 
infection. 

The increased mechanical impedance to 
breathing in patients with COPD implies an 
inevitable increase in the work of breathing 
and consequently in the rate of oxygen con
sumption (Vo2) by the respiratory muscles. 
This results in a disproportionate increase in 
V02 as ventilation increases on exercise [15]. 
Otis [16] introduced the concept of 'critical 
gain', the point on exercise when the increase 
in V02 is more than used up by the increased 
requirements for oxygen of the respiratory 
muscles themselves. This appears to be a 
factor limiting exercise in some healthy 
elderly subjects [17] and may be relatively 
more important in patients with COPD. The 
oxygen cost of breathing is particularly in-

creased in malnourished individuals and 
also is higher in those with more severe 
hyperinflation [18] (where the inspiratory 
muscles are required to operate at an increas
ingly worse mechanical advantage). 

Several studies have consistently shown 
that patients with COPD have abnormally 
high resting energy expenditure (REE). This 
reflects increases in both the basal metabolic 
rate (BMR) and the thermic response to food 
[19]. The increased BMR may result from in
creased oxidation of either glucose [20] or fat 
[19]. It has been attributed to increased 
energy requirements of the respiratory 
muscles resulting from the increased work of 
breathing but this is unlikely to be the whole 
explanation. The REE expressed as a ratio of 
body weight or fat free mass is relatively 
greater in subjects who have sustained 
significant weight loss and increases as 
airway obstruction and maximum inspiratory 
pressure decline [21]. The weight loss which 
is a common feature of patients with ad
vanced COPD occurs despite a normal or in
creased dietary intake. The increased thermic 
response to food of these patients reflects 
inefficient metabolism and adds to the 
burden which the respiratory muscles are re
quired to sustain. This is particularly relevant 
to metabolism of carbohydrate which has a 
respiratory quotient (RQ) of 1.0, i.e. a rela
tively greater CO2 output in relation to 
oxygen consumption than is seen with fat me
tabolism (RQ 0.7); carbohydrate metabolism 
therefore results in greater ventilatory 
demands and this may adversely affect exer
cise performance [22] or worsen the resting 
gas exchange of patients in a critical state. A 
further aspect of inefficient metabolism is an 
abnormally high oxidation of protein after 
food [19], associated with an overall reduc
tion in protein synthesis in muscles generally 
[23]; this probably contributes to wasting and 
weakness of the respiratory and other 
muscles. Although the excretion of nitrogen is 
increased, this is proportional to the increase 
in REE so that, unlike patients with sepsis, 



those with COPD are not truly hypercatabolic 
[20]. 

The observations discussed above have im
portant implications for attempts to improve 
the nutrition and hence respiratory muscle 
function of patients with COPD. The potential 
disadvantage of carbohydrate feeding has 
been mentioned and also it is likely that the 
caloric gain from nutrients, particularly in un
dernourished patients may be less than anti
cipated because of the greater oxygen cost of 
diet-induced thermogenesis. 

9.3 MECHANICAL PROPERTIES OF 
RESPIRATORY MUSCLES 

9.3.1 STATICS IN NORMAL SUBJECTS 

The static tension developed by a skeletal 
muscle is determined by the length of the 
muscle with, in general, the greatest tension 
developed when the muscle is close to its 
resting, unstressed length. Neither length nor 
tension of the respiratory muscles is readily 
measurable in vivo but volume and pressure 
can be used as indirect indices of their 
respective magnitudes. In normal subjects the 
resting length of the diaphragm (and prob
ably of the other inspiratory muscles) is at a 
volume close to FRe. Consequently the 
maximum pressure developed statically by 
the inspiratory muscles is seen at lung 
volumes close to FRC or RV and it declines as 
volume increases above FRe. Conversely, 
maximum expiratory pressures are greater at 
high lung volumes close to full inflation. 
Maximum static respiratory pressure meas
ured at the mouth, with glottis open, is equal 
to alveolar pressure. Such measurements 
include a contribution (minor in normal sub
jects) from the passive recoil of the respira
tory system, but mainly reflect the net 
pressure resulting from contraction of the res
piratory muscles - agonists and antagonists 
combined. Figure 9.2 shows the relationships 
of maximum inspiratory (PI max) and expira
tory (PE max) pressures to lung volume. 
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The contribution to inspiratory efforts of 
the diaphragm alone can be assessed by 
direct measurement of transdiaphragmatic 
pressure (Pdi) using balloon-tipped catheters 
or small transducers in the esophagus and 
stomach. Measurements during various ma
neuvers in normal subjects show that the 
diaphragm is often not contracting maxi
mally during forceful voluntary inspiratory 
efforts [25,26]. The diaphragm has a unique 
dual role as a thoracic and abdominal muscle 
acting agonistically with the rib cage muscles 
in generation of negative intrathoracic pres
sures and with the abdominal wall muscles in 
the generation of positive abdominal pres
sures (e.g. during defecation or parturition). 
The largest values of Pdi (Pdi max) are ob
tained at volumes close to FRC during 
maximum efforts which combine both an in
spiratory effort (reducing Ppl) and an expul
sive effort (increasing Pab). Although such 
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Fig.9.2 Average values of maximum inspiratory 
(Pr max) and expiratory (PE max) mouth pressures 
in groups of normal subjects and patients with 
emphysema plotted between RV and TLC, based 
on data of Decramer et al. [24]. 
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'gymnastic' maneuvers can produce greater 
Pdi, they usually result in less negative 
pleural (inspiratory) pressures than do more 
natural efforts [25,26]. At volumes greater 
than FRC the value of Pdi max declines 
because of the length-tension relationship of 
the muscle. A further possible contributor to 
the reduced pressure is an increase in the 
radius of curvature of the diaphragm which, 
according to the law of Laplace, would result 
in a reduced pressure for a given linear 
tension. Most data on the diaphragm in 
normal subjects, however, suggest that the 
effect of length is quantitively much more im
portant than the effect of curvature in deter
mining the value of Pdi [27]. 

A similar shaped Pdi-volume relationship 
is seen if the diaphragmatic contraction is 
produced by electrical stimulation of the 
phrenic nerves. In the study of Smith and 
Bellemare [28] the diaphragm of normal sub
jects during phrenic stimulation at full 
inflation was still capable of generating an ap
preciable Pdi but this Pdi was not associated 
with an inspiratory pleural pressure, i.e. the 
Pdi resulted from an increase in Pab without 
any fall in Ppl. The distribution of Pdi in this 
and other situations depends critically on the 
relative compliances (stiffness) of the rib cage 
and abdomen and these, in turn, in more 
natural situations are influenced by contrac
tion of other muscles. Clearly, however, the 
diaphragm at very large lung volumes might, 
in theory, become an expiratory rather than 
an inspiratory muscle. 

In clinical testing of diaphragmatic function 
a commonly applied measurement is Pdi 
during a forceful 'sniff' which patients per
form more easily and reproducibly than static 
efforts [29]. The effort is usually initiated at 
FRC and the values recorded are dependent 
on lung volume in a similar fashion to static 
measurements [30]. 

Measurements of static mouth pressures 
during maximum inspiratory and expiratory 
efforts assess global function of the respira
tory muscles and suffice for clinical assess-

ment in most cases. They are, however, in
evitably effort-dependent and several at
tempts are likely to be required before 
reproducible values are obtained. The values 
obtained are very dependent on the type of 
mouthpiece used and there is a wide normal 
range. In normal subjects measurement of 
pressure in the nasopharynx during a force
ful sniff is a useful alternative but such meas
urements are inaccurate in patients with 
COPD and increased airway resistance [31]. 

9.3.2 STATICS IN COPD 

Many studies of maximum respiratory pres
sures in patients with COPD have shown im
paired values of PI max [24,32] when these 
are measured at FRC or RV and more recent 
studies have confirmed similar findings 
for Pdi [25,26]. It is likely that geometric 
(length-tension) factors and weakness con
tribute in different proportions in different in
dividuals. In relation to the absolute rather 
than relative lung volumes on the other hand, 
such pressures may appear normal or 'super
normal' [32]. This applies not only above the 
normal TLC (where the diaphragm and other 
inspiratory muscles of a healthy subject 
would not normally be capable of operating) 
but also sometimes at lower lung volumes. 
Recent data on maximum pressures across 
the diaphragm during forceful inspiratory 
efforts [25] or during phrenic nerve stimu
lation [33] have shown that diaphragmatic 
function is remarkably well preserved at least 
in well-nourished patients (Fig. 9.3). Despite 
the theoretical possibility that the diaphragm 
might become an expiratory muscle, in severe 
hyperinflation it retains an inspiratory action 
even at a markedly increased TLC [33]. These 
observations appear to imply that the respira
tory muscles, and particularly the diaphragm, 
are capable of adapting to hyperinflation by 
an alteration in the length-tension character
istics of the muscle. The mechanism of any 
such adaptation is, however, uncertain: data 
from experimental animals have shown that 
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Fig. 9.3 Pleural (solid lines) and abdominal (broken lines) pressures during static maximal inspiratory 
efforts in four patients at various lung volumes with shaded and dotted areas representing the normal 
range of Ppl and Pab respectively. The horizontal distance between the two curves represents Pdi. (From 
Gibson et al. [25].) 

chronic hyperinflation can be associated 
with a reduction in the number of sarcom
eres in the diaphragmatic muscle, such that 
it retains its pressure-generating capacity at 
a shorter muscle length [34]. Evidence of 
such resorption of sa reo meres has not been 
demonstrated in man; the animal model in 
which it has been shown tends to produce 
relatively greater hyperinflation than occurs 
in most patients with COPD and the mea
surements of diphragmatic dimensions dis
cussed above give little support to the 
concept of true shortening (i.e. a reduction 
in resting length of the muscle fibers). In 
subjects with mild-moderate degrees of 
hyperinflation it appears that reduction in 
diaphragmatic curvature is of little impor
tance [10]. Increased radius of curvature and 
the consequent reduction in Pdi determined 
by the law of Laplace may become more im
portant at high lung volumes in individuals 
with very severe hyperinflation or with 
acute increases in lung volume during exac-

erbations of disease, but little information is 
available in these groups. 

Estimation of the length-tension properties 
of the respiratory muscles other than the 
diaphragm is more difficult but detailed 
radiographic measurements by Sharp and 
colleagues [35,36] have suggested that any 
changes in resting length associated with 
COPD are likely to be much less than those 
seen in the diaphragm and unlikely to impair 
the tension which these muscles are capable 
of generating. 

The expiratory muscles are at no such me
chanical disadvantage in the presence of an 
increased thoracic volume. Rochester and 
Braun [10] therefore argued that PE max 
could be used as an index of respiratory 
muscle strength in order to analyse the re
spective contributions of weakness and 
mechanical disadvantage to the impairment 
of PI max seen in many patients. On this 
basis they found that PE max (i.e. weakness) 
explained 46% and diaphragmatic length 
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explained 35% of the variance in PI max. 
They therefore concluded that impairment of 
static inspiratory muscle function in COPD 
was due to a combination of mechanical dis
advantage and general muscle weakness. 

9.3.3 DYNAMICS 

Under dynamic conditions, when airflow is 
occurring, the force of muscle contraction is 
dependent on the velocity of contraction in 
addition to any constraints which operate 
under static conditions. The greatest force is 
developed by a muscle when shortening 
during contraction is prevented (isometric 
contraction), but under dynamic conditions 
the force generated declines with increasing 
velocity of contraction. This corresponds to 
the situation which pertains during normal 
breathing with the airway open and lung 
volume increasing during inspiration and 
decreasing during expiration. The velocity of 
muscle shortening in turn depends upon the 
load placed upon the muscles; as this is in
creased in patients with COPD compared to 
normal the force-velocity characteristics of 
the respiratory muscles of patients with 
COPD should favor the generation of force 
(or pressure) compared with normal sub
jects, but the values obtained are always less 
than those which can be developed statically 
against an occluded airway. In patients, as 
in normal subjects, forced inspiratory flows 
are entirely dependent on the effort ap
plied. During forceful expiration, however, 
maximum flow is much less dependent on 
effort at lower than at higher lung volumes, 
a feature which underlies the reproducibility 
of tests of forced expiration (Chapter 7). In 
patients with COPD this effect is increased, 
i.e. maximum expiratory flows are even less 
dependent on effort than in normal subjects. 

Hyperinflation of the thorax and con
sequent flattening and shortening of the dia
phragm in the tidal breathing range is 
associated with a change in the normal 
pattern of activation of the respiratory 

muscles, with relatively greater activity of 
the inspiratory intercostal and accessory 
muscles and consequently relatively more 
displacement of the rib cage and less of the 
abdomen [37,38]. The normal inspiratory 
positive swing of abdominal pressure during 
tidal breathing is attenuated and in some 
cases the net change becomes negative; in 
some individuals Pab follows Ppl with no 
significant contribution to pressure gen
eration by the diaphragm (Fig. 9.4). The tidal 
swing in pleural pressure is inevitably 
greater than normal because of the greater 
impedance to breathing resulting from in-
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Fig. 9.4 Measurements of Ppl (solid line) and Pab 
(broken line) in four patients seated at rest and 
plotted against volume change during tidal breath
ing; two normal subjects are shown for comparison 
on the left. In the patients the swing in pleural 
pressure is greater because of increased impedance 
to breathing and Pab becomes more negative 
during part of inspiration. Pdi is given by the 
horizontal difference between the two pressure 
recordings. 



creased airway resistance and sometimes also 
from reduced compliance associated with 
breathing at higher lung volumes. The most 
instructive way of examining the pressure re
lations during tidal breathing is by compari
son with the pressure-generating capacity of 
the inspiratory muscles under static condi
tions when the severe constraints imposed by 
muscle function, especially when ventilation 
is required to increase, become apparent 
(Fig. 9.5). 
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Both EMG and pressure studies suggest 
that tidal expiration in patients with COPD is 
due mainly to passive recoil. Recent work [6] 
has, however, shown phasic expiratory activ
ity in the transversus abdominis muscle, par
ticularly in patients with more severe airway 
narrowing. Post-inspiratory 'braking' due to 
continuing expiratory contraction of inspiratory 
muscles occupies a much smaller proportion 
of the (prolonged) expiration of patients with 
COPD than is seen in normal subjects [40]. 
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Fig. 9.5 Schematic relations of tidal and maximum inspiratory pressures in a normal subject (left) and a 
patient with COPD and hyperinflation (right) redrawn from Pride [39] with permission. Analysis is in 
terms of pleural pressure plotted against lung volume (% predicted TLC) (a) during maximum static 
inspiratory efforts (Ppl min), (b) when the respiratory muscles are relaxed (Pst(w) - which represents 
passive recoil of the chest wall) and (c) during breath holding (-Pst(l) - which represents the mirror 
image of the static recoil curve of the lungs). FRC in the normal subject represents the 'neutral' position of 
the respiratory system, i.e. Pst(w) = -Pst(l). The requirement for inspiratory muscle pressure during tidal 
breathing is indicated by the continuous horizontal line between Pst(w) and the dynamic Ppl (curved 
line) required to overcome elastic plus resistive forces; the pressure-generating capacity at the same lung 
volume is given by the horizontal line (continuous + broken) between Pst(w) and Ppl min. In the normal 
subject the lower hatched and stippled areas indicate work of breathing during an inspiration starting 
from FRC while the upper hatched area indicates the greater elastic work of breathing necessary at a 
higher lung volume, where the pressure-generating capacity is less. 

In the patient with COPD the end expired volume (FRC) is above the neutral position of the respiratory 
system and is associated with a positive relaxation pressure indicated by the horizontal distance between 
end tidal Pst(w) and Pst(l); this represents 'intrinsic PEEP' (see text) the presence of which increases the 
elastic work of inspiration. Adaptation of inspiratory muscle function allows a more negative Ppl min 
at high lung volumes than would be seen in a normal subject (whose equivalent curve is indicated by 
-.-.-.) but Ppl min at end expiration is less negative than at a normal FRC. The tidal requirement for 
inspiratory muscle pressure (Pp!) is a much higher proportion of the pressure-generating capacity than in 
a normal subject because of both an increase in load and a reduction in capacity. 
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Individuals with severe airway obstruction 
characteristically have expiratory flow limita
tion, even during tidal breathing, with a pro
gressive reduction in tidal flow at low lung 
volumes (Chapter 7). This prolonged expira
tion results in termination of expiration at a 
lung volume (FRC) above the true neutral po
sition of the respiratory system, a phenome
non recognized as 'dynamic hyperinflation', 
as inspiratory muscles start to contract and 
the next inspiration is initiated before expira
tory flow ceases. This represents a mechanism 
of hyperinflation additional to that occurring 
as a result of loss of lung recoil pressure; it 
amounts to approximately half a litre or so at 
rest [41]. It places an additional burden on the 
inspiratory muscles because there is a greater 
elastic load associated with tidal breathing 
over a higher volume range (Fig. 9.5). The 
inspiratory muscles have to overcome an ad
ditional pressure ('intrinsic positive end expi
ratory pressure - PEEPi') before lung inflation 
can commence. PEEPi was first recognized in 
acutely ill patients during mechanical ventila
tion where it is easily identifiable as a positive 
pressure if the airway is occluded at end 
expiration. It is also seen as a consequence of 
dynamic hyperinflation in stable patients 
with severe COPD. Its magnitude is some
times estimated from the fall in pleural 
(esophageal) pressure immediately preceding 
the onset of inspiratory flow [42,43]. Such a 
reduction in pleural pressure can be due also 
to relaxation of abdominal muscles, however; 
the recent demonstration of expiratory con
traction of transversus abdominis in many 
patients with severe COPD implies that the 
assumption that this pre-inspiratory reduc
tion in pleural pressure reflects 'intrinsic 
PEEP' may not necessarily be valid [6]. 

9.4 RESPIRATORY MUSCLE FATIGUE 

The attractive concept of fatigue of the respir
atory muscles as a cause of respiratory failure 
[44] has generated numerous studies over the 
past 15 years. The precise point at which 

fatigue develops and the most appropriate 
clinical test(s) for its detection have, 
however, remained elusive. Fatigue in the 
present context is defined [45] as a loss in the 
capacity for developing force and/ or veloc
ity of a muscle resulting from muscle activity 
under load and which is reversible by rest. The 
last point is important as it distinguishes 
fatigue from persistent weakness. Abnor
malities of muscle function develop before 
the failure of a muscle as a generator of force; 
a clinical test of fatigue therefore needs to be 
sufficiently sensitive to detect this 'pro
dromal' phase so that, where possible, appro
priate therapeutic steps can be taken to 
forestall power failure. Fatigue is not necess
arily located peripherally in the neuro
muscular apparatus. With 'central' fatigue 
the reduction in capacity results from an in
ability to maintain the necessary central 
motor drive. This may represent an impor
tant protective mechanism which avoids the 
adverse effects of prolonged forceful contrac
tion. The possible mechanisms of fatigue 
arising peripherally in the neuromuscular 
apparatus include reduced substrate supply, 
depletion of muscle energy stores and local 
acid-base changes; these in turn are very de
pendent on local blood flow. 

In limb muscles evidence of fatigue is 
detectable with continuous contractions of 
approximately 0.15 of the maximal tension 
that the muscle can develop. For intermittent 
contractions the fatigue threshold depends 
on the tension developed and the duration of 
each contraction. This principle has been 
applied to the diaphragm by calculation of 
the 'tension-time index' (TTdi), defined as 
the product of mean trans diaphragmatic 
pressure (as a fraction of Pdi max) and the 
'duty cycle' which represents the proportion 
of each breathing cycle spent on inspiration, 
i.e. the time during which the diaphragm is 
contracting [46]. During ventilation at rest the 
critical TTdi beyond which fatigue is likely to 
become evident is approximately 0.15-0.20. In 
patients with COPD the mean Pdi during a 



breath is increased at the same time as Pdi max 
is decreased, hence the reserve is appreciably 
less than in normal subjects. Bellemare and 
Grassino [47] showed in patients with capo 
that an increase in mean Pdi of only three-fold 
would be sufficient to produce evidence of 
fatigue whereas in normal subjects the corre
sponding increase had to be approximately 
eight-fold. 

9.4.1 METHODS OF ASSESSMENT 

Both EMG and mechanical indices have been 
proposed for the recognition of fatigue; the 
methods have been assessed mostly in normal 
subjects before and after breathing against a 
'fatiguing' load such as a very high external re
sistance. 

(a) Response to electrical stimulation 

The standard method for limb muscles is mea
surement of the force of contraction in relation 
to stimulation at increasing frequency. This 
technique has been applied successfully to the 
sternomastoid muscle allowing construction of 
a frequency-force relationship [48]. The output 
of the diaphragm in terms of Pdi response to 
phrenic nerve stimulation can also be mea
sured and a frequency-pressure curve con
structed [49]. In fatigued healthy subjects the 
characteristic finding is of rapid recovery of 
the response to high frequency stimulation but 
markedly delayed recovery of the response to 
lower frequency stimulation - the phenome
non of 'low frequency fatigue' which is quanti
tated as a fall in the ratio of response to 
stimulation frequencies of 20 and 50 Hz (20:50 
ratio). 

(b) Spectral analysis of EMG 

Fatigue is associated with a change in the fre
quency spectrum of the EMG during sponta
neous muscle contraction [50]. There is an 
increase in amplitude of lower frequency 
components and a decrease in amplitude at 
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higher frequencies. One way in which this 
can be quantitated is by calculating the ratio 
of the amplititudes of signals over arbitrary 
ranges of higher and lower frequencies (H/L 
ratio) [51]. Unlike low frequency fatigue (in 
response to stimulated contraction), the H/L 
ratio is rapidly restored to normal on recov
ery and may therefore be less sensitive [52]. 
Its arbitrary definition has been criticized and 
it has not been widely accepted as a specific 
index of fatigue [45]. 

(d Maximum relaxation rate 

Fatigued muscle relaxes abnormally slowly. 
Relaxation of the diaphragm can be quanti
tated from the decline in Pdi by calculating 
the maximum relaxation rate (MRR) or the 
time constant of relaxation, assuming a mo
noexponential decay [53]. In normal subjects 
the decline in pressure can be followed more 
simply by measurements with a balloon in 
the mouth or nasopharynx [54] but this is un
reliable as a guide to changes in intrathoracic 
pressure in patients with abnormal pul
monary mechanics [31]. Although the MRR is 
a simple index of fatigue, its lengthening 
appears to parallel a decline in PImax [55] and 
consequently it lacks sensitivity as a predictor 
of impending fatigue. 

9.4.2 RESPIRATORY MUSCLE FATIGUE IN 
COPD 

Respiratory muscle fatigue has been demon
strated in experimental studies in patients 
with capo using all the above indices but 
the relevance to normal breathing in these 
subjects remains unclear. The likely greater 
potential for the development of fatigue in pa
tients with capo compared with normal sub
jects was demonstrated by the study of 
Bellemare and Grassino [47], who empha
sized the limited reserve available to these pa
tients. Pardy and Roussos [56] showed that 
voluntary hyperventilation sufficient to 
reduce Paco2 by 10 mmHg was associated 
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with a change in the H/L ratio compatible 
with the development of fatigue. Wilson et al. 
[57] showed the development of low fre
quency fatigue in the sternomastoid muscle 
after a 12-minute walk whereas this was not 
seen in normal subjects. The clinical 
significance of this finding is, however, uncer
tain as the performance of a second 12-minute 
walk shortly afterwards was not affected by 
its presence. Studies during acute exacerba
tions showed that the sternomastoid muscle 
was more easily fatiguable at the time of ad
mission than during subsequent recovery but 
overt fatigue was identified in only a small 
proportion of patients admitted to hospital 
during an exacerbation [58]. Furthermore, al
though patients with COPD have a much 
higher TTdi than normal subjects, this does 
not generally lie in the fatiguing range unless 
they are made to breathe more slowly and 
deeply than they normally choose [47].The 
TTdi at rest is higher in hypercapnic than in 
eucapnic patients but a recent study by Begin 
and Grassino [59] showed that even in the 
severely hypercapnic it did not exceed the 
fatigue threshold. 

An important adaptation to increased load 
in such patients is a reduction in tidal 
volume. Because of the irreducible dead space 
this breathing pattern predisposes to the 
development of hypercapnia but it may 
represent a mechanism for avoiding the 
development of fatigue [60]. 

9.5 CONSEQUENCES OF RESPIRATORY 
MUSCLE DYSFUNCTION IN COPD 

9.5.1 TIDAL BREATHING AND EFFECT OF 
POSTURE 

The characteristic tidal breathing pattern of 
patients with COPD with small tidal volume 
and rapid frequency results in part from ab
normal respiratory muscle actions and may 
represent an adaptative mechanism which 
minimizes the risk of fatigue (see above). The 
increased lung volume associated with 

hyperinflation is accommodated mainly by a 
lower position of the diaphragm. An increase 
in anteroposterior (AP) diameter of the rib 
cage is a classic clinical sign of hyperinflation. 
Detailed radiographic measurements in sub
jects with COPD without kyphosis, however, 
have shown that the AP diameter and angula
tion of the ribs are similar at the same 
absolute lung volumes to those of normal 
subjects of similar age [61]. The 'clinical 
impression' is genuine but is simply a mani
festation of the abnormally increased resting 
lung volume of such patients. 

During quiet tidal breathing relative 
motion of the rib cage is increased and that of 
the abdomen decreased and this is related to 
the degree of hyperinflation [37]. Various 
other distortions have been reported, the 
most readily recognized is in drawing of the 
lateral rib cage margin on inspiration (so
called 'Hoover's sign'). Others include para
doxical inspiratory motion of the abdomen, 
inspiratory paradoxical motion of the lower 
sternum in the AP diameter and biphasic 
motion of the abdomen [37]. The dev
elopment of Hoover's sign is related to reduc
tion of the zone of apposition and consequent 
loss of the expanding effect of diaphragmatic 
contraction on the rib cage together with a 
change in orientation of diaphragmatic 
muscle fibres such that diaphragmatic 
contraction directly draws in the lower ribs 
[62]. Many patients with severe airway 
obstruction adopt a characteristic posture 
leaning forward with outstretched arms 
supported. This is associated with less short
ness of breath and with improvements in 
Prmax [63,64]. Sharp et al. [63] showed that 
patie nts with such postural relief of dyspnea 
tended to have paradoxical inspiratory 
motion of the abdomen in the upright 
posture associated with severe hyper
inflation; it appears that in severely disabled 
individuals the leaning forward position 
aids diaphragmatic function by allowing the 
abdominal contents to stretch the di
aphragm, improving the length-tension 
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characteristics and allowing it to generate 
force more effectively. This is accompanied 
by a reduction in the activity of inspiratory 
accessory muscles [63]. 

9.5.2 BREATHING DURING SLEEP 

The abnormalities of breathing during sleep 
in patients with COPD are discussed in 
detail elsewhere (Chapter 12). As in normal 
subjects, EMG activity of the respiratory 
muscles declines during sleep in comparison 
with the awake state and the changes are 
more marked in rapid eye movement (REM) 
sleep [65,66]. REM sleep in normal subjects 
is associated with marked inhibition of respi
ratory muscles other than the diaphragm, 
while in COPD activity of the other inspira
tory muscles tends to be more variable [66]. 
Periods of hypopnea are seen in REM sleep, 
particularly during 'phasic' REM (pREM) 
sleep i.e. when eye movements are most 
marked. The pattern of such hypopneas 
varies with 'central' hypopnea resulting 
from pREM-related inhibition of the 'respi
ratory pump' muscles (i.e. diaphragm 
and/ or inspiratory intercostals), while in 
some individuals 'obstructive' hypopneas 
are seen, associated with relatively greater 
inhibition of the upper airway stabilizing 
muscles such as genioglossus [67]. In 
addition to the direct effects of reduced 
respiratory muscle activity inducing hypo
ventilation, the end-expired volume in REM 
sleep falls in comparison with non-REM 
sleep due to a reduction in dynamic 
hyperinflation. This results from a lessening 
of the activity of inspiratory muscles (par
ticularly scalenes and sternomastoid) during 
expiration. Dynamic hyperinflation persists 
in non-REM sleep; a recent preliminary 
report suggests that this can be counterbal
anced by the application of nasal continuous 
positive airway pressure (CP AP) at night 
which reduces inspiratory muscle activity in 
non-REM sleep without any deterioration in 
gas exchange [68]. 

9.5.3 EXERCISE AND DYSPNEA 

The increased requirements for ventilation 
during exercise are achieved by an increase 
in either frequency or tidal volume (or both); 
in addition the slowing of expiratory airflow 
implies a reduction in the relative duration 
of inspiration. Each of these factors adds to 
the burden placed on the inspiratory 
muscles; greater dynamic hyperinflation 
than at rest may further exacerbate the 
problem. Increasing end-expiratory and end
inspiratory lung volumes occur against a 
background of decreasing pressure-generat
ing capacity of the inspiratory muscles 
due to the length-tension relationship. As 
a result the load/capacity ratio moves 
markedly in an adverse direction. The in
spiratory change in abdominal pressure 
becomes more negative with recruitment of 
accessory muscles dominating the contribu
tion of a severely compromised diaphragm 
[69]. At the same time expiratory abdominal 
muscle contraction becomes more evident 
with increasingly positive Pab during expi
ration. This tends to stretch the diaphrag
matic fibers and hence potentially aids 
diaphragmatic contraction during the sub
sequent inspiration. Diaphragmatic descent 
may also be partially passive due to relax
ation and the consequent fall in Pab at the 
start of inspiration. Strapping of the abdo
minal wall has been reported to give subject
ive relief to patients with COPD at rest, 
possibly by improving diaphragmatic func
tion in a similar way and offloading other 
inspiratory muscles. It does not, however, 
improve exercise endurance, perhaps 
because it also impairs the ability of the ab
dominal muscles to aid inspiration by relax
ation at its onset [70]. 

O'Connell and Campbell [71] compared 
patients with severe COPD with and without 
inspiratory dyspnea at rest; although they 
showed no significant differences in PI max 
values between these two groups, the dysp
neic patients used a higher proportion of the 
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maximum pressure available at that volume 
to generate inspiratory flow during quiet 
breathing. A study during exercise in patients 
with various cardiopulmonary diseases simi
larly showed a relation between dyspnea and 
the ratio of end-inspiratory pleural pressure 
to PI max [72], again emphasizing the need to 
interpret the load to breathing or the effort re
quired to overcome this load in relation to the 
capacity available. In a recent study of a large 
number of patients with COPD Mahler and 
Harver [73] showed that dyspnea on exercise 
could be related to maximal respiratory pres
sures and this effect was independent of 
spirometric indices of lung function. 

9.5.4 GAS EXCHANGE AND VENTILATORY 
CONTROL 

Rochester and Braun [10] showed clearly the 
important relationship of inspiratory muscle 
function in COPD to the development of hy
percapnia (Fig. 9.6). The general shape of the 
relationship was similar to that found in pa
tients with neuromuscular disease but those 
with COPD have a greater load to breathing 
and consequently are likely to develop hyper
capnia with a relatively better preserved 
value of PI max than patients with muscle 
weakness alone. The importance of inspira
tory muscle dysfunction to the generation of 
chronic hypercapnia in these patients was 
emphasized in a recent large study by Begin 
and Grassino [59], who showed that Paco2 
was related best to an index of load (FEV} 
or respiratory resistance), to the dead 
space/tidal volume ratio and best of all to the 
relationship of load to capacity (expressed as 
either resistance/PI max or mean inspiratory 
pressure/PI max). One important contributor 
to the mean inspiratory pressure generated 
by the respiratory muscles during tidal 
breathing is intrinsic PEEP and this also has 
been shown to correlate with the severity of 
hypercapnia [42]. 

Inspiratory muscle function is relevant also 
to the assessment of ventilatory control in 
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Fig. 9.6 Relationship between Paco2 and PI max 
in patients with COPD (closed circles and solid 
lines). Also shown for comparison are the results 
of a similar analysis in patients with primary 
muscle disease and no significant airway obstruc
tion (from Rochester and Braun [10].) 

patients with COPD. The problems of in
terpretation of the ventilatory response to 
CO2 in patients with adverse respiratory 
mechanics are well recognized. The mouth 
occlusion pressure was promoted as a more 
valid alternative in this situation but Gribbin 
et al. [74] showed that this also is open to 
criticism because of its dependence on respir
atory muscle function, particularly as end
expiratory volume rises with CO2 stimulation 
in these patients and consequently mouth 
occlusion pressure as a proportion of the 
maximum available inspiratory pressure rises 
markedly. 

9.6 THERAPEUTIC POSSIBILITIES 

9.6.1 REST AND VENTILATORY SUPPORT 

The use in selected patients during exacerba
tions of assisted ventilation using intermittent 
positive pressure via an endotracheal tube 
has been standard practice for many years 
(Chapter 19). Of more recent interest is the 
use of long-term nocturnal ventilatory 
support by either negative pressure ventila
tion applied to the chest wall or by IPPV 



using a nasal mask. Some uncontrolled 
studies of negative pressure ventilation in hy
percapnic patients suggested impressive 
results and were associated with apparent im
provement in inspiratory muscle function. A 
recent large controlled study has, however, 
failed to show any benefit [76]. One poten
tially disadvantageous effect of such treat
ment is narrowing of the upper airway 
during inspiration due to more negative 
intra-airway pressures; this results in obstruc
tive sleep apnoea in a few patients [77]. 

This type of ventilatory support for long
term use has largely been superseded by 
the development of nasal IPPV which is cur
rently under evaluation. Again, uncontrolled 
studies have suggested benefit [78], even 
though reductions in daytime Paco2 could 
not be related to improved respiratory muscle 
strength [80] and further large studies are 
required. 

The effects of continuous positive airway 
pressure (CPAP) have been studied during 
exercise and appear promising, allowing the 
maintenance of ventilation and exercise per
formance with a reduction in inspiratory 
muscle effort [81,82]. Whether this approach 
has a clinical role remains to be seen. 

9.6.2 NUTRITIONAL TREATMENT 

Several studies have examined the effect of 
dietary supplementation on respiratory muscle 
function in malnourished patients with COPD. 
Early uncontrolled studies reported benefit 
[83], while the results of controlled studies are 
variable with some showing no effect [84,85] 
and others reporting an improvement [86-88]. 
Positive results tend to be seen particularly in 
studies where weight gain is also achieved 
[87], but the improvements are generally 
modest and of doubtful cost effectiveness. 

9.6.3 RESPIRATORY MUSCLE TRAINING 

Several controlled and uncontrolled studies 
have examined the beneficial effects of 
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specific training of the respiratory muscles. In 
general, training of muscles is task-specific, 
i.e. the benefits of training are seen in the task 
trained but not necessarily in other activities. 
Thus it is possible to improve respiratory 
muscle strength without necessarily any 
benefit on exercise performance. A recent 
meta-analysis of 17 randomized trials of res
piratory muscle training in COPD [89] 
demonstrated how the effects of training 
depend upon method, duration, frequency 
and intensity of training used. When training 
by either resistive breathing or isocapnic 
hyperventilation was considered improve
ments in strength or endurance were demon
strable but overall there was no improvement 
in exercise performance. 

9.6.4 PHARMACOLOGIC TREATMENT 

The demonstration that methylxanthines such 
as theophylline potentiate the in vitro 
response of fresh and fatigued muscle strips 
to an electrical stimulus led to investigation of 
the value of such agents for this purpose in 
vivo. The concentrations used in in vitro 
studies, however, would be prohibitive in 
vivo in man. At more realistic therapeutic con
centrations some [90], but not all [91], studies 
have shown a small increase in Pdi generated 
during maximal voluntary efforts, in the 
diaphragmatic response to a standard stimu
lus applied to the phrenic nerves or in the 
EMG power spectrum suggesting a reduction 
in fatigue. Minor improvements have been 
reported both in normal subjects and patients 
with COPD but it is difficult to dissociate 
direct effects on the contractile process from 
the indirect effects of increases in muscle 
blood flow or of bronchodilatation and asso
ciated reduction in lung volume. Such con
comitant changes may well account for the 
modest improvements in muscle function 
reported. Other drugs which have been inves
tigated include the ,8-sympathomimetic 
agents but the effects have generally been less 
than seen with methylxanthines. 
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9.7 CONCLUSIONS 

The respiratory muscles of patients with 
COPD were largely neglected until the last 20 
years. Over that time numerous studies have 
been performed, the constraints imposed on 
and by the muscles have become better 
understood and the importance of respiratory 
muscle function in determining breathless
ness, exercise capacity, the development of 
respiratory failure, breathing during sleep 
and other manifestations has been clarified. 
The inspiratory muscles, in particular, are 
doubly compromised in patients with COPD 
and hyperinflation by an increase in load and 
a reduction in capacity. The latter results from 
the combination of distorted geometry and 
weakness due to impaired nutrition. Overall, 
however, the mechanical performance of the 
respiratory muscles, and particularly the 
diaphragm is generally better in practice than 
might have been predicted on theoretical 
grounds, although the adaptations which 
occur are still poorly understood. 
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VENTILATORY CONTROL AND 
DYSPNEA 

10 

P.M.A. Calverley 

The progress of ideas in respiratory physiol
ogy has often been accelerated by the need for 
practical solutions. Thus the clinical problems 
of gas mask design in World War I led 
Haldane and co-workers to further study the 
stimulant effects of respiratory gases whilst 
the hypoxia of high altitude experienced by 
World War II fighter pilots generated new re
search about the chemical regulation of 
human breathing. The subsequent rise in the 
incidence of and mortality from chronic ob
structive pulmonary disease gave a new clini
cal dimension to these problems. The dangers 
of high concentrations of oxygen during acute 
exacerbations of COPO were soon recognized 
[1] and led Campbell to apply new technolo
gies to first identify the physiologic problem 
(hypercapnia), then hypothesize a mechanism 
for its production (reduced hypercapnic ven
tilatory drive) and finally suggest a practical 
solution (low flow oxgyen treatment by 
Venturi mask) [2]. 

About the same time Oornhorst's almost 
apocryphal (and certainly unreferenced) de
scription of the two extremes of advanced 
COPO - 'pink and puffing' or 'blue and 
bloated' - launched a debate about whether 
these patients could not breathe or would not 
breathe when confronted with progressive 
lung disease, a controversy that continues in 
new forms to the present day. Meanwhile, 
Campbell and colleagues in a series of 
pioneering studies had begun the systematic 

investigation of respiratory sensation in 
general and breathlessness in particular. 
Their initial views were set out in a landmark 
symposium [3] whilst progress or lack of it 
has been reviewed more recently on a similar 
occasion [4]. 

This chapter will review some of the evid
ence underlying the ebb and flow of these 
ideas. More than most areas of respiratory 
medicine, studies of ventilatory control and 
dyspnea have been conditioned by the avail
able technology and especially the problems 
of data handling. However, subtle and often 
unstated assumptions about the primary 
importance of blood gas tensions and the 
irrelevance of respiratory sensation and con
sciousness, have had a major effect on the 
hypotheses tested. These assumptions have 
now been challenged and hopefully the new 
approaches to these areas which have re
sulted will prove more useful to physiologists 
and clinicians alike. 

10.1 ORGANIZATION OF VENTILATORY 
CONTROL 

Conventional approaches envisage a hier
archy of command for ventilatory control 
[5,6] although there is considerably less 
agreement about whether the output of the 
control system is regulated to optimize ven
tilation or breathing pattern, however ana
lyzed [7,8]. Inevitably most data about 
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underlying mechanisms have involved animal 
studies where stimulation and ablation experi
ments are performed under anesthesia [5,9]. 
Whilst these establish that a neural connection 
exists, they do little to elucidate the integrated 
action of the system under conditions when 
mechanical and chemical homeostasis is dis
turbed as in COPD. 

Respiration persists in these animals when 
the brain stem is sectioned at the pons or 
medulla [10]. The resulting metronomic ally 
regular breathing pattern is seldom seen in 
man except during deep general anesthesia 
[11] or stage 3/4 sleep [12]. It is believed to 
result from the interaction of three groups of 
tightly interconnected neurons [5,6]: 

1. The dorsal respiratory group (DRG) which 
lies in the ventrolateral nucleus of the 
tractus solitarius and receives afferent im
pulses via the glossopharyngeal and 
vagus nerves from peripheral chemore
ceptors and mechanoreceptors. The 
neurons here are mainly inspiratory but 
not all are influenced by stretch-receptor 
inputs. They project onto both the other 
neural groups and the phrenic nerve 
nucleus in the cervical cord. 

2. The ventral respiratory group (VRG) 
extends throughout the medulla and in
cludes neurons in the nucleus ambiguus, 
para-ambiguus and retrofacialis. The 
rostral neurones are thought to be inspira
tory and the caudal ones expiratory. There 
are no direct connections with neural 
afferents from outside the CNS. 

3. The pontine respiratory group corre
sponds to the neurones in the nucleus 
parabrachialis and the Kollicker-Fuse 
nucleus. These were thought to comprise 
the phase-spanning neurons that fire in 
late inspiration and early expiration. 
Recent data suggest they are a hetero
geneous group of neurons rather than 
belonging to a specific type [13]. 

Neurons from the DRG and VRG synapse 
with phrenic and intercostal neurons in the 

spinal cord where neuronal firing can be 
further modified by multiple proprioceptive 
impulse principally from chest wall 
mechanoreceptors [14]. 

Respiratory rhythm is thought to rely on a 
central pattern generator [6,14] which acts as 
a rhythmic oscillator. The precise siting and 
nature of these respiratory pacemaker cells 
are still to be identified but extensive studies 
of the effects of lung inflation at different 
phases in the respiratory cycle in anes
thetized animals have revealed characteristic 
patterns in neuronal firing in both inspira
tion and expiration. At the start of inspira
tion neurones from the DRG and VRG fire 
with increasing frequency to produce a 
ramp-like increase in respiratory muscle ac
tivation that seems to be limited by pul
monary stretch-receptor inputs, by pontine 
expiratory neuronal firing or by the in
hibitory effects of the so-called post-inspira
tory neurons [14]. After a brief pause the 
inspiratory neurons resume firing but at a 
lower frequency and their activity wanes as 
expiration proceeds. Since expiration is nor
mally passive, activation of the expiratory 
muscles is not seen but when inspiratory 
drive increases there is a shortening of the 
duration of post-inspiratory neuronal firing 
with late expiratory neural activity. 

Several mechanisms have been proposed 
to explain this activity. Inspiratory activity 
may continue to increase until it reaches 
some preset threshold or time when its 
specific 'off switch' inhibits it [5,9]. This begs 
the question of where such neurones lie and 
what determines the expiratory time. A 
more attractive option is based on the 
studies of Anderson and Sears [15] who sug
gested that the increase in neural activity 
during inspiration may be due to the with
drawal of tonic expiratory inhibition. A 
further alternative has been proposed by 
Richter and colleagues who believe in a reci
procal activation of inspiratory and expira
tory neurones such that as the activity of one 
increases, so does the inhibitory effect of the 



other until finally inspiration or expiration is 
terminated [14]. 

These data have modified the way in which 
we analyze breathing patterns with an in
creased emphasis on the role of inspiratory 
time (Tr) and total cycle duration (TTOT) as 
well as tidal volume. Minute ventilation, tra
ditionally expressed as VT x f (respiratory fre
quency) can now be represented by VT ITr x 
Tr/TTOT x 60 where VT ITr is the mean inspi
ratory flow which approximates to inspira
tory neural drive assuming a linear increase 
in neural output and no mechanical restric
tion to VT whilst Tr/TTOT is that proportion of 
each breath spent in inspiration (respiratory 
duty cycle). This approach has been helpful in 
analyzing the breathing pattern of COPD 
patients (see below). 

Phasic respiratory motor output also con
trols the pharyngeal and laryngeal dimen
sions which has considerable importance for 
patients with COPD. Co-ordinated genioglos
sus activation before inspiration is essential if 
pharyngeal patency is to be maintained [16]. 
One group has reported that COPD patients 
with smaller upper airway dimensions are 
more likely to become hypercapnic, possibly 
because of an increase in pharyngeal resist
ance during sleep [17,18], although this is 
probably an unusual cause of hypercapnia 
[19]. Laryngeal braking of expiratory airflow 
appears to be an important mechanism for 
stabilizing expiratory lung volume which is a 
particular problem in COPD patients with 
hyperinflation [20]. The role of pursed-lip 
breathing and its neurologic basis as an 
adjunct to this remains uncertain [21]. 

10.2 FACTORS THAT MODULATE 
RESPIRATORY OUTPUT 

Three major influences modify respiratory 
motor output namely chemoreceptor, 
mechanoreceptor and cortical factors. The 
relative importance of these will vary 
depending upon the situation. 
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10.2.1 CHEMORECEPTORS INPUTS 

The peripheral chemoreceptors in man lie in 
the carotid body at the junction of the common 
and external carotid arteries, the aortic bodies 
having little demonstrable effect on human 
ventilation. Although only 15 mg in weight, 
they have a complex structure formed by Type 
1a cells packed with neurotransmitters (mainly 
acetylcholine, substance P and dopamine) and 
Type 2 structural cells that surround a dense 
capillary network supplied directly from the 
carotid artery. With a blood flow equivalent to 
2 1/100 g of tissue they are ideally sited to 
'taste' the arterial gas tension of blood going to 
the brain. Local autonomic regulation of blood 
flow can further modify the chemoreceptor 
output [22]. Hypoxia produces a hyperbolic 
increase in carotid sinus nerve discharge [23] 
which may be signalled by intracellular 
changes in ADP or calcium. Carotid chemo
receptors are hypertrophied in some hypox
emic patients with COPD [24], but this does 
not seem to have functional significance. 

Hypercapnia increases carotid sinus neural 
traffic linearly, probably due to local changes 
in pH [25]. The hypoxic and hypercapnic 
signals affect each other locally in a multi
plicative way and travel in the glossopharyn
geal nerves to the DRG where they are 
integrated with other inputs. 

Peripheral chemoreceptor inputs contribute 
approximately 15% to resting ventilation and 
can be largely abolished by hyperoxia [26] 
which is thought to explain the beneficial role 
of supplementary oxgyen in normoxic COPD 
patients (Chapter 20). The relatively large 
falls in arterial P02 needed before chemo
receptor response occurs suggests that in 
most patients hypoxia is unimportant in 
eupneic ventilatory control. Chemoreceptor 
response to short-term hypoxemia is better 
related to oxygen saturation (Fig. 10. n an 
important determinant of tissue oxygen deliv
ery. Thus, chemoreceptor detection of hypo
xemia is an important respiratory 'defence 
mechanism' which is very relevant at altitude 



208 Ventilatory control and dyspnea 

-:::! 
<:40 o 
.~ 

~ 
~20 ., 

"'6 
~ « 
(a) 

o 

_60 " 

c 

~50 
-' 
<:"40 

t30 ~o. ~20 

~10 c 

~ O~--~----~--~ 
70 80 90 100 

(d) Oxygen saturation (%) 

Fig. 10.1 Classical concepts of the chemical 
control of breathing in normal subjects. The rela
tionship between alveolar ventilation and arterial 
CO2 tensions are shown in the top left panel. The 
higher curve (B) represents a greater metabolic 
CO2 production and the dotted line the effects of 
adding inspired CO2, These apply to steady-state 
conditions only. The top right panel shows data 
obtained during CO2 rebreathing at three different 
levels of arterial hypoxia. Note the critical depend
ence of the VE/PC02 slope on the oxygen tension. 
The converse is shown in the lower left panel 
which also illustrates the curvilinearity of the iso
capnic hypoxic response. This can be corrected for 
by plotting arterial oxygen saturation 5a02 on the 
absicissa as is now conventionally done when 
saturation is measured non-invasively. 

when inspired oxygen tension falls and also 
enhances the effects of small changes in CO2 
tension at least when these occur acutely. 

Changes in CO2 tension produce a linear in
crease in ventilation, largely due to central 
chemoreceptor stimulation (Fig. 10.1). Unlike 
the anatomically discrete peripheral chemo-

receptors, the central chemoreceptors are dis
appointingly diffuse with continued dis
agreement about their exact site and nature. 
The classic studies of Pappenheimer [27] 
showed that perfusing the ventrolateral 
surface of the medulla with hydrogen ions in
creases ventilation. Changes in hydrogen ion 
rather than CO2 are thought to be the major 
respiratory stimulus [28] although there is now 
some evidence that CO2 has a more complex 
effect than that expected from changes in pH 
alone [29] and that other sites can respond to 
CO2 [30]. Tonically discharging cells respond
ing to limb flexion [31] or peripheral chemo
receptor stimulation [28] are found in this area 
intermingled with vasomotor neurones, as 
might be expected from the tight coupling of 
changes in ventilation and of circulation. 

Traditionally hypoxia has been believed to 
act solely via its stimulant effects on peripheral 
chemoreceptors. However, when the chemore
ceptors are removed in animals, and more re
cently during extended periods of isocapnic 
hypoxemia in man, hypoxia has been shown to 
exhibit a central depressant effect [32]. This is 
probably mediated by the local production of 
adenosine, one of the range of neurotrans
mitters which can modify central ventilatory 
output [33]. Thus, studies in normal subjects 
before and after aminophylline, a specific 
adenosine antagonist, found that the fall in 
ventilation during sustained hypoxia was 
blocked [34]. Apart from the rather remote rel
evance of this to the clinical actions of theo
phylline, these observations may explain the 
occasional paradoxical falls in Paco2 seen after 
correction of hypoxemia during acute exacer
bations of ventilatory failure as an increase in 
medullary Pao2 may increase ventilation more 
than the simultaneous reduction of peripheral 
chemoreceptor hypoxic stimulation [35]. 

Interpretation of the effects of altered blood 
gas tensions on the ventilatory control system 
is now seen to be quite complex. Two further 
variables should also be considered. The 
factors determining the apneic threshold, ie the 
level of CO2 below which respiration ceases, 
are poorly understood but do seem to depend 



on conscious and non-specific awareness [36]. 
Hypercapnia is a potent cerebral vasodilator 
and this will tend to reduce tissue CO2 ten
sions for any given arterial CO2 tension and 
hence reduce ventilatory output. Although 
direct data confirming this in capo are 
lacking, there are elegant animal studies to 
suggest that this explains ventilatory depres
sion in other circumstances such as sleep [37]. 

Finally, ventilation is closely related to 
metabolic CO2 production in both normal 
subjects and capo patients [38,39], but there 
is continuing uncertainty about how this 
comes about and whether the chemoreceptors 
are directly involved. The peripheral chemo
receptors can follow rapid changes in Paco2 
throughout the respiratory cycle, at least in 
normal subjects [40], but their removal in man 
does not abolish the ventilatory response to 
exercise [41]. Studies in sheep and men on 
hemodialysis have shown that ventilation falls 
as metabolic CO2 is removed from the venous 
system even though Paco2 is maintained 
constant [42,43]. This follows from the classic 
relationship between alveolar ventilation and 
Paco2 shown in Fig. 10.1. Mechanisms to 
explain this include instability of the feedback 
mechanisms controlling ventilation, switching 
off the central chemoreceptors or an enhanced 
peripheral chemoreceptor activity. 

10.2.2 MECHANORECEPTOR INPUTS 

Afferent inputs from mechanoreceptors can 
augment or terminate inspiration in many 
animal models but their relevance to con
scious man and particularly capo patients, 
is much less clear. Three major groups have 
been identified, all travelling in the vagus 
nerve [44,45]: 

1. Stretch-receptors: These slowly adapting 
receptors lie within the airways smooth 
muscle of the more distal airways and are 
stimulated by inflation and changes in gas 
tensions. They terminate inspiration, 
stimulate expiratory activity and are 
responsible for the Hering-Bruer reflex. 
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2. Rapidly-adapting receptors (RASR): These 
lie in the epithelium and submucosa of the 
larger airways and respond to stimulation 
by dust or ammonia by producing bron
choconstriction, cough and laryngeal nar
rowing. Increases in inspiratory airflow 
augment inspiratory neural activity via 
these receptors. Unlike the stretch-recep
tors which have a vasodepressor action, 
stimulation of RASR produces a vasopres
sor response. 

3. Bronchial C and J receptors: These un
myelinated fibers are probably true irri
tant receptors and the bronchial ones are 
responsible for cough and the response to 
capsacin. Like the RASR, their stimulation 
promotes a rapid shallow breathing 
pattern. C fiber afferents are thought to be 
responsible for this pattern when these 
juxtacapillary receptors are stimulated 
during pulmonary edema. 

Other reflex inputs include those from the rib 
cage and diaphragmatic muscle spindles 
which also project to the cortex [31,46] in 
addition to their well-recognized action at a 
spinal level. Spindle numbers are relatively 
low in the diaphragm which may be relevant 
to respiratory sensation (see below). Less well 
studied inputs include those from the rib cage 
joints and from the upper airways. Many of 
the latter appear to be state-dependent, and 
can only be elicited during sleep. However, 
pharyngeal stimulation with cold air can 
reduce the ventilatory response to CO2 in 
normal subjects [47], whilst breathing chilled 
air during exercise can reduce minute ven
tilation for a given workload in capo patients 
without change in spirometry [48] (Fig. 10.2). 

The role of intrapulmonary receptors in 
respiratory regulation in conscious man is 
probably very small. Vagally mediated regu
lation of lung volumes which is present in the 
neonatal lung up to 8 weeks of age [16] can 
be detected during anesthesia [49,50]. The 
recent reports from patients undergoing 
heart/lung transplantations show that the 
ventilatory responses to hypoxia and hyper-
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Fig. 10.2 The effect of breathing chilled air on 
exercise ventilation and breathlessness in stable 
COPD. Open circles are room air breathing, closed 
circles are chilled air breathing. These effects are 
most marked at the highest work levels in these 
severe patients. (Reproduced with permission 
from reference [48].) 

capnia [51], exercise and the tidal volume 
response to added loads [52,53] are un
affected by total pulmonary denervation. One 
study has suggested some reduction in ven
tilatory response in patients after double lung 
transplantation [54] but this is probably 
explained by the postoperative mechanical 
limitations to breathing rather than the loss of 
reflex regulation. 

10.2.3 CORTICAL INFLUENCES 

The ability of the human respiratory system 
to modify automatic respiratory control so as 

to subserve the needs of speech or swallow
ing has long been recognized [55] but largely 
ignored because of the problems it creates in 
analyzing respiratory mechanisms. Studies by 
Newsom-Davis and Stagg were among the 
first to confirm the spontaneous breath to 
breath variations in normal human breathing 
[56]. This may be influenced by breathing 
route which appears to be selected largely for 
mechanical reasons [57] but the principal de
terminant is the level of consciousness. There 
is a progressive fall in breath to breath vari
ability as sleep deepens from 12% during 
wakefulness to 4% during stage 4 sleep. 
When cortical activity increases once more in 
REM sleep, substantial variation to breathing 
returns especially in phasic REM, and tidal 
volume falls as well [58]. When automatic 
control of breathing is lost, profound noctur
nal hypo ventilation occurs as in Ondine's 
curse [59]. Even during wakefulness differ
ences in the degree of concentration can affect 
breathing pattern. Thus Rigg et al. found that 
mental arithmetic did not influence the slope 
of the CO2 response but the breathing pattern 
adopted during it, a finding similar to those 
of Mador and Tobin studying unstimulated 
breathing at rest [58,60]. These data support 
the view that cortical factors can regulate 
breathing pattern without the subject being 
aware of this. 

10.2.4 VENTILATORY CONTROL - A 
UNIFYING HYPOTHESIS 

This summary highlights the multiplicity of 
mechanisms which influence ventilation and 
which might be disturbed in diseases such as 
COPD. Conventionally such schemes have 
been integrated into a complex series of feed
back loops which assume that the principal 
output variable is the maintenance of blood 
gas homeostasis as in the classic model of 
Grodins [61]. This is dearly not the case as the 
apparent redundancy of hypoxic drive at rest 
demonstrates. Changes in Paco2 oscillations 
may influence chemoreceptors but seem un-
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Fig. 10.3 Schematic summary of the components of the respiratory control system and their derange
ments in COPD patients. 

likely to explain the immediate increase in 
ventilation that accompanies exercise [39] 
and, in any case, such changes are relatively 
well-buffered in normal subjects, let alone 
COPD patients, as short-term hypoventilation 
studies demonstrate [62]. 

One of the earliest attempts at explaining 
the integrated activity of the respiratory 
system came in 1965 when Priban and 
Fincham suggested that the system was regu
lated to minimize energy consumption [63]. 
There are now ample data to support this 
view. The most powerful model so far devel
oped is that of Poon and colleagues [64,65]. 

Using conventional equations of steady
state gas exchange, lung mechanics and 
chemosensitivity together with a more recent 
analysis of inspiratory neural drive [66], this 
model has successfully predicted the pattern 
of breathing seen at rest, during exercise and 
with mechanical loading in normal subjects 
[66]. The key feature is the use of an optimiz
ing function for medullary respiratory output 
such that the product of mechanical and 
chemical 'cost of breathing' is minimized. The 
model still has limitations as it makes no 

allowance for active expiratory muscle activ
ity or the visco-elastic mechanical behavior of 
the respiratory system. None the less, it fits 
well with developing ideas about the role of 
respiratory sensation in ventilatory control 
(see below). 

10.3 SPECIFIC PROBLEMS OF VENTILATORY 
CONTROL IN COPD 

Ventilatory control in COPD is only measur
ably deranged when respiratory impedance 
increases significantly although changes in 
breathing pattern and ventilation during 
maximal exercise have been reported in fit 
elderly people with a physiologic loss of 
lung elastic recoil [67]. Several factors affect 
ventilatory control in the COPD patient 
(Fig. 10.3): 

1. Gas exchange is impaired in COPD with 
prolonged time-constants for gas mixing 
(Chapter 8). Differences in lung O2 and 
blood CO2 stores will blunt immediate 
changes in gas tensions as ventilatory 
stimulants. Conversely, end tidal gas ten-
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sions are imperfect markers of blood gas 
status in tests of chemical control of 
breathlessness. 

2. COPD is a complex mixture of internal 
resistive and elastic mechanical loads [68]. 
The resulting prolongation of mechanical 
time constants (the product of resistance 
and compliance, Chapter 7) is particularly 
sensitive to changes in respiratory fre
quency. Thus the total respiratory imped
ance is not constant but changes when 
ventilation increases, e.g. during exercise. 

3. Pulmonary hyperinflation has a dynamic 
as well as a passive component and is 
associated with intrinsic PEEP (Chapters 
7, 9). This acts as a threshold inspiratory 
load to breathe. The overinflated chest 
produces changes in chest wall configura
tion such that neither intercostals nor 
diaphragm muscle operate at their 
optimal length. Although sarcomere 
numbers may adapt to hyperinflation 
tending to restore optimum force generat
ing capacity [69], the geometric disadvan
tages of hyperinflation persist (Chapter 9). 
Thus respiratory center output must be 
higher for an equivalent level of ventila
tion in the face of hyperinflation and 
airflow resistance. 

4. The combination of arterial hypoxemia 
and increase in ventilatory demand 
during an acute exacerbation may pre
cipitate respiratory muscle fatigue. The 
ability of the ventilatory control system to 
choose the breathing pattern which mini
mizes the risk of this is vital to the 
patient's survival. 

10.4 ASSESSMENT OF VENTILATORY 
CONTROL IN COPD 

A range of techniques have been used to 
study ventilatory control but each has 
significant disadvantages in the COPD 
patient (Table 10.1). The most widely used 
methods of inducing relatively rapid changes 
in blood gas tensions, often by rebreathing 

techniques, may not yield physiologically rel
evant data. Use of ventilation as a measure of 
respiratory center output is limited by abnor
mal lung mechanics. Many of these problems 
can be overcome by using the mouth occlu
sion pressure (PO.I ) [70] but even this may not 
be representative of intrathoracic pressure 
swings in severe COPD [71]. Occlusion pres
sure is also influenced by posture [72] and by 
lung volume which may change during exer
cise or during rebreathing tests. The strengths 
and limitations of this approach have recently 
been reviewed [73]. In some studies of COPD 
patients, mouth occlusion pressure has been 
a particularly poor index of respiratory 
muscle activation [74], although these appear 
to be a minority. Despite these drawbacks, a 
large amount of data has accumulated about 
the results of such tests in COPD patients. 

10.5 CHEMICAL CONTROL OF BREATHING 
INCOPD 

Most studies of chemical control of breathing 
in COPD have tried to answer one or more of 
the following question: 

1. Is the response to chemical stimuli 
abnormal? 

2. Is this explicable solely by the increased 
mechanical load imposed on the respir
atory system by the disease or does it 
reflect an inherent reduction in respiratory 
chemosensitivity? 

3. Do patients who are 'blue and bloated' 
have different responses to hypoxia 
and/or CO2 than those who are 'pink and 
puffing?' 

While the answer to the first question is un
doubtedly yes, the response to the other two 
is still confused reflecting the different 
methodologies employed in the patient 
groups studied. 

It is over four decades since Donald and 
Christie noted that patients with severe ob
structive lung disease had a reduced ven
tilatory response to CO2 [75]. Many subsequent 
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studies have confirmed this, mainly using 
CO2 reb rea thing and with ventilation and/ 
or PO.l as their output variables [76-86]. 
Representative data from some of these are 
given in Table 10.2. There is a surprisingly 
good agreement in the severity of ventilatory 
depression between the groups, at least as 
compared with normals studied in the same 
fashion. 

Early studies noted that normal subjects 
breathing against external inspiratory resist-
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ances showed similar falls in VE/PC02 to those 
seen in COPD [87]. This is associated with a 
compensatory increase in pO.1, although this 
is insufficient to maintain ventilation at the 
initial level (Fig. 10.4). These data show very 
similar VE/PC02 and PO.dPC02 slopes to those 
seen at rest in patients with chronic mechani
cal loading due to COPD studied in the same 
laboratory (Fig. 10.4). One way of allowing 
for the effects of mechanical loading is to plot 
change in ventilation against change in PO.l 
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Fig. 10.4 Hypercapnic ventilatory responses in COPD. Data are derived from the mean values of each 
data point from a group of 12 normocapnic COPD patients studied when stable (mean FEV 1 0.92 1) 
(closed circles) and are compared to the matched group of control subjects (open circles). COPD patients 
have a reduced ventilatory response to increase in end tidal Peo2 (ETPeo2) but a higher occlusion pres
sure response slope (left-hand panels). However, when ventilation is expressed as a percentage of the 
maximum voluntary ventilation, they are seen to use more of their ventilatory capacity in response to 
CO2 (top right panel). The relationships between inspiratory effort sensation and CO2 are similar in slope 
in both normal subjects and COPD patients but have a higher initial value in the COPD subjects and 
move in parallel with changes in PO.l (lower right panel). 
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which can be derived as the ratio of ~/PC02 
and PO.l/PC02 slopes. The values are remark
ably consistent between studies and appear to 
be similar whether or not the patients are hy
percapnic. If the data are expressed as a per
centage of the maximum voluntary 
ventilation (derived from the FEV1) with 
either PC02 or PO.l as the denominator, then 
most eucapnic COPD patients fall within the 
normal range of ventilation responses sug
gesting that the mechanical load explains the 
apparent reduction in chemosensitivity. 

Similar results have been found when the 
effects of change in lung volume have been 
studied. Thus Gribbin et al. [85] found that 
Ppl min at a PC02 of 60 mmHg was only 
slightly less than normal in 10 COPD 
patients compared with 10 healthy controls 
but this represented 47% of the patient's 
static Ppl compared with 26% of the 
maximum pressure generation available to 
the controls. 

Thus hyperinflation disguises some of the 
increased ventilatory drives seen in COPD 
and this emphasizes the relatively large 
amount of inspiratory muscle capacity these 
patients use. These observations are in 
keeping with earlier studies using inspiratory 
work on either the lungs or chest wall (W) as 
a measure of respiratory output independent 
of mechanical load [76,77]. Initial studies 
found that the relationship between Wand 
Paco2 was displaced to the right and 
depressed slightly in hypercapnic COPD 
[76,79] whilst Lane and Howell reported 
several different patterns of response in 
similar patients with some failing to increase 
W as CO2 rose [88]. All studies are agreed 
that there is an increase in resting work of 
breathing but the cause of the variable 
response to further stimulation is disputed. 

The most popular explanation is that those 
individuals with a relatively flat response are 
those with a significant reduction in hypoxic 
drive to breathe. Thus, Flenley and Millar 
found that W /Paco2 lay in the normal range 
for eucapnic patients but was reduced in 
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those with the greatest hypercapnia [79]. 
Louren~o and Miranda who used the grossly 
integrated electromyogram (EMG) output, 
also found reduced diaphragm activation in 
COPD patients who retained CO2, although 
these studies had methodologic problems 
[89]. In an elegant study of both lung volume 
and hypercapnia in COPD, Altose et al. found 
that hypercapnic patients had lower PO.l/PC02 
responses than did eucapnic patients al
though the latter group had surprisingly low 
~/PC02 responses compared to other values 
in the literature [81]. 

These findings can be explained by the data 
of Gorini et al. [90] who studied PO.l and inte
grated diaphragm EMG in normocapnic and 
hypercapnic COPD patients and in normal 
subjects. The hypercapnic patients had lower 
PO.l and higher EMGdi values, suggesting 
that their central drive was high and the 
ability to develop pressure limited, a finding 
supported by their low MIP values compared 
with normocapnic patients. Similar findings 
have been reported in acute loading studies 
of normocapnic patients, in whom CO2 reten
tion was associated with a higher FRC and a 
lower Pdi for any level of diaphragm activa
tion [91]. In a larger study of stable patients 
with COPD, Bradley, Fleetham and 
Anthonisen found no difference between the 
PO.dPC02 slopes of normocapnic and hyper
capnic patients but reported reduced ~/Sao2 
slopes in the latter [83]. This finding was ex
tended in two further studies from the same 
group, the first showing that low flow oxygen 
throughout 12 or 24 hours per day did not 
change these blunted hypoxic responses [84] 
and the second that there was no relation 
between the O2 and CO2 responses and the 
underlying lung pathology [92]. This latter 
finding is somewhat at variance with the 
earlier data that relates to a much smaller 
number of patients. 

However, there are problems in interpret
ing these data. The results of short-term tests 
of isocapnic hypoxia may not reflect those 
with longer periods of hypoxia (see above) 
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and are vitally dependent on the initial 
PaC02 chosen. Unfortunately, this is not 
quoted in all of these reports. The lack of any 
reliable means of examining the interaction 
between changes in oxygen and CO2 in these 
patients makes it hard to interpret the large 
number of patients in the hypercapnic group 
who appear to have no hypoxic response, al
though this is not a finding unique to such 
patients. Moreover, compensatory changes in 
CSF acid-base status in the face of chronic hy
percapnia will mask acute changes which 
stimulate peripheral chemoreceptors and 
make interpretation of these data particularly 
difficult [93]. 

To overcome these difficulties, studies of 
family members unaffected by lung disease 
have been conducted [94,95]. These have 
shown reductions in both hypercapnic and 
hypoxic drives to breathing in individuals 
whose relatives subsequently develop hyper
capnia but less frequently in those who do 
not. However, there must be some doubt 
about the method of subject selection and 
larger numbers of both cases and control sub
jects are needed to validate this approach. 

In summary, the ventilatory response to 
changes in gas tensions is diminished in 
COPD patients but this appears to reflect 
mechanical loading rather than intrinsic 
chemoreceptor insensitivity in most cases. 
Some individuals with a high work of 
breathing do not increase this further when 
breathing CO2 and this may be due to their 
inherently low chemoresponsiveness, shared 
by some family members. Such patients tend 
to have high arterial CO2 tensions and cor
respondingly low oxygen tensions but not 
all hypercapnia is due to this mechanism. 
The failure to increase ventilation may 
reflect a choice between accepting an in
creased CO2 tension which may have a 
modest stimulant effect in an already 
buffered CSF or using so much of the inspi
ratory force reserve that respiratory muscle 
fatigue occurs. Which patients follow which 
strategy is still unclear. 

10.5.1 BREATHING PATTERN IN COPD 

Studies on the impact of respiratory muscle 
loading on healthy individuals and revisions 
of the neurophysiology of normal breathing 
[5,9] have led to renewed interest in the 
pattern of breathing in COPD. The range of 
responses to any increase in respiratory im
pedance is limited and has been reviewed in 
detail [96,97]: 

1. An increase in the stiffness of the chest 
wall by immediate respiratory muscle 
contraction. This will reduce the effect of 
subsequent changes in impedance and has 
been described as an operational length 
compensating mechanism [68]. 

2. Changes in inspiratory timing. These may 
involve either inspiratory duration (TI), 
total cycle duration (TTOr) or both. 
Lengthening Tr without changing TrOT 
reduces mean inspiratory flow and may 
lead to hypoventilation and CO2 retention. 
Optimum breathing patterns may be de
termined so as to minimize respiratory 
frequency, respiratory muscle oxygen con
sumption or 'the discomfort of breathing'. 

3. An increase in inspiratory drive. This is 
the most widely adopted response to 
increases in impedance but is usually 
insufficient to completely off-set the 
effects of the added load unless it is a 
small one. It is conventionally represented 
by PO.l although this has its own limita
tions (Table 10.1). 

Using the analysis of ventilation based on 
flow and timing and the simplified equation 
describing steady-state Paco2 as used in the 
Poon model (Section 10.3), the breathing 
pattern in COPD can be interpreted in terms 
relevant to the response to ventilatory 
loading. 

In normal subjects the response to in
creased respiratory resistance is to prolong Tr 
and reduce Vr. This occurs in COPD patients 
given a similar load to breathe but is not rep
resentative of their usual breathing patterns 
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Table 10.3 Breathing pattern, PO.1 and blood gases at rest in COPD 

Study n Subject V Vr F VrlTr TI/TTOr Po.] Pao2 Paco2 
(t/l1lill) (l) (breath/ (ljs/mill) (em H 20) (mmHg) (mmHg) 

min) 

[98] 8COPD FEV38%p 15.4 0.93 16.9 0.66 0.39 2.48 77 36 
7COPD FEV 22%p 14.2 0.64 24.1 0.68 0.35 3.22 55 58 

[99] 17 10 correctorsa 9.4 0.55 17 0.52 0.38 3.4 52 51 
(14COPD) 7 non-correctors 9.7 0.60 17 0.51 0.36 2.6 48 54 

[l00] 20COPD FEV 25%p air 11.4 0.37 31.6 0.56 0.33 8.3 38 61 
(acute O2 9.8 0.37 28 0.50 0.33 4.9 120 68 
exacerbation) 

[l01] 91 COPD FEV67% 9.2 0.50 18.6 39 
(wide range) 

[102] 15COPD FEV27%p 10.9 0.64 17 0.50 0.37 74 40 
15COPD FEV22%p 10.8 0.51 21.3 0.50 0.33 40 52 

[83] 17COPD FEV25%p 11.7 0.75 17.5 0.59 0.34 2.4 67 40 
20COPD 11.4 0.58 21.6 0.56 0.34 3.0 57 45 

[l03]b 8 normal 8.5 0.55 16.1 0.42 0.34 
12COPD FEV 15.49%p 11.2 0.55 21.7 0.53 0.36 75 <45 

[90] 7COPD 30%p 12.1 0.7 17.8 0.52 0.39 4.4 69 40 
8COPD 28%p 10.1 0.48 21.1 0.49 0.34 3.6 59 55 

Breathing pattern at rest in COPD. All studies except b use mouth piece and nose clip; b data derived from quantitative 
inductance plethysmography. a Study examined ability of medroxyprogesterone acetate, a ventilatory stimulant, to 
lower Paco2. All studies made while clinically stable unless otherwise stated. In general hypercapnic COPD patients 
have similar minute ventilation VE/PO.1 but slightly lower tidal volume (VT) and higher breathing frequencies (f) than 
do normocapnic patients. Ihus for a given dead space (VD) the VD/VT ratio will be higher in the CO2 group. 

which are summarized in Table 10.3 [83, 
98-103]. In general, minute ventilation is 
normal or even slightly higher than normal at 
rest whether instrumented with face mask or 
nose clip and mouth piece or whether free 
breathing where the minute ventilation and 
breathing pattern are recorded using induc
tive plethysmography [103]. The overall 
pattern is rapid and shallow but there are no 
differences in either minute ventilation or 
CO2 production between those who develop 
CO2 retention and those who do not. Central 
drive as reflected by PO.l is high but can be 
reduced by administration of relatively high 
flow oxygen (5 l/min) [100]. Patients retain
ing CO2 have lower tidal volumes and shorter 
respiratory times together with a somewhat 
higher PO.l [83,98]. These changes in breathing 
pattern are load-dependent as is seen when 
acute inspiratory resistive loading is per
formed in stable COPD patients [104]. In this 
study there was a strong inverse correlation 

between changes in VI and changes in TI and 
the tendency to retain CO2 (r = -0.91 and 
-0.87 respectively). Although it is an oversim
plification of the complexities of gas ex
change, falls in tidal volumes can be 
considered to encroach upon the fixed dead 
space of these patients and increase the 
VD/VI ratio and hence PC02 [98,101]. Chronic 
stimulation of ventilation with medroxy
progesterone acetate reduced PC02 in 11 of 15 
hypercapnic patients by increasing VT /TI 
[99]. Conversely upper airway anesthesia has 
been reported increase PC02 in such patients 
although the changes in VT and TI were very 
modest [105]. None the less, this suggests that 
some tonic input from receptors in the 
pharynx or central airways occurs in COPD. 
Whether this is relevant to the normal regula
tion of ventilation is more questionable. 

Studies in unanesthetized goats have 
shown that acute loading (50-80 cmH20/ 
1/ sec) can double the levels of beta-
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endorphins in the CSF and that the cor
responding fall in VT parallels the rise in en
dorphins and can be reduced by naloxone 
infusion [106]. Since opiates can reduce the 
hypoxic and hypercapnic responses of normal 
individuals [107] and COPD is associated 
with both clinically increased respiratory 
impedance and reduced responses, it was rea
sonable to test whether these abnormalities 
resulted from increased elaboration of endo
genous opioides. The results remain rather 
disappointing. The ventilatory responses to 
CO2 and hypoxia in normal subjects and 
COPD are not influenced by naloxone infu
sion [108] nor are the hypoxic responses 
related to plasma levels of beta-endorphins 
[109]. However, the response to hypercapnic 
hypoxia is reduced by naloxone whilst the 
load compensating response as assessed by 
the increase in PO.dPC02 slope with acute 
loading, was increased in 14 COPD patients 
given naloxone [110]. Interpretation of these 
data is affected by differences in the initial 
PO.dPC02 between the responder and non
responder groups and others have not been 
able to replicate them [111]. None the less 
these studies merit extension to patients who 
have developed hypercapnia, preferably with 
accompanying data about the effects on res
piratory sensation and resting breathing 
pattern. 

10.6 HYPERCAPNIA, RESPIRATORY MUSCLE 
FATIGUE AND RESPIRATORY LOADING 

The reduction in ventilatory response de
scribed above reflects a failure of the respira
tory muscles to overcome the extra load upon 
them, a process subject to the usual argu
ments about cannot breathe and will not 
breathe. The function of the respiratory 
muscles in general and the role of respiratory 
muscle fatigue in stable COPD is reviewed 
elsewhere (Chapter 9). However, several 
types of fatiguing process have been thought 
relevant to ventilatory control. Although 
central muscle fatigue may occur in man, it 
has not been described in stable COPD [112]. 

High frequency fatigue whether defined elec
trically by a fall in the high/low EMG ratio 
[113] or prolongation of the maximum relax
ation rate [114,115] is a relatively transient 
marker of excessive muscle loading. Low fre
quency fatigue which is characterized by sus
tained loss of force generation might explain 
the inability of the respiratory muscles to 
maintain the blood gas tensions. Several 
pieces of evidence would suggest this. 

CO2 retention in COPD is better related to 
the degree of hyperinflation than to the FEV1 

[101] (Fig. 10.5). When bronchoconstriction is 
induced in COPD patients by methacholine 
challenge, FRC rises and maximum inspira
tory pressures fall [116]. Although the 
VE/PC02 slope is reduced, PO.dPC02 is un
changed, as in spontaneously hypercapnic 
patients (Table 10.2). Chronic and acute-on
chronic reductions in MIP reduce the deno
minator of the tension-time index (Chapter 9) 
and bring the patient nearer to the fatigue 
threshold. The force reserve in COPD is 
reduced at rest with a TTdi of the patient 
some tenfold greater than that in normal sub
jects [117]. Moreover, the conventional 
threshold for diaphragm fatigue of a TTdi of 
0.15 was established in normal volunteers at 
low lung volumes and relatively modest flow 
rates. It is likely to be much lower in patients 
with a higher FRC who have to increase their 
flow rates during exercise thereby further 
reducing the inspiratory force reserve. Rapid 
shallow breathing occurs as fatigue develops 
in normal subjects [118] and is seen in 
hypercapnic patients. Finally, studies of acute 
high frequency fatigue in volunteers have 
reported reduced ventilatory responses to 
CO2 [119]. 

However, it has proven very difficult to 
demonstrate respiratory muscle fatigue in pa
tients and it was not a consistent finding even 
when weaning from assisted ventilation [120]. 
Contrary to previous belief, the diaphragm is 
fully activated in COPD and is at least as 
capable of generating pressure as in normal 
subjects once allowance is made for the altered 
chest wall geometry [112] (Fig. 10.6). The rapid 
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Fig. 10.5 The relationship between lung mechanics and carbon dioxide tension. The upper panel (left) shows 
that FEV 1 decreasesin a curvilinear fashion with increasing lung volumes and gas trapping (FRC/TLC). (right) 
When CO2 tensions are plotted against the pulmonary resistance divided by the maximum inspiratory pres
sure (RL/MIP), a surrogate measure of the burden on capacity of the respiratory muscles to meet ventilatory 
demands, then there is a closer relationship between CO2 tension and this index suggesting that mechanical 
factors are the major determinants of hypercapnia in this study population, even when allowance is made for 
the effects of obesity (lower panel). (Modified from reference [124j, with permission.) 
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Fig. 10.6 Diaphragm twitch pressure at different 
lung volumes in normal subjects (closed circles) 
and COPD patients (open circles). These data show 
that COPD patients can activate their diaphragms 
just as well as normal subjects, if not better, once 
allowance is made for their altered geometry. 
(Modified from reference 112 with permission.) 

shallow breathing pattern is a feature of any 
severe respiratory load [121] and does not 
imply even short-term respiratory muscle 
impairment, whilst indices such as maximum 
relaxation rate appear to be more load sensi
tive than fatigue sensitive [114] and cannot be 
used to infer the presence of respiratory 
muscle fatigue. Finally, when the inspiratory 
muscles are rested by negative pressure venti
lation, there is no significant improvement in 
any fatigue-related index or in day-time per
formance [122]. It is possible that this may 
reflect a failure to use this treatment at night 
but this seems unlikely. 

Recent attention has re-focused on the idea 
of the mechanical load due to hyperinflation 
(see above) and the importance of the thresh
old load provided by intrinsic PEEP. The 
severity of CO2 retention can be related to the 
amount of PEEPi [123] or to the ratio of pul
monary resistance/maximum inspiratory 
pressure, an index of the imbalance between 
load and inspiratory capacity [124] (Fig. 10.5). 
Another study has shown that maximum vol
untary ventilation, specific airways conduc
tance and especially peak inspiratory flow 

(PIF), are independent determinants of Paco2 
in stable COPD [125]. Thus, the load itself 
produces adjustments in the breathing 
pattern which are not associated with respira
tory muscle fatigue but can produce hyper
capnia. Factors like hyperinflation which 
worsen mechanical advantage appear to be 
especially important. All this seems to justify 
the original observation of one of the pioneers 
of respiratory physiology, Richard Riley, that 
'hypercapnia is an adaptive mechanism by 
which the body tolerates an increase in work 
of breathing which would otherwise be intol
erable' [126]. The mechanism by which this 
compromise is produced is the subject of the 
remainder of this chapter. 

10.7 RESPIRATORY SENSATION AND 
DYSPNEA 

Although breathlessness is the principal com
plaint of patients with COPD, its scientific 
study is relatively recent. This reflects the 
difficulties of applying a numerical dimension 
to a sensory term, a problem that has been re
viewed in detail [127-129]. Before considering 
the limited amount of data directly relevant to 
patients with COPD, it is useful to establish 
what we mean by breathlessness, how we can 
measure it and what the underlying mechan
isms producing this sensation might be. 

10.7.1 WHAT IS BREATHLESSNESS? 

The semantics of breathlessness have proven 
at least as difficult as those terms used to 
define COPD (Chapter 1). Medically, breath
lessness is described as dyspnea - the sensa
tion of difficulty in breathing. However, 
recent studies in normal subjects using cluster 
analysis statistical methods have shown that 
different stimuli are associated with different 
sensations [130]. These studies have been ex
tended to a diverse group of patients includ
ing those with COPD, who were asked to 
relate their sensations to 45 different ques
tions. COPD patients are more likely to de-



scribe their dyspnea as breathing discomfort 
and along with asthmatics, associate it with 
increased breathing effort and an inability to 
breathe deeply enough [131]. 

10.7.2 MEASUREMENT OF BREATHLESSNESS 

Uncertainties about the quantitative nature of 
sensory responses led early investigators to 
assess sensation in terms of a sensory thresh
old. This was measured by the 'just noticeable 
difference' (JND) method [129] i.e. the inten
sity of stimulus which was detected on 50% of 
presentations. Here a sensation was either 
present or not but this method could not 
define the sensory intensity when the stimulus 
increased beyond this threshold value. These 
studies are examples of psychophysical tech
niques which quantitatively relate the charac
teristics or dimensions of a physical stimulus 
to the magnitude or attributes of the sensory 
response associated with it. Psychophysics has 
elucidated the sensory correlates of visual, 
auditory and kinesthetic responses [133] and 
has been central to the understanding of the 
mechanisms of breathlessness. 

Scaling techniques, both nominal and 
ordinal, have been developed to assess supra
threshold sensory stimuli. Open magnitude 
scales relate sensory magnitude to stimulus in
tensity by assigning an arbitrary value to the 
magnitude which changes proportionately 
with the stimulus [129]. They are useful in 
defining variables that influence sensation but 
are time consuming to use, not suitable for re
peated measures and involve log-log plotting 
of data to define the subjects perceptual sensi
tivity. More widely used is the visual analog 
scale (VAS), a form of cross-modality testing. 
The subject marks the sensory intensity along 
a 10 cm line with descriptors at each end, 
usually 'not breathless at all' to 'extreme or 
worst imaginable breathlessness'. It is rela
tively simple to use, reproducible, and does 
not need to be anchored at its upper extremes 
to an induced level of severe breathlessness. 
However, it does not have ratio properties. 
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Table 10.4 Borg Category Scale 

o Nothing at all 
0.5 Very, very slight (just 

noticeable) 
1 Very slight 
2 Slight 
3 Moderate 
4 Somewhat severe 
5 Severe 
6 
7 Very severe 
8 
9 Very, very severe (almost 

maximal) 
10 Maximal 

Modified from Borg [134], with permission. 

The most widely used and versatile dyspnea 
scale is the category scale devised by Borg 
[134] (Table lOA). The scale employs descrip
tors which in its modified form are spaced so 
that a doubling of numerical rating is associ
ated with a doubling of sensory intensity. It is 
useful for use with a number of questions, e.g. 
How breathless are you? How much effort are 
you making to breathe?, and possibly some 
related variables, e.g. How tight does your 
chest feel? It allows easy comparison of 
absolute levels of sensation at a given intensity 
among a group of subjects and is amenable to 
parametric statistical analysis [135]. 

Comparisons between these scales show 
that VAS and Borg [136,137] are valid meas
ures in normal subjects but the Borg scale 
tends to have a better reproducibility between 
days. Studies in COPD have confirmed the re
producibility of VAS [136] but there is con
cern about the between day reproducibility of 
Borg scaling [138]. 

These scales can be clinically useful in as
sessing the intensity of inspiratory effort or 
breathlessness at a particular time, e.g. before 
or after a corridor walk [139]. They are ex
quisitely dependent on the question asked 
and the degree to which the patient under
stands what is wanted of him and so require 
some explanation before use. They are sensi-
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tive to changes induced by physiologically rel
evant interventions, e.g. muscle training [140] 
or brochodilators [139] but do not give an 
overall impression of patient disability due to 
dyspnea. 

This has been assessed using a different 
questionnaire-based approach. The earliest 
attempt was the British MRC Dyspnea Scale 
[141] where symptom severity was scored on 
a five point scale. This has been extremely 
useful epidemiologically but is not sensitive 
to small changes within an individual. Mahler 
and colleagues have developed two indices of 
breathlessness, the Baseline Dyspnea Index 
and the Transitional Dyspnea Index [142]. 
These questionnaires assessed three different 
attributes - functional impairment, magni
tude of task and magnitude of effort. The BDI 
correlates well (r=0.6) with distance covered 
in a 12-minute walk test and with scores from 
the oxygen cost diagram, a type of VAS 
where the descriptors relate to every day ac
tivity. The TDI was designed to assess 
changes after some intervention over time 
and is related to the initial BDI assessment. 
These instruments take longer to administer 
than VAS or Borg scales and give a broader 
view of the impact of dyspnea on the patients 
life over time. They appear less suited to 
single dose pharmacologic testing but do not 
give such a comprehensive picture of disabil
ity as more formal quality of life scores 
(Chapter 21). Their use has shown that 
breathlessness is a separate defining charac
teristic of COPD patients in addition to other 
aspects of lung function such as spirometry 
and maximum inspiratory pressure genera
tion [143]. Whether they will become a more 
useful clinical tool remains uncertain. 

10.8 MECHANISMS OF DYSPNEA 

Like the blind man describing an elephant, 
respiratory physiologists have groped for the 
mechanisms underlying dyspnea for the past 
75 years. Certain findings are now widely ac
cepted. There is no single stimulus which 

uniquely produces the sensation, neither are 
there specific dyspnea receptors in the muscles 
or the lung parenchyma. Conflicting results 
from reputable investigators are likely to reflect 
subtle differences in the protocol adopted or 
the questions asked rather than entirely differ
ent neurophysiologic mechanisms (for an 
example of this, see Killian et al., Breathlessness, 
1992, pp. 121-3, [4]). The early systematic 
reports of dyspnea related maximum exercise 
capacity to maximum voluntary ventilation to 
establish the measure of breathing reserve 
[144]. If the values exceeded 0.7-0.8, exercise 
would stop due to breathlessness. Inspection of 
the original data shows considerable variability 
in this index between individuals. Another ap
proach was to relate the oxygen cost of breath
ing to exercise performance implying that 
limitations of muscle oxygen consumption 
might determine symptom onset [145]. 
Although long unfashionable, the relevance of 
these observations has increased recently. 
Several approaches have been used to study 
the mechanisms of dyspnea and these are 
largely complementary. 

10.8.1 STUDIES OF MECHANICAL LOADING 

The interaction between mechanical and chem
ical factors was explored during breath 
holding [146]. Fowler showed that breath
holding time could be increased by allowing 
the subjects to rebreathe their expired air at 
the end of the breath-hold, suggesting that 
mechanical rather than chemical factors were 
important in determining the break point. 
These data were extended during studies of 
partial curarization when subjects were able 
to breath-hold at a Paco2 of 60 mmHg for up 
to 4 minutes without reporting an increased 
sensation [147]. Subsequently Banzett and 
colleagues have challenged these views [148] 
which have been revised by the original 
workers in the light of further studies 
suggesting that a rise in PC02 does increase 
respiratory sensation in completely paralyzed 
individuals. 



The detection of respiratory and elastic 
loads was first studied using just noticeable 
difference techniques. A 10-20% increase in 
elastic and 25-30% increase in resistive load 
was consistently detectable by normal sub
jects [132,149]. Taken together with the orig
inal breath-holding experiments, Campbell 
and Howell suggested that breathlessness 
arose when there was a mismatch between 
the pressure applied to the respiratory system 
and the resulting volume change. They trans
lated these terms into ones relevant to the res
piratory muscles, i.e. length and tension, and 
argued that length-tension inappropriateness 
was the principal mechanism underlying 
dyspnea [150]. Although no longer accepted 
as the most likely explanation, this theory 
produced an enormous stimulus to subse
quent research. 

10.8.2 STUDIES OF SENSORY PATHWAYS 

Potential peripheral sensory mechanisms sen
sitive to changes in tension include vagally
mediated pulmonary stretch reflexes, tendon 
organs which are mainly in the diaphragm 
and sense force and muscle spindles which 
monitor muscle length. As in studies of venti
latory control, vagal blockade either by local 
anesthesia [151] or iatrogenically during lung 
transplantation does not affect respiratory 
sensation [53]. Tendon organs may register 
certain kinds of sensation, e.g. volume, and 
their stimulation can inhibit medullary inspir
atory activity. Muscle spindles lie mainly in 
the intercostal muscles and provide an 
attractive mechanism of monitoring respira
tory muscle shortening as extrafusal fibers 
will not shorten as much as intrafusal fibers 
when chest wall movement is restricted [152]. 
Chest wall vibration can either increase or 
reduce the sensation of breathlessness in asth
matic subjects or in normal subjects breathing 
against resistive loads although minute venti
lation is maintained, and this is thought to be 
due to stimulation of muscle spindle afferents 
[46,153]. Stimulation of the intercostal 
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muscles can evoke cortical potentials [154] 
and so a pathway exists to signal information 
from the intercostals not only to the mid
brain but to higher centers. Whether these are 
the only pathways is still debated as anesthe
sia up to T1 did not impair load detection. 
Others have shown that the upper airway is 
not sensitive to applied loads but suggested 
more recently that deformation of the trachea, 
a structure still innervated even after trans
plantation, may produce an alternative means 
of sensory detection. 

10.8.3 STUDIES OF RESPIRATORY MUSCLES 

The respiratory muscles are shortened and 
their pressure generation capacity reduced 
by hyperinflation. Studies at different lung 
volumes have confirmed that sensation 
increases at a given ventilation as FRC rises 
[155,156]. Moreover, these authors felt that 
the sense of inspiratory effort was the best 
correlate of breathlessness in these normal 
subjects rather than the sense of muscle 
tension [128,157]. When muscle function was 
compromised by sustaining a fatiguing con
traction for a prolonged time, effort sensa
tion rose and the ability to scale the load was 
impaired [158]. This led to the suggestion 
that inspiratory muscle fatigue may cause 
breathlessness and would be more likely to 
develop when hyperinflation was present as 
in COPD. This is only likely to be true if low 
frequency fatigue were common and this is 
not so. Bradley et al. showed that diaphragm 
fatigue and sensation are clearly dissociated 
[159] whilst more recently Clague et al. have 
shown in normal subjects that increases in 
effort sensation occur well before critical 
TTdi is reached at least during CO2 rebreath
ing [160]. These latter studies show that 
inspiratory effort sensation was best related 
to TTrc and that rebreathing ceased when 
critical levels of TTrc were reached and 
respiratory sensation was maximum. High 
levels of inspiratory effort sensation may act 
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Fig. 10.7 The relationship between inspiratory effort sensation (IES), ribcage tension time index (TTrc) 
and diaphragmatic tension time index (TTdi) in normal subjects during free breathing (solid circles) and 
inspiratory resistive loading (open circles). Note the better correlation between sensation and ribcage 
tension time index, an indirect measure of respiratory muscle oxygen consumption. Although both 
tension time indices achieve levels which would be associated with inspiratory muscle fatigue if sus
tained long enough, these are only occurring at the end of the rebreathing test when the subject is asked 
to stop. Finally, acute loading changes the slope of the IES/tension time relationship because of the 
higher baselines values in keeping with Weber's law and this response occurs immediately with the onset 
of loading. Changes of this kind may be relevant to interpreting changes in ventilatory control reported 
in Table 10.2. (Reproduced from reference [159], with permission.) 

as a physiologic monitor of impending 
muscle overload (Fig. 10.7). 

Similarly, studies at lung volumes below 
FRC show that chest wall restriction may also 
increase the intensity of breathlessness [161]. 
Distortion of the chest wall can increase the 

activity of the inspiratory muscles and 
produce a more favorable chest wall configu
ration, e.g. leaning forward may reduce 
breathlessness [162]. The inability of some 
COPD patients to carry even light loads may 
reflect the loss of their pectoral muscles as ac-



cessory respiratory muscles which stabilize 
the chest wall [163]. 

Studies at rest and during exercise report 
consistent relationships between Ppl, a 
marker of inspiratory muscle contraction, and 
breathlessness. During loading the integrated 
electrical activity of the sternomastoid muscle 
appears to be as good or better an index than 
Ppl suggesting that total respiratory drive is 
important [164]. During exercise respiratory 
timing can modify the sense of breathlessness 
and in patients with a variety of lung diseases, 
the duration of inspiration and respiratory fre
quency appear to have a small but independ
ent effect from Ppl on overall breathlessness 
intensity [165]. Comparisons of the sensation 
produced by elastic and resistive load suggest 
that breathing is regulated to minimize inspir
atory pressure development [157]. Whether 
the other timing-related variables integrated 
together equate to TTrc is less clear at present 
although the limited studies available would 
support this [160]. If this is so, the original ob
servations relating the oxygen cost of breath
ing to breathlessness will not have been too far 
from the truth. 

10.8.4 STUDIES OF CENTRAL SENSORY 
PROCESSING 

It is not clear where the intensity of these sen
sations is monitored. Research on the kines
thetic sensation of muscle suggests that there 
are corollary discharges to the cortex which 
indicate the intensity of any muscle contrac
tion [133]. A similar mechanism has been pro
posed to explain how a subject can perceive 
increase in effort when voluntary muscle con
tractions are attempted during muscle paraly
sis. That sensory information from the 
integrated action of the respiratory system 
reaches the cortex is shown by the detection 
of cortical evoked responses after airway oc
clusions [166,167]. These appear maximal 
over the C4 EEG placement area which corre
sponds very approximately to the area of the 
sensory cortex thought to be innervated by 
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the diaphragm [168]. The adjacent motor 
cortex shows enhanced metabolic activity 
during increases in ventilation as assessed by 
PET scanning and also increases in intensity 
when ventilation rises during exercise (L. 
Adams, personal communication). Thus the 
motor and sensory cortex appear to be acti
vated when ventilation increases and sensa
tion is perceived. It is still unclear whether 
this activation occurs secondarily to some 
prior assessment of ventilatory stimulus in 
the mid-brain or whether the proposed com
para tory function is itself cortical. Recent 
animal studies suggested that the peak inten
sity of the integrated diaphragm EMG during 
resistive loading was reduced after decerebra
tion and favors the latter explanation [169]. 

10.8.5 THE ROLE OF THE BLOOD GAS 
TENSIONS 

These explanations above have largely been 
developed from studies of resistive and elastic 
loading. Although chemosensitivity as cur
rently assessed does not explain differences in 
the perception of breathlessness, there is now 
good evidence that increases in CO2 can stimu
late breathlessness independently of their 
effects on ventilation. Studies by Adams et al. 
have shown that oscillations in CO2 tension 
did not relate to changes in breathlessness as 
closely as did those in ventilation [170] whilst 
Chonan et al. found that isocapnic voluntary 
and hypercapnic involuntary ventilation pro
duced similar degrees of breathlessness [171]. 
Adams found that exercise and CO2 were 
equivalent stimuli to increases in ventilation 
[170] but that low levels of both produced 
similar intensities of breathlessness to high 
levels of ventilation alone. When chest wall 
movement is restrained and ventilation main
tained constant, increases in CO2 will produce 
further increases in breathlessness [161]. These 
authors suggest that a loss of inhibitory 
mechanoreceptor feedback may explain this 
but Clague et al. found CO2 to have a small in
dependent effect in explaining effort sensation 
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during loaded breathing even when pressure 
and timing factors were also measured [160]. 
Studies with hypoxia are harder to interpret 
as the response is very dependent on the pre
ceding CO2 tension and the oscillatory studies 
of Lane are technically more challenging 
[172]. None the less, it seems probable that 
neither hypoxia nor acidosis [173] causes 
breathlessness independent of their effects on 
ventilation. 

There is considerable debate about the 
existence of a separate mechanism control
ling voluntary ventilation. Although the 
studies of isocapnic voluntary ventilation do 
not support this [171], the Charing Cross 
group has found significant differences 
during exercise in the intensity of breathless
ness compared with equivalent levels of ven
tilation where the subjects copy a preset 
breathing pattern [174]. Following their 
observations on cortical activation [168], they 
suggest that a separate voluntary pathway of 
corticospinal phrenic motor neurones exist 
which can override normal control mecha
nisms and modify the resulting sensation. 

To summarize, it seems likely that respira
tory effort can be sensed as an awareness of 
the outgoing motor discharge, the intensity of 
which may be modified by a number of affer
ent inputs which include mechanoreceptor 
and chemoreceptor derived information. 
Whether these latter further modify this sensa
tion at a cortical level is not known but this is 
at least possible. Mechanical factors such as 
hyperinflation, muscle weakness, muscle 
fatigue or chest wall restriction contribute 
significantly to this afferent input as do 
changes in blood gas tensions. Voluntary con
trolled ventilation may be different in charac
ter but it is not known whether this is 
explained by different patterns of inspiratory 
muscle activation rather than separate neural 
pathways. Individuals vary in the intensity of 
sensation perceived for a given level of ventila
tion but the factors which determined this, 
whether genetic or acquired, have not yet been 
determined. 

10.9 BREATHLESSNESS IN COPD 

The study of dyspnea in COPD has been 
rather patchy following the development of 
ideas about mechanisms outlined above. Al
though many of the physiologic changes used 
to model dyspnea are applicable to COPD pa
tients, most studies with altered lung volume 
and loaded breathing have been conducted in 
healthy volunteers. None the less one or more 
of these mechanisms is likely to operate in 
most patients. Experimental support for this 
comes from a number of observations. 

As previously noted ventilatory and occlu
sion responses to CO2 and hypoxia did not 
predict exercise performance or Borg scaled 
breathlessness intensity in COPD patients 
[86,175]. Swinburn, Wakefield and Jones 
found that supplementary oxygen reduced 
breathlessness in COPD but attributed this to 
changes in ventilation [176], whilst Lane et al. 
claimed that hypoxia had an independent 
effect but used a different protocol [88]. More 
recent studies during corridor walking have 
failed to find any relation to transient de
creases in oxygen saturation and subsequent 
breathlessness intensity [177,178]. 

One problem in assessing the effect of 
changes in respiratory impedance in these pa
tients is that they obey Weber's Law [179]. 
This was established for normal subjects 
using JND techniques and indicates that the 
ability to detect a stimulus depends upon the 
background level of that stimulus. Thus 
COPD patients with a high background im
pedance are less likely to detect additional 
changes in lung mechanics. Data from open 
magnitude scaling studies support this 
[180,181]. However, whether this applies to 
all forms of respiratory load is not clear. Our 
data in stable COPD patients suggest that 
resting levels of breathlessness are unrelated 
to FEV l but weakly correlate with FRC, so 
changes in PRC may be a more sensitive guide 
to changes in breathlessness. This agrees with 
data obtained during cycle exercise, where the 
change in breathlessness in COPD patients is 



independently related to that in dynamic FRC 
(r = 0.63, P < 0.001) [182]. Studies over a wider 
range of disease severity have reported consid
erable variations in the perceptual response to 
changes in lung volume in COPD [183]. 

The level of intrinsic PEEP is also related to 
the degree of breathlessness [184]. Reduction 
in the work of breathing in COPD by adding 
modest levels of CP AP or EP AP can diminish 
respiratory sensation [185]. As already noted, 
Ppl is a useful marker of the severity of 
breathlessness in COPD but is difficult to 
measure routinely. A reasonably surrogate is 
PO.l which reflects Ppl over a modest pressure 
range [135,160]. This may explain the rela
tionship described by Burki that patients with 
a high PO.l and especially Po.dVE are more 
likely to complain of breathlessness [186]. 

Reduction in mechanical loads by bron
chodilators can reduce breathlessness (Chapter 
17). This can occur with even trivial changes in 
FEVl and may reflect more subtle adjustments 
in breathing pattern and the degree of 
hyperinflation. We have recently found that 
changes in PIF are a useful guide to the change 
in end of corridor walk breathlessness possibly 
because PIF makes an independent contribu
tion to predicting maximum voluntary venti
lation from that due to FEVl alone [187]. These 
data provide further support for the impor
tance of respiratory muscle geometry in deter
mining symptoms in COPD. 

Finally, a major determinant of breathless
ness in COPD is the attitude and mood of the 
patient [188]. This will determine exercise 
performance and symptom intensity, possibly 
for more physiologic reasons than previously 
envisaged. 

10.10 VENTILATORY CONTROL AND 
DYSPNEA - A SYNTHESIS 

It is increasingly clear that ventilatory control 
and respiratory sensations are intimately con
nected although perhaps not in the way ini
tially envisaged. Mental activity can modify 
breathing pattern at rest and a loss of cortical 
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input during sleep can produce an increase in 
tidal volume and a fall in frequency [189]. 
Breathing patterns during CO2 reb rea thing 
can change with mental activity and have 
been related to personality [190,191], whilst 
there seems to be an inverse relationship 
between the sensation during CO2 rebreath
ing and the slope of the CO2 response [192]. 
Moreover, those subjects with the greatest 
ability to perceive increases in ventilation 
show the smallest prolongation of inspiratory 
time when loaded with an external resistance 
adopting a rapid shallow breathing pattern 
[192]. Although initial data in COPD sug
gested that patients with the lowest sensory 
magnitude exponents were those most likely 
to retain CO2 [180], more recent studies of ex
ternalloading have shown much the same as 
in normal subjects, namely that those who 
perceive sensation most easily to loads com
pensate by developing rapid shallow breath
ing [193]. Thus breathing pattern is regulated 
by similar cortical mechanisms to those deter
mining the intensity of respiratory sensation. 
Increasing the degree of alertness or cortical 
activity favors a rapid shallow breathing 
pattern which is the one associated with the 
lowest intensity of sensory discomfort. 
Respiratory sensation in general including 
dyspnea, appears to be well placed to act as 
the controller signal, the intensity of which 
must be minimized to optimize respiratory 
system function. 

10.11 THERAPEUTIC IMPLICATIONS 

Since ventilatory control is intimately con
nected to respiratory sensation, it is unlikely 
that changes in the one can be accomplished 
without affecting the other. There is abdun
dant evidence that changes in intensity of 
breathlessness reflect changes in ventilation 
rather than changes in perceptual intensity. 
Thus, naloxone can reduce the intensity of 
sensation during acute inspiratory loads but 
does not alter the relationship between 
breathlessness and ventilation or mouth pres-
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sure [194]. The principal exception appears to 
be treatment which changes lung mechanics 
either by increasing respiratory muscle 
strength or reducing respiratory system 
loading. The main drugs which do this are 
the bronchodilators and their actions are re
viewed elsewhere. Three other treatment ap
proaches relevant to ventilatory control and 
breathlessness remain. 

10.11.1 CHEMICAL STIMULATION OF 
BREATHING 

Ventilatory stimulants act to increase minute 
ventilation, secondarily improving gas ex
change by increasing the neural traffic from 
peripheral chemoreceptors, central chemore
ceptors or both. The current therapies avail
able have been reviewed [195]. Clinically 
their use is restricted to acute respiratory 
failure (see Chapter 19) where they can help 
maintain CO2 tensions and avoid the use of 
intermittent positive pressure ventilation. 
Ooxapram hydrochloride is the most widely 
used drug and is given intravenously in a 
dose titrated to the clinical response [196]. It 
acts on both central and peripheral chemore
ceptors [197] contrary to earlier claims and 
has a generalized arousal effect which may 
help the narcotized patient to cope with phys
iotherapy. 

Almitrine bismethylate is an invest
igational drug available in parts of Europe 
that is a highly specific peripheral chemo
receptor stimulant [198] which also modifies 
local ventilation and perfusion matching 
(Chapter 8). It improves hypoxemia by day 
and night in chronically hypoxic patients 
[199] but is associated with significant pul
monary hypertension during exercise which 
may limit exercise performance [200]. It has 
been given orally in multicenter studies of 
COPO to see if it affects morbidity and mor
tality [201,202] but its use has been limited 
by peripheral neuropathy which may be 
dose-dependent or simply unmasked by the 
drug. 

Medroxyprogesterone acetate has been 
used as a central chemostimulant which pro
duces modest changes in CO2 tensions in 
COPO [203] but the estrogen-like side-effects 
have limited its practical use. The long-term 
use of oral ventilatory stimulants is less 
popular with increasing evidence of CO2 re
tention determined by mechanical factors: 
any increase in overall ventilation is likely to 
increase symptoms. Whether a sub-set of rela
tively chemo-insensitive COPO patients with 
less severe mechanical problems exists, is 
unclear. If they do, then they will be the ones 
most likely to benefit from any new oral ven
tilatory stimulant therapy. 

10.11.2 NON-PHARMACOLOGIC 
IMPROVEMENTS IN VENTILATORY 
CAPACITY 

These are usually achieved by some form of 
exercise programme (Chapter 21). Increases 
in respiratory muscle strength and significant 
reductions in breathlessness have been re
ported with regular training [140]. However, 
overall the results of pulmonary rehabilita
tion have been disappointing [204,205]. An al
ternative strategy is that of 'respiratory 
muscle rest' using negative or positive pres
sure ventilation by day or night [206]. The 
theoretical problems of this approach have 
been reviewed [207,208] and typical results 
are summarized in Table 10.5 [122,209-218]. 
Oata from the British NHLI Trial suggest that 
there are no changes in chemical ventilatory 
control or respiratory muscle strength in 
people treated with six months nasal IPPV 
(NIPPV) [218]. The high drop out rate and 
lack of control group makes these data of 
limited value. However, there does seem to 
be a role for acute intervention with NIPPV 
[219] to avoid intubation or aid extubation in 
patients during an acute exacerbation pro
vided that they are able to cooperate and do 
not have excessive secretions. Empirical 
guidelines for the practical use of this treat
ment have been published [220]. 
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10.11.3 REDUCTIONS IN RESPIRATORY 
SENSATION 

The id.ea of a specific 'anti-dyspnea' drug is 
attractive but most unlikely. Mitchell-Heggs 
reported 4 'pink puffers' who appeared to 
have reduced symptoms after taking 20 mg 
per day of diazepam [221]. These data have 
~ot been repeated with other benzodiazepines 
m COPD patients [222]. The similarities 
between dyspnea and pain, as well as the in
volvement of endogenous opioides in ventila
tory control [223], have led to clinical trials of 
several opioid analgesics. Woodcock et al. [224] 
reported short-term improvement in breath
le.ssness and . exercise tolerance after 1 mg/kg 
dihydrocodeme together with reduced ventila
tion and resting oxygen consumption. 
Johnson, Woodcock and Geddes found that 15 
mg dihydrocodeine t.d.s. increased treadmill 
walking distance by 16% and reduced breath
lessness by 18% although these effects may not 
be sustained with regular treatment [225]. Oral 
~orphine O.~ mg/kg increased exercise capac
Ity by 19% m 13 patients with COPD for a 
comparable level of breathlessness [226] and 
may alter the intensity of breathlessness for a 
given level of ventilation [227]. However, these 
results have not been found by all workers 
[228]. In all studies side-effects limited the 
regular use of these drugs, particularly consti
pation and sedation. For many patients these 
side-effects outweighed the benefits of the 
modest reductions in breathlessness. 

Since mental state has a major effect on the 
perception of breathlessness, it is reasonable 
to consider antidepressant treatment in any 
breathless COPD patient with other factors to 
suggest even a reactive depressive illness and 
such treatment can achieve as much as more 
aggressive therapy with opiates. Likewise, 
good counselling and support can be very 
helpful in symptom control. Occasionally, for 
the patient in extremis with breathlessness 
during acute exacerbation, parenteral opiates 
for a short period can produce a dramatic im
provement in both symptoms and breathing 
pattern which may allow time for other treat
ment to work. However, such a drastic step 
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can only be considered as a last resort of the 
experienced clinician. 

Since oxygen reduces minute ventilation in 
normal subjects, it is not surprising that it im
proves breathlessness in COPD by similar 
mechanisms. Following initial studies of 
Woodcock, Gross and Geddes who found an 
increase in exercise tolerance after oxygen 
compared with compressed air [229], 
Davidson et al. showed a significant improve
ment in exercise tolerance and reduction in 
breathlessness in a controlled trial of oxygen 
treatment [230]. 

The greatest changes were seen with en
durance exercise test but more recently the 
same group have shown a modest 'dose re
sponse' effect using self-paced walking tests 
where high flows of oxygen produced some
what greater changes in exercise performance 
[230,231]. Whilst most of this effect is likely to 
follow from reduction in ventilation, stimula
tion of upper airway receptors by cold air 
may also diminish breathlessness [232] and 
improve exercise capacity [48]. Whether this 
explains the otherwise idiosyncratic benefits 
of nebulizer treatment in patients who show 
no spirometric or lung function improvement 
r~mains to be determined. Oxygen therapy is 
dIscussed further in Chapter 20. 

At present, treatment options for breathless
ness are limited. Careful assessment of the 
patient's potential response to bronchodilator 
drugs and corticosteroids, suitability for home 
oxygen and willingness to stop smoking are 
likely to lead to the greatest long-term benefit. 
For the more severely limited patient involve
ment in a rehabilitation programme that 
improves morale, explains how to cope with 
the physical limitations of the disease and oc
casionally deploys some of the treatments 
listed above, offers the best way of managing 
this difficult symptom. 
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PULMONARY CIRCULATION, CARDIAC 
FUNCTION AND FLUID BALANCE 

11 

W.MacNee 

11.1 PULMONARY CIRCULATION 

Pulmonary arterial hypertension is the major 
cardiovascular complication of chronic ob
structive pulmonary disease (COPD). It is 
associated with the development of right ven
tricular hypertrophy ('cor pulmonale')[I], and 
with a poor prognosis [2]. Progress in under
standing pulmonary vascular disease in 
COPD has been retarded by the lack of non
invasive methods to study the structure and 
function of the pulmonary circulation and the 
right ventricle, and by the limited treatment 
which is available. This chapter provides an 
overview of the pulmonary circulation in 
patients with COPD. It deals with the phy
siology of the normal adult pulmonary vascu
lature, the pathophysiology of the pulmonary 
vasculature in COPD, the natural history of 
pulmonary hypertension in COPD and its 
influence on right ventricular function. The 
controversial areas of so-called 'cor pul
monale', 'right heart failure', the syndrome of 
fluid retention and therapy for pulmonary 
vascular disease in patients with hypoxic 
COPD will also be discussed. 

11.1.1 THE NORMAL PULMONARY 
CIRCULA nON 

(a) Structure 

The pulmonary circulation exists to perfuse, 
rather than nourish the lungs. Cumming, 

Horsfield and co-workers [3,4,5] using post
mortem casts, described 17 branching orders 
of the human pulmonary arterial system, con
fusingly defining the different generations 
from the alveoli to the main pulmonary 
artery, in the opposite direction to flow. The 
ratio of the number of vessels from one order 
to that of the higher order, the branching ratio 
is relatively constant at 3.0. The diameter 
ratio is also constant at 1.6 and the average 
length ratio is 1.5. These dimensions have 
important implications for the resistance of 
the pulmonary vasculature. 

The structure of the wall of the large pul
monary arteries, which consists of smooth 
muscle inserting into short elastic fibers, 
seems to be designed to allow distensibility of 
the vessel, rather than active constriction or 
dilatation [6]. However, the early animal 
work of Von Euler and co-workers [7,8] 
demonstrated the potential for large pul
monary arteries to constrict and thus increase 
the pulmonary vascular resistance. The small 
muscular pulmonary arteries appear to be the 
major site of changes in resistance in response 
to changes in pulmonary vascular tone. The 
presence of medial thickening in the small ar
teries will potentiate the increase in resistance 
of flow which results from active constriction 
and lessen the ability of the vessels to pas~ 
sively distend. Thus, under these conditions 
the small arteries will contribute even more t~ 
the resistance to blood flow [9]. 
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The terminal branches of the pulmonary ar
teries have a wider bore and a thinner wall 
than the corresponding systemic arteries. 
Unlike the systemic circulation, where arteri
oles have a coat of circular smooth muscle 
and are the vessels which contribute most to 
the systemic vascular resistance, pre-capillary 
muscularized arterioles are not present in the 
pulmonary circulation. This means that these 
vessels contribute less to the total vascular 
resistance in the pulmonary circulation. 
Moreover, the small pulmonary arterioles can 
respond to changes in blood volume by pas
sively changing their caliber, and can thus act 
as a reservoir for blood. 

Scanning electron microscopy shows that 
the pulmonary capillary bed consists of a 
large number (estimated to be 1011) of seg-

ments, of varying diameters and lengths 
(Fig. 11.1). The mean dimensions of the capil
lary segments have been estimated by Weibel 
in post-mortem lungs to be 5 11m in diameter 
and 11 f.lm in length [10]. These dimensions 
have been recently confirmed in resected 
human lungs [11]. Hence the pulmonary cap
illaries are smaller in diameter than the sys
temic capillaries, and also smaller than 
circulating blood cells, particularly neu
trophils (average diameter 7 11m) [12]. This 
leads to trapping or sequestration of neu
trophils within the normal pulmonary capil
lary bed [13]. The pulmonary capillaries do 
not have contractile cells nor smooth muscle 
in their walls, and therefore change their di
mensions passively. A reduction in capillary 
diameter can be produced by swelling of the 

Fig. 11.1 Scanning electron micrograph of the human lung showing alveolar walls containing the inter
meshing capillary segments. (Kindly produced and supplied by Dr Peter Jeffery, Department of 
Pathology, National Heart and Lung Institute, London.) 



endothelial cells, perivascular transudates 
[14] or increase in alveolar [15], or pleural 
pressure [16], and the capillaries can distend 
in response to an increase in local blood 
volume. The pulmonary alveolar-capillary 
surface area in man, at rest is of the order of 
50-70 m2 at FRC, and increases to 90 m2 at 
75% of total lung capacity [17]. Further in
creases in the alveolar-capillary surface area 
can occur during exercise, without producing 
an inequality between alveolar ventilation 
and pulmonary capillary perfusion [18]. 

(b) Function 

A perfusion pressure of only 10 mmHg is 
needed to distribute the cardiac output within 
the pulmonary vasculature at rest. The 
normal pulmonary circulation is therefore a 
low-pressure, low-resistance system, with a 
low vasomotor tone since vasodilators which 
reduce systemic vascular pressures have little 
effect on the normal resting pulmonary arter-
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ial pressure [19-21]. The pulmonary vascular 
resistance is less than 1/1 Oth of the resistance 
of the systemic circulation. Considerable in
creases in cardiac output do not increase pul
monary arterial pressure in normal subjects 
[22] because underperfused pulmonary 
vessels are recruited, particularly in the Zone 
I of West [23] (Fig. 11.2). There may even be a 
fall in pulmonary vascular resistance during 
exercise in normal subjects [24] (Table 11.1). 
In clinical practice the pulmonary vascular re
sistance is calculated as follows: 

Mean 
pulmonary 
arterial 
pressure 

Pulmonary 
capillary wedge 

- pressure 
(mmHgl 

Pulmonary 
vascular 
resistance 
(mmHg/l/minl 

Cardiac output (l/minl 

In the simple equation above pressure and 
flow are treated as constant, but in fact they 
are pulsatile, hence the time-averaged values 
of each variable should be used in the cal
culation of their ratio. Traditionally, in many 
studies, pulmonary vascular resistance is 
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Fig.11.2 Diagrammatic representation of the zones of West; see text for explanation. 
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Table 11.1 Comparison of pulmonary and systemic hemodynamic variables during rest and exercise in 
a normal adult man 

Oxygen consumption (ml/ min) 
Cardiac output (l/min) 
Heart rate (beats/min) 
Stroke volume (ml/beat) 
Intravascular pressure (mmHg) 

Pulmonary artery pressure 
Mean 

Pulmonary arterial wedge pressure 
Brachial arterial pressure 
Mean 
Right atrial pressure, mean 

Resistances (mmHg/l/min) 
Pulmonary vascular resistance 
Systemic vascular resistance 

From Murray, J.F. (1986) [24]. 

expressed as dynes.s.cm-5 by multiplying the 
above expression by 80. Calculation of the pul
monary vascular resistance is often further 
oversimplified by simply dividing the mean 
pulmonary arterial pressure by the cardiac 
output, which is called the total pulmonary 
vascular resistance. This does not take the pul
monary capillary wedge pressure into account. 
However, in normal subjects, pulmonary cap
illary wedge pressure is low, but this may not 
be true in disease. Moreover, in patients with 
COPD the wedge pressure may not accurately 
reflect the left atrial pressure [25]. 

Other important factors which determine 
the pulmonary vascular resistance include the 
cross-sectional area of the small muscular 
pulmonary arteries and the blood viscosity 
[26] as seen from the Poiseuille equation: 

P _ 8.n.l Q 
- 'iT r4 

R =P/Q= 8~n~ 

where P is the pressure drop in N / m2; n is the 
coefficient of viscosity in N/s/m2; I is the 
length of the vessel in cm; Q is the flow as 
m3/ s; r is the radius of the vessel in cm. The re-

Rest (sitting) Exercise 

300 2000 
6.3 16.2 

70 135 
90 120 

20/10 30/11 
14 20 
8 10 

120/70 155/78 
88 112 
5 1 

0.95 0.62 
13.2 6.9 

sistance depends on the viscosity of blood and 
the length of the vessel and is inversely pro
portional to the 4th power of the radius of the 
vessel. Thus small changes in the vessel radius 
have a large effect on the resistance. This 
applies to conditions of streamlined flow, 
which seems applicable as calculation of the 
Reynolds numbers in the pulmonary vessels 
make turbulence unlikely, except in some sub
jects during peak blood velocity [26]. However, 
the pulmonary circulation consists of distensi
ble vessels rather than rigid tubes. Increasing 
the flow of blood through a distensible tube 
causes the tube to dilate by increasing the 
transmural pressure. This increase in caliber 
will reduce flow and so the relationship 
between driving pressure and flow is no longer 
rectilinear, as in a rigid tube, but curvilinear. 

The transmural pressure within the pul
monary vasculature is influenced by the alveo
lar pressure and this is particularly true for the 
pulmonary capillaries, which pass through the 
alveolar septae (Fig. 11.1). The influence of 
alveolar pressure on flow in the pulmonary 
microcirculation can be explained by 
considering a Starling resistor consisting of 
rigid tubes (the 'arterial and venule') entering 



and leaving a rigid chamber filled with air (the 
'alveolus'), and joined within the chamber by a 
flexible tube (the 'capillary'). Thus by increas
ing the gas pressure in the chamber the flexible 
tube becomes compressed and imposes a resis
tance to flow through the tube. West and col
leagues [23] described three conditions using 
this model to explain the vertical distribution 
of blood flow in the lungs (Fig. 11.2). An upper 
region of the lungs, Zone I where alveolar gas 
pressure (P A) exceeds both the pulmonary 
arterial (Pa) and the pulmonary venous pres
sure (Pv), produces compression of the capil
laries and thus no flow. In the mid zone of the 
lungs (Zone 2), arterial pressure exceeds alveo
lar pressure, which in turn is greater than the 
venous pressure. Here flow depends on the 
difference between the arterial and alveolar 
pressure, the so-called 'waterfall' effect and 
not on the difference between arterial and 
venous pressures. In the lowest lung zone 
(Zone 3), where arterial pressure exceeds the 
venous pressure, which is in turn greater than 
the alveolar pressure, flow is dependent on the 
arterial-venous pressure difference. 

An increase in the surface area of pul
monary capillaries can arise from a combina
tion of a change in the diameter of perfused 
vessels and a change in the number of parallel 
paths which are being perfused, that is the re
cruitment of previously under-perfused 
vessels. A practical demonstration of this re
cruitment comes from direct measurements of 
the relationship between pressure and flow in 
the pulmonary vasculature, which were made 
in the early 1950s during cardiac catheteriza
tion and balloon occlusion of a pulmonary 
artery, usually on the right [27]. Using this 
technique the flow through the left lung could 
be doubled, while left atrial pressure re
mained constant. In normal supine man 
under these conditions the relationship 
between pressure and flow remains linear, so 
that the pulmonary vascular resistance 
remains unchanged [28,29]. This is not the 
case in the upright position, where the more 
dependent blood vessels, in a partly collapsed 
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state, may expand in response to an increase 
in flow, reducing the pulmonary vascular re
sistance [30]. Thus changes in pulmonary vas
cular resistance are not necessarily an 
accurate reflection of active changes in vascu
lar caliber in the pulmonary circulation, 
unless all of the other passive mechanisms 
affecting caliber have been taken into account. 
This has led to the use of pulmonary arterial 
pressure/flow curves, and pulmonary vascu
lar resistance/flow curves to detect active 
changes in pulmonary vascular caliber [31]. 

Thus during supine exercise, in normal 
man [24,32] (Table 11. n the pulmonary arter
ial pressure may rise by 3-4 mmHg, the 
increase in systolic pressure generally exceed
ing that of the diastolic pressure, which may 
not change. After exercise, pulmonary arter
ial pressure often falls below the previous 
resting values [33,34]. Pulmonary vascular 
resistance either remains unchanged, or falls 
during supine exercise [35,36L as a result of 
passive dilatation of under-perfused vessels. 

11.1.2 THE PULMONARY CIRCULATION IN 
CHRONIC OBSTRUCTIVE PULMONARY 
DISEASE 

(a) Pathology 

In patients with COPD and hypoxemia patho
logic changes characteristically occur in the 
peripheral arteries [37-39]. The intima of the 
small pulmonary arteries develop new accu
mulations of vascular smooth muscle cells 
which are laid down longitudinally along the 
length of the vessels [39]. However, more 
recent studies have also shown that intimal 
thickening is an early event associated with 
worsening airflow limitation [40,41]. Medial 
hypertrophy in the muscular pulmonary 
arteries and less commonly fibrinoid necrosis 
in these vessels has also been reported in 
patients with COPD and pulmonary arterial 
hypertension [42]. Thus structural changes 
may be more important than hypoxic vaso
constriction in the development of sustained 
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pulmonary hypertension in patients with 
COPD [41]. 

Pulmonary thrombosis may also occur in pa
tients with COPD, possibly due to peripheral 
airway inflammation [43]. Pathologic changes 
in the small airways of patients with COPD 
have been associated with the pulmonary vas
cular changes which occur with pulmonary hy
pertension in post-mortem s~dies. [44,45]. 
However, a more recent study In patients un
dergoing lung resection, who had a wide range 
of emphysema and peripheral airways inflam
mation, did not confirm these findings [40]. 
This study showed that there was a stepwise 
increase in arterial wall thickening comparing 
non-smokers and smokers with mild to moder
ate emphysema. While all three vessel layers 
increased in size, the arterial intima increased 
out of proportion to either the changes in the 
media or the adventitia. This confirms an 
earlier study by Hale and colleagues [45] which 
demonstrated intimal thickening in muscular 
pulmonary arteries in post-mortem lungs from 
a smoking population. 

Chronic hypoxemia produces right ventric
ular hypertrophy in animal studies .[46,4~]. 
Recent data also indicate a relationshIp 
between the usual arterial pressure of oxygen 
in a group of patients receiving long-term 
oxygen therapy and the degree of right ven
tricular hypertrophy [43], confirming several 
other animal and human studies [48]. 
However, there appears to be no significant 
relationship between the weight of the right 
ventricle and the extent of emphysema in 
post-mortem lungs [49,50]. 

(b) Factors contributing to the development 
of pulmonary arterial hypertension 

The increase in pulmonary arterial pressure in 
patients with COPD [36,51-53] was previously 
thought to be due to a reduction in the pul
monary vascular bed [54]. However, it is now 
known that the development of pulmonary 
arterial hypertension in patients with COPD 
results from a combination of several factors. 

(i) Disruption of the pulmonary vascular bed 

Although loss of vessels contributes to the pu~
monary hypertension in thromboembohc 
disease [55], destruction of alveolar vessels 
occurs in emphysema, which is typically asso
ciated with a normal pulmonary arterial pres
sure. The lack of a significant correlation 
between right ventricular hypertrophy and 
total alveolar surface area [49,50] (which 
reflects the size of the capillary bed), suggests 
that loss of capillary bed per se is not 
an important determinant of pulmonary 
hypertension in COPD. 

Previous studies have suggested that the 
pulmonary arterial pressure is raised in the 
'bronchitic' and normal in the 'emphysema
tous' type of patient with COPD [56] ~hen 
measured at rest, despite greater destruction of 
the vascular bed in emphysema. However, 
quantification of emphysema in life is difficult 
[57,58]. More recently measurements of lung 
density using CT scanning [59], which correl~te 
with morphometric measurements of the SIze 
of distal airspaces [60], have shown that a 
similar degree of emphysema occurs in 
patients with the so-called 'pink and p~ffing' 
or 'emphysematous' type of COPD as In the 
'blue and bloated' or 'bronchitic' type [61]. 
Furthermore, there is no correlation between 
pulmonary arterial pressure or pulmonary vas
cular resistance and the extent of emphysema, 
as measured by CT scanning in patients with 
COPD, although a weak, but significant cor
relation can be demonstrated between the 
stroke volume and the extent of emphysema 
[61]. 

(ii) Abnormal blood gas tensions 

Alveolar hypoxia is a potent pulmonary vaso
constrictor in animals [46] and in normal sub
jects [47,63]. The mean pulmonary a~terial 
pressure rises between 5-10 mmH? In. re
sponse to breathing 12-14% O2 WIth h~tle 
change in cardiac output. The correlatIon 
between pulmonary arterial pressure and 



Sa02 in patients with COPD was first reported 
by Harvey et al. [62] and has been confirmed 
by many other authors [64-72]. Breathing 
supplemental oxygen, even in high concen
trations produces a variable, and often trivial 
fall in pulmonary arterial pressure in patients 
with COPD [73-75]. Despite normalization of 
the Pao2' normal values of pulmonary arterial 
pressure are rarely achieved in such patients. 
However, breathing oxygen in high concen
trations increases the Paco2 in some studies of 
COPD patients [67,73-75], with associated 
acidemia, which may induce pulmonary 
vasoconstriction. Moreover, pulmonary hy
pertension is only partially relieved when 
mountain dwellers exposed to chronic 
hypoxia are given oxygen acutely, and 
normal levels of pulmonary arterial pressure 
are achieved only after residence at low alti
tude for 6 weeks [76]. 

A positive correlation has also been demon
strated between the arterial Paco2 and 
the pulmonary arterial pressure [67,77]. 
However, in studies where Paco2 was raised 
by increasing the inspired carbon dioxide 
concentration in patients with COPD, al
though pulmonary arterial pressure rose, this 
may not have been a direct vasoconstrictor 
effect of carbon dioxide, since cardiac output 
also increased [78,79]. Hence, pulmonary vas
cular resistance increased while patients 
breathed hypercapnic gas mixtures in only 
one of these studies [78]. Thus the pulmonary 
vasoconstrictor effect of carbon dioxide in pa
tients with COPD is not particularly strong. 
In addition an increase in the inspired CO2 
concentration may also result in changes in 
lung mechanics, produced by the hyperventi
lation and induced by the rise in Paco2 [80]. 
However, an increase in Paco2 potentiates the 
hypoxic vasoconstrictor response in the pul
monary circulation in normal subjects [81]. 

Acute changes in hydrogen ion concentra
tion produce inconsistent effects on pul
monary arterial pressure in patients with 
COPD [77,82-84]. An infusion of sodium bi
carbonate, enough to reduce arterial pH to 
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7.5, did not affect the pulmonary arterial pres
sure or the cardiac output in normal subjects 
[85]. Although induction of an alkalemia in 
patients with COPD did not change the pul
monary arterial pressure, there was a sub
stantial increase in cardiac output, suggesting 
that pulmonary vasodilatation had occurred 
[82]. However, the curvilinear relationship 
between pressure and flow in the pulmonary 
circulation in patients with COPD makes the 
interpretation of these changes more difficult. 
Similarly inconsistent effects on pulmonary 
hemodynamics have been reported when the 
arterial hydrogen ion concentration was in
creased acutely by an intravenous infusion of 
hydrochloric acid in patients with COPD 
[83,84], or over a 5-7 day period by giving 
ammonium chloride by mouth [85]. However, 
hypoxia and acidemia have synergistic effects 
on pulmonary vasoconstriction in patients 
with COPD, so that for a given Sao2' mean 
pulmonary arterial pressure is higher with in
creasing arterial hydrogen ion concentrations 
[82]. Peripheral edema in patients with COPD 
and hypoxemia is rare in those who do not, 
in addition, have hypercapnia [86]. 

(iii) Abnormal pulmonary mechanics 

At least one study has demonstrated a corre
lation between pulmonary arterial pressure 
and FEV l in patients with COPD [80]. 
Changes in airways resistance may augment 
pulmonary vascular resistance in patients 
with COPD by affecting alveolar pressure. 
Harris and co-workers demonstrated in 
normal man that the linear relationship 
between pressure and flow in the pulmonary 
circulation when alveolar pressure is normal, 
changes when alveolar pressure is increased 
so that the relationship is steeper initially, 
and is curvilinear as the pressure increases 
(Fig. 11.3). Thus when alveolar pressure is 
increased in normal subjects the relationship 
between pressure and flow in the pulmonary 
circulation resembles the relationship in 
patients with COPD during normal tidal 
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Fig. 11.3 The effect of alveolar pressure on the re
lation between mouth pressure and flow in the 
normal recumbent human pulmonary circulation 
studied by the technique of unilateral pulmonary 
arterial occlusion. See test for full explanation. 
(Redrawn from Harris et ai. (1968) [80].) 

breathing (see later) [54,80]. This effect may 
be particularly seen when airways resistance 
and ventilation increase during acute exacer
bations of COPD. In normal subjects, hyper
ventilation does not affect the pulmonary 
circulation significantly; but in severe COPD, 
hyperventilation increases both pulmonary 
arterial and pulmonary capillary wedge 
pressures, without changing cardiac output, 
so that the pulmonary vascular resistance 
rises due to a reduction in vessel caliber [80]. 
Moreover, the amplitude of the respiratory 
swing of the pulmonary arterial pressure 
during exercise in patients with COPD 
(which is related to changes in intrathoracic 
pressure) correlates with the pulmonary 
arterial pressure [87]. However in less 
severely disabled patients with COPD, hy
perventilation does not affect pulmonary 
vascular resistance significantly [88]. 

(iv) Increased cardiac output 

In contrast to the situation in normal subjects 
[34] (Table ILl), in patients with COPD, 
where the vascular bed may be restricted, a 

small increase in flow, such as occurs during 
mild exercise, may significantly increase pul
monary arterial pressure [89]. 

(v) Blood volume changes 

Abraham and colleagues [90] studied the 
effects of expansion of the blood volume on 
the pulmonary arterial pressure in patients 
with COPD. Hypoxia produced an increase in 
pulmonary arterial pressure associated with a 
small increase in cardiac index, and thus pul
monary vascular resistance increased; infu
sion of albumin increased pulmonary arterial 
pressure, but with a greater increase in 
cardiac index, and thus pulmonary vascular 
resistance fell. These data do not support the 
hypothesis that an increase in blood volume 
is a major factor in the development of pul
monary hypertension in COPD. Indeed, there 
is no significant correlation between pul
monary arterial pressure and the plasma or 
total blood volume in such patients [91]. 
Moreover pulmonary blood volume, mea
sured by various techniques, is either normal 
[92] or low [93] in patients with COPD. 

(vi) Increased blood viscosity 

Patients with COPD who are hypoxemic 
develop secondary polycythemia which 
increases the blood viscosity. Reducing 
packed cell or blood volume, and hence 
plasma viscosity in patients with COPD, 
produces a small reduction in pulmonary 
arterial pressure, without changing cardiac 
output, and thus pulmonary vascular resist
ance falls slightly [28]. Arterial blood gas 
values are not affected by this treatment [28] 
which has also been confirmed in a more 
recent study [94]. 

The inter-relationship between the factors 
described above is complex. However, restric
tion of the vascular bed, as in emphysema, 
together with diffuse constriction of the extra
alveolar vessels, due to hypoxemia, and 
luminal narrowing as a result of changes in 



the vessels walls, may all contribute to the in
crease in pulmonary vascular resistance, in 
patients with COPD which occurs particu
larly on exercise, since the ability to recruit 
underperfused vessels is compromised. Thus 
patients with a restricted vascular bed 
respond to exercise as though they started at 
the bend of the normal pressure/flow rela
tionship (Fig. 11.4), so that pressure rises 
dramatically with an increase in cardiac 
output. Hypoxic vasoconstriction and struc
tural changes in the vessels reduce the pul
monary vascular reserve further. At this stage 
pulmonary arterial pressure becomes elevated 
at rest and the pressure/flow relationship is 
shifted upwards and to the left so that a small 
increase in flow produces a large increase in 
pressure over the entire range of cardiac 
output (Fig. 11.4). Changes in plasma viscos
ity and alterations in pulmonary mechanics 
may also contribute to the pulmonary arterial 
hypertension in patients with more severe 
COPD. The relative influence of each of these 
factors on the development of pulmonary hy-
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Fig. 11.4 Relationship between pressure and flow 
in normal, restricted and constricted pulmonary 
vascular beds. The vertical axis indicates percent
age change in mean pulmonary arterial pressure 
(dPAP%) and the horizontal axis shows the per
centage change in cardiac output (dQ%); 100% = 
normal basal level. 
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pertension is difficult to quantify and in any 
case varies between individuals. 

(c) The endothelium 

Although the factors discussed above all con
tribute to the development of pulmonary 
hypertension in patients with COPD, the un
derlying mechanism remains unclear [95]. 
Many vasodilators such as glyceryl trinitrate 
and sodium nitroprusside produce their re
sponse through the release of a vasodilator 
substance from endothelial cells, so called 
endothelium-derived relaxing factor (EDRF) 
which is now thought to be nitric oxide (NO) 
or a nitro so compound which releases NO 
[96,97]. The stimulus for the release of NO 
from the luminal surface of endothelial cells 
appears to be increased blood flow and subse
quent increase in shear stress [98]. Nitric oxide 
causes vasodilatation by stimulating guanylate 
cyclase which increases the second messenger 
cyclic guanosine monophosphate within vas
cular smooth muscle [99]. Since NO is a 
vasodilator this suggested that it may have a 
role in the modulation of pulmonary vascular 
tone. Moreover, NO is released from endothe
lial cells and thickening and proliferation 
occurs in the intima, of which the endothelium 
forms a part, in response to chronic hypoxia, 
both in animal studies [100], and in patients 
with COPD [38-41] lending further support 
for a central role of endothelium in regulat
ing the pulmonary circulation [101,102]. 
Endothelium-dependent relaxation due to 
EDRF (NO) has been shown in isolated pul
monary artery rings in man [103-105]. 
Preventing NO production in isolated vascu
lar rings either by removing the endothelium 
[106,107] or biochemically by pre-treatment 
with an L-arginine analog which prevent the 
formation of NO [108,109] increases the re
sponse to vasoconstrictors. These studies 
suggest a mechanism where NO is released as 
a 'brake' to oppose a potentially excessive 
rise in pulmonary vascular tone. However, 
whether NO release in vivo has a role in main-
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taining the normally low pulmonary vascular 
tone remains speculative. Inhibition of NO 
synthesis enhances the vasoconstrictor effect 
of acute hypoxia [110] suggesting that 
hypoxia increases rather than blunts NO 
release and probably act as a chemical mecha
nism to counteract excessive hypoxic vaso
constriction. 

Endothelium-dependent vasodilatation is 
impaired in animals chronically exposed to 
hypoxia [111] and in isolated pulmonary arte
rial rings from patients undergoing 
heart-lung transplantation for end-stage 
COPO [107] when compared with control pa
tients. This impairment may result from a re
duction in NO synthesis or release by the 
effect of hypoxia on NO synthase [112]. Thus 
the normal 'braking' mechanism which 
reduces the rise in pulmonary vascular tone 
in response to vasoconstrictors may be 
lacking in COPO. Furthermore this reduction 
in endothelium-dependent relaxation may be 
related to the structural changes which affect 
the intima and media of the pulmonary arter
ies in patients with COPO [107]. Indeed it has 
been hypothesized that NO itself may have 
an inhibitory effect on cell proliferation in the 
pulmonary vasculature and thus may not 
only affect the pulmonary vasomotor tone but 
may also have a role in the vascular remodel
ling which occurs in hypoxic COPO [112]. 

(d) Pulmonary hemodynamics 

Studies of pulmonary hemodynamics in 
patients with COPO indicate that pulmonary 
arterial pressure may be normal, or only 
slightly elevated when measured at rest 
[56,113], but may rise to abnormally high 
levels during exercise [36,51,52,114]. By con
trast, as discussed above, exercise in normal 
subjects produces only a small increase in 
pulmonary arterial pressure, the increase 
being greater in subjects over the age of 50 
years [33,51,52]. The relationship between 
pressure and flow in the pulmonary circula
tion in patients with COPO can be studied 

using the technique of balloon occlusion of 
the right pulmonary artery, as described pre
viously in normal subjects [27-30]. In patients 
with COPO the initial part of the relation is 
steeper than normal indicating increased re
sistance [30]. However, by contrast with 
normal subjects, at higher flow rates the rela
tion between pressure and flow is curvilinear 
(Fig. 11.5). Thus resistance decreases, due to 
distension of vessels at high flow rates, which 
were narrower than normal at low flow rates. 
These vessels may be narrowed due to vaso
constriction or from compression from 
outwith the vessel wall. 

Patients with mild COPO, without severe 
hypoxemia or hypercapnia, have a normal or 
low cardiac output [1,114-119]. Right atrial 
and right ventricular end-diastolic pressures 
are normal and pulmonary arterial pressure 
may be normal or slightly elevated, but it is 
inappropriately high for the level of the 
cardiac output. Pulmonary vascular resis
tance is therefore normal, or only slightly ele
vated when measured at rest, but may rise 
markedly during exercise [36,51]. Patients 
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Fig. 11.5 Relation between pressure and flow in 
the pulmonary circulation in five patients with 
COPD studied by the technique of occluding the 
right pulmonary artery. I1P, mean pulmonary arte
rial pressure-pulmonary capillary wedge pressure. 
(Redrawn from Harris et al. (1968) [30].) 



with COPO stop exercising at a lower level of 
cardiac output and maximal O2 consumption 
than normal subjects, but the slope of the rela
tionship between oxygen consumption and 
cardiac output is normal [118,119]. Thus the 
limitation to exercise in patients with COPO 
is not cardiovascular, but results from 
changes in pulmonary mechanics. Right ven
tricular end-diastolic pressure and right ven
tricular stroke work are normal at rest in mild 
COPO and increase during exercise, due to an 
increase in pressure work against a higher 
pulmonary arterial pressure [118]. 

As airflow limitation and arterial blood gas 
abnormalities worsen, particularly when 
chronic hypoxemia and hypercapnia develop, 
pulmonary hypertension may be present at 
rest, and worsens with exercise. However, 
even in patients with severe COPO, the pul
monary arterial pressure is rarely very ele
vated. Naeije [120] measured pulmonary 
arterial pressure in 74 patients with severe, 
but clinically stable COPO who had all previ
ously presented with an episode of acute on 
chronic respiratory failure and almost half 
had a previous episode of peripheral edema. 
These patients had severe airflow limitation 
(FEV1 25.7 ± 1 % of predicted, mean ± SO) 
with hypoxemia (mean 43 mmHg, range 
23-67 mmHg) and the majority were hyper-
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capnic (Paco2 mean 51 mmHg, range 
33-68 mmHg). However, pulmonary arterial 
pressure was only modestly raised, with a 
mean of 35 mmHg in this group (Table 11.2). 

11.1.3 THE EFFECTS OF PULMONARY 
HYPERTENSION IN COPD 

Pathologically, primary airway disease and 
emphysema usually co-exist in most patients 
with COPO; those patients with predominant 
chronic airway disease, or mainly emphy
sema, form the minority at the extremes of 
the clinical spectrum [121-123]. The notion of 
two clinical patterns of patients with COPO 
has been attributed to Oornhurst [124]. The 
'blue and bloated' type [125], also known as 
'type B' [126] or 'non-fighter' [127] was 
thought to characterize the 'bronchial type' of 
disease [121]. Such patients had hypoxemia, 
hypercapnia and secondary polycythemia, 
and developed pulmonary hypertension rela
tively early in the course of the disease. Right 
ventricular hypertrophy or cor pulmonale 
ensues and repeated episodes of 'right heart 
failure', occur often during acute episodes of 
respiratory failure. In contrast, the 'pink and 
puffing' variety [125], also known as 'type A' 
[126] or 'fighters' [127] were thought to repre
sent the emphysematous type [121], character-

Table 11.2 Hemodynamics and blood gases in 74 patients with COPD and 32 normal subjects 

COPD Normals 

Variables Mean Range Mean Range 

Pao2,mmHg 43 23-67 91 75-105 
~aco2,mmHg 51 33-68 38 32-43 
Q l/min/m2 3.8 2.3-5.8 3.6 2.6-4.5 
Pra,mmHg 3 0-21 5 2-9 
Ppa,mmHg 35 15-78 13 8-20 
Ppw,mmHg 6 0-19 9 5-14 
PVRI, dyne/sec/cm5/m2 660 231-1377 58 40-200 
RVSWI, g/m 16 5-29 6 3-18 

From Naeij~, R. (1992), [120]. 
a, arterial; Q cardiac output; Pra, right atrial pressure; Ppa, mean pulmonary arterial pressure; Ppw, pulmonary 
artery wedge pressure; PVRI, pulmonary vascular resistance index; RVSWI, right ventricular stroke work index. 
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ized by severe breathlessness, but relatively 
normal blood gas tensions and thus no pul
monary hypertension, right ventricular hyper
trophy or 'heart failure', at least until the later 
stages of the disease. The hypothesis that the 
'pink puffer' has largely emphysema, and the 
'blue bloater' represented a patient with pre
dominantly chronic bronchitis, was perpetu
ated in several studies in the 1960s [128-132]. 
However, accurate diagnosis of emphysema 
requires a pathological assessment [133]. 
Thurlbeck [134] showed that the degree of 
mucus gland hypertrophy, indicative of 
chronic bronchitis, was similar in patients, 
whatever the clinical pattern of the disease, 
and that more than 50% of patients with the 
'blue and bloated' clinical pattern had severe 
emphysema. These pathologic observations 
have been confirmed in an autopsy study from 
the National Institutes of Health, Nocturnal 
Oxygen Therapy Trial (NOTT) [135] which 
showed a complete overlap of the amount of 
mucus gland hypertrophy and emphysema in 
the two clinical types. Studies using CT scan
ning support this notion by demonstrating no 
significant correlation between pulmonary 
arterial pressure and CT measurements of em
physema [61]. However, the NOTT autopsy 
study showed that the 'blue bloaters' had 
heavier right ventricles than the 'pink puffers', 
and the degree of the right ventricular hyper
trophy correlated with the extent of disease in 
the small airways [135]. 

(a) The natural history of untreated 
pulmonary hypertension 

Numerous studies have shown that the level 
of pulmonary hypertension is moderate and 
progresses slowly in patients with COPD 
[115,136-140]. Weitzenblum and colleagues 
[139] studied the changes in pulmonary arter
ial pressure in a group of patients with 
COPD, over an average of 5 years, and found 
a mean increase in the pulmonary arterial 
pressure of only 3 mmHg/year. The change 
in pulmonary arterial pressure over this 

period was greater than 5 mmHg in only 33% 
of these patients. This sub-group of patients 
had baseline spirometry, arterial blood gas 
tensions and pulmonary hemodynamics 
which were similar to the group as a whole, 
but had progressive hypoxemia and hyper
capnia, whereas those whose pulmonary 
arterial pressure remained stable showed no 
change in their arterial blood gas values. 
These data indicate the importance of wors
ening hypoxemia in the progression of pul
monary hypertension. This view is supported 
by the results of the MRC long-term oxygen 
trial [141] in which pulmonary arterial pres
sure rose by 3 mmHg/year in the untreated 
group, whereas the treated group showed no 
change in their pulmonary arterial pressure. 
However, not all studies support this view. 
Boushey and North [115] reported a mean in
crease in pulmonary arterial pressure of only 
7% in 136 patients with COPD, studied over 
an average interval of 25 months, associated 
with a 6% increase in cardiac output, whilst 
Schrijen and colleagues [137] found no 
significant deterioration in pulmonary hemo
dynamics in a group of patients with COPD 
followed over three years, even when the pul
monary arterial pressure was elevated when 
first measured. However, in this study [137] 
30% of the patients demonstrated a fall in sys
temic arterial pressure over time, which was 
thought to result from the peripheral 
vasodilatory effect of hypercapnia. 

Despite the slow progression of pulmonary 
arterial hypertension in patients with COPD 
its presence implies a poor prognosis. 
Weitzenblum and co-workers [142] showed 
that patients whose pulmonary arterial pres
sure (Ppa) was normal (Ppa <20 mmHg had a 
72% four-year survival compared with a 49% 
survival in those with an elevated pulmonary 
arterial pressure (Fig. 11.6a), a finding con
firmed by others [143]. Burrows and col
leagues [126] followed 50 patients with 
chronic airways obstruction over 7 years and 
showed that the hemodynamic parameter 
which correlated best with survival was the 



pulmonary vascular resistance. In this study 
none of the patients whose pulmonary vas
cular resistance exceeded 550 dynes/s/cms 
survived for more than 3 years. However, in 
one study of patients with COPD with mini
mally raised pulmonary arterial pressure 
(Ppa 20-29 mmHg at rest), although mortality 
was 25% within three years, a similar percent
age were alive after 10 years [144]. These 
conflicting data may relate to the duration of 
pulmonary hypertension in any individual 
patient. It is clear however, that some patients 
with COPD tolerate an elevated pulmonary 
arterial pressure remarkably well. 

Weitzenblum and co-workers [142] showed 
that not only did pulmonary arterial pressure 
affect survival (Fig. l1.6a) but so did FEV1 

(Fig. l1.6b). France and colleagues [145] 
found that a number of variables correlated 
significantly with survival in 115 patients 
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Fig. 11.6 Effect of (a) pulmonary arterial pres
sure, and (b) FEV j on survival in patients with 
COPD. (After Weitzenblum et al. (1981) [142].) 
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Table 11.3 Factors affecting survival in 115 
patients with COPD 

Variable x2a p 

Pao2 17.6 <0.0001 
Paco2 15.7 <0.0001 
Cor pulmonale 15.6 0.0001 
FEV j 9.5 0.002 
FEV j (%predicted) 5.7 0.02 
RVEF 4.5 0.03 
FVC 3.0 0.08 
FVC (% predicted) 1.1 0.31 
LVEF 0.7 0.40 

After France et al. (1988) [145]. 
"likelihood ratio test based on Cox survival model. 
RVEF, L VEF, right and left ventricular ejection fractions 
respectively. 

with COPD, including the Pao2' Paco2' FEV1 

and the presence of peripheral edema (Table 
11.3). Thus although numerous studies have 
shown an association between the presence of 
pulmonary arterial hypertension and progno
sis in COPD, pulmonary hypertension may 
simply be a reflection of the severity of the 
disease, and may not have a direct effect on 
mortality. 

(b) Oxygen transport in CO PO 

Survival in patients with COPD has also been 
correlated with oxygen transport and mixed 
venous oxygenation. In a group of 50 patients 
with stable COPD, survival was assessed over 
a four-year period, during which 27 of the 50 
patients died [146]. In this study initial pul
monary hemodynamics were not significantly 
different between survivors and non
survivors, nor was oxygen transport or the 
coefficient of oxygen delivery (the ratio of 
oxygen delivery to oxygen consumption). 
However, arterial and mixed venous P02 
were significantly lower in those who died. 
The authors concluded that tissue oxygena
tion had a more important influence on 
survival than defects of oxygen transport or 
delivery resulting from pulmonary hyperten
sion. However, caution should be applied 
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when interpreting these data [158] since only 
a small number of patients were studied and 
longitudinal hemodynamic or oxygen trans
port data were not available. 

Oxygen is supplied to the tissues by two 
processes: first, convectional transport to the 
tissues in the vascular system, which is de
pendent on both the oxygen delivery and the 
oxygen consumption. The ratio of these two 
variables, the coefficient of oxygen delivery, 
was introduced by Mithoefer [147]. Second, 
the mixed venous oxygen tension (PV02), 
which approximates the 'mean tissue oxygen 
tension', and is a determinant of the diffusion 
of oxygen into the tissues. Thus the PV02 can 
be decreased by a reduction in Pao2 due to 
lung disease, or due to a decrease in oxygen 
delivery as a result of fall in cardiac output in 
heart disease. 

Thus in the study by Kawakami et al. [146], 
although there was an association between 
PV02 and mortality, the coefficient of oxygen 
delivery was not different between survivors 
and non-survivors. By inference Tenney and 
Mithoefer [148] suggested that oxygen supply 
to the tissues is the critical factor which deter
mines survival in such patients, and that the 
diffusional (mixed venous) component of 
tissue oxygen supply is more important than 
the convectional transport of oxygen in the 
vascular system, as measured by the 
coefficient of oxygen delivery. 

It has been proposed in patients with 
COPD with decreased oxygen carriage, that 
maintenance of a normal, or indeed a high 
cardiac output may be an adaptive mecha
nism to maintain a normal tissue oxygen 
supply. Thus failure to maintain cardiac 
output may worsen survival [146]. It follows 
that vasodilators which increase oxygen 
delivery, by increasing cardiac output, may 
be beneficial in COPD [149]. Naeije [120] 
suggested that the increase in cardiac output 
induced by hypoxemia is inadequate for 
tissue needs in most patients with COPD 
and hypoxemia. In this study 61 patients 
with COPD were divided into two groups 

depending on whether their PV02 was 
greater than or less than or equal to 
20 mmHg. The choice of a PV02 of 20 mmHg 
was based on a study by Kasnitz et al. [150] 
which demonstrated that a PV02 of 
",;20 mmHg in patients with COPD was 
associated with a uniformly fatal outcome. 
Despite more severe pulmonary hyper
tension and a lower Pao2 in those with low 
values of PV02, cardiac output was not dif
ferent between the groups [120]. However, 
stroke-volume index was lower in those 
whose PV02 was ",;20 mmHg, and may have 
been insufficient for the degree of hypox
emia. 

Paradoxically oxygen, when given to pa
tients with COPD, does not always increase 
oxygen delivery. In a group of 35 patients 
presenting with acutely decompensated 
COPD [151], 28% oxygen, given for one hour, 
did not change cardiac output in 15 patients 
with severe hypoxemia, but oxygen delivery 
increased because of an increase in Pao2' In 
the remaining 20 patients with lesser degrees 
of hypoxemia, oxygen delivery did not 
change because the increase in arterial oxygen 
content was offset by a fall in cardiac output 
[151]. The observation that only a proportion 
of patients 'respond' to oxygen therapy by in
creasing oxygen delivery has been confirmed 
in other studies of patients with both stable 
and decompensated COPD [152,153]. 

Thus in patients with COPD who develop 
hypoxemia one could hypothesize that an 
increase in cardiac output is a necessary adap
tation to maintain mixed venous oxygenation, 
despite lower arterial oxygen saturation [154]. 
However, cardiac output generally remains 
normal or even slightly elevated in patients 
with COPD until very late in the course of the 
disease [155]. It follows that an inability to in
crease cardiac output in the face of worsening 
venous hypoxemia may be a maladapation in 
COPD that adversely affects survival. This hy
pothesis remains unproven but has important 
implications for therapy directed at maintain
ing cardiac output and oxygen delivery [156]. 



11.2 CARDIAC FUNCTION 

11.2.1 COR PULMONALE, RIGHT HEART 
FAILURE AND EDEMA: CONTROVERSIES IN 
DEFINITION 

The term 'cor pulmonale' which was proba
bly introduced by Paul D. White in 1931, is 
often misused as a synonym for 'right heart 
failure' secondary to pulmonary disease, or 
simply to indicate the presence of pulmonary 
hypertension in a patient with hypoxemia 
and COPD [157-159]. Cor pulmonale was 
defined by a WHO expert committee [160] as 
'hypertrophy of the right ventricle resulting 
from diseases affecting the function and/ or 
structure of the lungs, except when these pul
monary alterations are the result of disease 
that primarily affect the left side of the heart, 
as in congenital heart disease'. This is a 
pathologic rather than a functional definition, 
and is of limited clinical value since the diag
nosis of right ventricular hypertrophy in life 
is imprecise [161]. The definition was revised 
by Behnke and colleagues [162] who replaced 
the term 'hypertrophy' by 'alteration in struc
ture and function of the right ventricle'. This 
definition is also imprecise since it covers a 
spectrum of dysfunction from mild abnormal
ity to frank right heart failure. 

The problem of the definition of cor pul
monale makes comparisons between different 
studies difficult. Recently it has been pro
posed that the term cor pulmonale be 
abandoned in favour of a more precise de
scription, based on objective evidence of right 
ventricular hypertrophy, enlargement, func
tional abnormality or failure [163]. A further 
problem is the lack of an accepted definition 
of heart failure [164]. Strobeck and 
Sonnenblick [165] suggest that heart failure 
could be described in two terms: 'myocardial 
failure' which refers to a decrease in the 
speed and force of the muscle contraction, 
which leads to 'pump failure'; 'congestive 
failure' on the other hand reflects the sys
temic response to 'pump failure', resulting in 
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augmented sympathetic nervous system ac
tivity, renal vasoconstriction and activation of 
the renin-angiotensin system. Thus although 
myocardial failure always results in conges
tive failure, the reverse is not always true 
[166]. The European Society of Cardiology 
[167] defined heart failure as 'a state of any 
heart disease in which, despite adequate ven
tricular filling, the heart's output is decreased 
or in which the heart is unable to pump blood 
at a rate adequate for satisfying the require
ments of the tissues with function parameters 
remaining within normal limits'. This 
definition is more applicable to the left side of 
the circulation. A more appropriate definition 
for the right ventricle is 'an inability of one or 
more chambers of the heart to accept and 
expel the venous return throughout the range 
of physiologic activity, without alteration of 
normal circulatory hemodynamics' [168]. The 
clinical syndrome of 'right heart failure' in 
chronic lung diseases has features different 
from those of left heart failure. The 'textbook' 
signs of right ventricular failure in COPD 
consist of raised jugular venous pressure, 
liver enlargement and peripheral edema but 
in contrast to left heart failure cardiac output 
is usually normal, and there is no vaso
constriction of the peripheral circulation 
[169]. 

The classic view of the development of 
'heart failure' in patients with COPD is that 
hypoxia, in association with the other factors 
discussed previously, leads to pulmonary 
hypertension which imposes increased work 
on the right ventricle, leading to peripheral 
edema [170-172]. However, whether the 
edema of 'cor pulmonale' is truly 'cardiac' 
in origin remains the subject of debate 
[173-176]. 

11.2.2 PREVALENCE OF RIGHT VENTRICULAR 
HYPERTROPHY AND EDEMA 

In a large European study of nearly 2000 
autopsies in patients with 'lung disease', 8.9% 
of cases had right ventricular hypertrophy 
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[177]. In the UK, 40% of patients with COPD 
had autopsy evidence of right ventricular 
hypertrophy [178]. In the United States it has 
been estimated that 10-30% of all admissions 
with congestive cardiac failure are due to 
right ventricular hypertrophy and failure 
[171,179]. Considering all heart diseases 'cor 
pulmonale' is thought to make up 7-10% of 
all cases [180]. 'Cor pulmonale' in patients 
with COPD increases in prevalence as airflow 
limitation worsens, occurring in 40% of 
patients with an FEVl <1.0 I and in 70% when 
the FEVl falls to 0.6 I [2,123]. The prevalence 
of cor pulmonale is also higher in patients 
with hypercapnia, hypoxemia and poly
cythemia [2,123]. 

The development of edema in patients with 
hypoxic COPD is usually a late feature [181] 
and may appear during acute exacerbations 
of the condition. However, a proportion of 
patients, who develop pulmonary hyper
tension, or indeed right ventricular hypertro
phy, never develop peripheral edema [182]. 
In two studies of 100 and of 59 patients re
spectively with severe COPD who were free 
of edema at the time of presentation, edema 
developed for the first time at a rate of 6% per 
annum over a three- to four-year follow-up 
period [183,184]. In a further study of 65 pa
tients with COPD of whom 58% had moder
ate to severe airflow limitation, and most had 
hypoxemia, at least one episode of edema 
occurred over a follow-up period of 5.4 years, 
producing an incidence of 11 % [138]. 

A large number of factors influence sur
vival in patients with COPD. In a recent 
review of the literature by Hodgkin [185], age 
and post bronchodilator FEV 1 were the best 
predictors of mortality in COPD. However, 
several studies have shown that either the 
presence of pulmonary arterial hypertension 
or peripheral edema in patients with hypoxic 
COPD correlates with survival [2,142,145, 
186-193]. Patients with COPD who develop 
peripheral edema but are not treated with 
long-term oxygen therapy have only a 
27-33% 5 year survival [185]. 

11.2.3 METHODS OF ASSESSING CARDIAC 
FUNCTION 

The majority of studies which have assessed 
pulmonary hemodynamics and right ventric
ular function in patients with COPD have em
ployed invasive techniques since a full 
assessment of pulmonary hemodynamics 
requires measurement of pressure and flow 
which involves cardiac catheterization. 
Moreover, assessment of right ventricular 
function and measurement of chamber 
volumes is difficult because of the variable 
and irregular shape of the right ventricle, 
even in normal subjects [194]. Until recently 
contrast angiography was the only method to 
assess right ventricular volumes [195]. More 
recently non-invasive techniques have been 
employed to study patients with COPD in
cluding chest radiography, M-mode and two
dimensional echo cardiography, radionuclide 
ventriculography and magnetic resonance 
imaging. 

(a) Clinical assessment 

The clinical signs of pulmonary hypertension 
or right ventricular dysfunction are often 
difficult to detect in patients with COPD 
because of hyperinflation of the chest and the 
slight posterior rotation of the heart in these 
patients [1,157,169]. The jugular venous pres
sure in patients with COPD is also often 
difficult to assess due to large swings in 
thoracic pressure, and pedal edema can be due 
to other causes, such as a hypoalbuminemia. 
Accentuation of the pulmonary component of 
the second heart sound indicates pulmonary 
hypertension and a systolic left parasternal 
heave indicates right ventricular hypertrophy 
or dilatation, but is often masked by 
hyperinflation. Extra heart sounds, or the 
murmur of tricuspid regurgitation, which are 
best heard on inspiration also suggest right 
ventricular dysfunction, but again may be 
obscured by hyperinflation. All of these signs 
develop relatively late in the clinical course of 



patients with COPD and are not sensitive in
dicators of pulmonary hypertension or right 
ventricular hypertrophy. The physiologic 
measurement which correlates best with pul
monary arterial hypertension in patients with 
COPD is the arterial oxygen saturation 
breathing air [72]. 

(b) Radiography 

The width of the right descending pulmonary 
artery has been used to detect pulmonary ar
terial hypertension in patients with COPD 
[196,197]. Matthay and co-workers [197] in a 
study of 61 patients with COPD found that 
the widest dimension of the right descending 
pulmonary artery was >16 mm in 43 of 46 
patients with pulmonary hypertension, 
whereas Chetty and colleagues [196] sug
gested that a right descending pulmonary 
artery of ~20 mmHg discriminated best 
between those patients with and without pul
monary arterial hypertension. In addition a 
high value of the hilar cardiothoracic ratio 
was 95% sensitive and 100% specific for pul
monary hypertension in patients with COPD 
[196]. However, methods which employ plain 
chest radiography cannot predict the level of 
pulmonary arterial pressure in any individual 
patient, but may be useful as a screening 
procedure to detect pulmonary arterial 
hypertension. 

Right ventricular hypertrophy or dilatation 
is also not easily discernible on a plain chest 
radiograph, although dilatation of the right 
ventricle gives the heart a globular appear
ance. On the lateral film encroachment of the 
retrosternal airspace can be a helpful sign to 
confirm that the enlarged silhouette is 
secondary to right ventricular dilatation 
[198,199]. 

(c) Electrocardiography 

Electrocardiographic criteria for detecting 
right ventricular hypertrophy are highly 
specific, but have a low sensitivity. In a recent 
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study using several ECG criteria for right 
ventricular hypertrophy [200] (Table 11.4), 
correct identification of right ventricular hy
pertrophy was confirmed in 75% of cases at 
autopsy. However, isolated right ventricular 
hypertrophy was present in only 53%, and 
only 25% of these patients had COPD [200]. 

Vector cardiography is no more sensitive 
than conventional electrocardiography [201] 
and techniques such as kinetocardiography 
[202] or orthostatic changes in CO transfer 
factor are of poor predictive value in patients 
with COPD [203]. 

(d) Echocardiography 

Hyperinflation of the chest increases the 
retrosternal air space which therefore trans
mits sound waves poorly, making echo
cardiography difficult in patients with COPD. 
An adequate examination has been reported 
in 65-80% of patients with COPD [203,204]. 
The use of trans esophageal echocardiography 
should improve the percentage of patients 
where an adequate assessment can be made 
[204]. 

Abnormal motion of the pulmonary valve, 
as assessed by M-mode echocardiography has 
been used to detect the presence of pul-

Table 11.4 ECG criteria for diagnosing RV 
hypertrophy 

Right axis deviation greater than 100° without 
right bundle branch block 

R or R' 2: S in VI or V 2 

A + RPL~O.7 

RV hypertrophy is considered to be present if one 
or more of the above criteria are met. 

(Adapted from Lehtonen et al. (1988) [200].) 
A, maximal R or R' amplitude in VI or V2. 

R, maximal S in lead I or V 6' 

PL, minimal S in V I or minimal R in lead I or V 6' 
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monary hypertension. Delayed opening of the 
valve, mid-systolic closure, and an increase in 
the ratio of right ventricular pre-ejection time 
to total ejection time have been reported in 
patients with pulmonary hypertension 
[205,206]. 

The blood velocity in the main pulmonary 
artery can be used to estimate the pulmonary 
arterial pressure [207]. The interval between 
the onset of right ventricular ejection and 
peak velocity (time to peak velocity) cor
relates fairly well with the mean pulmonary 
arterial pressure in patients with COPD 
(r = 0.73) [208]. However, a record of the flow 
velocity from the pulmonary valve may not 
be possible in 50% of patients using M
mode echocardiography [209]. 

The addition of doppler echocardiography 
has led to improved assessment of right ven
tricular systolic ejection flow to estimate pul
monary arterial pressure [210,211]. However, 
relatively few studies have been performed in 
patients with COPD [212]. 

Two other measurements can be used to es
timate peak systolic pulmonary arterial pres
sure. They are the mean right atrial pressure 
and the peak systolic gradient between the 
right atrium and the right ventricle. The addi
tion of these two pressures yields the systolic 
pulmonary arterial pressure. It is also possible 
to estimate the pulmonary end-diastolic pres
sure non-invasively by summing the mean 
right atrial pressure and the end-diastolic gra
dient between the pulmonary artery and the 
right ventricular out-flow tract. Right atrial 
pressure can be estimated from the height of 
the jugular venous pulse, but this correlates 
poorly with pressures measured at catheteri
zation [210] in patients with COPD due to the 
large changes in intrathoracic pressure [207]. 
A fixed estimate of right atrial pressure of 
between 5-12 mmHg has been proposed [211], 
but this can lead to considerable error. A more 
accurate estimate of right arterial pressure can 
be obtained by studying the degree of collapse 
of the proximal inferior vena cava by echocar
diography during voluntary deep inspiration 

[213]. However, this technique becomes inac
curate in patients with COPD since the infe
rior vena cava collapses spontaneously during 
respiration in these patients. 

Measurement of the right ventricular
atrial gradient can be assessed by doppler 
echocardiography [214], using the regurgitant 
jet from the tricuspid valve [207]. Tricuspid 
regurgitation occurs in both normal subjects 
[215] and in patients with COPD [216]. The 
high prevalence of tricuspid regurgitation 
was noted as long ago as 1908 by Sir James 
McKenzie during his studies of external 
pulses using kymography [217]. He found 
that tricuspid insufficiency was so common 
that he was 'inclined to look upon the valves 
as being rarely able to close the orifice prop
erly'. More recently Morrison and colleagues 
[216] found, in a study of 100 patients with 
COPD, that significant tricuspid regurgitation 
occurred in the majority, which could lead to 
an overestimation of the right ventricular 
ejection fraction in this group. Similarly in a 
recent study by Himelman and co-workers 
[218] tricuspid regurgitation was detected in 
20 of 36 patients with COPD. The quality of 
the signal for detecting tricuspid insufficiency 
using continuous wave doppler can be im
proved by augmenting the signal by an intra
venous infusion of saline [218,219]. However, 
this may be a problem in patients with COPD, 
where fluid overload may be already present. 
From the peak velocity of the tricuspid regur
gitant jet (Y), the modified Bernoulli equation 
(P = 4y2) allows calculation of the peak pres
sure difference between the right ventricle 
and atrium. As indicated above the addition 
of this pressure gradient to the mean right 
atrial pressure allows calculation of the peak 
pulmonary arterial pressure. 

Using continuous wave doppler even with 
intravenous saline contrast, an adequate 
assessment cannot be obtained in 35% of pa
tients [220]. However, pulsed wave doppler 
echo cardiography appears to be even more 
sensitive in detecting tricuspid insufficiency. 
Using this technique Migueres and co-



workers [208] were able to assess pulmonary 
arterial pressure in 91 % of patients with 
COPO. Moreover pulsed doppler echocardio
graphy is also capable of assessing changes in 
pulmonary arterial pressure during exercise 
[208]. 

Numerous studies have shown correlations 
between echocardiographic measurements of 
pulmonary arterial pressure and pressures 
measured at cardiac catheterization [210,211, 
221,222], some in patients with COPO (r = 
0.98) [218]. 

M-mode echocardiography can also be 
used to measure right ventricular free wall 
thickness, end-diastolic dimensions and the 
diameter of the pulmonary artery. Detection 
of right ventricular hypertrophy by echocar
diography is limited by the ability to dif
ferentiate the true right ventricular wall from 
its surrounding structures. Moreover, cor
relations between right ventricular wall thick
ness and right ventricular weight are poor 
even when measured at autopsy [223,224]. 
Measurement of right ventricular diastolic 
diameter by echocardiography may be useful 
in detecting right ventricular enlargement. 
This is particularly true in patients who have 
had previous episodes of decompensated 
right ventricular function, provided adequate 
echocardiographs can be obtained [203]. 

Two-dimensional (2-D) echocardiography, 
which has an improved accuracy over con
ventional M-mode techniques [209], has been 
used to assess right ventricular dimensions 
and wall thickening and hence to detect right 
ventricular volume overload in patients with 
COPO [225-228]. However, calculation of 
right ventricular volumes by 2-D echocardio
graphy is fraught with problems, including 
the lack of a 'gold standard' by which 
echocardiographic measurements of volume 
can be assessed. Contrast angiographic meas
urements of right ventricular volumes 
involve a number of assumptions and mathe
matical calculations, due to the irregularity of 
the right ventricular cavity [195,229], which 
may have led to the variable correlations in 
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the literature between volume measurements 
by echocardiography and contrast angio
graphy. 

Changes in right ventricular function are 
difficult to detect by echocardiography and 
doppler in patients with COPO and pul
monary arterial hypertension. Prolongation of 
the right ventricular pre-ejection time, and 
shortening of the ejection time may be present 
in such patients. However, right ventricular 
systolic time intervals are also affected by 
increased right ventricular preload. The posi
tion and the curvature of the intraventricular 
septum also gives an indication of right ven
tricular afterload. In the normal ventricle the 
interventricular septum moves to the left 
during systolic ejection and to the right 
during diastolic filling. Right ventricular 
volume overload tends to reverse this pattern, 
whereas right ventricular pressure overload 
displaces the septum towards the left 
ventricle [230]. 

(e) Radionuclide assessment of right 
ventricular ejection fraction 

As discussed above contrast angiography has 
been used to measure right ventricular 
volumes, however the technique is difficult 
and tedious, because of the wide variability in 
right ventricular geometry [194,195]. Radio
nuclide ventriculography largely overcomes 
this problem and is usually performed using 
an intravenous injection of 99mtechnetium
labelled erythrocytes or human serum albu
min [231,232]. A gamma camera is used to 
obtain a time/ activity curve, either during the 
first pass of the radio-tracer or by gating 
several points throughout the cardiac cycle 
once the radio-tracer has equilibrated in 
the blood pool [232]. Since radioactive 
counts acquired in this way are proportional 
to volume, variations in the geometric con
figuration of the ventricle are less important. 

In the first pass technique a bolus injection 
of the radio-tracer is injected intravenously 
and followed during a few cardiac cycles as 
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the bolus passes through the right side of the 
heart, to obtain time/ activity curves from a 
region of interest around the right ventricle 
[233]. The right ventricular ejection fraction 
(RVEF) is the difference between the end
diastolic and end-systolic counts divided by 
the end-diastolic counts. The first pass tech
nique allows the ventricles to be separated in 
time and in space (avoiding the problems 
of overlap between the two chambers). 
However, sequential measurements require 
repeated bolus injections of the radio-tracer 
and hence a larger radiation burden. 
Furthermore, the short acquisition time pro
duces low counts and thus statistical uncer
tainty in calculating the ejection fraction. The 
gated equilibrium technique provides better 
count statistics since data from several 
hundred cardiac cycles are acquired [232,234]. 
Thus repeated measurements can be made 
over three hours following a single injection 
of a radio-tracer. 

Although the reproducibility of radionu
clide measurements of RVEF is good when 
measurements are repeated in patients with 
COPD studied in the same position, the re
producibility decreases when measurements 
are made on the same individual on different 
days [235]. This may reflect the inherent vari
ably of RVEF in patients with COPD, or posi
tional changes which result in variable 
ventricular and atrial overlap. The presence 
of tricuspid regurgitation, particularly in 
patients with COPD may also lead to an over
estimation of the RVEF [216]. In 30 normal 
subjects the mean RVEF was 0.50 ± 0.09 
(range 0.47-0.83) [233]. This gives a lower 
limit of normal (2 standard deviations below 
the mean) for RVEF of 0.40 when measured at 
rest, which increased in normal subjects 
during exercise by at least 0.05 [232]. 

201 thallium myocardial scintigraphy has 
been used to diagnose right ventricular 
hypertrophy in patients with pulmonary 
arterial hypertension from various causes 
[236-240] including patients with COPD 

[240,241]. A study by Weitzenblum and col
leagues [241] in 46 patients with COPD 
showed that the sensitivity of 201thallium 
imaging for the diagnosis of right ventricular 
pressure overloading was 73%. However, this 
is a qualitative rather than quantitative tech
nique which has not found favor clinically, 
and probably has no advantage over echo
cardiography. 

(f) Right ventricular dimensions measured 
by magnetic resonance imaging (MRI) 

Magnetic resonance imaging is probably 
now the gold standard for measuring ven
tricular dimensions since it produces the 
best images of the right ventricle [242]. This 
technique is non-invasive and does not 
impose a radiation burden, but is expensive 
and only available in specialized centers. In 
preliminary studies in patients with COPD 
[243], the right ventricular free wall volume 
correlated significantly with the pulmonary 
arterial pressure (r = 0.72, P <0.01) and with 
the pulmonary vascular resistance (r = 0.65, 
P <0.01). Interestingly, the right ventricular 
free wall volume, as an estimate of wall mass 
correlated with the Paco2 but not with the 
Pao2 [243]. This non-invasive technique can 
therefore be used to measure right ven
tricular dimensions, define right ventricular 
hypertrophy and to study the effect of 
therapeutic interventions in patients with 
COPD. 

Recently Chappuis, Dorsaz and Rutis
hauser [244] developed a technique to 
measure right ventricular function by intra
venous digital angiography, using simul
taneous measurements of right ventricular 
volume, generated by computer from the 
time/volume curve during the cardiac cycle, 
and measurements of right ventricular pres
sure, using a catheter tip manometer. This so
phisticated technique holds some promise for 
measuring right ventricular function, as does 
MRI imaging [245]. 



11.2.4 RIGHT VENTRICULAR FUNCTION 

(a) In health 

The differences which exist between the two 
ventricles in adults appear to be due to the 
different flow-resistance conditions in the two 
circulations [246,247]. The right ventricle has 
a concave free wall and a convex intraventric
ular septum producing a crescent-shaped 
chamber. Contraction of the right ventricle is 
produced by three maneuvers [116,248-250]. 
The longitudinal axis of the chamber shortens 
and the trabeculae and papillary muscles 
force the tricuspid valve plane downwards 
toward the apex. This initial contraction con
tributes very little toward effective ejection. 
Thereafter, the concave right ventricular free 
wall and the convex septum contract, fol
lowed by contraction of the left ventricle, 
which increases the curvature of the intraven
tricular septum. The function of right ventric
ular contraction appears to be to generate 
sufficient stroke volume to maintain adequate 
cardiac output, rather than to generate pres
sure, and operates therefore as a 'volume', 
rather than a 'pressure' pump [250]. In 
general the thin-walled right ventricle which 
contracts against the low pressure pulmonary 
circulation, is more compliant than the 
thicker-walled left ventricle. The geometric 
configuration of the right ventricle is there
fore thought to be more suited to ejecting 
large volumes of blood, with minimal 
myocardial shortening. Therefore, the right 
ventricle can adapt to considerable variations 
in systemic venous return, without producing 
large changes in filling pressures [247,250, 
251] because of the greater ratio of volume to 
surface area in the right, compared with the 
left ventricle, but is less able to cope with an 
acute increase in afterload [247,250,251]. This 
contrasts with the left ventricle which acts as 
a pressure pump in the high-resistance sys
temic circulation and has a small surface area 
relative to its intracavity volume [252]. An 
inter-dependence between the ventricles has 
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been suggested [253], particularly in the pres
ence of right ventricular overload which may 
shift the intraventricular septum leftward and 
impair the contractility of the left ventricle 
[226]. The clinical significance of this is 
unknown. 

(b) In COPD 

Chronic pressure overload may lead to 
changes in the configuration, mass and func
tion of the right ventricle. However, the effect 
on right ventricular function of a moderate 
degree of pulmonary hypertension, which 
slowly progresses in patients with COPD, is 
likely to be different from the effects of acute 
pulmonary hypertension, such as occurs in 
massive pulmonary embolism [254] or indeed 
the effects of the sustained 'systemic' levels of 
pulmonary arterial pressure which are 
present in patients with primary pulmonary 
hypertension [255]. Therefore the right ventri
cle may have time to adapt to the increase in 
pressure load in COPD. 

As pulmonary hypertension develops in 
patients with COPD, right ventricular stroke 
work index increases on exercise due to an in
crease in pressure work. However, in patients 
with stable COPD, the relationship between 
the right ventricular stroke work index and 
right ventricular end-diastolic pressure sug
gests that although the right ventricular 
stroke work index is higher in these patients, 
they operate on an extension of the normal 
right ventricular function curve (Fig. 11.7) 
[117]. The diastolic pressure in the right ven
tricle can be normal, even in those patients 
who report episodes of peripheral edema in 
the past, and who have clinical evidence of 
right ventricular enlargement [117]. However, 
during exercise, right ventricular end
diastolic pressure is elevated in the majority 
of patients. The presence of a normal right 
ventricular end-diastolic pressure at rest in 
patients with COPD is at least presumptive 
evidence of a normal right ventricular end
diastolic volume [256]. 
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Fig. 11.7 Right ventricular stroke work index in 
normal subjects and patients with COPD and cor 
pulmonale. When stroke index (right) is related to 
right ventricular end-diastolic pressure, patients 
with cor pulmonale do not have a normal increase 
in stroke index during exercise, suggesting de
pressed right ventricular function. However, right 
ventricular stroke work index increases during ex
ercise in all three groups (left), those with COPD 
and cor pulmonale operating on the extension of 
the normal right ventricular function curve. 
(Modified from Khaja et al. (1971) [118].) 

Although the mean RVEF in patients with 
COPD (as assessed by radionuclides) is lower 
than in normal subjects [232,257-260], there is 
considerable overlap between values of RVEF 
in normal subjects and patients with COPD. 
Indeed it may be that only those patients who 
are edematous at the time of study have a low 
RVEF [176,234]. Values of the RVEF in pa
tients with COPD are rarely as low as in pa
tients with right ventricular infarction [261]. 
However, the normal increase in RVEF does 
not occur with exercise in such patients 
[258,259,262-264] suggesting that latent right 
ventricular dysfunction occurs in patients 
withCOPD. 

The 'right ventricular hypothesis' suggests 
that right ventricular function is compromised 
in patients with 'cor pulmonale' which 
influences survival [265,266]. However, there 
is considerable variation in the correlation 

between pulmonary arterial pressure and 
RVEF in the literature [35,257,267-276]. 
Differences in the techniques used to measure 
RVEF may account for this variation. 
However, RVEF depends not only on right 
ventricular afterload but on ventricular con
tractility and preload. Moreover, pulmonary 
arterial pressure is not an accurate reflection 
of the right ventricular afterload, which is the 
stress or tension acting on the fibers of the 
right ventricular wall immediately after the 
onset of shortening [277], i.e. the force per unit 
cross-sectional area acting on the right ventric
ular wall [278]. The pulmonary arterial pres
sure has been used as an estimate of the right 
ventricular afterload, but this represents only 
a fraction of the true afterload. The pulmonary 
vascular resistance may be a slightly more ac
curate reflection of the true right ventricular 
afterload, but it is still an approximation. Thus 
measurement of RVEF should not be regarded 
as a non-invasive estimation of the pulmonary 
arterial pressure in patients with COPD. 

The most important factors affecting right 
ventricular performance are preload, after
load, contractility and heart rate [279,280]. 
Ventricular preload is the force per cross
sectional area acting on the ventricular 
muscle fiber bundles immediately before they 
contract [280]. Changes in preload affect end
diastolic volume, which is an important de
terminant of ventricular function and is often 
assessed by the end-diastolic pressure/stroke 
volume curve [165]. End-diastolic pressure is 
not always an accurate substitute for end
diastolic volume, particularly in COPD 
[117,118]. 

Ventricular afterload is the instantaneous 
tension on the ventricular wall during active 
contraction [230]. It is directly related to both 
the intra cavity pressure in the ventricle and 
the internal ventricular dimension, and 
inversely to the ventricular wall thickness. It 
can be measured in the left ventricle as the 
mean mid wall circumferential wall stress and 
has been shown to correlate with the left ven
tricular ejection fraction [281]. This measure-



ment is not possible in the right ventricle due 
to geometric constraints [194]. 

Ventricular contractility is a measure of the 
ability of cardiac muscle to perform stroke 
work, independent of changes in initial fiber 
length [280]. It is useful to assess changes in 
ventricular contractility which are indepen
dent of those caused by alterations in either 
preload or afterload or both [165]. It is also 
important to distinguish between 'myocardial 
contractility' and ventricular 'pump function'. 
Adverse loading conditions can induce the 
ventricle to fail as a pump without depress
ing myocardial contractility. Moreover, ven
tricular pump function may be maintained in 
the presence of poor myocardial contractility 
by favorable loading conditions. Thus ven
tricular failure should be subdivided into 
'myocardial failure', resulting in a decrease in 
the speed and force of muscle contraction, 
which if severe leads to 'pump failure' with a 
low cardiac output and 'congestive failure', 
which consists of the systemic responses to an 
inadequate pump, such as augmentation of 
sympathetic nervous system activity, renal 
vasoconstriction and activation of the 
renin-angiotensin system. Categorizing heart 
failure in this way helps to explain the incon
gruity between the hemodynamic findings 
and the clinical picture in patients with 
COPD [249]. 

In patients with COPD, cardiac output is 
normal in the majority of subjects [282-284]' 
even those with clinical 'congestive failure' 
[91,262]. The RVEF is not a good measure
ment of intrinsic right ventricular contractil
ity, since it also depends on preload and 
afterload [285]. In order to assess the contrac
tility or inotropic state of the right ventricle, 
rather than its global performance, as mea
sured by the RVEF, it is necessary to assess a 
function of the ventricle which is independent 
of changes in preload and afterload. 

New indices of contractility, reviewed by 
Sagawa [286] were developed initially to 
assess left ventricular function. These depend 
on the relationship between the pressure and 
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volume of the ventricle at end-systole. 
Changes in the relationship between ventricu
lar pressure and volume can be plotted as a 
continuous pressure-volume loop in isolated 
heart preparations. The end-systolic pres
sure-volume relationship has been shown to 
be independent of the initial ventricular 
volume [286]. For a given contractile state, an 
increase in afterload produces less complete 
emptying of the ventricle and an increase in 
end-systolic volume [287]. However, the end
systolic pressure-volume ratio remains con
stant, indicating that this relationship is also 
independent of changes in afterload. The rela
tionship between end-systolic pressure and 
volume in the left ventricle shifts downwards 
and to the right in conditions of decreased 
contractility, such as heart failure, and 
upwards and to the left, increasing its slope, 
with increasing contractility [259,288] (Fig. 
11.8). Thus this relationship defines the 
inotropic state of the ventricle independent of 
loading conditions [289]. Similar relationships 
have also been confirmed for the right ven
tricle [288]. The slope of the end-systolic 
pressure-volume relation describes the 
interaction between afterload and systolic 
performance and is termed the 'ventricular 
systolic elastance' [230]. The peak elastance 
(Emax) is a particularly good index of the 
contractile state of the ventricle [289]. The 
slope of the end-systolic pressure-volume re
lation in the right ventricle is less than that of 
the left ventricle resulting in a greater volume 
change for a given change in pressure. 

Measurement of the end-systolic pressure
volume relation in the right ventricle has a 
number of problems. The relationship may not 
always be linear [290] and it may be not 
entirely independent of the loading conditions 
[291], since it may also be sensitive to changes 
in ventricular compliance [292]. Moreover, if 
measurements of right ventricular volumes are 
made using radionuclide ventriculography, 
right ventricular end-ejection and true end
systole may not always coincide [293]. 
Furthermore, to assess the slope of the end-
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Fig. 11.8 End-systolic pressure-volume relation
ship is linear, but it is displaced downwards and to 
the right in heart failure and upwards and to the 
left when contractility is increased. 

systolic pressure-volume relationship, mea
surements must be made under two or more 
loading conditions [294]. Allowing for these 
constraints simultaneous measurements of 
stroke volume by right heart catheterization 
and the thermodilution technique and RVEF 
by radionuclide ventriculography allow 
quantification of right ventricular volume, 
which together with simultaneous measure
ment of right ventricular pressure, allows mea
surement of the end-systolic pressure-volume 
relationship in patients with COPD, as an as
sessment of right ventricular contractility. 

In a study of 20 patients with severe but 
stable COPD [276] who were hypoxemic, 
with variable degrees of hypercapnia and 
pulmonary arterial pressure (25 ± 9 mmHg), 
the mean end-systolic index was 37 ± 16 
mll m2. Measurement of the right ventricular 
pressure-volume relation as a single point, or 
of the slope of this relation [295] suggest rela
tively well preserved right ventricular con
tractility, in the presence of pulmonary 
hypertension. In most clinically stable COPD 
patients the end-systolic pressure-volume 
ratio is displaced to the left, suggesting 

normal, if not hypernormal contractility. 
These data have been confirmed by other 
workers [268]. However, Brent et al. [35] in a 
combined radionuclide/ cardiac catheteriza
tion study, found right ventricular function to 
be depressed in COPD. This discrepancy may 
be due to differences in the technique used to 
measure RVEF. Right ventricular function is 
also well preserved in other forms of pul
monary hypertension [296]. Moreover in 24 
patients with COPD, most of whom had pul
monary arterial hypertension, there was rela
tively little change in most patients in the 
end-systolic volume, even in the face of a 
large increase in right ventricular systolic 
pressure during exercise [276]. Other indices 
of right ventricular function also suggest that 
right ventricular function is preserved in pa
tients with COPD and pulmonary hyperten
sion [118,254,296]. 

(c) Right ventricular function in acute 
exacerbations 

Although in most studies of patients with 
stable hypoxic COPD the mean pulmonary ar
terial pressure is 25-35 mmHg [276], during 
exacerbations the pulmonary arterial pressure 
rises to 45-70 mmHg [91,297,298] as the result 
of several mechanisms which include worsen
ing hypoxia, acidosis, and changes in pul
monary mechanics. However, not every 
patient who develops pulmonary hyperten
sion during an exacerbation has signs of 'right 
ventricular failure'. The pathophysiology of 
edema formation in COPD remains unre
solved and is unlikely to be solely due to de
pressed right ventricular function as a result of 
chronic but mild pulmonary hypertension. 

There have been relatively few studies of 
pulmonary hemodynamics in patients with 
COPD who present acutely with edema 
[25,91,117,299-301]. Abraham and co-workers 
[91] studied 8 patients with COPD presenting 
with acute respiratory failure, of whom six 
had peripheral edema. Hemodynamics were 
measured by cardiac catheterization on the 



day of admission, daily thereafter for five 
days and again upon recovery. This study 
presents the most convincing evidence of a 
rise in pulmonary arterial pressure during an 
exacerbation of COPD. However, right ven
tricular mechanics were not measured. In a 
more recent study the end-systolic and end
diastolic volumes in patients with COPD pre
senting acutely with edema were higher, and 
therefore the pressure-volume ratio was 
lower than in stable patients, suggesting de
creased contractility in the group with edema, 
but with a preserved cardiac output [300]. 
However, this increase in ventricular volume 
did not appear to result from an augmented 
right ventricular afterload, since ventricular 
volumes were normal in patients with a 
similar level of pulmonary arterial pressure 
and pulmonary vascular resistance, but 
without peripheral edema [300]. Thus the 
cause of the decreased right ventricular con
tractility in these patients remains unresolved. 

11.3 SALT, WATER AND HORMONAL 
BALANCE 

For over 30 years doubts have been expressed 
over whether the edema in patients with 
COPD is truly 'cardiac' in origin [302,303]. 
Fulton and co-workers [161] noted that some 
patients with chronic bronchitis and emphy
sema who were hypoxemic and had edema in 
life, did not have right ventricular hypertro
phy at autopsy. These early studies led 
Campbell and Short [86] to suggest that the se
quence of events: pulmonary hypertension ~ 
right ventricular hypertrophy ~ right ventric
ular failure ~ venous engorgement ~ edema 
was not 'the invariable sequence in patients 
who become edematous, and it may in fact be 
uncommon.' 

11.3.1 EFFECTS OF BLOOD GASES AND 
ACID-BASE STATUS 

Although hypoxemia is invariably present in 
patients with COPD who have edema, hypox-
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emia is present to a similar degree in patients 
with fibrotic lung disease, where edema is 
rare until the preterminal stage of the disease. 
Severe hypoxemia induces secondary poly
cythemia [304] which may contribute to the 
development of pulmonary arterial [305] and 
renal arteriolar vasoconstriction [306,307], 
which reduces renal function and increases 
acidosis through the formation of lactic acid. 
Hypoxemia may also promote a shift of fluid 
from the intra to the extracellular space 
[308,309] and increases the permeability of 
the pulmonary capillaries [310]. 

In a review of the literature from the 1950s, 
Campbell and Short [86] found only 2 cases of 
150 they reviewed with chronic lung diseases, 
who had edema and a normal Paco2. This led 
them to suggest that hypercapnia was the 
central factor in the development of edema in 
hypoxic COPD. Their suggested sequence of 
events was: hypoventilation ~ respiratory 
acidosis ~ renal tubular exchange of hydro
gen ion for sodium + reabsorption of bicar
bonate ~ fluid retention ~ increased work of 
breathing ~ further hypoventilation produc
ing a self-aggravating cycle for the 
development of edema. 

Chronic hypercapnia increases the renal 
threshold for bicarbonate excretion, which 
results from an increased conversion in the 
renal tubular cells of carbon dioxide to HC03-

and H+ by carbonic anhydrase [311]. An 
increase in plasma bicarbonate reduces the 
responsiveness of the respiratory centers to 
carbon dioxide, leading to a self-aggravating 
cycle of hypoventilation [309]. This cycle can 
be exacerbated by diuretics which, by re
ducing extracellular fluid volume, results 
through a process termed 'contraction alkalo
sis' in a further rise in HC03- [312]. 

11.3.2 RENAL FUNCTION 

Renal function in COPD has been studied from 
the early 1950s [302,303]. The most consistent 
observation in these early studies was a 
reduced renal blood flow in patients with 
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COPO and hypoxemia, particularly in those 
with edema [302,303,306,313,314]. This is fol
lowed by an increase in renal blood flow 
during the diuretic phase and a return to 
normal renal blood flow in convalescence 
[315,316]. Several mechanisms have been pro
posed to account for the reduction in renal 
blood flow. Reducing cardiac output produces 
a fall in renal blood flow [77]. Hypoxia and hy
percapnia may also decrease renal blood flow 
[316], which may also fall because of an in
crease in pulmonary arterial and central 
venous pressures or volumes, which activates 
central blood volume receptors, enhancing the 
normal sympathetic activity [317]. More recent 
studies have also shown that effective renal 
plasma flow is reduced in patients who have 
hypercapnia [318] and is reduced further, in 
association with a reduction in glomerular 
filtration rate and sodium and water excretion 
[319,320], in patients with hypercapnia and 
edema [321]. Although hypoxemia alone is not 
associated with abnormal salt or water han
dling, the withdrawal of long-term supple
mental oxygen, resulting in acute hypoxemia 
in patients with chronic hypercapnia reduces 
urinary sodium excretion [322]. Furthermore, 
since acute hypoxemia does not produce a fall 
in the fractional absorption of sodium [323], 
hypoxemia appears to affect glomerular rather 
than tubular function, which may be related to 
vascular autoregulation [322]. In addition, con
tinuous oxygen therapy over a period of six 
days in patients with hypoxic COPO increased 
urinary sodium excretion [324]. 

The vasopressin response to changes in 
plasma osmolarity induced by water loading 
appears to be similar in normal subjects and 
in patients with COPO who have both 
hypoxemia and hypercapnia [318,319]. 
However, in patients who are both hyp
oxemic, hypercapnic and who have edema, 
vasopressin levels are inappropriately high 
for the plasma osmolarity, in some cases 
associated with hyponatremia [319]. These 
abnormalities of salt and water handling, in 
association with the disturbance in renal 

function described above, may contribute to 
the formation of edema in patients with 
advanced COPO. 

The presence of edema in patients with 
COPO is not necessarily associated with a 
significant increase in body weight or total 
body water [325]. When a diuresis is induced 
in patients with COPO who have edema, 
body weight falls, but subsequently, during 
convalescence, weight increases [325]. These 
data may be explained by the exchange of 
fluid between the intra- and extracellular 
compartments [308]. Furthermore, total 
exchangeable sodium may be stable at a time 
when weight is fluctuating, and therefore the 
changes in body weight may result from 
changes in tissue proteins [326]. 

11.3.3 RENIN-ANGIOTENSIN
ALDOSTERONE SYSTEM 

Several studies have shown changes in hor
monal balance in patients with COPO and 
chronic respiratory failure. Activation of the 
renin-angiotensin-aldosterone system [319, 
322,327,328] and elevated circulating cata
cholamines [322,329] occur in such patients. 
The activity of the renin-angiotensin
aldosterone system is increased in the 
majority of patients with COPO and edema 
[320,330-332]. A significant correlation has 
been shown between plasma renin and aldos
terone levels and the ability to excrete 
sodium, free water clearance and the levels 
of plasma arginine vasopressin [320,321]. 
Furthermore, patients with COPO whose 
edema fails to respond to conventional treat
ment with oxygen and diuretics have a per
sistently elevated plasma renin [321]. 
However, interpretation of these studies is 
complicated by differences in blood gas 
values, sodium and potassium status, treat
ment with diuretics and long-term oxygen 
therapy in the patients studied. 

Acute hypoxia increases plasma renin sub
stantially in animal studies [333,334], but 
chronic hypoxia produces a more variable 



effect on plasma renin activity [335-337]. In 
human studies, acute hypoxemia has a vari
able effect on plasma renin [332,338-340] 
probably because of variations in sodium 
intake and diuretic therapy between study 
patients. Chronic hypoxia has been studied in 
healthy volunteers exposed to real or simu
lated high altitude, again with variable effects 
on the renin-angiotensin system [341-345] 
possibly due to variations in experimental 
conditions both in the degree and the 
duration of the hypoxemia. 

Angiotensin-converting enzyme is present 
in the vascular bed of the lung and converts 
angiotensin I to angiotensin II [346,347]. 
Some studies of simulated or actual altitude 
exposure have shown that there is a dissocia
tion in the effect of hypoxemia on plasma 
renin and aldosterone. Chronic hypoxia pro
duces a variable change in plasma renin ac
tivity and in most studies a decrease in 
aldosterone [341,348-352]. Although initial 
studies suggested that this was due to a 
reduction in angiotensin-converting activity 
by hypoxemia [342,345], this is not the case 
in patients with COPD [353]. Indeed the rela
tionship between plasma renin activity and 
plasma angiotensin II, which is an index of 
physiologic ACE activity, does not appear to 
be affected by hypoxemia and exercise in 
COPD patients [328]. Various mechanisms 
could account for a reduction in aldosterone 
during hypoxia, including inhibition of 
angiotensin-converting enzyme, intra-renal 
dopamine release, increased aldosterone 
clearance and changes in potassium and 
atrial natriuretic peptide. 

11.3.4 ATRIAL NATRIURETIC PEPTIDE (ANP) 

ANP is released from the atria and has 
potent natriuretic, diuretic and vasodilating 
properties [354]. Its release is stimulated by 
atrial distension [354] and circulating levels 
are high in patients with various edematous 
disorders [355-359]. Plasma ANP is elevated 
in patients with stable COPD [342,360,361] 
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and is especially high in patients with 
edema [362]. The inability of elevated 
plasma ANP to prevent edema in such 
patients does not result from an inability to 
respond to an increase in venous pressure 
by the release of ANP [363]. Indeed infusing 
ANP still results in a natriuresis in patients 
with hypoxic COPD [364], suggesting that 
the kidney is still responsive to ANP. Atrial 
natriuretic peptide can also suppress the 
renin-angiotensin- aldosterone system [365]. 
However, both ANP and renin levels are 
high in hypoxic COPD, suggesting that the 
effects of ANP may be overridden by a re
duction in renal perfusion, producing stimu
lation of the renin- angiotensin system. 

Atrial natriuretic peptide has a number of 
potential beneficial effects in preventing edema 
formation, including a natriuretic effect 
[366,367] depression of plasma renin activity 
[368,369] and inhibition of angiotensin 11-
mediated aldosterone production [365,370]. 
Moreover ANP produces pulmonary vaso
dilatation [364]. 

Thus a complex interaction between 
changes in pulmonary hemodynamics, salt, 
water and hormonal balance probably ac
counts for the clinical syndrome of edema in 
patients with hypoxic COPD (Fig. 11.9). 
However, the precise nature of these inter
actions is not fully understood. 

11.4 VASODILATOR TREATMENT OF 
PULMONARY VASCULAR DISEASE 

The major rationale for treating pulmonary 
hypertension in patients with COPD is that 
the presence of pulmonary hypertension 
reduces survival [142], as does a low mixed 
pulmonary venous oxygen tension [146]. 
Thus pulmonary vasodilators, by decreasing 
right ventricular afterload and allowing 
cardiac output to increase should improve 
oxygen transport, tissue oxygenation and 
perhaps survival, as well as improving symp
toms in patients with hypoxic COPD 
[120,156,371,3721. 
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Fig. 11.9 Mechanisms of sodium and water disturbance in patients with COPD, (Modified from Farber 
et aI, (1982) [320],) 

The best measurement to assess outcome 
when treating patients with COrD and pul
monary hypertension with pulmonary vaso
dilators is still not clear. For example, a 
decrease in pulmonary vascular resistance 
may result from an increase in cardiac output, 
in the face of an unchanged, or slightly in
creased pulmonary arterial pressure. More
over, the assumption that the pressure-flow 
relationship in the pulmonary circulation is 
linear and passes through the origin is ques
tionable [30,373,374]. Furthermore, in patients 
with COrD the left atrial pressure, which is 
estimated by the pulmonary capillary wedge 
pressure, may not be the true outflow pressure 
of the pulmonary circulation [25], which may 
alter the interpretation of the effects of pul
monary vasodilators on pulmonary vasomotor 
tone. Thus pulmonary vascular resistance may 
not be the best variable to study the effects of a 
vasodilator [373,374]. 

Enthusiasm for treating patients with COPD 
and pulmonary hypertenSion with vaso
dilators arose from their apparent beneficial 
effects in primary pulmonary hypertension 

[375]. This early enthusiasm has diminished, 
because of failure to sustain the acute effects of 
many vasodilators, the difficulty in carrying 
out long-term studies requiring repeated 
invasive measurements, the need for long
term multicenter studies of large numbers of 
patients to show an effect on survival, and the 
fact that no agent, with the exception of 
oxygen has been shown to cause pulmonary 
vasodilatation without producing systemic 
vasodilatation. More specific pulmonary 
vasodilators may become available when the 
mechanism of the hypoxic pulmonary vaso
constrictor response is elucidated [376]. An 
added complexity is the difficulty in predict
ing the effect which reversing vasoconstriction 
has on arterial oxygen tensions due to changes 
in ventilation and perfusion. However, a rise 
in cardiac output may still increase oxygen 
delivery to the tissues. 

In spite of a lack of specificity of vaso
dilator drugs for the pulmonary circulation, 
the rarity of a reduction in pulmonary arterial 
pressure to normal by vasodilators in patients 
with COrD, and the possible deleterious 
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effects on gas exchange, a large number of 
studies using these drugs have been under
taken in patients with COPD [120,372]. Most 
studies have assessed the acute effects of 
vasodilators on pulmonary hemodynamics in 
patients with COPD. 

11.4.1 a-ADRENERGIC BLOCKERS 

Phentolamine and tolazoline are non-selective 
a-adrenergic antagonists which reduce pul
monary arterial pressure in patients with 
COPD [377,378], but their clinical use is 
limited by side effects. Prazosin is a selective 
post-synaptic arantagonist which reduces 
pulmonary arterial pressure and increases 
cardiac output in COPD. These effects were 
sustained after 8 weeks' treatment, but were 
associated with worsening dyspnea and a fall 
in 5a02 [379]. Urapidil, a centrally acting 0'1 

selective antagonist reduced pulmonary arte
rial pressure in COPD, without changing 
cardiac output at rest or during exercise, an 
effect which did not result in an improvement 
in maximal oxygen consumption [380]. These 
studies also illustrate a further problem in 
comparing the studies of vasodilators in the 
literature, since the severity of pulmonary hy
pertension and the blood gas abnormalities 
may vary widely in different studies. 

11.4.2 f3-ADRENERGIC AGONISTS 

f3TAgonists given either intravenously or 
orally to patients with COPD produce trivial 
changes in pulmonary arterial pressure. 
However, pulmonary vascular resistance 
usually falls as a result of an increase in 
cardiac output [295,381-387]. In some studies 
the increase in cardiac output has been associ
ated with a fall in oxygen saturation 
[295,383,387]. f3TAgonists have also been 
shown to increase right ventricular ejection in 
most studies [295,388,389]. These drugs also 
have an inotropic effect, as shown by changes 
in the right ventricular pressure-volume rela
tionship [295,385]. Although a fall in pul-

monary arterial pressure has been shown both 
acutely and over 6 weeks with the f3Tagonist 
pirbuterol [295] this effect was not sustained 
over 2 months' treatment [390]. 

11.4.3 CALCIUM CHANNEL BLOCKERS 

The calcium channel blockers vary consider
ably in their effect on the pulmonary cir
culation, probably due to differences in the 
pharmacologic actions of the different drugs in 
this group [391]. Animal studies have shown 
that nifedipine can prevent or even reverse 
hypoxic pulmonary vasoconstriction [392-
395]. A similar effect has been shown in at least 
one study with patients with COPD [396]. 
Given acutely [396-402] nifedipine reduced 
pulmonary vascular resistance and increased 
cardiac output in all but one study [402]. 
However, a reduction in pulmonary arterial 
pressure did not occur in all studies, but has 
been demonstrated during exercise [401,402]. 
Verapamil and diltiazem appear to be rela
tively ineffective in the pulmonary circulation 
[403,404]. 

In most studies although nifedipine causes a 
slight fall in 5a02, this effect is offset by the 
increase in cardiac output, so that oxygen de
livery increases which may improve exercise 
tolerance if this is limited by oxygen delivery. 
The deleterious effect of nifedipine on gas 
exchange is thought to result in part from a 
reduction in hypoxic vasoconstriction [399]. It 
has no effect on right ventricular ejection 
fraction in the short or the long-term [405]. 

In spite of a persistent pulmonary vaso
dilator action of nifedipine in studies of up 
to 9 weeks' treatment, there was no asso
ciated improvement in symptoms [398]. 
Other studies of between 6 weeks' and 18 
months' treatment with nifedipine show no 
significant changes in pulmonary hemody
namics [406-408], nor any consistent long
term effect of felodipine [409]. In an 
uncontrolled study over 10 months' treat
ment the newer calcium antagonist nitren
dipine produced persistent pulmonary 



272 Pulmonary circulation, cardiac function and fluid balance 

vasodilatation in COrD but without 
improvement in symptoms or in survival 
[410]. Since nifedipine is thought to interfere 
with hypoxic vasoconstriction, its combina
tion with oxygen therapy has been studied 
with a beneficial effect in one study [396] but 
not in another [397]. 

11.4.4 HYDRALAZINE 

Since hydralazine has been used in the treat
ment of primary pulmonary hypertension 
[411] its effects have also been studied in 
COrD. In this case hydralazine produces a 
consistent increase in cardiac output, but 
there is considerable variation in the reduc
tion in pulmonary artery pressure [412-417], 
with little effect on oxygen saturation and 
hence hypoxic vasoconstriction. Hydralazine 
has been shown to improve right ventricular 
function by some workers [410,415] but not 
by others [417]. The long-term effects of 
hydralazine on pulmonary hemodynamics 
in COrD have not been studied. Chronic 
dosage has been limited by the development 
of a systemic lupus erythematosus-like syn
drome after long-term treatment in a dose of 
greater than 200 mg/day [418]. 

11.4.5 THEOPHYLLINES 

Given acutely theophyllines reduce pul
monary arterial pressure and pulmonary vas
cular resistance without changing cardiac 
output [419-422]. Although theophyllines are 
both bronchodilators and ventilatory stimu
lants, they may produce a fall in oxygen satu
ration [421]. Theophyllines have also been 
shown to increase right ventricular ejection 
fraction acutely [423,424] with a sustained 
effect after three months' treatment [425]. 

11.4.6 ANGIOTENSIN-CONVERTING ENZYME 
(ACE) INHIBITORS 

There was a hope that angiotensin-converting 
enzyme inhibitors may be a more specific 

treatment for patients with hypoxic COrD 
and edema and that they may have beneficial 
effects over the long term, not only on pul
monary hemodynamics, but also on salt and 
water balance, exercise tolerance and survival 
as was found in patients with congestive 
cardiac failure [426]. By reducing the produc
tion of angiotensin II, ACE inhibitors may in
terfere with the control by angiotensin II of 
renal blood flow, an effect mediated through 
the efferent renal artery [427,428]. In addition, 
if ACE inhibitors interfere with hypoxic vaso
constriction, gas exchange may worsen in 
COrD, which has been demonstrated in pre
liminary studies [429]. Studies using the com
petitive angiotensin II antagonist saralasin to 
block the renin-angiotensin system have 
shown a beneficial effect on oxygenation, but 
a decrease in cardiac output in patients with 
various chronic pulmonary diseases, includ
ing COrD [430]. Burke and colleagues [429] 
found that 25 mg of captopril 3 times daily, 
combined with supplemental oxygen in a 
small group of patients with pulmonary hy
pertension due to COrD, reduced pulmonary 
arterial pressure and vascular resistance, with 
an associated increase in cardiac output. 
However, in a placebo-controlled study of 15 
patients with COrD and cor pulmonale 
Zielinski et al. [431] found no significant 
change in either pulmonary hemodynamics or 
gas exchange following 25 mg of captopril and 
a similar negative result has been shown with 
a newer ACE inhibitor enalaprilat [432]. In 
view of the beneficial effects of captopril on 
salt and water balance in patients with COrD 
[433], long-term studies of captopril on exer
cise tolerance and survival in patients with 
COrD may be warranted. 

11.4.7 OTHER VASODILATORS 

Short-term acute studies with various intra
venous vasodilators such as prostaglandin E1 
[434], adenosine triphosphate [435] and atrial 
natriuretic peptide [364] have shown a 
beneficial effect on pulmonary hemodynam-



ics, with a fall in pulmonary artery pressure 
and pulmonary vascular resistance and an 
increase in cardiac output. The development 
of oral derivatives of these agents will be
necessary before they will be therapeutically 
viable. 

Nitric oxide (NO) is an important endoge
nous vasodilator. Preliminary results indicate 
that inhaled NO is a potent and selective pul
monary vasodilator [436,437] producing a fall 
in pulmonary vascular resistance from 1.9 
(0.2) to 1.5 (0.2) mmHg/l/min (P <0.05) 
without a change in systemic vascular resis
tance in patients with pulmonary hyperten
sion [437]. Whether these preliminary results 
will lead to an effective long-term treatment 
for pulmonary hypertension with no toxicity 
awaits further study. 

The most important 'pulmonary vaso
dilator' used at present is domiciliary oxygen 
therapy which is considered in detail else
where (Chapter 20). 

11.5 CONCLUSIONS 

The hypothesis that hypoxemia resulting in 
pulmonary hypertension adversely affects 
right ventricular function and produces 
edema in patients with capo and therefore 
subsequently reduces their survival, has not 
been validated by published studies. It seems 
unlikely therefore that treatment which 
directly affects cardiac function or produces 
pulmonary vasodilatation will have a 
significant long-term effect on survival in pa
tients with pulmonary hypertension sec
ondary to COPD. Whether such interventions 
have a long-term effect on exercise or symp
toms also remains to be proven. It would 
appear that a more logical therapeutic option 
is to correct hypoxemia, which has proven 
beneficial effects on survival, or to investigate 
the long-term effects of more specific thera
pies aimed at improving salt, water and 
hormonal balance in these patients. It may be 
true that patients with capo die with 'cor 
pulmonale' but they rarely die of it! 
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SLEEP 

N.J. Douglas 

12.1 INTRODUCTION 

In the 1950s, Robin and colleagues found that 
expired carbon dioxide tension rose by 10 
mmHg during sleep in 7 patients with 'em
physema and chronic hypercapnia' and that 4 
of the 7 had Cheyne-Stokes respiration 
during sleep [1,2]. In the early 1960s, studies 
using an early ear oximeter showed that arte
rial oxygen saturation fell during sleep in all 
the COPD patients studied, and the authors 
noted that the lowest oxygen saturations 
during sleep were recorded in those whose 
saturations were also lowest when awake [3]. 
All this had been reported before the sleep 
apnea syndrome was recognized [4] in 1966. 
However, the great interest in breathing 
during sleep stimulated by the sleep apnea 
syndrome has resulted in increased attention 
being paid to breathing and oxygenation 
during sleep in patients with COPD. 

Studies in which arterial blood gas tensions 
were monitored in sleeping patients with 
COPD demonstrated that the most severe 
hypoxemia and hypercapnia occurred during 
rapid eye movement (REM) sleep [5-8] 
(Fig. 12.1). The development of accurate and 
progressively less obtrusive oximeters has 
allowed continuous measurement of arterial 
oxygenation in sleeping patients with COPD. 
Douglas et ai. [9] reported that 23 of 28 
episodes in which arterial oxygen saturation 
fell by more than 10% occurred during REM 

12 

sleep (Fig. 12.2) and that during such 
episodes arterial oxygen tension fell to as low 
as 26 mmHg. Similar observations have sub
sequently been made by others [10-14]. The 
most severe hypoxemia occurs during 
episodes of REM sleep in which there are fre
quent eye movements [15] (Fig. 12.3). During 
such hypoxemic episodes, arterial carbon 
dioxide tension also rises, but the nocturnal 
rise in carbon dioxide tension is usually 
relatively small [16]. 

12.2 MECHANISMS OF HYPOXEMIA 
DURING SLEEP IN COPD 

The major cause of REM hypoxemia in pa
tients with COPD is hypoventilation but there 
are probably also contributions from a reduc
tion in functional residual capacity and alter
ations in ventilation/perfusion matching. 

12.2.1 HYPOVENTILATION 

Ventilation is lower during sleep than wake
fulness in both normal subjects [17] and pa
tients with COPD [14]. There is a relatively 
small decline in ventilation from wakefulness 
to non-REM sleep, but during REM sleep, 
there is intermittent marked hypoventilation 
[17] which is most severe during periods of 
intense eye movements [19]. This drop in ven
tilation is largely caused by a decrease in tidal 
volume. It is important to recognize that this 
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Fig. 12.1 Oxygen saturation throughout the night in a patient with COPD, the shaded areas 
representing rapid eye movement sleep. 

hypoventilation is not associated with apneas 
[18-21]. 

Although ventilation has not been accu
rately measured during sleep in patients with 
COPO, the thoraco-abdominal movement 
during REM sleep is similar to that in normal 
subjects [13]. In normal subjects, it has been es
timated that alveolar ventilation during REM 
sleep falls to around 60% of the level during 
wakefulness [17,19]. As patients with COPO 
have raised physiologic dead spaces, the rapid 
shallow breathing during REM sleep may 
produce an even greater decrease in alveolar 
ventilation. It has been calculated that this 
could account for all of the REM hypoxemia 
observed in patients with COPO [22]. 

There are many factors which combine to 
produce hypoventilation during sleep. In 
normal subjects, ventilation falls during non
REM sleep, despite an increase in respiratory 
drive as assessed by mouth occlusion pres
sure [23,24]. This suggests that the increase in 
upper airways resistance which occurs during 
non-REM sleep [24,26] may contribute to the 
non-REM hypoventilation. This effect will be 
augmented because the ventilatory response 
to added resistance is impaired during non
REM sleep [24,27]. The increase in upper 
airways resistance is, however, unlikely to be 
a major factor in the additional hypoventila
tion and hypoxemia of REM sleep, because 
upper airways resistance is not greater in 
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response to added resistance appears to be 
similar between non-REM and REM sleep 
[24,27]. However, during REM sleep, there is 
marked alteration of brain stem function. In 
animals during REM sleep, there is phasic 
activity of respiratory neurones [28] and it 
seems probable that similar fluctuations in 
respiratory output may be a major determi
nant of the highly variable level of ventilation 
found during REM sleep in man. 

There is also hypotonia of postural muscles 
during REM sleep [29] and this affects the in
tercostal muscles, resulting in a decreased 
contribution from the ribcage to ventilation 
[20]. In hyperinflated COPD patients, this 

Fig. 12.2 The effect of sleep stage on oxygen satu
ration in 18 patients with COrD where rapid eye 
movement sleep is divided into periods with no 
eye movements (no EM) or periods with frequent 
eye movements (dense EM). (Data redrawn from 
George et al. (1987) [15].) 

ribcage flaccidity will result in grossly 
inefficient ventilation as the flattened 
diaphragm will then pull in the lower chest 
wall, further decreasing ventilation during 
REM sleep. In addition, the postural hypoto
nia during REM sleep also involves the acces-
sory muscles of respiration [30] which may be 
important in maintaining ventilation in pa
tients with COPD. This may explain why 
hyperinflated patients with COPD tend to be 
more hypoxemic during REM sleep than 

REM than non-REM sleep, at least in normal 
subjects [26]. In addition, although few mea
surements have been made, the ventilatory 
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Fig. 12.3 Changes in oxygen saturation and 'tidal volume' in a patient with COrD during an episode of 
rapid eye movement (REM) sleep. (Data redrawn from Fletcher et al. (1983) [21].) 
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hypo-inflated patients with fibrotic lung 
disease [31] (Fig. 12.4). 

The body's normal defence mechanism to 
hypoxemia would be to increase ventilation. 
However, during REM sleep, there is marked 
reduction of the ventilatory responses both to 
hypoxia [32,33] and hypercapnia [34,35]. This, 
therefore, permits REM hypoxemia to occur. 

12.2.2 DECREASE IN FUNCTIONAL RESIDUAL 
CAPACITY 

Functional residual capacity decreases 
during REM sleep in normal man [26]. 
Similar changes have been reported in pa
tients with COPD [14] but this study used 
surface inductive plethysmography which 
may not be accurate during sleep [36]. A 
recent preliminary report [37] which used 
horizontal body plethysmography found no 
decrease in FRC during REM sleep in pa
tients with COPD. 

12.2.3 VENTILATION/PERFUSION 
IMBALANCE 

The importance of the reported ventilation/ 
perfusion mismatch during REM sleep as a 
cause of hypoxemia in patients with COPD 
[6,7,21] is difficult to assess. The data on 
which this assumption is based depend 
largely on the existence of a steady state of 
gas transfer which does not occur during 
REM hypoxemia in COPD [22]. However, 
the marked hypoventilation which occurs 
during REM sleep must result in alterations 
in ventilation/perfusion matching. This con
clusion is supported by the fact that cardiac 
output is maintained during the hypoventi
lation, indicating changes in overall ventila
tion/perfusion matching [21,22]. However, 
current technology does not allow the rela
tive importance of V/o. matching changes 
during this unsteady state to be adequately 
assessed. 
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12.2.3 COPD COMBINED WITH THE SLEEP 
APNEA/HYPOPNEASYNDROME 

Both COPD and the sleep apnea/hypopnea 
syndrome are relatively common conditions 
[38-40]. Thus, the two conditions will coexist 
in some patients by chance alone. There is no 
doubt that the two conditions do coexist in 
some patients [41-43], but most studies per
formed in patients referred to respiratory 
clinics have not found an increased frequency 
of sleep apnea/hypopnea syndrome in pa
tients with COPD compared to the normal 
population [11-15]. However, a recent study 
from Australia has suggested that many 
patients with hypercapnic COPD have an 
increased frequency hypopneas [44], a finding 
at variance with the observations from our
selves and others in Europe and North 
America [11-15]. 

12.2.4 MECHANISMS OF HYPOXEMIA 
DURING SLEEP IN COPD: CONCLUSIONS 

Hypoventilation is the main cause of hypox
emia during REM sleep in patients with 
COPD. In addition, however, there may be 
contributions from impairment of ven
tilation/perfusion matching and possibly also 
from a reduction in functional residual capac
ity. In a small minority of patients with 
COPD, there may also be coexisting obstruc
tive sleep apnea/hypopnea syndrome. 

12.3 CONSEQUENCES OF HYPOXEMIA 
DURING SLEEP IN COPD 

REM sleep hypoxemia has significant cardio
vascular and neurophysiologic sequelae in 
patients with COPD. In addition, REM hy
poxemia may also have hematological effects 
and may contribute to nocturnal death. 

12.3.1 CARDIAC DYSRHYTHMIAS 

Patients with COPD have an increased rate of 
ventricular ectopics during sleep [45]. How-

ever, no correlation could be found between 
ventricular ectopic frequency and oxygen sat
uration in a study of 42 patients with COPD, 
except in 6 of the 20 patients in whom oxygen 
saturation fell below 80% [46]. There was a 
non-significant trend for nocturnal oxygen 
therapy to reduce nocturnal ectopic frequency 
in COPD patients [45]. There is no evidence 
that such ventricular ectopics are of clinical 
importance. 

12.3.2 HEMODYNAMICS 

Pulmonary arterial pressure rises during 
REM sleep in patients with COPD as oxy
genation falls [8,9,47]. For example in 12 pa
tients with COPD, mean pulmonary arterial 
pressure rose from 37 to 55 mmHg as the 
mean arterial oxygen tension fell from 56 to 
43 mmHg [8]. There is an inverse correlation 
between oxygen saturation and mean pul
monary arterial pressure with an average 
1 mmHg rise in pulmonary arterial pressure 
per % fall in Sao2 [47]. During these episodes 
of REM pulmonary hypertension, cardiac 
output increases little, if at all [21,22]. 

The long-term significance of these episodes 
of REM sleep pulmonary hypertension is 
unknown. However, in rats, intermittent hy
poxemia induced by breathing 12% oxygen for 
as little as 2 h each day for 4 weeks led to a 
significant increase in right ventricular mass 
[48] (Fig. 12.5). It thus seems probable that the 
intermittent REM hypoxemia seen in patients 
with COPD may have a similar effect on the 
human myocardium. Two studies have sug
gested that the short-term consequences of 
REM sleep hypoxemia on the myocardium in 
patients with COPD may be similar to those of 
maximal exercise when assessed either in 
terms of myocardial oxygen consumption [49] 
or left ventricular ejection [50]. 

Pulmonary hemodynamics have been com
pared in patients with COPD who desaturate 
at night to at least 85%, with more than 5 min 



298 Sleep 

E Mean ±sem 
~ 2·8 20 rats/group 
o ,.... 
~ 2·6 
(fJ 

(fJ 2·4 « 
:2: 
j 2·2 
w 

~ 2·0 
w 
a: 

20 

~ 15 
> a: 

<l 10 

5 

4 8 12 
Hours/Day Hypoxic 

16 20 24 

Fig. 12.5 Percentage change in right ventricular 
mass (dRV%) and changes in red cell mass in rats 
spending the number of hours per day indicated 
over a 28-day period breathing 12% oxygen. The 
two points at the four hour time point represents 
results obtained in rats spending a single 4-
hour period and rats spending 8 thirty minute 
periods per day breathing 12% oxygen, the latter to 
simulate transient sleep hypoxemia. (Data redrawn 
from Moore-Gillon and Cameron (1985) [48].) 

spent below 90%, with those patients who did 
not desaturate [51]. The desaturating patients 
had significantly higher daytime pulmonary 
arterial pressures and red cell masses than the 
non-desaturators. While the excess nocturnal 
hypoxemia may explain these findings, the de
saturator group had significantly lower 
daytime oxygen tensions which could thus 
have contributed to these hemodynamic and 
hematologic differences. 

12.3.3 POLYCYTHEMIA 

Intermittent hypoxemia in rats results in eleva
tion of red cell mass [48] (Fig. 12.5). Thus, noc
turnal desaturation in patients with COPD 
might also stimulate erythropoiesis. Morning 
erythropoietin levels have been found to be 
raised in some patients with COPD [53,54]. A 
recent report has suggested that patients 
whose oxygen saturation fall below 60% at 
night may have progressive rises in serum ery
thropoietin during the night [54] but that more 
minor degrees of hypoxemia are not associated 
with measurable elevation of erythropoietin 
levels. 

12.3.4 QUALITY OF SLEEP 

Both symptomatic enquiry [56] and objective 
assessment with polysomnography [13,56-58] 
show that patients with COPD sleep poorly 
compared to normal subjects. Although COPD 
patients frequently arouse from sleep during 
episodes of desaturation [57], the extent of 
sleep disruption appears to be at least as great 
in non-desaturating COPD patients [58]. Thus, 
it may not be the desaturation per se which 
causes the sleep disruption. Despite the subjec
tive and objective evidence of impaired sleep 
quality, there is no evidence of objective 
daytime sleepiness in patients with COPD 
when tested using the multiple sleep latency 
test [59]. 

12.4 DEATH DURING SLEEP IN COPD 

Deaths in patients with COPD occur more 
often at night than in age-matched controls, 
and nocturnal death has been reported to be 
particularly common in COPD patients who 
are hypoxemic and hypercapnic [60]. In hy
poxemic patients with COPD, nocturnal death 
is more common in those breathing air than in 
those receiving nocturnal oxygen therapy [61]. 
However, care must be taken not to equate 
nocturnal death with death during sleep. 
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12.5 CONSEQUENCES OF COPD COMBINED 
WITHSAHS 

Patients who have the combination of COPD 
and SAHS are more likely to develop pul-
monary hypertension [62], right heart failure 
[42,63] and CO2 retention [64] than patients 
with either condition alone. This seems likely 
to be due to their having two separate causes 
for nocturnal hypoxemia, and thus developing 
more severe nocturnal hypoxemia than would 
have occurred if they had had only one of 
these conditions. 

12.6 PREDICTION OF NOCTURNAL 
OXYGENATION 

It has been known for over 30 years that the 
patients with COPD who are most hypoxic 
when awake are those who become the most 
hypoxemic during sleep [3]. This has since 
been widely confirmed by others [13,65,66] 
and several equations have been derived to 
predict the extent of nocturnal hypoxemia. 
Although each is statistically significant 
[13,65,66], their clinical applicability is 
limited as there is marked scatter around the 
regression lines, especially in the most hy
poxemic patients (Fig. 12.6). Such equations, 
however, do show that the extent of noctur
nal hypoxemia is related not only to the level 
of daytime oxygenation, but also to daytime 
arterial carbon dioxide tension [65,66] and to 
the duration of REM sleep [66]. There has 
been considerable recent attention paid to 
the concept of 'nocturnal desaturators' [67], 
who have daytime arterial oxygen tensions 
of >60 mmHg but desaturate to some extent 
during sleep. Such patients have sig
nificantly lower daytime arterial oxygen ten
sions and higher arterial carbon dioxide 
tensions than those who do not desaturate 
and thus from the above regression relation
ships [13,65,66] would be expected to desat
urate more than the non-desaturators. 
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Fig. 12.6 Relationship between mean oxygen 
saturation during wakefulness and lowest noctur
nal oxygenation during sleep in 97 patients with 
severe COPD. (Data redrawn from Connaughton 
et al. (1988) [66].) 

12.7 CLINICAL VALUE OF STUDIES OF 
BREATHING AND OXYGENATION DURING 
SLEEP IN PATIENTS WITH COPD 

Overnight sleep studies could theoretically be 
of benefit in patients with COPD by detecting 
unsuspected cases of SAHS, by detecting clini
cally important excess hypoxemia during sleep 
in some patients, or by guiding selection of 
which patients might benefit from nocturnal 
oxygen therapy and/or what oxygen concen
tration such patients should inspire at night. 
These latter two roles will be discussed in 
section 12.8. 

Although no large studies have been carried 
out, there is as yet no convincing evidence that 
the prevalence of SAHS is increased in patients 
with COPD [13]. When SAHS coexists with 
COPD, the typical symptoms of SAHS [68,69] 
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are present and current evidence suggests that 
sleep studies do not yield unsuspected cases of 
SAHS [66], provided an initial sleep history 
has been taken. Thus, the symptoms of SAHS 
should be sought in all patients with COPO, 
and if major symptoms exist, a clinical sleep 
study should be performed. 

Oxygenation during sleep can be pre
dicted from arterial blood gas tensions 
measured during wakefulness [13,65,66]. 
However, all such predictions leave con
siderable unexplained residual variance, but 
it is unclear whether this variance is of clini
cal importance. It has been claimed that 
measurements of nocturnal oxygenation in 
such patients can be a useful guide to 
treatment [70]. To establish the clinical im
portance of this variability between patients 
in the extent of sleep-related hypoxemia, 
Connaughton and colleagues [66] studied the 
relationship between nocturnal oxygen satu
ration and survival in 97 patients with COPO. 
Both mean nocturnal Sao2 and the lowest 
Sao2 during sleep were significantly related to 
survival, the patients with the lowest noctur
nal oxygenation having the worst prognosis. 
However, neither nocturnal measure was a 
significantly better predictor of survival than 
the easier and cheaper measurements of 
oxygenation when awake or vital capacity 
[66]. 

These investigators also studied the signi
ficance of the scatter around the regression 
relationship between measurements of 
oxygen saturation and Peo2 when awake with 
oxygen saturation during sleep. Those pa
tients who had excess nocturnal hypoxemia -
the term used to describe those patients 
whose oxygen saturation during sleep was 
lower than that predicted from their oxygen 
saturation and arterial carbon dioxide tension 
during wakefulness - had similar survivals at 
a median of 70 months to those who became 
less hypoxemic at night relative to their 
awake oxygenation and Paeo2 (Fig. 12.7). 
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Fig. 12.7 Effect of nocturnal oxygenation on sur
vival in 66 patients with COPD indicating the sur
vival of those who were less hypoxic than 
predicted and those more hypoxic than predicted 
from the regression equation between oxygen satu
ration awake and mean nocturnal oxygen satu
ration. (Figure reproduced from [63] with 
permission.) 

Fletcher et al. [71] reported lower survival 
in 'desaturators' than non-desaturators. 
However, these groups were not matched for 
awake oxygenation which was significantly 
lower in the desaturators (67 vs 75 mmHg; 
P <0.0001). 

Thus, it seems that there is no clinical value 
in performing routine polysomnography in 
patients with COPO. The only patients with 
COPO in whom I currently perform clinical 
sleep studies are those with symptoms of 
SAHS or, occasionally, those who have cor 
pulmonale or polycythemia but whose 
daytime arterial oxygen tension is >8 kPa. In 
these situations, it is imperative to perform 
full polysomnography as overnight oximetry 
is extremely difficult to interpret [72] par
ticularly in hypoxemic patients. 



12.8 TREATMENT OF NOCTURNAL 
HYPOXEMIA IN COPD 

Oxygen therapy improves oxygenation in 
sleeping patients with COPD [9,57,73], al
though mild desaturation will occur during 
REM sleep. The only firm evidence as to which 
patients benefit from domiciliary oxygen 
therapy remains the Nocturnal Oxygen 
Therapy Trial [74] and the Medical Research 
Council study [75], both of which showed that 
home oxygen therapy prolonged life in hypox
emic patients with COPD. However, in both 
studies the patient selection and choice of in
spired oxygen concentration was entirely 
guided by daytime oxygenation. These studies 
were carried out on relatively hypoxemic pa
tients who would be expected to become 
markedly hypoxemic at night. As the period of 
oxygen administration always included the 
night, it is tempting to conclude that at least 
some of the benefit of oxygen therapy was due 
to blunting of the pulmonary arterial pressure 
rise during REM sleep [76]. 

Two recent studies have attempted to answer 
the difficult question of whether measurement 
of nocturnal oxygenation should be used to 
guide oxygen therapy [71,77]. In a multicenter 
parallel group study, nocturnal oxygen therapy 
did not help survival in 'desaturators' [71]. 
Fletcher and colleagues [77] compared survival 
and physiologic measurements in a group of 38 
patients with COPD who 'desaturated' at night. 
Unfortunately, only 16 patients completed the 3 
year protocol, and only 7 of these received noc
turnal oxygen therapy. There was no significant 
effect of nocturnal oxygen therapy on survival, 
hospitalization or hematological variables, but 
the patients who received nocturnal oxygen 
therapy had a lesser rise in pulmonary arterial 
pressure than the controls. The clinical 
significance of this observation requires further 
assessment. Certainly, my present policy is only 
to give oxygen therapy to patients with 
significant daytime hypoxemia. 
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Occasionally, patients will experience 
symptomatic carbon dioxide retention on 
nocturnal oxygen therapy, and this is often 
identified by morning headaches. This seems 
to be particularly a problem in patients with 
coexisting SAHS [73] and I do perform 
polysomnography on patients who develop 
morning headaches on oxygen. 

Some [56,73] but not all [57,78] studies have 
reported that correction of nocturnal hypox
emia improves sleep quality in patients with 
COPD. The inconsistency of this finding may 
have resulted from differing severities of 
daytime hypoxemia and also from the lack of 
familiarization nights and of randomization in 
some of the studies [57,73]. It seems probable 
that severely hypoxemic patients with COPD 
do sleep better on nocturnal oxygen therapy 
although this conclusion needs further testing. 

12.8.1 PROTRIPTYLINE 

In an uncontrolled study, Series et al. [79] re
ported that protriptyline 20 mg daily im
proved nocturnal oxygenation in COPD, 
presumably by suppressing REM sleep. 
However, all patients experienced dryness of 
the mouth and 6 of the 11 patients also com
plained of dysuria. A subsequent non
randomized non-blinded trial [80] suggested 
that protriptyline may improve daytime arte
rial oxygen and carbon dioxide tension in pa
tients with COPD, but again the side-effects 
were common causing cessation of therapy 
within 10 weeks in 4 of 14 patients. 

12.8.2 MEDROXYPROGESTERONE ACETATE 

Medroxyprogesterone acetate improved ar
terial oxygen tension and reduced arterial 
carbon dioxide tension during both wakeful
ness and non-REM sleep in 5 of 17 hyper
capnic patients with COPD [12]. However, a 
double-blind controlled trial found no such 
beneficial effect [81]. Furthermore, MPA may 
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cause troublesome side-effects including 
impotence in many patients. 

12.8.3 ALMITRlNE 

Almitrine is an investigational drug which can 
raise arterial oxygen tension in patients with 
COPD. In a randomized double-blind study, 
two weeks of almitrine 50 mg twice daily im
proved oxygenation during sleep in patients 
with COPD without altering sleep quality [82]. 
This finding was subsequently confirmed by 
others [83,84]. 

It was hoped that the combination of 
almitrine plus nocturnal oxygen therapy 
might produce greater improvements in oxy
genation and right heart pressure than the 
use of either agent alone. However, this hope 
has not been fulfilled. There was no addi
tional benefit in nocturnal oxygenation with 
the combination of the two therapies and 
there was a tendency for pulmonary arterial 
pressure to be higher in almitrine plus oxygen 
than when on oxygen alone [85]. 

In addition, neither the dosage of almitrine 
[86] nor the importance of the peripheral neu
ropathy that has been associated with its use 
has as yet been established. 

12.8.4 ACETAZOLAMIDE 

Acetazolamide improved arterial oxygen 
tension both when awake and when asleep 
in 5 patients with COPD, but it did not alter 
arterial PC02 during sleep in 2 of the pa
tients [87]. However, paresthesia, nephro
lithiasis and acidosis may limit tolerance of 
this drug. 

12.8.5 THEOPHYLLINE 

Neither oral [88] nor intravenous [89] theo
phylline has been found to improve overnight 
oxygenation in patients with COPD. 

12.8.6 NEGATIVE PRESSURE VENTILATION 

Negative pressure ventilation has been re
ported to reduce arterial carbon dioxide 
tension and increase respiratory muscle 
strength in some patients with COPD [90,91]. 
However, negative pressure ventilation results 
in increased upper airways obstruction and 
sleep disturbance [92] and thus cannot be rec
ommended in patients with COPD. 

12.8.7 INTERMITTENT POSITIVE PRESSURE 
VENTILATION BY NASAL MASK 

Nocturnal IPPV via nasal mask was originally 
developed for use in patients with kyphoscol
iosis or neuromuscular disorders [93-96]. 
However, some patients with COPD find this 
technique acceptable, and it also has the theo
retical advantage over long-term oxygen 
therapy of reducing carbon dioxide tension. 
There are relatively few data as yet available 
on the use of nasal IPPV in patients with 
COPD. Medium-term studies [95,97] suggest 
that this technique might be useful in a mi
nority of COPD patients but long-term data, 
particularly data comparing the effect on sur
vival of nasal IPPV with long-term oxygen 
therapy, is required before this promising 
technique can be widely advocated as first 
line therapy. 

12.8.8 HYPNOTICS 

Although hypnotics are often used to treat 
sleep disturbance in patients with COPD, 
they should not be used in hypercapnic pa
tients in case ventilatory responses are further 
inhibited and acute on chronic ventilatory 
failure precipitated. Benzodiazepines have 
been reported to increase sleep duration in 
some [98-100] but not all [101] studies per
formed in eucapnic patients with COPD, but 
the frequency and severity of desaturation 
may increase [98]. Thus, even in eucapnic pa
tients, hypnotics should only be used with 
great caution. 



12.8.9 ALCOHOL 

Alcohol ingestion before sleep may aggravate 
nocturnal hypoxemia [102] and ventricular 
ectopic frequency [103] in COPD patients. 
Recent evidence suggests that heavy alcohol 
consumption by COPD patients may lead to 
hypercapnic respiratory failure [44] and right 
heart failure [104] and to an increase in irregu
lar breathing during sleep [44]. These data 
require confirmation and clarification, and in 
particular, it is not clear whether any effect of 
alcohol may be due to heavy drinkers being 
overweight. However, the two studies do 
suggest that alcohol consumption should be 
discouraged in COPD patients, and this may 
particularly apply to alcohol consumption in 
the evening which has been shown to con
tribute to the development of apneas and 
hypopneas during sleep. 

12.9 TREATMENT OF COPD COMBINED 
WITHSAHS 

There is relatively little evidence about how 
best to treat patients who have both COPD 
and the sleep apnea/hypopnea syndrome. A 
non-randomized study has shown that pa
tients with both conditions improve their 
daytime arterial blood gas tensions and pul
monary arterial pressures only when their 
SAHS is adequately treated, the treatment in 
that study being tracheostomy [43] (Fig. 12.8). 
The patients who declined tracheostomy had 
no improvement in their blood gas tensions 
even though 9 of the 10 received domiciliary 
oxygen therapy. Thus, it is reasonable to con
clude that it is important to recognize coexist
ing SAHS in such patients and to treat it 
aggressively, and currently this would 
usually mean with continuous positive 
airway pressure therapy with or without 
supplemental oxygen. It is possible that 
nocturnal nasal IPPY or bilevel positive pres
sure ventilatory support might be useful 
alternatives. 
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Fig.12.8 Arterial oxygen and carbon dioxide ten
sions during the daytime in two groups of patients 
who had both COPD and the sleep apnea/hypo
pnea syndrome. In those who accepted tra
cheostomy, arterial blood gas tensions improved at 
follow-up whereas there was no such change in 
those who declined tracheostomy. (Data redrawn 
from reference [43].) 

12.10 BREATHING DURING SLEEP IN COPD: 
CONCLUSIONS 

Patients with COPD become hypoxemic 
during sleep, especially during REM sleep. 
There is no conclusive evidence that measure
ment of nocturnal hypoxemia in breathing 
patterns in individual patients provides prog
nostic information which adds significantly to 
the more simple measurement of oxygenation 
and lung function made during wakefulness. 
In small minority of COPD patients, SAHS 
may coexist and any COPD patient with a 
history suggestive of SAHS should have full 
polysomnography. Those found to have 
SAHS should be treated aggressively. 
Domiciliary oxygen therapy is the current 
treatment of choice in COPD patients who are 
hypoxemic by day and night, although the 
roles of respiratory stimulants and of noctur
nal IPPY may grow. 
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CLINICAL AND LABORATORY 
ASSESSMENT 

13 

M.G. Pearson and P.M.A. Calverley 

Although the definition of COPO in clinico
pathologic terms presents continuing dif
ficulties (Chapter 1), the identification of 
symptomatic patients is more straight
forward. The pathologic changes of inflam
mation and distortion of the small airways 
and patchy loss of the alveolar walls antedate 
the onset of symptoms, even those of mucus 
hypersecretion in regular smokers. The 
identification of these presymptomatic indi
viduals is difficult but by the time the patient 
recognizes their symptoms, there is physio
logic evidence of airflow limitation and there 
may be abnormal physical signs. However, 
these signs may be undramatic, and are not 
always present. This chapter will review the 
clinical and laboratory findings which favor a 
diagnosis of COPO, consider some of its dif
ferent clinical presentations and look at the 
practical aspects of achieving a diagnostic 
formulation on which treatment can be based. 

13.1 SYMPTOMS IN COPD 

The principal symptoms of which patients 
complain are breathlessness on exertion, 
wheeze and cough (usually with sputum) [1]. 
Of these, breathlessness is the most important 
and disabling and the one most likely to lead 
the patient to seek medical help. However, it 
is not usually the first to appear as a 
significant amount of ventilatory capacity has 
to be lost before respiratory disability is 

noticeable [2]. The clinical picture of COPO 
will vary both over time as the severity 
increases and with the ability of the patient to 
adapt to his or her limitations. Only some of 
the features below will apply to individual 
patients at anyone point in time. 

13.1.1 COUGH 

In 75% of COPO patients cough either pre
cedes the onset of breathlessness or appears 
simultaneously with it [3]. Cough productive 
of sputum occurs in up to 50% of cigarette 
smokers [3,4] and maybe present within 10 
years of starting to smoke. In COPO the 
cough is usually worse in the morning but 
seldom disturbs the patient's sleep and is 
often dismissed as a 'smokers cough' of little 
importance. Its significance was recognized in 
early attempts to define COPO [5] and the 
MRC symptom questionnaire used cough and 
sputum production as the defining charac
teristics of clinical chronic bronchitis [6]. 
However, occupational studies have shown 
that cough relates to increases in inhaled dust 
burden rather than changes in lung function 
[7], whilst most longitudinal studies in COPO 
have found no association between mortality 
and symptoms of cough and/ or sputum pro
duction [2] (Chapter 4). When cigarette 
smokers stop smoking cough diminishes or 
disappears in 94% of them [8,9] but abnor
malities in lung function persist. Thus cough 
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is a marker of the processes leading to dis
ability but does not produce disabling 
symptoms in the early stages of disease [10]. 

Whether cough in COPD is a normal phy
siologic response to increased mucus pro
duction or is itself pathologic is not known. 
Studies in asthmatic patients suggest that 
cough threshold is reduced possibly because of 
the release of airway inflammatory mediators 
[11,12] but comparable data in COPD [9] are 
lacking. Sputum production is increased in 
COPD but mucociliary clearance (as assessed 
by radio-isotope methods) is reduced [13] due 
to direct ciliotoxicity [14] and possibly 
increases in sputum viscosity. Interpretation of 
total sputum clearance is difficult without 
allowing for the variations in the frequency of 
cough. Thus Loudon and co-workers using 
objectively recorded cough counts detected an 
average of 120 coughs during 8 hours 
overnight recording compared with just 23 
coughs per night in patients being treated for 
tuberculosis [15]. However, nocturnal cough 
frequency does not appear to be increased in 
stable COPD [16]. The variability in cough 
threshold, total sputum volume and the ability 
to swallow, rather than expectorate sputum, 
between individual patients, make it hard to 
interpret sputum production objectively. None 
the less, sputum purulence is a reasonably re
liable sign of endobronchial infection which 
merits antibiotic treatment. 

When severe airflow obstruction is present, 
recurrent coughing bouts can be severe 
enough to produce 'cough syncope' [17] and 
'cough fractures' of the ribs [18]. These events 
probably share a common mechanism with 
high intrathoracic pressures being developed 
during coughing, in patients whose relatively 
long mechanical time constants prevent 
adequate pulmonary deflation before the next 
cough begins. 

13.1.2 WHEEZING 

This complaint is difficult to evaluate because 
of its intermittent nature and limitations in 

patient understanding. It is usually associated 
with wheezes audible on auscultation but this 
feature is not universal. Some patients can 
produce convincing wheeze from their larynx 
as do those with factitious asthma [19]. 
Whether this is a psychologic problem or is 
an attempt to modify expiratory airflow is 
unknown. Wheeze is not specific to COPD. It 
is due to turbulent airflow through larger 
airways narrowed from any cause, e.g. 
smooth muscle contraction, anatomic dis
tortion or the presence of excess secretion. 
Although the IPPB trial found the presence of 
wheezing to be commoner in those patients 
showing a bronchodilator response the inter
pretation of these data is difficult [20] (see 
below). We could not confirm this relation
ship in our on-going study of over 200 
patients assessed with nebulized beta 
agonists and oral corticosteroids. The pres
ence of wheezing is believed to be a pointer 
against the diagnosis of COPD but we found 
that in our series of moderate to severe pa
tients 83% reported that they wheezed on 
most days, whilst wheeze on auscultation 
was present in 66% of patients. 

13.1.3 BREATHLESSNESS 

The physiologic basis of breathlessness is 
reviewed in Chapter10.This is the symptom 
associated with the worst prognosis, greatest 
disability and largest loss of lung function 
over time [2]. In early COPD, behavior can be 
modified to limit breathlessness, e.g. not 
talking when walking, using a car for short 
journeys. The gradual increase in background 
respiratory impedance over the years makes 
detection of further acute changes harder and 
patients may alter their breathing pattern to 
minimize the sensation of breathlessness. 
Thus a greater degree of inspiratory effort can 
be tolerated for the same level of discomfort 
[21]. How rapidly this adaptive behavior 
occurs is not known but many patients pre
senting to their physicians have substantially 
reduced ventilatory capacity, often less than 



50% of predicted. By the time the FEV} has 
fallen to 30% or less predicted <equivalent to 
an FEV} of about 11) and the V02 max is less 
than 15 ml/kg/min, the patient is breathless 
on minimal exertion [22]. However, it is 
difficult to accurately grade symptoms such 
as breathlessness from simple spirometric 
percentages, as hyperinflation which devel
ops at a variable rate as FEV} declines, and 
pulmonary hypertension, especially on exer
cise, will both affect exercise tolerance. The 
wide range of breathlessness intensity per
ceived at any given level of lung function is 
illustrated by data from Wolkove and col
leagues using a 10 point Borg scale. They 
found that for any given level of lung func
tion impairment there was a range of scoring 
of 5 or more points [23]. Moreover mental 
state is a crucial determinant of the severity 
of perceived breathlessness in COPD [24]. For 
example, occupational medicolegal claimants 
have a significantly higher level of symptoms 
for each level of lung impairment than do pa
tients with no claim to support [25]. 

The terms used by patients to describe 
breathlessness vary widely. Specific clusters 
of symptoms have been reported in COPD 
and in asthma, but may be modified by local 
experience. Thus in Liverpool, men complain 
of 'blowing for tugs' when describing their 
breathlessness, meaning 'wheezing as loudly 
as a ship's horn calling for tugs to help the 
ship into its docking berth'. The degree of 
breathlessness may be recorded by relating it 
to specific tasks, e.g. shopping or climbing 
stairs or can be formally quantified using one 
of the several scales developed to assess 
breathlessness. The MRC scale is simple and 
has been extenSively used as an epidemio
logic tool. It is still a valuable means of 
describing population behavior but is too 
insensitive to detect clinically important 
changes in symptoms. Short-term assess
ments with category scales such as the Borg 
scale or with visual analog scales are helpful 
in monitoring the progress of specific symp
toms but a more global view is obtained by 
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detailed questionnaire based studies such as 
the baseline dyspnea index and transitional 
dyspnea index [26]. 

In severe COPD, orthopnea can occur 
reflecting the increased diaphragmatic activ
ity required to maintain lung volume when 
supine [27], but some patients, especially 
those with marked increases in FRC, com
plain of breathlessness worse on leaning 
forward which is relieved by lying flat [28]. 
Again this reflects particular chest wall 
configuration patterns of respiratory muscle 
activation. 

13.1.4 OTHER SYMPTOMS 

Chest pain is a common complaint in COPD 
but is not usually related to the disease itself. 
Ischemic heart disease is frequent in any popu
lation of heavy smokers and may be difficult 
to distinguish from symptoms of gastro
esophageal reflux. Acid reflux occurs in up to 
40% of COPD patients [29] presumably due to 
impairment of the pinch-cock mechanism at 
the esophageal hiatus secondary to hyper
inflation and/ or methylxanthine therapy [30]. 
COPD patients often complain of chest tight
ness during exacerbations which is not pleur
itic and for which no cause is found. Possible 
explanations include intercostal muscle is
chemia due to the increased work of respira
tion or trapped air under pressure in poorly 
ventilated peripheral areas of lung. Dull per
sistent pain especially if accompanied by in
creasing breathlessness or fixed wheezing 
raises the possibility of a central bronchial 
neoplasm whilst acute pleurisy and dyspnea 
require that pulmonary embolism, pneu
mothorax or pneumonia be urgently 
excluded. 

Ankle swelling may simply reflect im
mobility but if there is pitting edema and an 
elevated JVP, this raises the possibility of cor 
pulmonale. The difficulties associated with 
this commonly used term are reviewed in 
Chapter 11. Hemoptysis, especially if it 
occurs as streaks of blood in purulent 
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phlegm, may be due simply to airway inflam
mation [31]. However, this can never be 
assumed until bronchoscopy and a CT scan 
have excluded bronchial carcinoma or 
bronchiectasis. 

Anorexia and weight loss often occur in ad
vanced disease and are a marker of a worse 
prognosis. The cause is unclear but reduction 
in calorie intake and hypermetabolism 
have been suggested [32,33] (Chapter 21). 
Psychiatric morbidity is high in COPD 
reflecting the social isolation the disease pro
duces, its chronicity and the neurologic 
effects of hypoxemia [34,35]. Sleep quality is 
impaired in advanced disease, more so in the 
pink and puffing than the blue and bloated 
patients [36] and this may contribute to im
paired neuropsychiatric performance. Recent 
data in hypoxemic hypercapnic COPD pa
tients suggest a specific pattern of cognitive 
deterioration characterized by an impaired 
verbal memory test, well preserved visual at
tention and diffuse worsening of other func
tions. These changes cannot be explained by 
age or associated vascular dementia [37]. 

13.2 SOCIAL HISTORY 

Smoking is the principle cause of COPD in in
dustrial countries (Chapter 5) and the diagno
sis should always be made with great caution 
in non-smokers even when the history and 
physiology appear to be typical. It is useful to 
assess life time smoking habits in terms of 
pack-years; 1 pack-year being equivalent to 
smoking 20 cigarettes per day for 1 year. This 
overcomes the problems of different dura
tions and intensities of cigarette smoking but 
there is still considerable variation in the 
effects of apparently equivalent exposures on 
lung function which is illustrated in Fig. 13.1 
[38]. In general the greater the cumulative ex
posure, the worse the decline in FEVl but a 
very susceptible light smoker (1-20 pack
years) can have much worse lung function 
than a 'resistant' heavy smoker (61-80 pack
years). A similar spectrum of response is seen 
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Fig. 13.1 The 'dose-related' effects of cigarette 
smoking in a population sample expressed as the 
percentage distribution of predicted FEV} for sub
jects divided by pack-years of smoking. Figures in 
brackets refer to the number in each sample and 
solid arrows to the median FEV} values. Mean and 
median FEV} fall as cigarette consumption in
creases but the individual change is still very vari
able and spirometry can be normal despite heavy 
tobacco exposure (reproduced with permission 
from reference [38].) 

pathologically but patients can be assured 
that most smokers of 40 pack years or more 
have pathologic evidence of emphysema even 
if this is not yet affecting their pulmonary 
physiology [39]! Some of this variability pre
sumably reflects differences in puff size, ciga
rette type and the accuracy of the patient's 
own assessment of their cigarette consump-



tion but most represents the differences in 
susceptibility between individuals [40]. 

There may be additive effects from occu
pational dust or home exposures [41]. Love 
and Miller in a longitudinal study of coal 
miners reported that both smoking and years 
of dust exposure contributed to the fall in 
FEVl in a ratio of 3:1 [42]. Separating out the 
relative effects of cigarette smoke and dust 
exposure is difficult and controversial. How
ever, the UK Industrial Injuries Advisory 
Committee has recently concluded that coal 
miners with radiographic pneumoconiosis 
and airflow limitation should be com
pensated by the State for the airflow limita
tion irrespective of whether or not they have 
smoked cigarettes. 

13.3 PHYSICAL SIGNS IN COPO 

Unlike other respiratory diseases the most 
useful physical signs in COPD are those 
obtained by careful inspection rather than 
palpation or auscultation. They are qualita
tive rather than quantitative and support a 
diagnosis made from the history and inves
tigations rather than being specific in their 
own right. 

Many patients are distressed by minimal 
exertion and may appear tachypneic at rest. 
'Nicotine-stained' fingers (a common mis
nomer since it is tar that stains) may bely the 
stated smoking habits while definite central 
cyanosis indicates significant hypoxemia. 
However, the assessment of cyanosis may be 
influenced by the background lighting and 
secondary polycythemia (Chapter 20). 
Overall nutrition, especially muscle mass, 
may be reduced whilst finger clubbing sug
gests bronchiectasis or a pulmonary tumour. 

It is important to observe the breathing 
pattern. Symptomatic patients will often have 
a prolonged expiratory phase and some will 
purse their lips in expiration. Patients adopt
ing pursed lip breathing at rest usually have a 
severely reduced FEVv and pulmonary 
hyperinflation, i.e. an increase in resting FRC, 
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but the physiologic basis of this sign is still 
obscure. Lip pursing may reduce expiratory 
airway collapse or slow the breathing fre
quency [43]. Pursed lip breathing when 
taught to patients as part of respiratory 
rehabilitation (Chapter 21) is reported to 
improve oxygenation [44]. Use of the access
ory muscles, principally the sternomastoids, 
at rest suggests advanced disease and/or a 
clinical exacerbation. When the patient leans 
forward and supports themself on a chair or 
handrail this fixes the shoulder girdle and 
allows the muscles such as the pectorals and 
latissimus dorsi to be used for increased rib 
cage movement [45,46]. Breathing frequency 
is usually more than 16/min even when 
rested and becomes rapid and shallow with 
exertion. Some patients can develop 'respira
tory alternans' when they breathe alternately 
with predominantly rib cage and then 
predominantly diaphragmatic (abdominal) 
movements. This is best documented in 
normal subjects during external-resistive 
breathing but may be seen in patients in the 
intensive care unit [47,48]. 

Patients with advanced COPD develop 
progressive hyperinflation with an increased 
AP chest diameter but the stage in the natural 
history when this change starts is not well 
defined. Several mechanical consequences 
follow from these changes in lung volume. 
The ribs become more horizontal and since 
the tracheal position is fixed by the medi
astinum there appears to be a shortening of 
the trachea, i.e. the distance between the 
cricoid cartilage and xiphisternal notch is less 
than three finger breadths, often less than 
one. Moreover the trachea appears to descend 
with each inspiration. The diaphragm 
becomes more horizontal and acts to pull in 
the lower ribs during inspiration - Hoover's 
sign (Chapter 9). This is associated with a 
widened xiphisternal angle and apparent 
abdominal protuberance as the abdominal 
contents are displaced forwards. Some 
patients may be alarmed by this apparent 
'weight gain' until it is explained to them. As 
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the diaphragm descends the liver is displaced 
and may be palpable below the costal margin. 

Low frequency vesicular breath sounds are 
thought to originate from turbulent flow in 
the central airways attenuated by passage 
through the natural filters of the lung and 
chest wall [49]. These sounds are typically 
reduced in intensity in COPD producing the 
'silent' chest found in advanced disease. This 
has been related to regional changes in venti
lation and perfusion [50]. Recent observations 
suggest that breath sound intensity can be re
producibly recorded and when airflow is 
standardized there is no significant difference 
between COPO patients and observations in 
normal subjects [51]. Wheezes are often 
present but their clinical significance has not 
been systematically studied [52]. Similarly a 
few scanty crackles may be heard but can 
usually be easily distinguished from the 
coarse crackles of bronchiectasis and the per
sistent late inspiratory fine crackles of fibrosis 
or left heart failure. 

Cardiovascular examination may reveal 
pitting edema, tricuspid regurgitation or ele
vation of the jugular venous pressure all of 
which point to pulmonary hypertension. 
Although assessment of the jugular venous 
pressure can be difficult in patients with 
prominent accessory muscle activity, it 
remains one of the best clinical signs of right 
ventricular overload. When these signs are 
present, patients should be assessed with 
blood gases as potential candidates for long
term oxygen therapy (Chapter 20). 

13.4 CLINICAL SIGNIFICANCE OF 
SYMPTOMS AND SIGNS 

Attempts to identify COPD patients on the 
basis of symptoms and signs alone have been 
disappointing. In a study examining the 
specificity of a range of markers of COPD, in
dependent observers picked out a heavy 
smoking history and those already with a di
agnosis of COPD, and the only additional 
diagnostic information came from the reduc-

tion in the intensity of breath sounds [53]. In a 
similar exercise Bohadana and colleagues 
found breath sound intensity during aus
cultation to be related to the FEVt and the 
specific airways conductance [54]. Both 
studies show the considerable variation in the 
criteria adopted for diagnosis even in skilled 
hands. When the diagnosis has been made, 
symptoms and signs have been suggested as 
potential predictors of response to bron
chodilator therapy. Wardman and colleagues 
described a six-item combination with some 
predictive value but the work has not been 
replicated [55]. In our own study of 211 
patients we could not identify any symptom 
or sign, either singly or in combination, that 
could predict the response to either bron
chodilators or oral corticosteroids in the short 
or long term. 

13.5 CLINICAL PRESENTATION 

Patients reach their doctors by a variety of 
routes. Although some may be identified 
when relatively asymptomatic by abnormal 
spirometry in a health screening program, 
most accept their cough and reduced exercise 
tolerance as part of being a smoker and have 
relatively advanced disease by the time they 
first seek attention. Since the lung damage 
takes time to develop, most patients are in 
their sixth decade or older at first presenta
tion. In our own study of 211 COPO patients 
we found that although all complained of 
breathlessness and had spirometric airflow 
obstruction (FEVt/FVC <60%t only 82% 
admitted to wheezing and 73% to having a 
cough. In spite of an average smoking history 
of 37 pack-years, only 64% fulfilled the MRC 
definition of chronic bronchitis which may in 
part reflect the fact that only 33% were still 
smoking by the time they presented to hos
pital for assessment. Patients described how 
their wheeze or their cough was worst at spe
cific times of day but there was no discernible 
pattern to this and nor did it have bearing on 
their later response to bronchodilators or to 



an oral steroid trial [56]. Thus symptoms and 
history can suggest the diagnosis of COPD 
but cannot define either treatment or 
prognosis. 

Whilst this is the usual pattern of patients 
seen in hospital outpatient clinics, two less 
common variants are worth noting. The first 
is patients with advanced disease confirmed 
by markedly impaired spirometry who insist 
that they were fully active until the time of 
a relatively recent intercurrent infection. 
It seems likely that such patients have been 
compensating well for their increasing 
airflow limitation until a final, relatively 
trivial, rise in respiratory impedance has been 
enough to provoke a host of symptoms. How 
many of these changes are psychologic or 
physiologic is not clear. Second, some 
patients present with fluid retention, persist
ent hypoxemic hypercapnia and relatively 
well preserved nutrition. The relationship of 
this presentation to abnormal ventilatory 
control, respiratory muscle function and the 
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pulmonary circulation have already been 
touched on elsewhere (Chapters 9, 10, 11). 
Table 13.1 lists some typical features found in 
these patients, although the frequency of this 
particular presentation appears to be declin
ing. None the less they are important to iden
tify as their mortality rate is approximately 
twice that of 'pink and puffing' patients with 
equivalent degrees of airflow obstruction [57]. 

13.6 MEASUREMENTS 

13.6.1 DIAGNOSTIC IMAGING 

This topic is considered elsewhere (Chapter 
14). Good quality postero-anterior and lateral 
chest radiographs are essential in order to 
exclude other diagnoses, e.g. bronchial 
tumour, pneumothorax and possibly 
bronchiectasis. Large emphysematous bullae 
may be identified which if they occupy more 
than one-third of the hemithorax on a plain 
radiograph should be considered for surgical 

Table 13.1 Clinical and physiologic features of 'pink and puffing' and 'blue and bloated' patients 

Synonym 

Clinical 

Gas exchange 
Kco 
Pao2 resting 
Paco2 resting 
Pao2 exercise 

Total lung capacity 
Static lung compliance 
Pulmonary artery pressure 
Red cell mass 

'Pink and puffing' 

Type A 

Dyspneic at rest 
Thin 
Hyperinflated 

Low/normal 
>60mmHg 
<50mmHg 
Reduced 

Moderate increase 
Normal/high 
Normal 
Normal-low 

'Blue and bloated' 

TypeB 

Less dyspneic 
Obese 
Edematous 

Normal 
<60mmHg 
>50 mmHg, usually 
Variable 

Small increase 
Normal 
Modest elevation 
High 

These represent extreme ends of a spectrum of disease with many patients lying between these extremes. In general, 
clinic spirometry is equally disturbed in both groups whilst argument persists about the amount of macroscopic 
emphysema present within their lungs. Classically this is more obvious in the 'pink and puffing' patients but not all 
studies support this view. 
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resection (Chapter 22). A standard CT scan is 
of limited value, providing qualitative rather 
than quantitative information. Measurements 
of CT lung density have been correlated with 
the severity of emphysema but this and MRI 
scanning are still primarily of research inter
est [58]. Ventilation-perfusion scanning can 
be difficult to interpret in patients with severe 
airflow obstruction and can lead to an erro
neous diagnosis of pulmonary embolism. 

13.6.2 PHYSIOLOGIC ASSESSMENT 

The cardinal feature of COPD is obstruction 
to forced expiratory airflow [59,60] (Chapter 
7). The degree of airflow obstruction cannot 
be predicted from the symptoms or signs and 
can only be quantified by making measure
ments. Even in asthma nearly 30% of non
respiratory specialist physicians fail to 
measure the changing lung function [61] and 
a similar pattern was observed when phy
sicians were asked to evaluate a hypothetical 
COPD case history [62]. This may reflect 
custom but it is also true that some clinicians 
find it difficult to relate undergraduate res
piratory physiology to the practical tests 
presently available. In this section we will 
consider what these tests are, how they 
should be performed and what abnormalities 
are likely in COPD. 

The earliest changes in COPD affect the 
alveolar walls and small airways and the 
increased peripheral airways resistance may 
precede detectable change in the static 
volume pressure curve of the lung (Chapter 
2). A variety of specialized physiologic tests 
devised to study these early changes are 
discussed fully elsewhere (Chapter 7). 
However, these tests are difficult to perform, 
have high coefficients of variation and are 
only really valid when elastic recoil is normal 
and there is no proximal airway limitation, 
conditions that are seldom met even in mild 
COPD. 

As the disease progresses, spirometric 
values begin to fall and end expiratory 

volumes begin to rise. The work required of 
the inspiratory muscles increases and breath
ing pattern changes, attempting to minimize 
respiratory discomfort. The reduced alveolar 
surface area is reflected in a reduced DLCO, 
and changes in the pulmonary circulation 
coupled with ventilation-perfusion mis
matching lead to hypoxia. Finally in very 
severe disease the combination of ventila
tion-perfusion mismatching, circulatory 
changes and compromised musculature leads 
to hypercapnia and sometimes cor pul
monale. 

Thus as the disease progresses the number 
of physiologic tests showing abnormality 
rises but no single variable can characterize 
the whole process. An approximate relation
ship between the clinical presentation and the 
physiologic abnormality is shown in Table 
13.2 whilst the most commonly reported 
indices, their physiologic basis and their 
derangement in COPD are summarized in 
Tables 13.3 and 13.4. 

(a) 'Dynamic' or spirometric tests 

Volumetric spirometers record volume by 
displacement and derive flow by differentia
tion of the volume-time record. Since volume 
is recorded directly as the primary measure
ment, the accuracy of the volume is high and 
the device can never overestimate. The dis
advantage of volume-based spiro meters is a 
small resistance that has to be overcome in 
order to move the recording apparatus. Thus 
there are subtle but predictable differences 
between flow-volume loops generated on 
such machines as compared to the flow-based 
devices [63]. Clinically the differences are too 
small to be important. The flow-based 
spiro meters (pneumotachographs, turbine 
spirometers and others) record pressure 
changes with time, assume that the relation
ship between pressure and flow is linear and 
then integrate the flow-time signal to obtain 
volume. The accuracy of these devices has 
been greatly improved by computers which 
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Table 13.2 Schematic relationship between disease progression, symptoms and physiologic test results 

Clinical state 

Stage 1 

No symptoms 
No abnormal signs 

Stage 2 
'Smokers' cough' but no breathlessness 
No abnormal signs 

Stage 3 
Breathlessness (± wheeze) on exertion, 
cough (± sputum) and some abnormal 
signs 

Stage 4 
Breathless on minimal exertion. Wheeze 
and cough prominent 
Clinical evidence of hyperinflation usual 
plus cyanosis and polycythemia in some 

can correct for the non-linearity between 
pressure and flow which is most marked at 
low flows. There is one important caveat. 
They require more care in calibration and can 
be wrongly calibrated to yield either falsely 
low or high results. 

The first major attempt to standardize 
spirometry came with the American Thoracic 
Society's 'Snowbird' workshop which pro
duced technical guidelines that spirometers 
should meet [64] and also made recom
mendations about how to perform the test. 
These were revised by the ATS in 1987 [65] and 
1991 [66,74] and it is to these standards that 
most equipment manufacturers are producing 
spirometers. Separately, European guidelines 
on lung function were produced in 1983 [67] 

Results of measurements 

Abnormalities reported on specialized 
tests, e.g. frequency dependence of 
compliance, closing volume and 
N2 slope increased, volume of 
helium iso-flow increased, elastic 
recoil reduced 
Of limited value for practical patient 
management 

Abnormalities as in stage 1 plus small 
reductions in FEVv FEVdVC ratio 
and other indices of expiratory airflow 

Reduction in FEV 1 often to less than 
50% predicted. 
Variable increases in FRC 
Reductions in DLCO 
Some patients hypoxemic 
but normocapnic 

Severe airflow limitation (FEV 1 <30% 
predicted) 
Marked hyperinflation (RV and FRC) 
Wide range of DLCO 
Reduced maximum inspiratory pressures 
Hypoxia usual and hypercapnia in some 

and revised in 1993 [68]. Good quality spiro
metry depends more upon the care and train
ing of the supervising technicians than on any 
differences between equipment [69]. 

It is important to inspect the volume-time 
tracings and ensure: 

• that there are at least three technically 
satisfactory readings 

• that there is a smooth expiratory trace 
without irregularities that suggest either 
variable submaximal effort or coughing 

• that a least two recordings are within 
100 ml or 5% of the other, and 

• that a volume plateau has been reached. 
This can take 15 or more seconds in severe 
COPD 
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Representative traces are shown in Fig. 13.2 
The greatest errors arise from submaximal 

efforts, and are not likely to be detected 
unless the actual traces are checked [69] 
(Fig. 13.2). The PVC can be significantly 
underestimated if a full expiration is not per
formed [70,71]. Both the ATS and European 
standards advocate that vital capacity should 
be measured either from a relaxed expiration 
or from an inspiratory maneuver whenever 
possible. If this is not possible, the physician 
should be aware that the forced maneuver is 
a potential underestimate. Recent work sug
gests that the ATS criteria should be modified 
so that a maximum expiratory effort is made 
in the first part of the maneuver and then a 
'relaxed' expiration be encouraged when 
expiratory airflow falls to less than 200 mll s 
[71]. Further modifications of the testing crite
ria suitable for COPD are likely in the coming 

4.0 

3.5 a 
S 3.0 
Q) 

E 2.5 b :::l 
0 
~ 2.0 
0 
~ 1.5 
.Ci. .n 1.0 

0.5 

Fig.13.2 A volume/time plot of a forced expira
tory maneuver on a typical display which only 
shows 6 seconds on the X axis. a, Health with FEV} 
2.7 I and FVC 3.6 I - the curve plateaus at 3.5 
seconds. b, A good sustained expiratory effort in 
COPD with an FEV} of 1.2 1. A further 0.45 I have 
been expired after 6 seconds to make a total FVC of 
2.7 1. c, Good initial effort in the same patient to 
give an FEV} of 1.151 but stopping expiration at 1.5 
seconds means no FVC can be recorded. d, In the 
same COPD patient showing a poor effort, not sus
tained for even 6 seconds, resulting in falsely low 
volumes. To be acceptable, curves must be smooth 
and convex upwards throughout. 

years as large multicenter studies based on 
FEV! measurements such as the Lung Health 
Study, Euroscop and ISOLDE all begin to 
report their data [72]. This may create prob
lems for those who use computerized record
ing systems which set end of test criteria 
based on the 1987 ATS recommendations. 

The most recent guidelines [66,68] recom
mend that the best FEVl and best PVC should 
be reported from at least three acceptable 
tracings even if the values do not come from 
the same expiratory effort. However, com
puterized systems utilizing data from the 
flow-volume loop usually report the FEVl 

and PVC from the best loop (defined as the 
loop with the largest sum of FEVl and PVC). 

Individual values can be interpreted by 
comparison with a predicted value based on 
the subject's age, sex, height and race. Thus 
for example, Negroes have lung volumes that 
are 13% less than Caucasians with Asians 
being an intermediate range. European lab
oratories usually use the European Com
munity Coal and Steel values (ECCS) [73] 
now revised [65]. In North America each lab
oratory is encouraged to establish its own ref
erence range. Using different published US 
equations can result in a 10% difference in the 
predicted value and hence a 10% variability 
in spirometry expressed as percent predicted 
[74,75]. 

For FEV 1 and PVC the lower limit of 
normal equates to about 80% of the predicted 
value. However, the standard deviation from 
the predicted equation is the same for all ages 
and sizes and is not proportional to the FEV 1 

or FVC. This has led to the suggestion that 
results be expressed as the number of 'resid
ual standard deviations' below the normal 
value [76]. Although this concept is statisti
cally sound, it is uncertain whether clinicians 
will adopt it widely. 

Although spirometry is recorded from a 
forced expiratory maneuver, the results 
obtained are largely independent of the effort 
used because the determining factors in the 
size of the FEVl are the dynamic cross-



sectional area of the flow limiting segments 
within the airways. These flow limiting seg
ments change during expiration with chang
ing lung volume, elastic recoil pressure and 
the extent of airway disease. Thus the FEV1 is 
in effect a proxy measurement of overall 
airway narrowing (Chapter 7) and hence has 
proved to be the most robust general marker 
of pathology and prognosis in COPD. 
Alternatively, results may be interpreted in 
terms of the FEV1 alone (e.g. as percent pre
dicted) to indicate how advanced the disease 
is, and by repeating observations over time to 
assess progress. A rapid decline in FEV1 

indicates a worse prognosis. 
Spirometry before and after broncho

dilators may yield clinically useful informa
tion about potential treatment (see later) 
whilst the FEV 1 can be used to predict the 
potential peak exercise ventilation. The con
ventional equation of FEV 1 x 35 probably un
derestimates peak voluntary ventilation at 
least in moderate COPD [77] and a better 
alternative is (1S.9 x FEV1) + 19.7 lImin [7S]. 
Finally FEV 1 can be used as a guide to poten
tial disability assessment as seen in Table 
13.5a. It has also been related to symptom 
intensity although the level of symptoms 
associated with a particular degree of lung 
function is always higher in patients involved 
in medicolegal claims (Table 13.5b) [79]. 

(b) Tests of flow in relation to volume 

The graphic display of flow and volume pro
vides a complementary approach to the usual 
volume-time plot and adds some information 
about lung mechanics in COPD especially 
when the tidal volume loop is considered in 
relation to the maximum flow volume 
envelope. The configuration of this latter may 
suggest significant effort independent of 
expiratory airflow limitation even during 
tidal breathing. Figure 13.3 shows the flow 
volume loop in severe COPD illustrating the 
airway collapse which begins after the first 
200-300 ml have been expelled from the 
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Table 13.5a Disability and lung function 

Obstructive abnormality: The FEVdVC ratio must 
be below the normal range 

FEV1 expressed as % predicted 

Maybe a 
physiological variant 

Mild 
Moderate 
Moderately severe 
Severe 
Very severe 

Date modified from reference [741. 

Table 13.5b 

>101 

70-100 
60-69 
50-59 
35-49 
<35 

MeanFEV1 Dyspnea grade 

3.2 
2.4 
1.8 
1.2 
0.75 

% predicted 

95 
62 
45 
35 

Data modified from reference [791. 

( 0-4) 

o 
1 
2 
3 
4 

trachea and upper airway and continues 
throughout expiration. Quiet, non-forced 
breathing may result in better flows. A 
number of measurements have been made 
from the flow volume curve including FEF5o, 
FEF75 and FEF75-85. All have problems of re
producibility such that values must fall to 
below 50% of predicted to be outside the 
normal range. The flows in the latter part of 
the expiratory curve were thought to be an in
dicator of small airway function, but at least 
one long-term study has shown that all the 
clinically useful information resides in the 
FEV} and the FVC [SO]. 

There are technical reasons why flow meas
urements made at iso-volume are so variable. 
Volume calculated from flow at the mouth 
makes no allowance for the effect of thoracic 
gas compression during expiration. Hence 
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there are small, but systematic, differences 
between tests performed on a spirometer and 
those recorded with a body plethysmograph. 
More importantly, if the FVC changes 
between two tests, after an intervention (e.g. 
bronchodilator) or because of too short a 
forced expiratory time, then the reported flow 
indices will have been derived at different ab-
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Fig. 13_3 (a) Flow-volume loop in severe COPD 
showing a relatively preserved PEF followed by a 
rapid diminution in flow as airways collapse. 
Inspiratory flows better preserved. Flow during 
tidal breathing (low effort) exceeds that during 
forced expiration. (b) Expiratory flow volume 
curve before (-) and after (---) bronchodilator. 
TLC has been assumed constant for the purpose of 
illustration. Changed PVC leads to flow measure
ments being made at different absolute lung 
volumes. 

solute lung volumes. They will not therefore 
be strictly comparable since each relates to a 
different set of mechanical and geometric 
factors (Fig. 13.3b). 

(i) Peak expiratory flow 

This can be read from the flow-volume loop 
or measured independently with a hand-held 
peak flow meter. These use a linear scale but 
the instruments are not in fact linear with 
respect to flow [82] and so not directly com
parable to data from plethysmography. The 
value of these instruments lies in the ease 
with which repeated measurements can be 
made at horne. Although the importance of 
diurnal variability as a reliable defining char
acteristic in asthma is now well established 
[83-85], the same is not necessarily true in 
COPD. Most patients show little daily change 
in PEF but caution should be exercised in in
terpreting the absolute levels of PEF with the 
FEV1. During the first part of expiration air is 
rapidly expelled from the trachea and main 
airways before more distal airway collapse 
limits further increases in expiratory flow. 
Thus the initial PEF may markedly over
estimate the FEV1. Single measurements of 
PEF are very variable and changes of 
60 lImin are within the natural variability of 
the measurement [86]. Although serial PEF 
values can give information similar to the 
FEV1 [87] the PEF is not a sensitive measure 
for detecting the small treatment changes 
typical in COPD, and an isolated PEF record
ing is a poor alternative to spirometry in the 
diagnosis of COPD. 

(c) 'Static tests of lung mechanics 

(i) Lung volumes 

The determinants of TLC, RV and FRC are 
given in Table 13.4. These measures indicate 
the severity of hyperinflation, i.e. the pro
gressive rise in FRC, usually accompanied by 
increases in RV due to loss of pulmonary 



elastic recoil and airway collapse. In addition 
a dynamic component due to breathing 
pattern is now recognized (Chapter 7). This 
latter is particularly important during exer
cise and is not readily predictable from data 
obtained during tidal breathing. Hyper
inflation is a major determinant of symptoms 
such as breathlessness as it increases the 
elastic work of breathing and reduces inspira
tory capacity. Several methods have been 
developed to assess lung volume: 

1. Helium dilution during rebreathing - this 
is long established and widely available, 
but in COPD poorly ventilated areas of 
lung (including bullae) do not have time 
to equilibrate properly with the inspired 
helium and so the measured total lung 
volume is an underestimate of the true 
value. 

2. Helium dilution during a single breath -
this is calculated during the measurement 
of DLCO (see below) but is even more 
subject to underestimates than the above. 

3. Body plethysmography - this relies on the 
accurate measurement of small fluc
tuations in mouth and box pressure 
during gentle panting against a closed 
shutter and uses Boyle's Law to calculate 
lung volumes. It measures all trapped air 
within the thorax including that in poorly 
ventilated areas and usually produces 
higher readings than helium dilution 
testing. However, artefacts due to delayed 
equilibration of pressure between the 
alveoli and the mouth will accentuate any 
trend to overestimation [88]. The panting 
frequency adopted can increase these 
effects [89] as can the 'shunt compliance' 
of the upper airways. This latter problem 
can be reduced by supporting the cheeks 
with both hands [90]. 

4. X-ray planimetry. This apparently cheap 
means of deriving lung volume data from 
routine radiographs has now been quan
tified and computerized [91]. However, to 
obtain accurate data requires careful stan-
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dardization of both the radiographic 
maneuver and the subsequent X-ray 
measurements. There are reports that the 
values obtained are valid [92] but we 
found in COPD and normal subjects wide 
discrepancies with both helium dilution 
and body box results. In individuals the 
95% confidence intervals were up to 2 1 
either way [93]. 

The demonstration of changes in FRC, 
residual volumes and possibly TLC add 
support to the diagnosis of COPD and may 
help to explain why a patient is particularly 
symptomatic with apparently modest spiro
metric limitation. Changes in lung volumes 
after bronchodilators provide an alternative 
means of assessing response [94,95] but are 
more time consuming than routine spirome
try. A potential refinement of this approach 
has been to seek changes in 'trapped gas 
volume', i.e. the difference between the lung 
volumes measured by plethysmography and 
helium dilution methods [96]. This corre
sponds to the 'slow ventilating' compartment 
described by physiologists in the 1950s and 
1960s. Changes in 'trapped gas volume' were 
claimed to be an indicator of response to 
bronchodilator and to relate to performance. 
However, the initial report has never been 
replicated and methodologic problems and 
the difficulty of subtracting one inherently 
variable number from another make its 
routine use undesirable [97]. 

(ii) Maximum respiratory pressure generation 

The measurement of maximum inspiratory 
and expiratory pressures is gaining in popu
larity as an end-point in respiratory rehabili
tation programmes (Chapter 21). Normal 
values have been defined [98] but these 
measurements are still not routinely avail
able in many laboratories. Their physiologic 
basis is discussed fully elsewhere (Chapter 
9). The test equipment is now relatively 
inexpensive but several practical issues 
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should be considered. Care is needed to 
ensure the patient seals their lips around the 
mouth piece and some practice is required to 
obtain reproducible results. Maximum 
efforts are normally reached within five at
tempts but the patient soon tires if the test is 
prolonged beyond this. The development of 
simple more portable instruments may make 
mouth pressure assessment more clinically 
valuable [99]. 

13.6.3 BRONCHODILATOR REVERSIBILITY 
TESTING 

Reversibility can be defined as an improve
ment in an index of airflow obstruction 
and/ or relevant functional variable in re
sponse to an active treatment which is greater 
than that likely to have occurred by chance. 
The assessment of reversibility is recognized 
as being an essential part of the management 
of COPD [59]. Despite this, there is little 
agreement about which test should be used, 
what doses and types of drug to use and 
what a positive result signifies [101]. 
Reversibility can be assessed in terms of 
changes in symptoms (e.g. breathlessness) or 
exercise performance (e.g. self-paced walking 
tests) but is usually done using either FEV} or 
PEF. Several factors can determine the 
outcome of reversibility testing. 

(a) Limitations of the measurement 

The coefficient of variation for FEV} is re
ported to be less than 5% in normal subjects 
[102]. In fact the variability is independent of 
baseline FEV} and of similar absolute size 
whatever the FEV}. Tweedale, Alexander and 
McHardy [102] found that the standard devi
ation of repeated measurements on the same 
day was 102 ml. This means that only if a 
change in FEV} exceeds 170 ml can it be con
sidered to have arisen other than by chance. 
Both the ATS [65] and European guidelines 
[68] recommend that changes should only be 

considered significant if they exceed an 
absolute volume of 200 ml. Our own data 
strongly support this [103,104]. 

(b) Response criteria 

The commonest approach in the past has 
been to define a response in terms of the per
centage change from the initial value, e.g. a 
rise of 15%. However, in subjects with a low 
FEV} a 20% rise may still be within the range 
of spontaneous variability due to the meas
urement. To overcome this the ERS recom
mended that a response be defined as an 
increase in FEVl1 greater than both 15% of 
baseline and 200 ml [68], an approach 
adopted in some physiologic studies 
[103,105]. The ATS suggest a significant 
change of both 200 ml and a 12% change in 
FEV} as a percent of the predicted normal 
value [65]. A third approach is to express the 
change as a percentage of the potential poss
ible change, i.e. (predicted-baseline) [86]. 
For most patients the differences in 
approach are relatively unimportant [104] 
but need to be clearly stated before compar
ing data. 

(c) Change in baseline airway caliber 

If on the test day, a patient has a relatively 
high level of airway smooth muscle tone and 
hence a low FEV1, there is a greater chance of 
a 200 ml plus change in FEV 1 occurring than 
on another day when resting tone happens to 
be lower and the initial FEV} higher. Thus 
about one-third of those who are graded 
responders on day 1 may be classed as non
responders on day 2 and vice versa [20]. 
Differences in drug deposition due to altered 
airway caliber may contribute to this vari
ability [106]. It is possible that use of the post
bronchodilator FEV} to monitor progress will 
remove any confounding effects of varying 
airway smooth muscle tone and allow 
more accurate monitoring of long-term 
deterioration in lung function. 



(d) Choice of drug and dosage 

A small dose of bronchodilator from a metered 
dose inhaler will cause fewer subjects to have a 
significant response than would repeated 
doses from the MOl or a larger dose by nebu
lizer [107]. Adding a second drug will further 
increase the FEV1 and response rate of some 
patients [108]. Given the uncertainties above it 
is difficult to make definitive statements about 
the relative efficacy of ,8-agonist and anti
cholinergic agents [104]. The balance of the 
evidence suggests that ipratropium is more 
likely to elicit a bronchodilator response than 
salbutamol (Chapter 17). ,8-Agonists have the 
advantage of a quicker onset of action (15 min 
vs 45 min), leading to a shorter test time. 
However, which single drug or combination 
should be used remains unclear because there 
are few data relating laboratory tests to treat
ment outcome. 

(i) Corticosteroids 

The role of corticosteroids in acute and stable 
disease is reviewed in Chapter 18. 

Many clinicians give a short course of oral 
steroids, in addition to the short acting bron
chodilator tests, to identify potential steroid 
responsive COPO patients. The commonest 
dosages used in studies have been 30 mg pred
nisolone or 0.6 mg/kg/ day and the common
est trial period is two weeks. All the problems 
of defining a response described above apply 
to oral steroid trials but there are no published 
studies of reproducibility. Our own data using 
30 mg prednisolone for 2 weeks and defining a 
response as a 200 ml or greater rise in FEVv 
showed that 44/211 consecutive referrals were 
oral steroid responsive (21%). All but three 
also responded to bronchodilators. We were 
unable to identify either singly or in combina
tion any part of clinical history, examination or 
laboratory tests that would predict the re
sponse and avoid the need for trial of steroids. 

The time before a response to oral pred
nisolone occurs has not been examined in 
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COPO but Weir et al. suggested that 6 weeks 
was required before a response could be 
expected if inhaled corticosteroids were used 
[109] although their studies did use a mixture 
of end-points involving changes in FEVv PVC 
and PEF [110]. Patients with a positive 
response to ,8-agonists whether from a 
metered dose inhaler [111] or a nebulizer [56], 
are more likely to subsequently respond to 
oral prednisolone. Nebulized anticholinergic 
drugs can identify a few additional cases 
[104]. In our series a small number of steroid 
responsive patients were not identified 
whichever bronchodilator was used, but the 
improvement in FEV1 after oral cortico
steroids in this group was small, normally 
being less than 250 ml. A response to oral 
steroids could not be predicted from the 
appearance of the flow-volume loop, lung 
volumes, OLCO or atopic status [112]. In one 
placebo-controlled study inhaled beclometha
sone produced small but significant improve
ments in lung function (LlFEV1 48mD which 
were not increased further by oral pred
nisolone [113]. These beneficial effects of 
corticosteroids in COPO are supported by at 
least one meta-analysis [114]. 

(e) Clinical significance 

The usual hope is that acute bronchodilator 
trials will identify patients likely to have a 
reduction in symptoms and improvement in 
exercise tolerance after treatment. However, 
this is not the case, at least in severe COPO 
(Chapter 17). Hay et al. showed that 80 JLg of 
oxitropium bromide increased exercise 
tolerance and reduced symptoms by approxi
mately 13% in 32 patients with stable COPO 
[103]. Responses were similar whether or not 
patients had been shown beforehand to be 
reversible to bronchodilator. Berger and 
Smith showed similar changes in self-paced 
walking distance after orciprenaline in 
patients with fixed airflow obstruction [115] 
whilst both Corris et al. [116] and Spence et al. 
[117] found similar functional improvements 
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even in patients unresponsive to oral cortico
steroids. Thus acute bronchodilator testing 
using spirometry is not an appropriate way of 
selecting patients likely to have a symp
tomatic response [118]. Whether other tests or 
spirometric criteria would be more sensitive/ 
specific has not been systematically examined 
but our own data are not encouraging. 

However, there are potential benefits in 
establishing the reversibility status. Oata from 
the IPPB study suggested that those patients 
with the least bronchodilator response were 
most likely to lose lung function rapidly over 
time even allowing for other risk factors [57] a 
finding supported by data from Holland 
[119]. We have found that patients with a pos
itive corticosteroid trial have a more favor
able prognosis over 5 years even allowing for 
age and cigarette consumption than those 
who do not [120]. Improvement in lung func
tion over time was greater in the group of 
patients treated with inhaled steroids but 
greatest in those who had already demon
strated a response to oral corticosteroids. 

13.6.4 GAS TRANSFER FACTOR 

The diffusing capacity for carbon monoxide is 
a measure of the passive transfer of gas across 
the alveolar membrane and into the blood. Its 
size reflects the alveolar surface area but 
changes in the blood component must not be 
overlooked. Thus an increase in pulmonary 
capillary blood volume, e.g. during pul
monary edema, an increased pulmonary 
blood flow, e.g. on exercise or with a left to 
right cardiac shunt or a raised hemoglobin, 
e.g. polycythemia will lead to higher values. 
Conversely, anemia or a high carboxyhemo
globin level will depress the measured 
OLCO. 

At present there are several different 
methods by which this measurement can be 
made, each yielding rather different answers 
in COPO patients. The method described by 
Ogilvie and colleagues in 1957 recorded the 
rate of carbon monoxide uptake during a 10-

second breath-hold and related this to the 
alveolar volume derived by adding the 
inspired volume to the residual volume meas
ured in a separate helium dilution test [121]. 
More widely used is the single breath 
modification suggested by Mitchell and 
RenzeUi who used helium dilution during the 
single breath maneuver to calculate alveolar 
volume [122]. This will underestimate alveo
lar volume in severe COPO and produce a 
lower value for the DLCO measurement. 
Although this was accepted by the A TS and 
initial European guidelines the most recent 
European revision [68] has advocated rever
sion to the original method especially in pa
tients with COPD. The method of calculation 
can completely change the result for a given 
patient. Thus, for example, a man with 
bullous emphysema may have an inspiratory 
capacity of 3 liters during the single breath 
maneuver and a residual volume of 2 liters 
from the single breath helium dilution but 4.5 
liters from the multiple breath dilution. The 
alveolar volume in one method is 5 liters and 
in the other 7.5 which could represent a 
OLCO of 60% predicted against 90%. One 
way around this dilemma is to report diffus
ing capacity as the KCO, i.e. OLCO divided 
by alveolar volume, which effectively repre
sents diffusion per unit lung volume. 
Although an attractive idea, the prediction 
equations are not well documented and the 
European statement [68] does not even rec
ommend a standard prediction set. Confusion 
is likely to remain until the international stan
dards are in agreement. 

There is little doubt that OLCO values are 
below normal in many patients with COPD 
and this has been related to the presence of 
macroscopic emphysema [58,123]. However, 
the correlation between the severity of COPD 
and the reduction of DLCO in individual 
patients is relatively poor. None the less at 
least one study has reported a significant 
inverse relationship between OLCO and three 
year survival [124]. Those patients with a 
KCO of less than 70% predicted have a mor-



tality of over 80% compared with 30% of 
those with a KCO of more than 70% pre
dicted. However, earlier studies did not 
observe this large effect [57, 125], whilst a 
more recent study reported a DLCO rise even 
when the underlying disease was progressing 
[126], possibly due to the subtle changes in 
ventilation-perfusion matching in the lungs 
of ex-smokers. 

In summary a low DLCO is suggestive of a 
significant degree of alveolar damage prob
ably due to emphysema, but a normal DLCO 
does not exclude the diagnosis of COPD. 

13.6.4 TESTS OF GAS EXCHANGE 

The modern approach to gas exchange in 
COPD is discussed in Chapter 8. However, 
many clinicians find it difficult to apply log
arithmic dispersions of ventilation and 
perfusion to bedside problems and still rely on 
the rather simpler concepts of the three
compartment model described by Riley and 
Cournand [127]. This considers the lung as 
three theoretical compartments; one in which 
there is 'ideal' ventilation but no perfusion 
(physiologic dead space), a second with both 
'ideal' ventilation and perfusion and the third 
in which there is 'ideal' perfusion but no venti
lation. 

In practice compartment one includes a 
contribution from units of above average VA/Q 
dispersion and the anatomic dead space. 
Within the physiologic dead space (VD) all the 
ventilation is wasted and the ventilation to 
perfusion ratio is infinity. The size of VD can 
be calculated from the mixed expired (PEC02) 
and arterial (Paco2) carbon dioxide tensions 
and the tidal volume. 

Physiologic dead space is useful con
ceptually but is of less value clinically. The 
calculation of the dead space to tidal volume 
ratio VD/VT is useful during exercise as a 
measure of the general effectiveness of ven-
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tilation and gas exchange. The concept can be 
used to understand what determines the level 
of arterial CO2 in an individual. 

Thus: Paco2 = VC02/V A x k 

where V A is the alveolar ventilation and K is 
a constant. 

Alveolar ventilation is f x (VT - VD) giving the 
revised equation: 

PaC02 = VC02X k 

fx (VT- VD) 

When metabolic CO2 production is constant, 
i.e. at rest with no fever and no parenteral 
feeding, any reduction in breathing frequency 
or tidal volume (e.g. from ventilation depress
ing drugs) or rise in physiologic dead space 
(e.g. during exacerbations of COPD) will 
elevate the Paco2. Most COPD patients main
tain their CO2 tension within the normal range, 
despite a large physiologic dead space until 
the airflow obstruction is severe (e.g. FEV1 less 
than 1.2 1). An elevated Paco2 without a 
mechanical explanation (i.e. low FEV 1) should 
prompt a search for an additional cause, e.g. 
sleep apnea or neuromuscular disease. 

The third theoretical compartment has no 
ventilation, i.e. a VA/Q ratio of zero. The par
tially saturated pulmonary arterial blood 
behaves as though it passes through this com
partment unchanged. If the saturation of the 
systemic mixed venous blood and the arterial 
blood are known then the proportion of car
diac output passing through this theoretical 
compartment can be calculated (the venous 
admixture fraction). In practice the meas
urements and calculations necessary mean 
that formal shunt fraction assessment is 
confined to the research laboratory and to the 
intensive care unit where oxygen delivery 
must be optimized. 

Since nitrogen plays no part in gas ex
change, it follows that the non-nitrogen part 
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of the inhaled gas mixture can be considered 
separately. A simple equation can be derived 
relating the arterial blood gas tensions, the in
spired oxygen concentration and the alveo
lar-arterial oxygen difference «A-a)D): Thus: 

FI02 = P02 + Pco2/0.8 + (A-a)D 

where FIo2 is the inspired O2 tension oxygen 

P02 and PC02 are the arterial blood gas ten
sions 
(A-a)D is the alveolar-arterial oxygen 
difference 

Since the percentage of oxygen in air is very 
close numerically to the partial pressure 
of oxygen in air expressed in kPa, the various 
factors can be related with simple mental 
arithmetic. For example the alveolar
arterial oxygen difference in a normal person 
breathing air could be 

21 = 13.3 + 5.2/0.8 + (A-a)D 
so the (A-a)d = 1.2 kPa 

Or in severe COPD, breathing 24% O2 

24 = 7.3 + 7.6/0.8 + (A-a)D 
so the (A-a)d = 7.2 kPa 

When the Pao2 is above 8 kPa then a raised 
(A-a)D is a surrogate measure of an increased 
venous admixture. When the Pao2 is less than 
8, small changes in Pao2 correspond to larger 
changes in oxygen fraction and this simple es
timation will underestimate the true level of 
physiologic shunting. 

(a) Arterial blood gases 

The methodology of taking arterial blood for 
blood gases and some aspects of inter
pretation of the results are dealt with in 
Chapter 8. Arterial blood gas measurement is 
an essential part of the assessment of COPD 
to confirm the degree of hypoxia, assess if 
hypercapnia is present and, in the acutely ill 
patient, detect pH changes. These are 
dynamic measurements and change rapidly 
in unstable patients. However, it may take 30 

minutes for a change in inspired oxygen con
centration to become fully apparent in the P02 
because of the prolonged time constants for 
alveolar gas equilibration. In the stable 
patient, resting hypoxemia is prognostically 
important, although the absolute oxygen 
tension is less important than the fact that it is 
below 7.5 kPa. In contrast hypercapnia has 
less predictive power and survival is 
improved in patients receiving domiciliary 
oxygen despite small increase in CO2 tensions 
during treatment [128,129] 

13.6.5 PULSE OXIMETRY AND 
TRANSCUTANEOUS TENSIONS 

The advent of relatively inexpensive and reli
able non-invasive oximeters has aided the 
assessment of arterial oxygenation [131]. 
These devices measure oxygen saturation reli
ably down to approximately 75% but are 
sensitive to changes in the COHB level which 
may be elevated in chronic smokers [132]. 
They should not replace blood gases as the 
first measurement in a patient, but once the 
initial gas tensions are known a pulse oxi
meter is a valuable tool with which to 
monitor progress during an acute episode, or 
overnight. However, oxygen saturation meas
ures take no account of CO2 tension and can 
lull the unwary into a false sense of security 
that results in deteriorating acid-base status. 
At present it is better to make repeated esti
mates of blood gas tensions if necessary by 
inserting an arterial cannula than to place 
undue reliance on saturation measurements 
at least when dealing with acutely sick 
patients. Measurement of transcutaneous 
oxygen and CO2 tensions have still to find a 
useful place in adult practice as particular 
care is needed to obtain a stable and reliable 
signal [133]. These devices require a biologic 
calibration for each individual and tend to 
record CO2 tensions which are higher than 
the true arterial values although this can be 
allowed for. Since they operate at tem
peratures higher than 37°C there is always the 



risk of thermal injury if they are used for 
prolonged periods. 

(a) Acid-base status 

Arterial pH and bicarbonate measurements 
are normally reported at the same time as gas 
tensions and provide complementary inform
ation. Unfortunately acid-base physiology 
generates confusion easily but this has been 
lucidly reviewed in several recent texts 
[134,135]. A major problem is the logarithmic 
nature of the pH scale and most people 
(including ourselves) find the negative log
arithm to the base 10 of the hydrogen ion con
centration a difficult concept with which to 
grapple. It is much easier to think in terms of 
the modified Henderson equation: [H+] = k x 
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PC02/HC03 - where H+ = concentration of 
hydrogen ions, k is a constant, HCOr bicar
bonate concentration and PC02 is arterial 
CO2 tensions. Thus increases in CO2 tension, 
which are usually rapid, can be compensated 
by renal conservation of bicarbonate, a rela
tively slow process. Once any two variables 
are known the third can be calculated. It is 
useful to think about, and with serial data 
plot out, the changes in [H+] concentration 
(pH) and PC02 on a non-logarithmic diagram 
(Fig. 13.4). The version we use is that of 
Flenley [136] which incorporates data derived 
from carefully characterized patients with 
acute and chronic respiratory acidosis, the 
latter being compensated by increased levels 
of bicarbonate as well as data from patients 
with chronic stable metabolic acidosis and 

15 20 

90 mmHg 
Arterial PC02 

Fig. 13.4 A non-Iogarithimic acid-base diagram derived from the measured acid-base status of patients 
within the 5 abnormal bands illustrated and of normal subjects (hatched box). This plot of CO2 tension 
against hydrogen ion concentration (pH) allows the likely acid-base disturbance and calculated by car
bonate value (obtained from the relevant isopleth) to be rapidly determined whilst changes during treat
ment can be plotted serially for each patient (after reference [136] with permission). 
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alkalosis. The position of the PC02/H+ point 
within these boundaries indicates how much 
of any acid-base problem results from acute 
changes in CO2 tension and how much from 
coexisting metabolic or chronic respiratory 
derangements. Many hypoxemic COPD 
patients have a normal pH despite their 
elevated Paco2 due to chronic HC03 con
servation and they lie within the chronic res
piratory acidosis band. Although this is at 
best a semi-quantitative approach it removes 
many of the problems found in the practical 
management of acid-base chemistry. 

13.6.6 EXERCISE TESTS 

Of all the more complex procedures exercise 
testing is the most frequently performed and 
potentially most informative. Several dif
ferent protocols have been devised and the 
test chosen should be specific for the inform
ation desired. Before considering the practical 
issues of exercise testing it is worth briefly 
reviewing those aspects of exercise physio
logy relevant to patients with COPD. The 
relationship of exercise to respiratory muscle 
function and gas exchange have already been 
considered and the whole topic has been 
reviewed in detail elsewhere [137, 138]. 

Exercise is associated with an increasing 
oxygen consumption and CO2 production due 
to substrate use by skeletal muscle. An inte
grated cardiorespiratory response is needed to 
ensure adequate oxygen delivery, CO2 
removal and maintenance of blood gas home
ostasis. Despite some early doubts [139] COPD 
patients have the same oxygen consumption 
for a given level of external work as do normal 
subjects. However, their dead space ventila
tion is higher and so a larger minute ventila
tion is needed to maintain CO2 tension 
constant. For many patients expiratory airflow 
is limited within the tidal volume range and 
the only way to increase minute ventilation is 
to increase inspiratory flow and/ or shift the 
end expiratory position [140-142]. The former 
requires more work from the already disad-

vantaged inspiratory muscles whilst the latter 
produces progressive pulmonary hyper
inflation which worsens both symptoms and 
the work of breathing. The ability of some sub
jects to apparently exceed their maximum flow 
volume envelope during tidal breathing, 
especially in exercise [142] probably represents 
a gas compression artefact together with poss
ible bronchodilatation during exercise and the 
effects of non-uniform lung empyting. 

The respiratory muscles cope with the 
increased mechanical load by reducing abdo
minal volume due to tonic abdominal muscle 
contraction and so optimizing diaphragmatic 
performance [143]. Both the expiratory 
intercostal muscle activity and that of the 
abdomina Is is enhanced whilst inspiration is 
augmented by the use of the accessory 
muscles. There is still a healthy debate about 
whether exercise is limited in these circum
stances by the development of inspiratory 
muscle fatigue or whether the patient stops 
before this process has a chance to become 
established [144-146]. Like normal subjects 
tidal volume and frequency increase progress
ively with exercise. The increase in tidal 
volume is limited by the reduced FEV1, the 
former rising to approximately 50% of the 
vital capacity and further increases in 
ventilation must be by a raised respiratory 
frequency, although this may worsen the 
Vo/Vr ratio and the shorter expiratory time 
makes it even harder to maintain tidal 
volume. Normal subjects increase their 
respiratory duty cycle (Tr/TTOr) during exer
cise but COPD patients cannot [140,147], 
mainly due to the relatively fixed expiratory 
time. 

The effects on blood gas tensions are vari
able. Some types of exercise are more likely to 
induce oxygen desaturation than others. Thus 
COPD patients walking on a treadmill develop 
greater degrees of oxygen desaturation than 
they do when performing cycle exercise, possi
bly because the latter is associated with a 
greater degree of lactic acidosis and a high 
overall minute ventilation [148]. In some 



patients large falls in oxygen tension occur due 
to the effects of mixed venous POz on low ven
tilation perfusion units [149,150]. The effects of 
different regional changes in pulmonary artery 
pressure further complicate the picture. 
Changes in arterial COz tension are much less 
marked because of the greater buffering capac
ity of the blood as well as the non-steady state 
nature of most exercise protocols. 

In general the cardiovascular responses are 
reasonably appropriate with total cardiac 
output being normal for any given workload 
[151]. However, increases in stroke volume 
are less in severe COPD possibly because of 
the effects of pulmonary hyperinflation and 
pulmonary hypertension whilst the heart rate 
response is proportionately greater than in 
healthy subjects [151]. Despite these pre
served cardiovascular responses, metabolic 
acidosis develops in severe COPD patients at 
lower work rates [152]. Determination of the 
anaerobic threshold is particularly difficult in 
these patients. 

Exercise is normally stopped by a com
bination of breathlessness and leg weakness. 
The latter is a surprisingly frequent symptom 
particularly in the less severely disabled 
COPD patient. Thus Killian and colleagues 
studying 97 COPD patients during progress
ive cycle exercise found that in 40% exercise 
was limited by dyspnea but in 25% leg effort 
was more troublesome than dyspnea, the re
mainder rating both symptoms to be equally 
troublesome [153]. This prevalence of leg 
fatigue emphasizes the role of general debil
ity in COPD [154] and this provides a poten
tially useful target for rehabilitation programs 
(Chapter 21)[154]. 

Three forms of exercise testing are available 
and they are complementary rather than 
competitive in nature. 

(a) Progressive symptom limited exercise 

Although the protocol employed, particularly 
the rate of workload increase, varies between 
laboratories and some investigators use tread-
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mill rather than cycle ergometry, the overall 
objective is to assess cardiorespiratory perform
ance as workload is increased in a steady 
ramp-like fashion. The patient is encouraged 
to maintain the exercise until symptoms ter
minate the test and symptom scoring of 
breathlessness during the test provides useful 
information along with the more con
ventional metabolic ventilatory and cardiac 
variables (Table 13.6). A number of criteria for 
defining a maximum test are available, the 
most commonly applied being a heart rate in 
excess of 85% predicted or a ventilation 
greater than 90% predicted. More con
ventional desaturation criteria are hard to 
apply in patients who are already hypoxemic 
and particular caution is needed in inter
preting end tidal gas tensions in COPD 
patients. We have found that simultaneous 
automatic monitoring of ECG for 5T segment 
depression and blood pressure to ensure an 
appropriate cardiovascular response greatly 
increases the usefulness of the test protocol. 

At present data from cycle ergometry are 
largely of diagnostic rather than therapeutic 
or prognostic value. Results have good 
between-day reproducibility [155] and are in
valuable in trying to determine how much 
functional limitation is due to coexisting 
cardiac or psychological factors. Typical ex
amples of the different types of test are given 
in Fig. 13.5. 

(b) Steady state exercise 

Exercising at a sustainable percentage of 
maximum capacity for 3 to 6 minutes allows 
the measurement of blood gas tensions and so 
the calculation of the VO/VT and the cardiac 
shunt. Although of intellectual interest this is 
now seldom performed clinically in COPD 
patients. 

(c) Self-paced exercise tests 

These are simple to perform and can yield in
formation about more sustained exercise 
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performance which itself may be more rel
evant to everyday life. Here the patient deter
mines the intensity of exercise rather than 
having it imposed externally. McGavin and 
colleagues [156] advocated a 12-minute test in 
which patients were instructed to walk as far 
as they could along a measured distance in a 
hospital corridor. Stops were permitted if 
necessary, instructions to patients were stand
ardized and the result recorded as the total 
distance in metres. The test was reasonably 
reproducible (coefficient of variation 8%) 
[157] but others have subsequently showed 
that a 6-minute walk is as reproducible and 
easier to perform [158]. Attempts to shorten 
this to 2 minutes have led to a loss of repro
ducibility [159]. 

Apart from the lack of metabolic data there 
are two important limitations to these 
walking tests. First there is an effect of famil
iarization such that after the first one or two 
walks the patient will perform consistently 
better. One paper has suggested that as many 
as four walks on successive days are needed 
before a plateau is reached [159] but the pro
tocol adopted was atypical and others have 
not found any significant change once two 
practice walks have been performed [103]. 
Second the test is only applicable to patients 
with severe COPD (i.e. an FEV} of less than 
1.5 1) since milder patients would not be 
sufficiently stressed by walking and tend to 
plateau at around 600 metres in 6 minutes. 
There is a crude relationship between FEV} 
and walking distance [156,160] but if a more 
restricted population, e.g. FEV} less than 1 1, 
is studied this disappears and other factors 
including the level of breathlessness [161], 
severity of hyperinflation [162] and patient 
motivation [24] become dominant. Oxygen 
desaturation occurs frequently during corri
dor walking [163] and some have related this 
exercise-induced desaturation to the DLCO 
[164], although this finding has not been uni
versal. An alternative to self-paced walking is 
a shuttle walking test [165] where walking 
speed is dictated by an audible signal and is 
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increased with each minute. This appears to 
be reproducible and to avoid the need for a 
practice walk. Further experience will be 
needed to evaluate this more thoroughly. 

Walking tests provide an attractive means of 
monitoring the results of treatment in 
rehabilitation program. However, it is not clear 
whether practice walks are needed on every 
occasion once the patient has been familiarized 
with the test and this limits their value as a test 
for monitoring long-term progress. 

13.6.7 OTHER COMPLEX TESTS 

These involve more equipment, are more 
time consuming, may be more invasive and 
are needed to answer specific subsidiary 
questions rather than being part of the 
routine patient evaluation. 

(a) Measurement of esophageal and gastric 
pressure 

This is readily done by swallowing an 
esophageal ballon catheter and this is needed 
if the volume-pressure curve is to be meas
ured and static compliance calculated. 
Catheter positioning and response character
istics affect these results as does the amount 
of esophageal pressure artefact, a common 
feature when the patient is supine. If a gastric 
balloon is also swallowed, the trans-di
aphragmatic pressure can be calculated by 
subtraction and this can be useful if symp
toms are disproportionate to spirometric 
testing. Values for maximum trans
diaphragmatic pressures vary with the tech
nique employed [166] especially the amount 
of abdominal activation [167]. Diaphragm 
function can be more simply assessed using 
the unoccluded sniff method, normal ranges 
for which are available [168]. 

(b) Pulmonary artery catheterization 

This is now often done in the ITU to assess 
gas exchange, the degree of pulmonary 
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hypertension and possibly the adequacy of 
left ventricular function as indicated by the 
wedge pressure (Chapter 11). Although 
popular as a research tool in the investigation 
of the pulmonary vascular consequences of 
chronic hypoxemia and initially advocated as 
a guide to prognosis in long-term oxygen 
treatment [169,170], more recent data suggest 
that acute trials of oxygen in chronically 
hypoxic COPD patients are of little value in 
predicting the long-term pulmonary vascular 
response or mortality experience [171]. 

(c) Sleep studies 

As noted elsewhere there is no role at present 
for full polysomnography in the assessment 
of the typical COPD patient even if hypo
xemic by day (Chapter 12). Overnight oxi
metry is a useful way of assessing the 
adequacy of supplementary oxygen therapy 
but there are no data to show that this 
refinement improves the prognosis of these 
patients. 

13.6.8 OTHER NON-PHYSIOLOGICAL 
ASSESSMENTS 

A range of other investigations can give 
useful additional information in COPD and 
are readily available. 

(a) Hematology 

The important abnormality here is poly
cythemia. This should be suspected when the 
hematocrit is elevated (greater than 52% in 
men, 47% in women) and/ or the hemoglobin 
is raised (greater than 18 g/ dl in men, 16 
g/ dl women). However, some caution is 
needed since these values represent the com
bined effects of increases in red cell mass and 
plasma volume. Although changes in the 
latter parallel the former, plasma volume can 
be reduced by diuretics, dehydration and 
cigarette smoking producing spurious poly
cythemia (Fig. 13.6). Although desirable, 

routine measurement of red cell mass by 
radio-isotopes is difficult and most treatment 
is guided by the simple indirect measure
ments. Red cell mass can be elevated as part 
of a myeloproliferative disorder or more 
commonly due to chronic hypoxia with or 
without cigarette smoking. Smoker's poly
cythemia was recognized by Smith and 
Landaw who described elevated red cell 
masses in 12 of 22 heavy smokers [172]. 
Variations in red cell mass were well cor
related with mean carboxyhemoglobin expo
sure in a large group of hypoxic COPD 
patients [173], and along with chronic 
hypoxia, smoking was thought to explain the 
polycythemia via its effects on oxygen deliv
ery to the kidney. Other important stimuli to 
polycythemia include nocturnal desaturation 
[174] and exercise [117] which can add sub
stantially to the overall hypoxic stimulus 
during the day. In contrast intercurrent infec
tion depresses red cell production [175]. 
Given the many factors which influence 
tissue oxygen delivery it is not surprising 
that the relationship between polycythemia 
and chronic hypoxemia is a complex one 
[176]. 

Identifying polycythemia is important as 
increased blood viscosity predisposes to vas
cular events and there is some evidence that 
venesection improves exercise performance 
[177,178]. The best method for venesection is 
uncertain as is the time course of any result
ing benefit. While erythropheresis and 
plasma replacement is elegant and safe [179], 
most clinicians rely on the removal of the 
occasional unit of blood and its replacement 
with Dextran to try and limit rebound 
hyperviscocity. Generally this process is 
repeated over several days until the hemato
crit falls below 60% although there are no 
data to support the choice of this particular 
level. 

Other hematological changes are worth 
noting. Chronic hypoxemic patients often 
have raised MCV values. This cannot be 
accounted for by vitamin deficiencies or 
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Fig. 13.6 Relationship between hemoglobin, packed cell volume, red cell mass (RCM) and plasma 
volume (PV) (measured radio-isotopically) in 43 patients with stable hypoxemic COPD (mean FEV 1 

0.92 1, Pao2 less than 7.5 kPa). Although there is a relationship between hemoglobin and red cell mass 
(top left panel) this is relatively weak and individuals with hemoglobin of 18 g/ dl may have a normal to 
greatly increased RCM. Packed cell volume is a better guide, values of 50% or more indicating significant 
polycythemia (top right panel). The variability of PCV and hemoglobin increases as hemoglobin rises 
(lower left panel). The discrepancy between RCM and hemoglobin is due to the variation in plasma 
volume which is unrelated to RCM and reflects other changes, e.g. diuretic therapy. Thus clinical 
decisions on venesection should be based on PCV, not hemoglobin, when no RCM data are available. 

alcohol excess. Eosinophilia may be a marker 
of a potential response to oral corticosteroids, 
although this is an extremely infrequent 
finding in our hands. None the less patients 
with evidence of eosinophilia appear to 
follow a more a benign course [180]. Finally 
there is evidence of enhanced platelet activity 
in hypoxemic COPD with a reduced survival 
time and increase in plasma and beta throm
boglobulin [181,182]. The relevance of these 
changes to subsequent pulmonary and 
systemic vascular disease is presently 
obscure. 

(b) Biochemistry 

Hypoxemic COPD patients have reduced 
water clearance and an activated renin
angiotensin system (Chapter 11). Moreover 
they receive diuretics to control peripheral 
edema and so reductions in serum sodium 
and potassium are relatively common 
Whether chronic f3-agonist therapy produces 
sustained hypokalemia is more doubtful 
(Chapter 17). Hypophosphatemia has been 
reported in 17% of COPD patients compared 
with 5% of non-respiratory patients [183] pre-
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sumably reflecting malnutrition and the effects 
of respiratory acidosis. This can have clinically 
important effects, at least in the ITU, as low 
phosphate impairs respiratory muscle function 
and prolongs ventilatory weaning [184]. 

(c) arAntitrypsin 

This is discussed in full elsewhere (Chapter 6). 

(d) ECG 

The ECG is abnormal in up to 75% of 
advanced COPD patients (Chapter 11) but the 
significance of these changes either for diag
nosis or prognosis is dubious. Most of these 
reflect changes in cardiac configuration sec
ondary to hyperinflation. Changes in the P 
wave are a better guide to right ventricular 
overload and are the most reliable pointer to 
increase in right ventricular mass, being 
abnormal in 50% of our cor pulmonale 
patients [185]. However, other abnormalities 
suggestive of cor pulmonale are disappoint
ingly insensitive. These criteria were devel
oped largely in patients with congenital 
heart disease and do not take account of the 
coexisting problems of hyperinflation in 
COPD. 

13.7 DIFFERENTIAL DIAGNOSIS 

Several other illnesses can be confused with or 
exist along with COPD and their differential 
diagnosis is not always easy. Many patients 
have pulmonary edema due to left ventricular 
dysfunction as well as chronic airways disease 
and the relative roles of each pathology may 
need cycle ergometry and echo cardiography 
to resolve. However, the presence of dyspnea 
and angina does not mean that the latter 
causes the former and evidence of radi
ographic pulmonary edema or symptoms dis
proportionate to lung function should be 
sought before 'cardiac failure' is diagnosed. 
Peripheral edema and an elevated jugular 
venous pressure are not synonymous with 

biventricular disease as previously noted. 
Conversely abnormal spirometry has long 
been recognized in severe mitral stenosis. 
There is evidence of mild airflow limitation in 
some cases [186] but reductions in vital capac
ity and increases in residual volume are more 
frequent [187] and related to disease severity 
[186]. The signs of valvular heart disease may 
be difficult to elicit in an overinflated chest 
and echocardiography will be needed when 
the clinical suspicion is high. 

Less acute presentations are usually 
resolved by a mixture of investigations and 
clinical assessement. Bronchiectasis can be 
associated with progressively declining lung 
function although this is far from universal. 
Large volumes of purulent sputum with or 
without a predisposing factor, e.g. past tuber
culosis, cystic fibrosis, together with CT 
scanning makes this differential diagnosis 
relatively straight forward. More taxing is 
bronchiolitis obliterans which can be very 
non-specific in its presentation. The presence 
of progressive airways obstruction especially 
in a relatively young person with a history of 
toxic fume exposure should always raise this 
diagnosis. It has been reported in patients 
with rheumatoid arthritis and should always 
be considered when COPD develops without 
reason in a non-smoker. Of more local interest 
are the unusual problems of panbronchiolitis 
which have been described in Japan and are 
associated with a distinctive pathology and 
progressive airflow limitation [188]. The 
largest and in many ways most difficult differ
ential is that of bronchial asthma. As noted in 
Chapter 1 it can be very difficult and there is 
obviously an overlap between the features of 
asthma, bronchitis and emphysema. 
Endobronchial biopsy data may resolve this 
problem but at present this is still too experi
mental a technique for clinical purposes. The 
final terminology for the patient with chronic 
airflow obstruction will often depend upon an 
arbitrary decision about how large a change in 
FEVl after bronchodilator testing is really re
quired to make the diagnosis of asthma. 
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Ultimately it is more important that the 
patient receives the correct treatment rather 
than the diagnostic label being modified to fit 
clinical preconceptions. 

13.8 GENERAL ASSESSMENT OF COPD 

This will always involve as detailed a history 
and clinical examination as the patient's con
dition permits. Most patients need at least 
one chest radiograph, ECG, full blood count 
and clinical chemistry but the selection of 
further investigations will vary with the 
clinical setting. 

In the acute in-patient episode arterial 
blood gas tensions on and off supplementary 
oxygen give the most useful and reliable 
guide to severity and prognosis. It is worth 
trying to record baseline spirometry and 
repeating this as the patient's condition 
improves. However, more detailed assess
ment is not appropriate at this point. 

In the out-patient clinic spirometry, prefer
ably accompanied by a flow-volume loop, is 
valuable in confirming the diagnosis and 
assessing severity as is the measurement of 
lung volumes and DLCO. There is a tempta
tion to use pulse oximetry to identify the per
sistently hypoxemic patient but blood gas 
tensions are much more informative. This test 
is usually confined to those patients with an 
FEV 1 <1.0 1 or with evidence of cyanosis. 
Nebulized bronchodilator testing with a com
bination of f3-agonists and anticholinergics is 
helpful in establishing the maximum bron
chodilitation which can be achieved and relat
ing subsequent therapy to this whilst those 
patients showing the largest absolute increase 
in FEV1 are the ones in which some form of 
corticosteroid trial can be expected to yield 
benefits. In general corticosteroid trials are 
worthwhile in patients with atypical features, 
e.g. low cigarette consumption, high DLCO 
and/ or a response to bronchodilators of more 
than 200 ml above baseline (see earlier). The 
validity of this approach is being tested as 
part of the ISOLDE long-term trial of inhaled 

steroids which includes a preliminary cor
ticosteroid assessment unlike its companion 
study, the Euroscop trial, in which patients 
are simply randomized to active or placebo 
inhaler. Hopefully between the two major 
studies it will be possible to determine 
whether oral steroid trials are needed or 
whether some other features will be likely to 
predict corticosteroid responsiveness. At 
present more complex tests are reserved to 
resolve specific queries. 

13.9 ASSESSMENT FOR THORACIC AND 
NON-THORACIC SURGERY 

It is difficult to offer hard and fast rules in 
defining surgical suitability as careful pro
spective studies in COPD patients are lacking, 
most patients being derived from a mixed 
population only some of whom suffer from 
COPD. Moreover the chance of survival 
and/ or complications depends upon the skill 
of both the anesthetist and surgeon, the avail
ability of postoperative intensive care and the 
surgical team's familiarity with a specific 
physiologic problems of COPD patients. 
However, certain general principles are worth 
noting. The risk of complications depends 
upon the site of surgery; thus only 2 of 330 
patients undergoing lower abdominal pro
cedures developed respiratory complications 
[189]. This is not surprising as the FRC falls 
after any operation, a change which is greater 
the closer the incision is to the thorax [190]. 
Surgery and/or anesthesia compromise 
the function of the respiratory muscles which 
tend to maintain FRC in COPD [191]. 
Reduced cough and mucociliary clearance 
consequent upon both pain and analgesic use 
exacerbate the tendency to atelectasis whether 
macro- or microscopic. Thoracotomy com
pounds these problems but may have to be 
considered in the COPD patient whose risk of 
developing lung cancer is at least double that 
of control subjects [2,192]. 

No single test can reliably predict the risks 
of postoperative complications. The role of 
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abnormal spirometry has been reviewed on 
many occasions [193,194], about two-thirds of 
studies finding it of value in predicting 
outcome. A useful rule of thumb is that if the 
FEV} is >2.0 I or 50% predicted patients 
seldom have major complications (sensitivity 
96%, negative predictive value 99%) [195,196] 
and this is a very useful screening test. Other 
indices related to gas exchange and exercise 
performance are useful. Thus a PaC02 

>45 mmHg (6.0 kPa) has been reported as 
predicting a high postoperative mortality 
[193], whilst impaired exercise performance 
with a V02 <16 ml/kg/min is a specific 
(91 %) but less sensitive marker of complica
tions [197]. An additional problem in patients 
being considered for lung resection for lung 
tumors is the local effect of the tumor on ven
tilation and perfusion within the lung. This is 
seldom a problem when lobectomy is being 
considered but may be important when 
pneumonectomy is required [198]. If these 
defects exceed two-thirds of the total perfu
sion to the involved lung then the lesion is 
unlikely to be resectable [198,199]. Isotope 
scans have been used to predict postoperative 
pulmonary function in these patients and 
several groups have confirmed that ven
tilation and perfusion scanning can be used 
equivalently to predict post-operative FEV} 
using the formula 

perfusion of 
contralateral lung 

Postoperative = preoperative FEV! x ------
FEV! total perfusion 

Thus the larger the scanning defect the better 
the postoperative lung function (but the 
greater the risk of incomplete resection). Such 
studies are still useful for patients whose lung 
function and symptoms postoperatively are 
likely to make pneumonectomy a borderline 
decision but many of these are now excluded 
on CT grounds as there is evidence of locally 
extensive tumor. A possible scheme of preop
erative assessment for the COPD patient is 
shown in Fig. 13.7. This can define relatively 

FEV1 < 2.0 I (50% PRED) 

~ 
Thoracotomy ? 

yes/" '-.,.no 
k:'" ~ 

Blood gases Blood gases 
Exercise test' Exercise test' 

no Isotope lung scan 

GOOD RISK 

~ /' 
Is: PaC02 <45mmHg 

V02 max >5 ml/kg/min 
'Post op FEV l' 800 ml+ .. 

~no 

POOR RISK 

Fig. 13.7 A schematic approach to the presurgical 
assessment of the COPD patient. This is not rel
evant to the emergency situation where only blood 
gas tensions are likely to be available. Non
thoracic, non-abdominal surgery is relatively low 
risk and needs little more than spirometry. Single 
asterix indicates that this test provides useful addi
tional information but is not mandatory. Other 
'functional measures' such as corridor or shuttle 
walking may be substituted in more severe pa
tients to give a semi-quantitative indication of 
severity. Double asterisks indicate this test is only 
relevant/ appropriate in patients undergoing thor
acotomy. These assessments can define groups at 
risk of postoperative complications but will not 
necessarily indicate long term functional status 
after surgery. 

high and low risk groups but the final deci
sion about surgery will depend upon its 
urgency, its chance of cure and the availabil
ity of appropriate postoperative intensive 
care as much as on any of these values which 
are helpful in predicting the perioperative 
complication rate and to some extent the sub
sequent lung function. 

When elective procedures are considered 
simple measures are still worth emphasizing. 
Smoking cessation does lead to gradual im
provements in mucociliary clearance and 
even lung function. However, the time course 
of these changes is long and they are unlikely 
to begin in less than one month of stopping 
smoking. Optimizing bronchodilator treat-



ment and the use of high dose nebulized 
f3-agonists and/or anticholinergics pre
operatively is easier to achieve although fuller 
assessment involving a trial of oral cortico
steroids will take up to a month to complete. 
Bronchodilator treatment should be com
bined with appropriate physiotherapy espe
cially when significant sputum production is 
reported. The role of other physical therapies 
such as IPPB or incentive spirometry pre
operatively remain controversial whilst the 
benefits of prophylactic antibiotics are 
unproven. Time and money spent optimizing 
preoperative lung function is likely to be well 
repaid by reduced intensive care unit stays 
and postoperative morbidity. 
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IMAGING 

A.G. Wilson 

In chronic obstructive pulmonary disease 
(COPD) imaging techniques have made an 
important contribution both to the under
standing of its pathophysiology and to its 
clinical management. Much of the inform
ation provided by imaging has been static 
and structural and this aspect has been 
emphasized with the advent of computed 
tomography (CT) and high resolution com
puted tomography (HRCT) which currently 
provide the most sensitive and specific means 
of diagnosing generalized emphysema 
in vivo. In addition a variety of dynamic 
imaging techniques give pathophysiologic 
information. 

In the following section these two import
ant aspects of imaging will be considered 
following a loose anatomic framework 
that begins with the trachea and moves 
peripherally to the alveoli. 

14.1 TRACHEA 

A well recognized but unusual association of 
COPD is coronal narrowing of the trachea 
('saber-sheath' trachea) [1]. Its pathogenesis is 
unclear but may be related to abnormal 
intrathoracic pressure gradients generated in 
COPD. Coronal tracheal narrowing is essen
tially confined to male smokers over 50 years 
of age and is thought to be a feature of 
patients at the 'chronic bronchitis' end of the 
COPD spectrum. As a sign of chronic bron-

14 

chitis it has high specificity but low sens
itivity. It can be detected by chest radio
graphy or CT (Fig. 14.1). 

On the frontal chest radiograph the tracheal 
air column is evenly narrowed from the thor
acic inlet to the main carina [1] and by 
definition the coronal diameter is two-thirds 
or less of the sagittal diameter. Compared 
with controls the mean coronal diameter in 60 
cases was reduced to 61 % and the sagittal 
increased to 115% giving an overall reduction 
in tracheal luminal area of 75% [2]. Cartilage 
rings are commonly calcified or ossified both 
pathologically and radiologically. There are 
limited and conflicting data on tracheal 
compliance [1,3]. Nevertheless it seems 
unlikely that saber-sheath trachea contributes 
significantly to airflow obstruction. 

14.2 CENTRAL AIRWAYS 

Airways with cartilage in their walls show a 
number of pathologic changes in COPD -
mucus gland enlargement, smooth muscle 
hyperplasia, cartilage atrophy (equivocal) and 
inflammation [4]. Although these changes 
thicken the bronchial wall the overall increase 
is mild [4] and it is not surprising that radio
logic detection of bronchial wall thickening 
has not proved to be a very useful sign of 
COPD. Apart from one or two end-on seg
mental bronchi close to the hilum, airways of 
normal subjects are invisible on a chest 
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Fig.14.1 Coronal narrowing of the trachea ('saber sheath' trachea). Sagittal and coronal diameters of the 
trachea are usually approximately equal. In this patient CT of the thoracic trachea shows diameters of 9 
mm (coronal) and 27 mm (sagittal). 

radiograph as they have walls that are too 
thin to resolve. In one of the three clinico
radiologic series describing chronic bronchitis 
[5], the authors recorded line and parallel line 
opacities considered to represent bronchial 
wall thickening in 42% of patients. This sign 
was not described in the other two series 
[6,7]. In another study, end-on airways lateral 
to the hilum, which are a normal finding, 
were studied. These were seen with similar 
frequency in controls and subjects with 
chronic bronchitis but in the latter group 
bronchial walls assessed subjectively 
appeared thicker [8]. However, a large inter
observer variation makes this a sign of 
dubious value. Bronchial walls assessed sub-

jectively on HRCT in 124 smokers and ex
smokers, many of whom had clinical chronic 
bronchitis also demonstrated mild proximal 
and peripheral bronchial wall thickening [9]. 

In normal subjects there is mild dynamic 
narrowing of lobar airways during a forced 
expiratory maneuver which is accentuated in 
patients with COPD. This was demonstrated 
by Fraser using cinebronchograms imaged 
during cough. He found a disproportionately 
large collapse of major proximal airways 
(diameter reduction of 49% in normals, 67% 
in COPD patients), particularly marked in 
lower lobar airways [10]. This corresponds to 
the level at which marked pressure drops, 
detected manometrically, occur in COPD 



during forced expiration [11]. It seems likely 
that such collapse is due to large transmural 
pressures rather than a significant increase in 
bronchial wall compliance. Dynamic airway 
collapse might have a significant effect on the 
efficiency of the cough mechanism. 

14.3 SMALL AIRWAY DISEASE 

Small airway abnormalities are an important 
aspect of the pathologic findings in COPD [4]. 
Changes consist of bronchiolar inflammation 
and scarring; muscle hypertrophy; goblet cell 
metaplasia; mucous plugging; and loss of 
radial attachments, all contributing in varying 
degrees to bronchiolar tortuosity, narrowing 
and obliteration. 

For the purposes of this discussion the 
term 'small airway' covers non-cartilaginous 
airways, and terminal and respiratory bron
chioles. Disorders may affect small airways 
exclusively (e.g. bronchiolitis obliterans) or 
as part of a more widespread process affect
ing the tracheobronchial tree and lung 
parenchyma (e.g. COPD, mineral dust 
exposure). 

14.3.1 BRONCHIOLITIS OBLITERANS 
(OBLITERATIVE BRONCHIOLITIS) 

Bronchiolitis obliterans is a non-specific 
pathologic finding that may be primary or 
secondary to a number of disorders or to ex
posure to toxic agents [12]. Two subvarieties 
are recognized: 

(a) Bronchiolitis obliterans with organizing 
pneumonia (BOOP) [13] 

This condition which is also called crypto
genic organizing pneumonia (COP) has a dis
tinctive pathology that includes intraluminal 
inflammatory polyps in small airways and 
alveolar ducts and an organizing pneumonia. 
It is associated with a restrictive rather than 
an obstructive defect and will not be 
considered further. 
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(b) Bronchiolitis obliterans (per se) 

In this condition the main histologic changes 
are of chronic bronchiolar inflammation and 
scarring (submucosal, adventitial) leading to 
partial or complete obliteration of small air
ways. This causes progressive and often 
disabling airflow obstruction. To avoid con
fusion with BOOP it has been suggested that 
this entity be called constrictive bronchiolitis 
[12] but in this discussion the established 
term, bronchiolitis obliterans (BO) will be 
used. 

BO has a number of recognized precipitat
ing factors and associations which include 
inhalation of toxic gases and fumes, infections 
(particularly viral and mycoplasmal), con
nective tissue disorders, graft-versus-host 
disease (marrow, lung and heart-lung trans
plants) [14,15], drugs (e.g. penicillamine), and 
healed diffuse alveolar damage [12]. There is 
also a cryptogenic variety. 

In BO there is a great variety of radiologic 
appearances in part reflecting differing etio
logies and in part disparate changes in respir
atory units distal to the obstructed airways 
[16,17]. Both, from a clinical and radiologic 
viewpoint it is useful to distinguish between 
primary and secondary forms. 

(i) Cryptogenic bronchiolitis obliterans 

Patients with cryptogenic BO manifest pro
gressive dyspnea often with a dry cough but 
without systemic features. Lung function 
tests show an obstructive defect with evid
ence of gas trapping and the chest radiograph 
is either normal or shows hyperinflation with 
hypovascularity, particularly peripherally in 
the mid-lower zones [18,19,20]. In the past 
bronchograms have been performed in a 
limited number of patients with cryptogenic 
disease showing obstruction to peripheral 
airways, lack of sidebranch filling (par
ticularly fifth and sixth generation branches), 
lack of airway tapering and lack of alveolar 
filling [18,19]. CT shows widespread patchy 
areas of slightly increased and slightly 
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they manifest themselves as diffuse 1-5 mm 
nodulations which may in part become 
confluent [22,23]. In other reports of inhala
tion (sulfur dioxide, nitrogen dioxide) BO 
has been manifest by hyperinflation and a 

• clear chest radiograph [24]. Radiographic 
changes in graft-versus-host disease follow
ing marrow transplantation are either absent 
or are those of hyperinflation [25,26]. BO due 
to graft-versus-host disease in heart-lung 
and, less commonly, lung transplants is 
accompanied by a range of radiographic 
abnormalities not all of which are necessarily 
related to BO itself. The most notable finding 
is of bronchial wall thickening and bron
chiectasis sometimes accompanied by 
multiple small to medium-sized nodules, 
thin linear opacities and basal airspace 
shadows [27,28]. Finally, following infec
tions the chest radiograph is either normal or 

Fig. 14.2 Bronchiolitis obliterans. A high resolu
tion CT scan shows areas of low density inter
spersed with areas of normal lung density. On 
expiration low density areas showed evidence of 
air trapping. Ring opacities inferomedially are due 
to bronchiectasis. 

shows a diffuse nodular / recticulonod ular 
pattern, occasionally with airspace opacity 
due to a concomitant organizing pneumonia 
[17]. 

There are a limited number of CT studies 
in secondary BO. The commonest findings 
are of areas of reduced attenuation (Fig. 14.2) 
accompanied by decreased vascularity due 
to reduced perfusion consequent upon 
locally impaired ventilation [28,29]. The 
other striking findings in these high resolu
tion CT studies have been bronchial 
dilatation particularly at segmental and sub
segmental level [28,29] and the presence 
of branching structures in the centre of 
lobules representing terminal airway 
plugging [29]. 

decreased attenuation (Fig. 14.2) accentuated 
by expiration [20]. Decreased attenuation is 
ascribed to air-trapping and reduced vas
cularity and increased attenuation to failure 
of normal alveolar expansion secondary 
to airway obstruction. VA/Q scintiscans pre
dictably show matched defects [19]. 

(ii) Secondary bronchiolitis obliterans 

The chest radiographic pattern in secondary 
BO is very variable. Thus with rheumatoid 
arthritis with/without penicillamine therapy 
the radiograph is commonly normal [19] or 
shows hyperinflation [21]. With inhalation of 
toxic fumes or gases as in silo-filler's disease 
the clinical and radiographic findings of BO 
are typically delayed by 2-5 weeks when 

(c) Swyer-James (Macleod's) syndrome 

The Swyer-James [30] or MacLeod's [31] syn
drome is a form of BO that has special fea
tures: (i) it occurs following an insult to the 
developing lung - before the age of 8 years; 
(ii) it affects smaller bronchi as well as bron
chioles; (iii) the lung supplied by abnormal 
airways remains inflated (by collateral air 



drift) and may show emphysematous 
changes [4]; and (iv) most importantly, it is 
predominantly unilateral causing a unilateral 
transradiancy on the chest radiograph. 
Patients with pathologic involvement that is 
patchy or bilateral are described [32] but they 
lack the defining radiographic sign of uni
lateral transradiancy. Synonyms for the syn
drome include unilateral transradiancy and 
unilateral or lobar emphysema. The common
est antecedent event is a childhood lung 
infection, particularly viral (adenovirus, 
measles) but non-viral infections and non
infectious causes are also described. Airways 
from fourth generation bronchi to terminal 
bronchioles are scarred and have irregular 
or occluded lumens. The lung parenchyma 
is hypoplastic with reduced vascularity 
and sometimes panacinar emphysematous 
change. 

The plain radiographic findings (Fig. 
14.3(a» closely mirror the pathology. The 
affected lung is trans radiant (darker than its 
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fellow) due principally to reduced perfusion. 
All ipsilateral vessels are reduced in size and 
number, and the hilum is small. Lung 
volume, reflecting a mixture of hypoplasia 
and emphysema is usually normal or slightly 
decreased. An essential feature of the 
Swyer-James syndrome is air trapping which 
is best demonstrated by a chest radiograph 
exposed during rapid expiration (taken lor 2 
seconds after the start of a forced expiration 
maneuver). This will show mediastinal shift 
to the contralateral side and reduced upward 
movement of the ipsilateral diaphragm (Fig. 
14.3(b» In the past both pulmonary angiogra
phy and bronchography have been per
formed disclosing small vessels and mildly 
dilated, irregular airways that end at about 
the 6th generation with absent filling of side 
branches. These investigations are no longer 
warranted. VA/Q scintiscans show reduced 
perfusion and ventilation and using xenon-
133 a delayed washout from the affected lung 
can be demonstrated [33]. Some authors have 

Fig. 14.3 Swyer-James syndrome (MacLeod's syndrome). A chest radiograph (a) on full inspiration 
shows a hypertransradiant right lung of normal volume with attenuated lung vessels and a small hilum. 
On expiration (b) there is evidence of air trapping on the right with modest shift of the mediastinum to 
the left and a left hemidiaphragm that is now higher than the right. 
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found VA/o. scintiscans useful particularly in 
children, allowing exclusion of primary 
perfusion abnormalities and compensatory 
emphysema [34]. Scintiscans may show 
similar but less extensive abnormalities on the 
contralateral side [34]. 

CT studies confirm unilateral transradiancy 
in some patients but in others show changes 
that are in fact bilateral. Hypertransradiancy is 
often patchy with areas of reduced CT density, 
both sharply and poorly marginated, inter
spersed with areas of normal lung [35]. Some 
areas of reduced density probably represent 
emphysema whereas others are due to small 
airway obstruction and air trapping, demon
strable on expiratory scans. Brochiectasis may 
or may not be present [35] together with post 
inflammatory scarring [36]. CT allows 
exclusion of unilateral bullous disease. 

All the plain radiographic signs of the 
Swyer-James syndrome including air trap
ping can be seen with partial obstruction of a 
large central airway that causes hypo
ventilation and secondary hypoxic vasocon
striction. This possibility can be excluded by 
bronchoscopy or CT using 5 mm continuous 
sections for the central airways. 

14.4 LUNG SCINTIGRAPHY IN COPD 

Scintigraphic studies of lung perfusion (0.) 
and ventilation (V) are usually abnormal in 
COPO. The pathogenesis of these abnormali
ties is complex being in part related to small 
airway disease and in part to areas of alveolar 
and vascular destruction. 

In clinical practice the perfusion agent em
ployed is usually technetium 99m with a par
ticulate carrier (commonly macro-aggregated 
albumin) while ventilation studies are per
formed with gases or, less commonly, 
aerosols. In the UK most studies have used 
krypton 81m (81mKr) whereas in the USA the 
favoured agent has been xenon 133 (133Xe). 
The advantages and disadvantages of these 
gases has been reviewed [37]. An important 
difference between these two agents is in 

their half-lives - 5.2 days for 133Xe and 13 
seconds for 81mKr. This allows 133Xe to be 
used for tests of breath wash in, equilibrium 
and wash out, allowing ventilation per unit 
lung volume to be calculated accurately. In 
Great Britain 81mKr is usually used for assess
ing regional ventilation, counts being col
lected for about 90 seconds. The final image is 
the summation of the regional distribution of 
10-20 tidal inspirations; this technique does 
not 'correct' for differences in lung volume in 
different regions. 

In COPO both perfusion and ventilation 
scans show multiple patchy areas of absent or 
reduced activity (Fig. 14.4) [38]. These defects 
tend to be matched and are distributed fairly 
evenly throughout the lungs [39] except in ar 
antitrypsin deficiency where they are basally 
predominant [40]. In emphysema defects are 
non-segmental and are due to parenchymal 
destruction [38] and because of this they are 
fixed and unaffected by therapy including 
bronchodilators [41]. When emphysema has a 
predominantly central distribution scintiscans 
may show a characteristic area of low central 
activity with a preserved peripheral band of 
high activity - 'stripe sign' [42]. Oefects on 
scintiscans in emphysema may correspond to 
areas of oligemia or bulla formation on the 
chest radiograph or to areas that are 
radiographically normal [43]. 

In contrast to the defects in emphysema 
those in type B COPO are sometimes segmen
tal [38]. However, other workers have not 
confirmed this finding and have been unable 
to distinguish between type A and B COPO 
(Chapter 8) on lung scan evidence [39]. 
Oefects in type B COPO are thought to be due 
to airway narrowing causing distal hypoxia 
and subsequent hypoxic vasoconstriction and 
as might be expected with this mechanism, 
perfusion defects are sometimes smaller than 
ventilation ones [38]. This thesis is supported 
by VA/o. studies using multiple inert gas
elimination techniques in which areas of low 
VA/o. were common in type B COPO [44]. An 
extreme example of the situation is where 



Lung scintigraphy in COPD 357 

.<: , 
/ 

, \ 

I . \ 
I I 

, 
\ 

I 

Fig. 14.4 Lung scintiscanning in generalized emphysema, probably centriacinar type. There are large 
defects of nondescript shape in both perfusion (Q images on left) and ventilation (V images on right) 
scintiscans. The defects correspond in Q and V images, i.e. they are matched, a characteristic feature of 
emphysema. 

ventilation defects are completely mismatched 
(no corresponding perfusion defect) and this 
may sometimes be seen in acute exacerbations 
of type B COrD [39]. Such mismatched defects 
are commonly basal and on follow-up scans 
are seen to resolve suggesting airway narrow
ing on the basis of edema, inflammation or 
plugging rather than scarring. Such findings 
imply lack of hypoxic vasoconstriction. In the 
same study the authors noted that matched 
defects with one or two exceptions remained 
stable on follow-up scans delayed by an 
average of seven months. 

Scintiscans performed using the long half
life agent 133Xe allow an analysis of wash in 
and wash out characteristics of the lung. In 
COrD wash in is slower than normal and an 
equilibrium state may never be achieved [37]. 
Wash out is also delayed and deviates from 
the normal monoexponential curve. Clear
ance is prolonged beyond the usual 3 minutes 
taken to achieve background counts [45]. 
Several studies have shown a significant cor
relation between the FEV and the degree of 
COrD quantitated by scintiscans [39,46]. The 
sensitivity of scintiscans and spirometric tests 
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in detecting COPD are generally considered 
to be similar [37]. 

Pulmonary embolism (PE) is a cause for 
clinical deterioration in patients with COPD. 
PE is commonly diagnosed with the help of 
'.lA/Q scintiscans but their utility in COPD 
might be expected to be reduced. However, in 
a report of 83 patients with COPD and a poss
ible PE diagnosis studied by '.lA/Q scintiscan 
and angiography there was a scan sensitivity 
of 0.83 and a specificity of 0.92 for PE. False 
negatives were mainly seen in patients with a 
more than 50% summated scan defect and in 
those with a less than 50% overall deficit the 
sensitivity rose to 0.95 and specificity to 0.94 
[47]. These are remarkably accurate results 
when compared with the PIOPED (prospec
tive investigation of pulmonary embolism 
diagnosis) series in which there was a 82% 
sensitivity and 52% specificity for high and 
intermediate probability scans in 755 patients, 
unselected apart from a clinical suspicion of 
pulmonary embolism [48]. 

Labelled aerosols may be used in ventilation 
studies instead of gases. Particle size has 
varied from about 3 /Lm in earlier studies to 
0.2 /Lm in recent studies using Technegas 
(99mTc-Iabelled carbon particles) [49]. In 
normal individuals gases and aerosols 
produce similar images [50] but in patients 
with COPD they produce strikingly different 
appearances. The pattern in COPD is 
markedly inhomogeneous with focal spots of 
high and low activity [51,52]. Focal deposition 
may be peripheral or central with the former 
tending to occur in type B COPD and the latter 
with dominant emphysema [51,52,53]. Reasons 
for the accumulation of aerosols are poorly 
understood though it is usually attributed to 
areas of narrowing with resultant flow dis
tortion, turbulence, and inertial impaction [54]. 
Other authors have suggested that peripheral 
'hot spots' are due to high convective flow 
which magnifies the maldistribution seen with 
inhaled gas such as 81mKr [55]. It has also been 
suggested that central deposition may occur at 
the site of dynamic expiratory narrowing [53]. 

With the advent of positron emission to
mography (PET) a highly sophisticated tech
nique has become available for studying the 
lung. Results of investigations may be pro
duced as images or as qualitative data. The 
technique uses substances labelled with 
positron emitting isotopes (e.g. llC, 13N, 19Ne) 
and after administration by inhalation and 
intravenously their activity concentrations 
can be measured producing multiple two
dimensional images of the lung. The appli
cation of PET investigations to the lung has 
recently been reviewed [56]. An example of 
the type of information provided by PET is 
given by a recent report concerning patients 
with COPD [57]. This study looked at local 
tissue density, ventilation and '.lA~ ratios in 
the lung and showed that type A COPD was 
characterized by low tissue density, low 
peripheral vascular volume and blood flow 
with a high '.lA;Q whereas type B COPD had 
high tissue density possibly related to inflam
mation and edema, a low ventilation and 
high blood flow. 

14.5 AIRSPACES - THE CHEST RADIOGRAPH 

Chest radiographic findings in emphysema 
are conventionally divided into three: 
hyperinflation, vascular change and bullae. 
There is good evidence that 'increased 
markings' should make a fourth [58]. 

Hyperinflation is indicated by a number 
of signs: (i) A low, flat hemidiaphragm 
(Fig. 14.5). Diaphragms are abnormally low 
when their border, in the mid clavicular line, 
is at or below the anterior end of the seventh 
rib [59]; some authors take the sixth rib in 
pyknic patients [60]. Pathologic flattening may 
be assessed subjectively or, objectively, by 
drawing a line between the costal and cardio
phrenic angles and measuring the maximum 
perpendicular height from this line to the 
border of the diaphragm (less than 1.5 cm is 
taken as flattened). The combination of 
depression and flattening is specific for 
emphysema whereas depression on its own 
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Fig. 14.5 Generalized emphysema (panacinar). (a) P A radiograph. The most important feature is that 
the diaphragms are low (below anterior ends of seventh ribs) and flat. Vessels are reduced in the lower 
zones which are transradiant because of oligemia. Obtuse cos to phrenic angles. (b) lateral radiograph. 
Again the diaphragm is low and flat (in fact mildly inverted). The retrosternal trans radiancy is wide 
(white arrows) and inferiorly closely approaches the diaphragm (black arrows). 

may be seen with overinflation in non
emphysematous conditions such as acute 
asthma. In severe hyperinflation, the area of 
apposition of the diaphragm to the rib cage 
may be virtually absent at TLC reveal
ing the costal origins of the diaphragm. 
(ii) Increased retrosternal airspace (Fig. 14.5b), 
measured from the anterior aortic margin to 
the posterior aspect of the sternum. Critical 
values have ranged from 2.5 em [61] to 4.5 em 
[62], with the higher values being more 
specific. (iii) An obtuse costophrenic angle on 
the PA or lateral chest radiograph (Fig. 14.5). 
(iv) A retrosternal airspace with its inferior 
margin 3.0 em or less from the anterior aspect 
of the diaphragm (Fig. 14.5b). 

A number of vascular changes are 
described: (i) Reduction in number and size 
of pulmonary vessels (Fig. 14.5) and their 
branches especially in the middle and outer 
aspects of the lungs ('arterial deficiency'). 
Such vascular changes can be extensive or 

patchy. (ii) Distortion of vessels - excessive 
straightening or bowing, and increased 
branching angles. (iii) A trans radiant region 
(Fig. 14.5). The opacity of a lung depends on 
the degree of X-ray beam absorption and nor
mallya reasonable assumption is that about 
half of the X-ray beam attenuation is by the 
soft tissues of the chest wall and the rest by 
the blood in the lungs. With the vascular loss 
of emphysema the lungs become more trans
radiant (darker) than usual. This may be a 
generalized change which makes it difficult to 
identify with certainty or it may be localized 
when increased transradiancy can be more 
reliably identified by comparison with 
normal areas. 

A focal transradiancy that is approxi
mately rounded and surrounded at least in 
part by a hairline wall is called a bulla [63]. 
Bullae may be seen as part of generalized 
emphysema or may be an isolated finding 
(Chapter 22). 
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A number of patients with emphysema 
demonstrate 'increased markings' rather than 
arterial deficiency and it has been shown that 
if this sign is disregarded on chest radio
graphs then cases of emphysema will be 
missed [64]. In one series of 73 patients with 
chronic airflow obstruction, a surprising 
number (63%) of those with severe emphy
sema assessed by macroscopic pathologic 
changes had this pattern [65]. 'Increased 
markings' is characterized by small periph
eral vessels becoming more prominent, irreg
ular and indistinct. Non-vascular linear 
opacities possibly due to scarring may also 
play a part. With this pattern of disease 
hyperinflation is absent or mild and there are 
usually signs of pulmonary arterial hyper
tension [64]. It is much more commonly seen 
with centriacinar than with panacinar emphy
sema [64]. The underlying functional or 
pathologic process is unclear. High resolution 
CT should go a long way to explaining these 
appearances but so far this study has not been 
performed. 

The use of the above signs in diagnosing 
emphysema is based on a number of papers 
that appeared between 1962 and 1978 that 
correlated radiologic and pathologic findings 
in about 560 patients [60,61,64,66-69]. It is not 
easy to draw common conclusions from these 
papers as there is a great variation in the 
severity of disease, methods of pathologic 
assessment and the radiologic signs used. 
Some of the problems with these studies have 
been reviewed [70]. Nevertheless it is possible 
to draw the following conclusions: 

1. The chest radiograph reliably detects 
severe generalized emphysema and can be 
used to exclude severe disease. It will also 
detect severe local disease. 

2. The chest radiograph diagnoses about 
50% of subjects with moderate disease but 
very few with mild disease. 

3. In the various studies the accuracy of the 
chest radiograph has ranged between 
about 65 and 80% [71] with values for 

sensitivities that are about the same except 
for a figure of 24% in one study [69]. This 
exceptionally low figure was due to the 
fact that most subjects only had 
mild/mild-moderate disease. 

4. Specificity is good with low false positive 
rates in the order of 0-5% [70,71]. 

5. Some of the studies have recorded a size
able inter- and intra-observer variation in 
relation to radiologic signs - 25% inter
observer and 12% intra-observer variation 
in one series [61]. Vascular signs were 
subject to more variation than those of 
hyperinflation, diminishing their useful
ness [71]. 

6. The majority of studies indicate that the 
best predictor of generalized emphysema 
is overinflation as judged by the position 
of the diaphragm (in relation to anterior 
ribs) combined with flattening of the 
diaphragm [60,61,64,67,68]. Vascular cri
teria were in general less reliable apart 
from two studies [66,69]. 

7. A low, flat diaphragm as assessed by lung 
height and diaphragmatic angle has been 
shown to correlate strongly with static 
lung volumes in patients with clinical 
COPD [72]. More sophisticated studies 
have found a close correlation between 
measurements taken from the chest radio
graph and total lung capacity in COPD 
[73]. With digitized chest radiography, 
measurements of radiologic TLC should 
become more widely available, at least for 
research studies. 

14.6 AIRSPACES - COMPUTED 
TOMOGRAPHY 

Computed tomography (CT) has high con
trast resolution and being a tomographic 
technique, it allows direct visualization of 
emphysematous areas unobstructed by over
lapping structures [74]. The first CT descrip
tion of emphysema was as recent as 1982 [75] 
and since this time CT has been used to 
detect, grade as regards severity, and charac-



terize emphysema. CT can detect all types of 
emphysema and is far better at identifying 
mild and moderate degrees of disease than 
the chest radiograph [74-78]. All modern 
scanners are capable of imaging emphysema 
and with exposure times of 2-3 seconds, 
breath-holding even in dyspneic patients is 
usually not a problem. CT studies are usually 
performed at TLC even though contrasts 
between normal and emphysematous lung 
may be greater at smaller lung volumes. 

The signs of emphysema on CT are: (i) non
marginated, low attenuation areas (Fig. 14.6); 
(ii) vascular tree simplification due to pruning 
(Fig. 14.6); (iii) abnormal vascular con-
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figurations (swept vessels, wide branching 
angles); and (iv) vascular attenuation 
[74,75,77,79]. In a study comparing various 
signs, non-peripheral, low attenuation areas 
on in vivo CT correlated best with emphy
sema assessed post-mortem [77]. It is some
times possible to distinguish the various 
types of emphysema especially when changes 
are not severe [74,80]. Such distinctions 
involve assessing the distribution of lesions 
and their fine features, often best demon
strated with high resolution computed 
tomography (HRCT) [74,81-83]. Thus 
centriacinar emphysema (CAE) is character
ized by a patchy, predominantly upper zone 

Fig.14.6 CT taken just above carina in patient with generalized emphysema (centriacinar). On the right 
side there is a rim of lung with normal structure and density (black arrows). Deep to this zone there are nu
merous low density areas, some rounded and others with complex shapes. Some are poorly marginated, 
but others are in part well marginated by vessels or septa. In some areas preserved centrilobular arteries 
(white arrow) can be identified surrounded by low density, a typical appearance in centriacinar emphy
sema. Bullae are seen in one of their characteristic locations, against the mediastinum (open arrows). 
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distribution of centriacinar lucencies related to 
centrilobular arteries while in panacinar em
physema (P AE) there is uniform and often ex
tensive lobular destruction with a lower zone 
predominance. Mild and sometimes even 
moderate P AE may be very difficult to detect 
because of its subtle widespread and even 
nature [84]. Para septal emphysema (PSE) is 
characterized by multiple, thin-walled air cysts 
that are often well marginated and which 
occur commonly along vessels and airways, 
lobular septa, or pleural surfaces (azygo
esophageal recess, adjacent to the left ventricle, 
and anterior junctional region) [79]. 

CT can be used to quantify emphysema 
using visual assessment or density measure
ments. The accuracy of visual assessment has 
been demonstrated in a number of studies 
comparing in vivo CT with pathologic quan
titation of emphysema post-mortem or on 
surgical specimens. In most studies only 
macroscopic emphysema has been quan
titated pathologically using lesion counting 
(point counts or grids) or panel matching and 
similar techniques have been used to assess 
the CT scans. Recently a few studies have 
measured microscopic emphysema in patho
logic specimens using airspace wall surface 
area per unit volume [85]. The earliest study 
of 25 post-mortem lungs and 10 mm thick CT 
sections in patients with CAE showed CT to 
be 87% sensitive and 80% accurate [77]. Other 
more recent studies using a variety of CT 
section thickness (1-10 mm) showed good 
correlations between pathology scores and 
CT scores with r values ranging from about 
0.6 to 0.8 [79,83,84]. HRCT (1.5 mm section 
thickness) was shown to be slightly more 
sensitive in one of these studies than con
ventional CT (10 mm thick sections); r = 0.85 
vs 0.81 [84]. However, CT usually missed a 
number of cases with mild disease in these 
studies, e.g. 6/33 [84], 2/6 [77] because CT 
and even HRCT could not reliably identify 
parenchymal holes smaller than 5 mm diam
eter. Most cases in the above studies had CAE 
and there is some evidence that the sensitivity 

of CT is less with the more ill-defined and 
diffuse lesions of PAE - an 18% false negative 
rate in one study [84]. A low false positive 
rate of about 2.3% is also described for 
emphysema in general [70] possibly due to 
the misinterpretation of focal perivascular 
low densities produced as movement arte
facts particularly near the diaphragm and left 
heart. The above studies have all been char
acterized by low inter- and intra-observer 
variation [79,84,86]. 

The other method for the quantitative 
assessment of emphysema depends on meas
uring CT density. A CT image is made up of a 
512 x 512 matrix of picture-elements (pixels) 
each representing on a grey scale the X-ray 
absorption value or density of the cor
responding volume-elements (voxels). The 
face of a voxel is about 0.5 x 0.5 mm and its 
depth depends on slice thickness (range 1-10 
mm). CT density is expressed on a linear scale 
of Hounsfield units (water, 0; air, -1000) or 
rarely as EMI units (water, 0; air, -500). 
Surprisingly over this range CT density is a 
direct measure of physical density. CT 
density is determined by the relative mix of 
air, blood, interstitial fluid and tissue (walls 
of vessels, airways and alveoli) in a given 
voxel. The normal CT density characteristics 
of lung have been described [75,76,87-90]. In 
one study mean figures ranged from -770 to 
-875 (overall mean -817) Hounsfield units 
[90]. As might be expected there is a gradient 
from front to back in the supine position, 
range +20 to +68 Hounsfield units at TLC, 
which is increased in patients with emphy
sema [91]. If a CT scanner is to be used to 
generate quantitative density measurements 
it must be carefully calibrated and great care 
must be taken to standardize conditions as 
many factors affect density values [90]. In em
physema lung density is lower than normal 
and histograms can be constructed containing 
values for all the pixels in a CT lung section 
(Fig. 14.7(a». Such histograms are skewed 
with a tail of high densities produced by large 
vessels and airways. Emphysematous lungs 
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Fig. 14.7 Histogram of lung pixel values taken 
from a single CT section (X-axis, pixel density 
values in Hounsfield units; Y-axis, number of 
pixels). (a) normal lung. The modal value is about 
-820 Hounsfield units and the curve has a tail to 
the right mainly because of the higher density of 
vascular structures. (b) emphysema. The curve is 
left shifted and the modal value is about -920 
Hounsfield units. Note different scales. 

have an excess of low density pixels and the 
whole curve is left shifted (Fig. 14.7(b)) [76]. 
Pixels below a certain CT number can be 
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highlighted on the CT image (Fig. 14.8) and 
expressed as a percentage of total pixels in a 
given CT section permitting automated data 
collection. Using this 'density mask' method 
one group found that a CT density of -910 
Hounsfield units gave the best cut-off point in 
assessing emphysema when compared with 
picture graded pathology scores at the same 
level (r = 0.94) [86]. In this study correlation 
was no better with a visual CT scoring system 
but the density mask was simpler, quicker 
and more reproducible. The optimum cut-off 
level must be expected to vary a little from 
machine to machine and ideally should be es
tablished by experiment for any given CT 
scanner. A study looking at microscopic em
physema assessed as airspace wall surface 
area per unit volume and comparing with the 
lowest fifth percentile of lung CT density 
measurements (this exaggerates density dif
ferences between normal and emphysema
tous lungs) found a correlation of 0.77 [85]. 
The use of a 'density mask' method and 
expiratory as well as inspiratory scans has 
been advocated to distinguish between areas 
of emphysema and simple hyperinflation 
without tissue destruction [92]. The degree of 
emphysema as determined by CT correlates 
well with carbon monoxide transfer 
coefficient but less well with airflow obstruc
tion [93]. In other studies HRCT detected 
emphysema in symptomatic patients with 
reduced diffusion capacity but no evidence of 
airflow limitation [94] and in subjects with no 
defect of diffusion or airflow [95]. 

CT is currently the most sensitive and 
specific imaging technique for assessing 
emphysema in vivo with an accuracy com
mensurate with macroscopic visual assess
ment of excised lung slices. 

14.6.1 ALPHArANTITRYPSIN DEFICIENCY 

Emphysema that develops in O'}-antitrypsin 
deficiency (O'rATD) is panacinar with a 
strong basal predilection. In a study of 165 
PiZ homozygous patients all but 2% had 
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Fig. 14.8 'Density mask' assessment of generalized emphysema. (a) unmodified scan (apart from region 
of interest envelope). (b) All pixels with a CT number equal to or less than -910 Hounsfield units have 
been highlighted, indicating emphysematous areas. 



radiologic lower zone involvement as judged 
by vascular changes. In a quarter the lower 
zone was the only zone affected [96]. This 
pattern of isolated lower zone change is only 
seen in about 8% of PiM patients with emphy
sema [97]. Bullae are not a major feature of 
arATD but they do occur [98]. When radio
logic changes occur in heterozygotes they are 
similar. CT findings have recently been de
scribed in 17 homozygotes [99]. They confirm 
that in many patients changes are lower zone 
predominante but that upper zones are also 
regularly affected by emphysema; an un
expected finding was a 40% prevalence of 
bronchial wall thickening and/ or dilatation. 

14.7 BULLAE AND BULLOUS LUNG DISEASE 

Bullae may occur in isolation or may be associ
ated with generalized emphysema constituting 
one of its classic signs [100]. Pathologically, 
bullae are sharply demarcated regions of 
emphysema 1 cm or more in diameter. 

On chest radiographs bullae appear as 
localized, avascular transradiancies usually 
separated from the rest of the lung at least in 
part by a curvilinear hairline wall (Fig. 14.9). 
Sometimes the wall is radiologically absent 
and in this situation bullae are very difficult 
to detect and it is well recognized that chest 
radiographs grossly underestimate the 
number of bullae [66]. The distinction 
between a bleb and bulla cannot be made 
radiographically. Bullae may be single or 
multiple and range in size from 1 cm to giant 
ones that occupy a whole hemithorax causing 
compensatory collapse of the adjacent lung. 
Isolated bullous disease is usually considered 
to be due to localized para septal emphysema 
and in this condition bullae show an upper 
zone predilection [101]. Bullae that are part of 
generalized emphysema tend to be distrib
uted more evenly throughout the lung [102]. 

CT is much more sensitive than the chest 
radiograph in detecting bullae and is now the 
imaging investigation of choice (Fig. 14.10) 
when considering bullectomy [63,103-106]. 
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Fig. 14.9 Bullous disease. Gross bilateral 
mid/upper zone bullous disease. Affected zones. 
are avascular and in part marginated by thin curvi
linear structures. Note the preserved curvature of 
the hemidiaphragms suggesting the absence of 
generalized emphysema. 

CT allows assessment of the number, size and 
position of bullae, can assess the ventilation 
of bullae (with inspiratory/expiratory 
images) and enables the state of the inter
vening lung to be evaluated (Fig. 14.10). 
Other techniques used in the past to assess 
patients before bullectomy such as broncho
graphy and pulmonary angiography have 
been essentially replaced by CT. 

The main complications of bullae are pneu
mothorax, infection or hemorrhage, all of 
which are detectable on imaging. With infec
tion the wall of a bulla may thicken and an 
air-fluid level develops (Fig. 14.10) [107,108]. 
These changes often take a long time to clear 
[109] and may be followed by obliteration of 
the bulla. Hemorrhage is less common but 
radiologically similar. 

14.8 COR PULMONALE 

Cor pulmonale is a recognized complication 
of COPD and is seen almost exclusively with 
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Fig. 14.10 Prone CT in bullous lung disease. There are large avascular areas, some poorly marginated, 
representing bullae (white arrow). Smaller subpleural bullae (small black arrows) have a configuration 
typical of para septal emphysema. Intervening lung between small black and white arrows looks essen
tially normal. On the left side an extremely large infected bulla displaces the rest of the lung and contains 
an air fluid level (large black arrow). 

hypoxic patients at the chronic bronchitis end 
of the spectrum. With the onset of heart 
failure the heart silhouette increases in size 
and there is dilatation of proximal and mid
lung vessels. These signs subside after treat
ment but with repeated episodes radiologic 
evidence of pulmonary arterial hypertension 
becomes established. Cardiac enlargement in 
the acute phase is usually quite non-specific. 
However, vascular changes are often charac
teristic and relatively specific. They are like 
those seen in a left-to-right intracardiac shunt, 
all vessels between the main pulmonary 
artery (MP A) and a few divisions beyond the 
segmental vessels becoming dilated - the 
appearances of plethora (Fig. 14.11) [110]. 

The probable explanation of these changes is 
that hypoxic vasoconstriction occurs in 
vessels that are beyond the resolution of the 
chest radiograph and central blood volume is 
expanded. 

There is a large literature correlating pul
monary artery (P A) size and pressure in 
diverse conditions. However, P A wall com
pliance varies among these disorders and 
extrapolations to cor pulmonale from, for 
instance, mitral value disease is quite likely to 
be invalid. Central arteries that lend them
selves to measurement include the right P A, 
the left PA in lateral view, and combined 
measurements notably the transhilar width 
[111-113]. The most widely used measure-



Fig. 14.11 Cor pulmonale. The chest radiographic 
appearance in an acute exacerbation of cor pul
monale closely resembles that of a left-to-right 
shunt. The radiograph shows a large heart, a big 
main pulmonary artery and generalized plethora 
of lung vessels which are equally big in all zones. 

ment is the width of the descending right pul
monary artery (RP A) taken about 1 cm below 
the Y point of the right hilum just before the 
artery gives off middle lobar branches (Fig. 
14.12). The borders of the artery are well de
lineated against air in lung laterally and air in 
intermediate stem bronchus medially. The 
upper limit of normal range is taken as 
16 mm in males and 15 mm in females based 
on a series of 1085 normal subjects (40% male, 
age range 18-72 years) [114]. Smaller series of 
normal patients give similar data with upper 
ranges of 17 mm (males) and 15 mm (females) 
[115] and 17.4 mm (male dominated series) 
[113]. When 'normal' data have been collected 
from subjects with chronic bronchitis but P A 
pressures less than 20 mmHg the upper limits 
as might be expected have been 1 or 2 mm 
greater [112,116-118]. For detecting pul
monary artery hypertension various series, 
using upper limits for the descending right 
pulmonary artery that range between 16 and 
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Fig 14.12 Generalized emphysema, pulmonary 
artery hypertension. The width of the descending 
right pulmonary artery (black arrows) is 18 mm in
dicating pulmonary arterial hypertension. The 
patient has generalized emphysema as indicated 
by low flat diaphragms (white arrow indicates 
anterior end of seventh rib). 

20 mm, have had sensitivities of 68% to 95% 
and specificities of 65% to 88% [112,115-117]. 
Reasonable RP A threshold measurements to 
diagnose pulmonary arterial hypertension, 
with a low false positive rate, would be diam
eters of 17 mm or more for females and 
18 mm or more for males. Correlation 
coefficients in the above studies lie generally 
between 0.4 and 0.6 indicating that only about 
a third of the variation of PA diameter is due 
to P A pressure. Thus, while P A diameter can 
be used to detect the presence or absence of 
pulmonary artery hypertension it cannot be 
used to predict the level of P A pressure. 

The main pulmonary artery segment, nor
mally flat or slightly convex becomes more 
prominent and more convex with P A hyper
tension. The assessment of MP A prominence 
is usually made subjectively though success
ful measurements have been devised in 
patients with mitral valve disease [119]. 
Prominence of the MP A has not proved a 
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very reliable way of assessing P A hyper
tension [116] possible because it is sensitive to 
patient rotation about both X- and Y-axes 
[116]. 

14.9 COPD AND OTHER CHEST DISORDERS 

When COPD coexists with other pulmonary 
disorders radiologic signs are sometimes 
modified. This is well recognized in pneumo
nia where coexisting CAE commonly produce 
small (2-5 mm) rounded transradiancies 
within areas of infective consolidation. These 
transradiancies are frequently misinterpreted 
as being due to necrosis. The distribution of 
pulmonary edema in left heart failure is 
modified by emphysema, oligemic areas re
maining edema free. An extreme example of 
this is unilateral edema in the Swyer-James 
syndrome [120]. At the same time left heart 
failure may modify the signs of emphysema 
with reduction or loss of the signs of 
hyperinflation ascribed to the reduced com
pliance of edematous lungs [100,121]. 
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SMOKING CESSATION AND 
PREVENTION 

15 

J. Foulds and M. J. Jarvis 

15.1 INTRODUCTION 

Tobacco smoking is the major cause of 
chronic obstructive pulmonary disease 
(COPD), its contribution to COPD morbidity 
and mortality far outweighing all other 
factors [1]. The closeness of the association 
between smoking and lung disease was 
perhaps best shown in the study of 
Auerbach and colleagues [2] which found at 
autopsy that while almost all (94.5%) 
smokers of more than a pack per day had 
some degree of emphysema, almost all 
never-smokers (93.8%) had either no or 
minimal emphysema. Smoking cessation 
improves lung function by about 5% within 
a few months in patients without COPD and 
a number of studies have found that even 
amongst patients with advanced COPD, 
smoking cessation is followed by a reduction 
in the annual loss of lung function [3]. It is 
therefore clear that smoking prevention and 
cessation are central to prevention and 
treatment of COPD. 

This chapter will briefly review some of 
the interventions which have been studied 
and suggest a general strategy for health 
care workers' interventions with smokers, 
which may be applied both in general 
medical practice and hospital outpatient 
departments. 

First, however, a brief outline of the pre
valence, natural history and reasons for 
difficulty stopping smoking is provided. 

15.2 PREVALENCE AND NATURAL HISTORY 

In the UK about 31 % of men and 29% of 
women are current cigarette smokers [4], with 
an additional 9% of men being pipe or cigar 
smokers [5]. In the US the prevalence is 
similar, with 29% of the adult population 
being cigarette smokers. In both countries 
there is a strong relationship between social 
class and smoking, e.g. in UK men, the pre
valence of cigarette smoking in unskilled 
manual workers (48%) is triple that in 
professionals (16%) [4]. 

Surveys suggest that currently about 40% 
of the UK population have never become 
daily smokers, 35% being never smokers and 
about 5% having a history of intermittent 
occasional smoking [6]. Of those who do 
become daily smokers about 60% will still be 
smoking at age 60 [5]. 

It has been estimated that at least 80-90% 
of COPD patients have been regular smokers 
at some time [7]. Studies of prevalence and 
natural history of smoking in patients after 
diagnosis of COPD have generally suffered 
from lack of reliability of patients' self-reports 
of their current smoking status. It has been 
found that even when patients are informed 
that their smoking status will remain 
confidential and not be passed on to their 
physician, around 20% of hospital outpatients 
who claim to be non-smokers show un
ambiguous evidence of tobacco smoke 
inhalation on sensitive biochemical tests [8]. 

Chronic Obstructive Pulmonary Disease. Edited by Dr P. Calverley and Professor N. Pride. Published in 1995 by 
Chapman & Hall, London. ISBN 978-0-412-46450-8 
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The vast majority of smokers start smoking 
before the age of 18. This typically begins 
with experimentation with a few cigarettes at 
around age 13, which quickly develops into 
daily smoking by the age of 16. It has been 
shown that these young smokers at the early 
stages of their smoking career are already in
haling significant quantities of nicotine, with 
concomitant pharmacologic effects (e.g. 
calming effect, dizziness), and experience 
craving and other withdrawal symptoms 
when attempting to stop smoking [9-11]. The 
majority of adult regular smokers smoke 
10-20 cigarettes per day (average = 16), with 
fewer than 10% being content to consistently 
smoke S or less per day. 

It is a consistent finding in large scale 
surveys that at least 90% of smokers believe 
that smoking is bad for one's health (e.g. that it 
causes lung cancer), 70% express a desire to 
stop smoking, and 60% have made at least one 
serious attempt to quit [6]. Fig. IS. 1 gives an 
indication of the strength of motivation to quit 
in smokers attending their GP, and suggests 

40 

that about SO% of such smokers have a strong 
desire to quit at anyone time. Despite these 
facts it is unfortunately the case that less than 
40% of regular smokers succeed in per
manently quitting by their sixtieth birthday [S]. 

Thus the typical smoking COPD patient 
will probably have a history of smoking an 
average of one cigarette during every waking 
hour for the previous thirty or more years. 
They may not have experienced a day 
without tobacco in their adult life other than 
during brief periods of serious illness or brief 
attempts to quit which ended in failure. 

15.3 NICOTINE ADDICTION 

It has only recently become widely accepted 
that tobacco smoking is addictive in the 
same way as heroin and cocaine, and that 
nicotine is the drug in tobacco which pro
duces the reinforcing psychoactive effects 
which result in compulsive use [1]. Some of 
the evidence producing this consensus is 
outlined below. 
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Fig.15.1 Self-reported desire to give up smoking from a survey of smokers (n = 1413) in South London 
general practices. 



(a) Tobacco has only ever been consumed by 
humans in ways which permit absorption 
of pharmacologically significant amounts 
of nicotine into the blood and brain. 
Cigarette smoking is a particularly 
efficient way of administering nicotine, 
which reaches the brain in a concentrated 
bolus within ten seconds of each puff, 
amounting to 70 000 nicotine 'hits' per 
year in a pack-a-day smoker [12]. 

(b) Nicotine acts as a primary reinforcer such 
that laboratory animals will work in 
order to receive intravenous injections of 
nicotine but not placebo [13], as do 
human smokers [14,15]. 

(c) Smokers smoke in a manner which 
enables them to regulate their plasma 
levels of nicotine, e.g. after cutting down 
the number of cigarettes smoked per day 
or switching to cigarettes providing a 
lower yield of nicotine they inhale more 
smoke from each cigarette in a manner 
which helps them achieve plasma nico
tine levels closer to their usual levels 
[16,17]. Similarly when smokers are pro
vided with extra nicotine from another 
source (e.g. transdermal nicotine) they 
inhale less smoke from their cigarettes, as 
indicated by lower levels of expired 
carbon monoxide [18]. 

(d) When regular smokers cease or cut down 
their nicotine intake they experience a 
withdrawal syndrome characterized by 
craving for nicotine, irritability, anxiety, 
difficulty concentrating, restlessness and 
increased appetite [19] as well as physical 
signs such as slowing of EEG, reduced 
heart rate and increased weight [20]. 
Studies have shown that these symptoms 
are relieved by nicotine replacement 
using nicotine chewing gum but not by 
placebo gum [21]. At least 68% of 
smokers who quit smoking for one week 
without nicotine replacement in a general 
practice study experienced symptoms 
fulfilling formal psychiatric criteria for 
the nicotine withdrawal syndrome [21]. 
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(e) Numerous placebo-controlled smoking 
cessation trials have now shown that pro
viding smokers with nicotine replace
ment (in the form of nicotine gum, skin 
patches or nasal spray) increases their 
chances of remaining abstinent from ciga
rettes for a year by between 50 and 100%. 
For example, a review of randomized 
trials in smoking cessation clinics [22] 
found mean one year sustained absti
nence rates of 23% in subjects receiving 
nicotine gum and 13% in subjects receiv
ing placebo gum. 

(f) Surveys of patients (n=1000) attending 
drug treatment clinics seeking treatment 
for alcohol, cocaine or heroin dependence 
(about 90% of whom are cigarette 
smokers) have found that when asked, 
the majority (57%) said their cigarettes 
would be harder to quit than their 
problem substance [23]. 

15.4 INTERVENTIONS 

15.4.1 PREVENTION 

Given the evidence outlined above of rapid 
progression of nicotine intake and subsequent 
difficulty in quitting, the most attractive 
option would appear to be to take steps to 
prevent the current high initiation rate (450 
children start smoking in Great Britain every 
day [24]). Such approaches have generally 
been conducted at two levels: (1) specific 
interventions at school or community level 
targeted at providing children with both in
formation and skills which will make them 
less likely to begin smoking; (2) legislation 
designed to reduce children's exposure to 
cigarette advertising or availability of ciga
rettes to children. 

A number of studies have found that 
intensive smoking prevention programmes 
initiated at school at age 11-14 can be effect
ive in reducing the prevalence of smoking up 
to age 16 [25]. However, recent studies which 
have continued follow-up to age 18 have 
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found that by this point there is no difference 
in smoking prevalence between children who 
received the intervention and those who did 
not [26-28]. This does not necessarily imply 
that such programmes are useless, but does 
indicate the great difficulty of preventing 
young people from initiating a behavior 
which is considered socially acceptable by 
adults, is carried out on a daily basis by their 
own adult family members, and indeed is 
strongly encouraged by intensive advertising. 

A detailed analysis of the effects of avail
ability and advertising of tobacco to children 
is beyond the scope of this chapter. A recent 
review commissioned by the UK Department 
of Health concluded that advertising does 
have a positive effect on consumption and 
that in each country in which advertising has 
been banned there was a reduction in tobacco 
consumption which cannot be attributed to 
other factors [29]. There is therefore little 
doubt that banning tobacco advertising 
would result in a reduction in tobacco-related 
death and illness. The other issue which can 
be expected to have an impact on tobacco 
consumption in both children and adults is 
that relating to the effects of passive smoking. 
There is now a consensus that passive 
smoking is a health hazard [30] and this will 
force employers to make the workplace a 
smoke-free zone or risk personal injury litiga
tion. This advent of smoke-free work and 
leisure conditions will itself motivate more 
smokers to quit and reduce the availability of 
smoking role models for children. Two 
further points are perhaps worth making. 
First, despite voluntary agreements not to 
aim tobacco advertising at young people [31] 
it is clear that through sports sponsorship and 
other marketing methods children are 
exposed to and attracted by the industry's 
promotional activities [32]. Second, health 
professionals can make an impact in this area 
by lending their support to the various cam
paigns and pressure groups which attempt to 
achieve changes in the relevant legislation. 
An example of this was the recent tightening 

of the law and increases in fines for selling 
cigarettes to children under 16 in the UK [24], 
which followed pressure by the charity 
'Parents Against Tobacco'. This charity was 
supported by many health professionals and 
by research reports on the availability of 
tobacco to young people [33]. 

Both controlled evaluations of interven
tions and recent data on prevalence of 
smoking in young people suggest that we do 
not yet have available effective methods of 
preventing the uptake of smoking in 
teenagers. It may be that health educational 
messages to young people would have more 
impact if they focused more on the immediate 
harm and imminent risk of becoming 
addicted to nicotine rather than on the distant 
risks to health which may mean little to 
teenagers. It may also be the case that in the 
long run one of the most effective methods of 
reducing uptake of smoking in young people 
will be to reduce the availability of adult 
smoking role models. This inevitably involves 
helping existing smokers to quit. 

15.4.2 SMOKING CESSA nON ADVICE AND 
TREATMENT 

A vast number of products and techniques 
have been claimed to help smokers to quit. 
Most have not been evaluated properly and 
so their efficacy is dubious at best. Many are 
expensive and time-consuming as well and 
thus are clearly unacceptable to the majority 
of patients and physicians. Rather than 
describing all available methods, this section 
will try to highlight those methods which 
have been shown to be most helpful and cost 
effective, i.e. those which are likely to 
produce the largest number of long term ex
smokers. 

(a) Gradual or immediate reduction? 

One of the first choices to be faced when con
fronted by a smoking patient is whether to 
advise cutting down cigarette consumption 



gradually or to advise quitting abruptly. Given 
the evidence cited above about difficulty of 
quitting and the likely role of withdrawal 
symptoms in exacerbating this, it would seem 
plausible that (as is usually advised with ces
sation of benzodiazepines) gradual reduction 
would be easier and perhaps produce higher 
success rates. Indeed, methods of gradual re
duction are commonly advocated in intensive 
behavioral smoking cessation programs [34]. 
These programs sometimes advocate 'nicotine 
fading' - gradual reduction of nicotine content 
of cigarettes smoked, followed by gradual re
duction in number of cigarettes smoked per 
day. Experimental studies have confirmed 
that less severe withdrawal symptoms occur 
during partial reduction or reduction in nico
tine yield per cigarette [35,36]. However, there 
is also considerable evidence that smokers 
who are apparently cutting down their 
smoking this way actually tend to increase 
their inhalation from each cigarette in a 
manner which seems to be designed to help 
them attain their usual blood nicotine levels 
[16,17]. One of the few studies which actually 
randomized smokers to either gradual reduc
tion or abrupt quitting on a target date found 
the latter to produce a greater reduction in 
smoking [37]. It has also been found that 
smokers in cessation trials who do not succeed 
in quitting abruptly also show no signs of suc
cessfully cutting down their smoking in the 
long term [38,39]. It is clear, therefore, that 
there is little sense in trying to cut down and 
stay at a lower level as it seems that the 
chances of success are extremely low and that 
even if the patient did succeed then a likely 
consequence is an increase in inhalation of 
toxins per cigarette resulting in negligible 
overall health benefit. It has also been sug
gested that as the smoker cuts down the 
number of cigarettes per day each one 
becomes more reinforcing and hence the point 
of total abstinence becomes harder to reach 
[34]. 

In the absence of adequate randomized 
trials comparing gradual and immediate 
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cessation, the weight of evidence suggests 
that smokers should be advised to quit 
abruptly on a target date, particularly when 
no ongoing treatment is provided to ensure 
that the smoker continues to cut down to zero 
cigarettes per day, and particularly when 
using concurrent nicotine replacement. 

(b) Brief or intensive treatment? 

Another difficult treatment option is the 
choice between offering a treatment which is 
relatively brief and simple (e.g. less than 30 
minutes of advice), or one which is more 
intensive in terms of therapist time, and 
perhaps also in the demands made on the 
patient (e.g. keeping behavioral diaries, 
listening to relaxation tapes, etc.) 

Although it is widely assumed that more 
intensive treatments will produce better 
results, very few studies have actually 
randomized patients to low and high intens
ity treatments in a manner which can provide 
clear evidence on this point. Those which 
have done this have generally found a small 
(non-significant) increment in success rates 
resulting from providing slightly more 
time-intensive advice and follow-up pro
cedures [40-44]. One recent large study [45] 
randomized 647 motivated family practice 
patients to receive either a brief intervention 
comprising two appointments 07 minutes) or 
the same intervention plus the offer of four 
further supportive follow-up appointments 
(at quit-date and then 1,4 and 16 weeks later). 
There was little difference in the I-year absti
nence rate between the two groups 00.2% vs 
12.5%) and it was concluded that numerous 
long-term follow-up visits are of unproven 
value. 

Despite this it is clear that patients who 
attend smokers' clinics providing intensive 
psychologic counselling have a better chance 
of long-term cessation than those receiving 
only a brief intervention by their GP. One 
factor which provides a likely explanation for 
this is patient motivation, i.e. the degree to 



378 Smoking cessation and prevention 

which a patient wants to stop smoking and is 
therefore willing to put time and effort into it. 
By contacting a smokers' clinic and agreeing 
to attend numerous appointments for coun
selling a patient has demonstrated a con
siderable motivation to stop smoking. Results 
from a treatment trial based on this self
selected group will clearly not be applicable 
to an unselected group of smokers. For 
example, one study conducted in primary 
care offered some of the participants the 
opportunity to contact a Health Visitor for 
further advice and counselling [46]. Less than 
2% of the patients took up this offer of further 
counselling (and only 13% claimed abstinence 
1 year later). In another study patients were 
randomized to receive 15 minutes advice on 
self-quitting or 15 minutes advice plus 
encouragement to attend a free smoking cess
ation programme involving 9 group sessions 
[44]; 11 % of those who were encouraged to, 
attended the intensive treatment (compared 
with less than 1 % in the advice only group). 
Although the 3 month abstinence rate was 
higher in the 11 % who actually attended the 
intensive treatment compared with the major
ity who chose not to (33% versus 10%), the 
cigarette abstinence rates were similar 02.9% 
and 14.1 %) in the advice only and advice plus 
offer of treatment conditions as whole 
groups. It is therefore clear that trying to 
make unmotivated patients participate in 
time-intensive treatments will not have the 
desired effects. It is similarly obvious that 
comparison of 'success rates' found in differ
ent studies is meaningless in view of the great 
differences in motivation evident between 
unselected smokers in primary care and those 
few who elect to attend a smokers' clinic. 

Another important factor which must be 
considered when choosing between low and 
high intensity treatments is their efficiency, 
both in terms of cost and time. Even assum
ing that it is the case that an intensive (5 
hours per individual) treatment yields higher 
long term abstinence rates (e.g. 25%) than a 
minimal intervention (achieving only 4% 

success from 4 minutes of advice), if the 
therapist only has one hour per week to 
spend on smoking cessation, the intensive 
intervention can only be delivered to 10 
individual patients per year (producing 2 or 3 
ex-smokers) whereas the minimal inter
vention can be delivered to 800, producing 32 
ex-smokers. It is clear that time-intensive 
treatments with individual smokers are not 
generally very efficient. A preferable format 
for delivering a more intensive treatment is in 
the context of a group. In 50 hours a therapist 
could run 10 groups (5 x 1 hour), seeing 160 
patients and with a 25% success rate could 
produce 40 ex-smokers. As mentioned above, 
however, very few clinics have a large 
enough throughput of patients to be able to 
recruit 160 patients with high enough motiva
tion to attend 5 I-hour treatment sessions. 

(c) Non-pharmacologic aids to smoking 
cessation 

The essential features common to most 
methods of helping smokers to quit are that 
they provide the smoker with a strategy and a 
rationale, i.e. a plan of what to do and a con
vincing reason for following that plan of 
action. It is likely that any intervention which 
provides these two components will be of 
some help in motivating an individual to 
progress from being someone with a vague 
intention of stopping smoking to someone 
who actually makes a real attempt. At the 
simplest level this can take the form of re
minding a patient that the single best thing 
they can do for their health is to stop 
smoking, that it would be a good idea to flush 
all their remaining tobacco down the toilet on 
Sunday night, make Monday their 'quit day', 
and never smoke again. 

A range of additional methods are com
monly used to try to decrease the individual's 
desire for a cigarette (e.g. 'rapid smoking' to 
the point of nausea prior to quitting in behav
ioral treatments, or suggestions to this effect 
in hypnosis), to help the smoker cope with 



withdrawal symptoms (e.g. relaxation exer
cises) and to help maintain motivation (e.g. 
viewing a video of the health consequences of 
smoking and making a public promise to 
quit). Indeed there are so many proposed aids 
and methods that few have been properly 
evaluated in controlled studies and so it is 
impossible to say for certain whether they 
help or not. 

Two aids do, however, deserve particular 
consideration. One of these is the use of a 
portable carbon-monoxide analyzer to 
measure end-expired carbon monoxide. 
Portable CO monitors provide an accurate 
quantitative guide to smoke inhalation (corre
lation with blood carboxyhemoglobin >0.95 
[47]) which takes less than a minute to 
measure and can immediately be shown to 
the patient and lead to a discussion of the 
health effects of CO from cigarettes. They can 
also be informed that the high CO levels 
found in smokers (typically in the range 15 to 
60 parts per million) return to those of non
smokers (less than 10 parts per million) 
within a matter of days and so this is a tan
gible and quick benefit of stopping smoking. 
Although the expired carbon monoxide 
measure is slightly less accurate in patients 
with COPD the error due to impairment of 
lung function is negligible for most purposes 
[48]. Some studies have shown that the meas
uring of expired carbon monoxide in this way 
can improve long-term cessation rates, par
ticularly in the lower socioeconomic groups 
who now make-up the majority of smokers 
[46]. As the CO monitor is also 90% accurate 
in discriminating smokers from non-smokers 
it is useful tool in validating claims of absti
nence, both on first contact and after a quit 
attempt [8]. These CO monitors are now 
readily available at a relatively low cost 
(around £400) and so should form part of the 
routine assessment procedure in any health 
setting which claims to have a serious interest 
in helping patients to stop smoking. 

The other non-pharmacologic aid to 
smoking cessation which is appropriate when 
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more intensive psychologic support is indi
cated is the use of group processes to help 
smokers quit. As well as the benefits in terms 
of cost efficiency mentioned above, there is 
now evidence that a particular type of 
smoking cessation group format may be par
ticularly effective in helping smokers to quit 
[49,50]. This group format involves weekly 
group meetings over four weeks, with the 
general aim being for smokers to quit at the 
first group meeting and then support each 
other through the first few weeks in which 
nicotine withdrawal symptoms are at their 
worst. Rather than adopting a typical didactic 
teaching style the therapist concentrates on 
encouraging the cohesion of the group (by 
providing name-labels, asking group 
members to introduce themselves, encourag
ing contacts outside the group, encouraging 
group discussion, etc.) and enhancement of 
group pressure to maintain abstinence (by 
initiating publicly declared commitments to 
remain abstinent). It has been found that such 
'group-oriented' groups produce higher end
of-treatment abstinence rates and better atten
dance than do traditional 'therapist-oriented' 
groups. This type of group treatment also has 
the advantage that as it is relatively simple 
(does not involve the therapist in teaching 
many techniques) it may be easily adopted by 
non-specialist therapists. 

(d) Pharmacologic aids to stopping 
smoking 

The possibility of an effective pharmacologic 
aid to smoking cessation has always been 
very attractive to smokers who are all too 
often looking for a magical wonder cure -
something which when swallowed will effort
lessly remove all withdrawal symptoms and 
desire for a cigarette. Physicians, too, are nat
urally attracted to the idea of an effective pre
scribable treatment. However, complex 
voluntary behavior such as puffing on a ciga
rette, or any other behavior which has 
become so compulsive as to be emitted 
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seventy thousand times per year for years on 
end is unlikely ever to respond simply and 
completely to drug treatment. 

There is an important difference between 
prescribing a medication to treat a physical 
illness (e.g. antibiotics for an infection) and pre
scribing medication to help promote a behav
ior change. It is therefore crucial that when a 
pharmacologic aid is prescribed for smoking 
cessation, it should be combined with a ratio
nale and plan of how it is to be used and realis
tic expectations of both the effects of the 
medication and the role of the patient. Pro
vision of such 'psychologic packaging' need 
not necessarily be very time-consuming (5-10 
minutes) but may be essential for any pharma
cologic adjunct to aid smoking cessation. 

There has been considerable progress in the 
development and evaluation of pharmaceutic 
aids to smoking cessation in the past 15 years 
such that there are now a number of products 
which have been shown to help smokers stop 
and others which show some promise for the 
future. These are outlined below. 

(i) Nicotine gum 

Nicotine gum is the most thoroughly evalu
ated pharmacologic aid and has been shown 
to almost double long-term abstinence rates 
when compared with placebo in specialist 
smokers clinics providing intensive psycho
logic support [51]. The outcome of one such 
study [52] carried out at the Maudsley 
Hospital Smokers Clinic in London is shown 
in Fig. 15.2, suggesting a clear advantage of 
nicotine gum, even when using the strict cri
terion of one-year without a puff of tobacco 
smoke (biochemically validated). 

A meta-analysis of randomized controlled 
trials of nicotine gum found a clear improve
ment in sustained abstinence rates at 1 year 
(23% vs 13%) in smokers' clinics but no effect 
in general medical practice (11 % vs 12%) [22]. 
Since then further studies have confirmed this 
pattern -~a family practice study in the United 
States found that 10% of those receiving nico-

tine gum and 7% of those receiving placebo 
reported (biochemically confirmed) con
tinuous abstinence for 11 months [53] and a 
general hospital study in the UK reported 
20% abstinence at 1 year in both nicotine and 
placebo gum groups [54]. Numerous reasons 
have been suggested for the poorer per
formance of nicotine gum in medical settings: 
patients in these settings may lack the motiv
ation to quit, may not be dependent on nico
tine, physicians may not give adequate 
instruction or enough support to encourage 
patients to persist with proper gum use. 
There does seem to be good evidence of poor 
compliance with gum use in medical settings, 
e.g. with only 45% collecting more than one 
box of gum (enough for one or two weeks) 
[53], and 60% rating the gum as unpleasant to 
use [55]. It is therefore clear that when nico
tine gum is used by motivated nicotine
dependent patients given adequate 
instruction and follow-up it helps them to 
stop smoking, but under the conditions more 
normal in medical practice the beneficial 
effects are less apparent. 

(ii) Nicotine skin patches 

More recently nicotine skin patches have been 
developed which are capable of administer
ing a slow infusion of nicotine and providing 
plasma nicotine levels of one-third to a half of 
smoking levels after four hours of wearing. A 
number of placebo-controlled trials of trans
dermal nicotine have been published and 
these have generally produced results similar 
to those of trials of nicotine gum [56]. Two 
early trials, however, have provided some 
indication that the patch may be more suc
cessful than the gum outside the smokers' 
clinic. One study, carried out in a chest clinic 
in Denmark (but mainly on healthy volun
teers) found that 17% of the nicotine group 
and 4% of the placebo group achieved one 
year sustained abstinence when the patch was 
combined with relatively low intensity psy
chologic support [57]. Another study com-
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Fig.15.2 Outcome of a randomized trial of nicotine gum combined with group support in a smokers' 
clinic [52]. Errors bars are 95% confidence intervals. 

bining the patch with brief monthly appoint
ments with the GP [58] found abstinence rates 
of 18% vs 12% at one year. These studies have 
prompted further evaluations of transdermal 
nicotine in general hospitals and primary care. 
Two recent studies carried out in hospital 
chest departments and targeting patients with 
smoking-related diseases [59,60] found an ad
vantage of active over placebo patches in the 
early stages but by 12 weeks the advantage 
was relatively small. The two much larger 
trials in primary care both found a clear ad
vantage of the nicotine patch over placebo at 
12 weeks [61, 62], and the trial reported by 
Russell and colleagues [62] found that despite 
the expected high relapse rate over the year, 
there was still an advantage of active over 
placebo patches for 12 months' continuous ab
stinence (9% vs 5%). This result is particularly 
impressive as this study targeted heavy 
smokers (15 or more cigarettes per day) and 
the patients did not receive intensive coun
selling or group support. Taken together these 
trials of transdermal nicotine in medical pa-

tients suggest that nicotine patches are an 
effective smoking cessation aid when com
bined with the relatively brief advice and 
follow-up support which can be routinely pro
vided by doctors and nurses in a National 
Health Service setting. 

In the UK and some other countries the 
nicotine patch is available over the counter 
from pharmacies at full price to the customer 
(roughly equivalent to the costs of buying 
tobacco in a pack-a-day smoker). This has 
prompted a massive direct marketing cam
paign by the pharmaceutical companies. 
While some anti-smoking campaigners may 
feel uneasy about an anti-smoking campaign 
being associated with a particular product, 
there are potentially significant public health 
benefits of an anti-smoking advertising cam
paign far larger than those paid for by public 
funds. It is to be hoped that the widespread 
availability of the product does not detract 
from the important role of the doctor in pro
viding appropriate advice on smoking and 
the use of nicotine replacement. 
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(iii) Nasal nicotine spray 

Both nicotine gum and patches provide rela
tively slow absorption of nicotine. Con
sequently although they may provide some 
relief of nicotine withdrawal symptoms they 
do not provide a nicotine 'hit' in the form of a 
bolus which results from absorption via the 
pulmonary circulation. Perhaps the ideal 
nicotine replacement product would be an 
inhaler which is capable of delivering pure 
nicotine directly to the lungs and directly 
mimicking a cigarette (without the tar and 
carbon monoxide which cause most tobacco
related disease). Such a product has yet to be 
developed but perhaps the closest thing so far 
is nasal nicotine spray. This product has com
pleted pilot testing [63] and initial results 
from a placebo-controlled trial suggest that, 
although there is no nicotine bolus, the fast 
absorption via the nasal cavity is able to 
reduce craving for a cigarette and produce a 
clear enhancement of placebo one-year con
tinuous abstinence rates (26% vs 10%) in a 
smokers' clinic with intensive support [64]. It 
is likely that this product will be particularly 
suitable for more dependent smokers but 
may not be appropriate for brief interventions 
because the spray is initially perceived as 
quite aversive and requires encouragement to 
persist through the first week or so. 

With all of the nicotine replacement prod
ucts there is a risk of the nicotine addiction 
simply being transferred onto the new nico
tine source. The size of this risk is thought to 
be related to the degree to which the nicotine 
replacement product mimics nicotine deliv
ery from a cigarette. In smokers' clinics where 
use of nicotine replacement is encouraged, up 
to 6% of nicotine gum users continue using 
the gum for a least a year (25% of one year 
tobacco abstainers) [65] and the correspond
ing figure for nasal nicotine spray is 11 % (43% 
of one year successes) [64]. Patch treatment 
generally has a weaning procedure built into 
the treatment programme (in the form of pro
gressively smaller patches) and so tends to 

avoid this problem. At the moment there are 
few data on health hazards from long-term 
nicotine replacement but there are good 
reasons for thinking that these will be 
minimal in comparison to the risks from con
tinued smoking: there is a complete absence 
of tar and carbon monoxide, the quantities 
and speed of nicotine delivery are markedly 
lower than smoking, and finally there is evid
ence from studies of snuff users in Sweden 
that long-term nicotine exposure similar to 
that produced by nicotine replacement pro
ducts results in lower risk of myocardial 
infarction than smoking and no increased risk 
compared with using no tobacco products at 
all [66]. 

(iv) Other pharmacologic treatments 

A number of pharmacologic treatments other 
than nicotine replacement have begun to be 
evaluated. These include Buspirone, Cloni
dine, Doxepin, and lobeline-based products. 
Although some of these (e.g. Buspirone) have 
shown some promise in early studies it is fre
quently the case that when subject to more 
rigorous evaluation this early promise is not 
supported (as in the case of the lobeline
based products [67]). The use of these prod
ucts for smoking cessation must therefore be 
considered as strictly experimental at this 
stage. 

A summary of the key feature of effective 
smoking cessation treatment which have 
some support in the literature is presented in 
Table 15.1. 

15.5 A SMOKING PREVENTION AND 
CESSATION STRATEGY 

Thus far a number of different approaches to 
smoking cessation and prevention have been 
discussed. This section will attempt to 
describe how these different approaches may 
be effectively combined in a complementary 
manner as part of a coordinated smoking 
strategy. 
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Table 15.1 Aspects of smoking cessation treatment supported in the literature 

Treatment variable Method of choice 

Speed of tobacco withdrawal 

Intensity of treatment 

Abruptly on quit date 

Brief for all smokers, plus intensive for 
highly motivated moderate/heavy smokers 

Timing of psychological support Appointments concentrated in first 4 weeks 
when withdrawal symptoms are strong 

Group or individual treatment 

Pharmacological aids 

Additional components 

Group treatment whenever practical 

Nicotine replacement 

Measurement of expired carbon monoxide 
before and after cessation 

The strategy for smoking prevention and 
cessation proposed here is largely based on 
data provided by a series of studies con
ducted by the smoking research team at the 
Institute of Psychiatry (directed by Professor 
Michael Russell). It is intended to be applic
able to any healthcare setting dealing with a 
large number of outpatients (e.g. 3000 per 
year), such as General Practice or General 
Hospital outpatient clinics and assumes 
that only a limited amount of time (e.g. 
100 hours per year) is available for smoking 
interventions. 

The first step a healthcare worker needs to 
make to change smoking habits in patients is 
to find out whether they actually smoke. A 
doctor who does not even ask about this is 
implying that smoking is not relevant to 
health, whereas for many patients it will be 
the single most important determinant of 
their future health status. By asking whether 
they smoke and recording it in the notes 
(ideally using coloured labels on the outside 
of the notes) the doctor is showing both 
smokers and non-smokers that this is an 
important issue. This can of course be 
reinforced by informing the smokers just how 
important an issue it is and providing some 
brief advice on this together with a leaflet on 
how to go about it: 

'The single best thing you can do for your 
health is to stop smoking. I advise you to stop 

smoking as soon as possible by selecting a 
quit date within the next week or so and stop
ping completely on that day. I'd like you to 
take this leaflet which provides some tips on 
stopping smoking.' 

This type of brief intervention takes only 
one or two minutes per patient and has been 
shown to produce a small but very important 
effect. For example, one study [68] random
ized all of the adult smokers attending five 
General Practices over a one month period to 
one of four groups: 1. No intervention. 2. 
Given a brief smoking questionnaire. 3. Given 
brief advice to stop smoking. 4. Advised to 
stop smoking, given an information leaflet 
and warned that they would be followed up. 
As shown in Fig. 15.3 there was a small but 
significant effect such that the proportions 
who stopped smoking during the first month 
and were still not smoking a year later were 
0.3%, 1.6%, 3.3% and 5.1 % in the four groups 
respectively. 

This effect was achieved by motivating 
more people to try to stop smoking rather 
than increasing the success rate amongst 
those who did try. Successful quitting 
was also most apparent in the lighter 
smokers. When subjects were categorized as: 
(a) smokers (no quit attempt), (b) triers (made 
a quit attempt but didn't stop), (c) relapsers 
(abstained at one month but smoking at one 
year), and (d) quitters (abstinent at both one 
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Fig. 15.3 Effect of GP advice on giving up smoking [68]. Error bars are 95% confidence intervals. 

month and one year) there was a clear inverse 
relationship between the effects of GP advice 
and dependence, as measured at baseline by 
questionnaire ratings of severity of craving 
and perceived difficulty quitting [69]. This 
relationship is shown in Fig. 15.4. 

As mentioned above, this effect of a brief 
intervention may be enhanced further by 
measurement of expired carbon monoxide in 
smokers, and indeed, given the frequency of 
inaccurate self-reports of smoking to doctors 
(around 20% of claimed non-smokers in 
general practice or hospitals have traces of 
recent smoking on sensitive biochemical 
measures [8, 46]) it may be worthwhile 
obtaining a measure of expired carbon 
monoxide as part of routine tests on all 
patients prior to asking about their smoking 
status. 

In a subsequent study [70] with a similar 
design another group were offered a pre
scription of nicotine gum (provided free of 
charge), in addition to brief advice and a 
booklet. It was found that the offer of nicotine 

gum increased one year sustained abstinence 
rate from 4.1 % in the advice plus booklet 
group to 8.8% in the group also offered nico
tine gum. As before, these percentages are 
based on all cigarette smokers who attended 
the surgeries, including those who did not 
wish to stop and those in the gum group who 
did not even try the gum (47%). In addition 
to motivating more patients to try to stop 
smoking, the offer of gum increased the 
success rate amongst those who tried to quit 
(from 13.8% in the advice plus leaflet group 
to 19.5% in the gum group). In this study de
pendence, as measured at baseline, was nega
tively associated with subsequent 'success', 
and this relationship was attenuated in the 
gum group, i.e. highly dependent smokers 
were particularly helped by the offer of nico
tine gum [71]. Similarly, motivation (as meas
ured at baseline by questions about how 
much the person wants to quit) was posi
tively related to success and this relationship 
was stronger in heavier smokers, i.e. heavier 
smokers need to have a particularly strong 
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Fig. 15.4 Relationship of dependence to outcome in a GP intervention study [68]. Plotted values are 
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desire to quit if they are to stand any chance 
of success. 

A similar study carried out in a primary 
care setting in Canada also found a similar 
result, with 4.4% sustained abstinence at 1 
year in those receiving usual care compared 
with 8.8% in patients of physicians who had 
been trained in the use of nicotine gum [72]. 
Interestingly this study found an inter
mediate (6.1 %) success rate in patients who 
were offered the nicotine gum by physicians 
not trained in its use. Amongst other dif
ferences, these physicians were less likely to 
provide reading materials, ask for a quit date 
or offer a further appointment. 

These studies suggest that doctors asking 
about patients' smoking and giving brief 
advice on quitting can have three important 
effects: (a) increasing smokers' motivation 
and intention to stop, (b) increasing the 
number who actually make a quit attempt, 
(c) increasing the number of their patients 
who become long term non-smokers, but this 
effect is mainly found in light (not heavily 
nicotine dependent) smokers. In addition, the 

offer of nicotine gum as an aid to cessation 
motivates more smokers to try to quit but also 
increases the success rate. Nicotine replace
ment is of particular benefit to those heavier 
smokers who are less likely to succeed in 
quitting after brief advice alone. 

The strategy suggested by these studies is 
one which attempts to reach as many patients 
as possible. The first step is to create an envir
onment which makes it clear that smoking is 
not condoned and which offers both inform
ation and help for smokers considering quit
ting. Thus the hospital/practice should be 
clearly labelled as a non-smoking area and 
posters informing smokers of the health con
sequences of smoking and quitting should be 
clearly visible in waiting areas, as should 
posters and leaflets informing patients of 
what help is locally available (including an 
invitation to ask the doctor or nurse for help 
in quitting). 

The next step is for clinicians to ask every 
single patient who attends whether or not 
they smoke, and to write the answer in the 
notes, ideally on a colour-coded label on the 
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Table 15.2 Overall smoking prevention and cessation strategy for outpatient medical settings 

Intervention Who to? Time per Total Success No. of 
patient time rate" successes 

l. Ask about smoking, All attenders 10 seconds 8 hours Prevention? 
record on notes (n = 3000) 

2. Measure CO, give 800 smokers (no extra 4 minutes 53 4% 32 
advice +leaflet help requested) hours 

3. Prescribe nicotine Those who ask for 15 minutes 40 10% 16 
replacement, arrange extra help (n = 160) hours 
quit-date + follow-up 

4. Group treatment with Those who ask for more 22.5 minutes 15 25% 10 
nicotine replacement support (n = 40,13 or hours 
(5 x 1 hour per group) 14 per group) 

Overall strategy All patients mean = 2.3 116 5.8% of 58 
minutes per hours smokers 
patient 

aA 'success' is a patient who stops smoking immediately following the intervention and maintains abstinence for at 
least a year (and does not include those prevented from initiating smoking). 

front. This simple behavior need take only 10 
seconds, requiring a total of 8 hours of clinic 
time in a department seeing about 3000 
patients per year. Table 15.2 summarizes the 
expected time required and outcome for 
various levels of intervention applied to the 
1000 patients who are likely to admit they are 
smoking. In this example it is suggested that 
all smokers should be given the brief inter
vention, i.e. informed that they should stop 
smoking, have their expired carbon monoxide 
measured and explained, and given a leaflet 
on quitting. As discussed above, this simple 
intervention is likely to have a small but 
worthwhile effect, mainly on light smokers 
(those who consistently smoke less than ten 
cigarettes per day). 

The clinician then has to decide on which 
of these smokers it would be worthwhile 
spending more time. The two important vari
ables here are of course motivation and 
dependence on nicotine: clinic time is too pre
cious to use trying to persuade those with 
little intention of quitting, and lighter 

smokers may not require extra help (and will 
also have lower health risks). Until we have 
quick and valid measures of these variables a 
simple and pragmatic way of allocating 
further time is to only offer further help to 
patients who are motivated enough to 
actually request it (having already been 
informed that help is available by clinic 
posters). Those motivated patients who 
smoke at least 10 cigarettes per day may be 
offered a prescription for nicotine replace
ment (in the UK the patient will have to pay 
the full price less VAT), told how it works, 
asked to choose a quit date, and offered a 
follow-up appointment a week after their quit 
date. Those who are motivated enough to 
request more intensive treatment should have 
their name put on the waiting list for a stop
smoking group like the one described above 
(Section lS.4.2(c». 

The estimated numbers and results shown 
in Table 15.1 are based on the results of 
similar interventions reported in the scientific 
literature. This suggests that about 100 hours 



spent as described in the table will produce 
around 50 long-term ex-smokers, i.e. 2 hours 
per ex-smoker. This may not sound par
ticularly impressive but it should be borne in 
mind that this two hours of work will have 
produced an additional life expectancy of 
between 1 and 6 years [73], or put another 
way, will (in an individual in their 40s) have 
reduced the quitter's risk of dying in the next 
15 years by one-half (e.g. about 14% to 7%) 
compared with continuing smoking [3]. 

In addition to these cautious estimates of 
the number of long-term ex-smokers pro
duced, this strategy will also have an import
ant effect of provoking a general shift in 
attitudes to smoking such that intentions to 
abstain become stronger across the patient 
population as a whole [68]. This can be 
thought of as producing a shift to the right in 
Fig. 15.1 (Section 15.2), such that when the 
strategy is applied year on year more smokers 
become motivated to make a quit attempt and 
smoking prevalence continues to decline at a 
faster rate than if no organized intervention 
was being carried out [74]. 

The figures and suggestions given in Table 
15.2 are mainly based on studies conducted in 
primary care, and of course things may be 
different in different situations, e.g. an out
patient hospital chest clinic. One recent study 
conducted in this setting [75] and focusing on 
patients with smoking-related diseases found 
that brief advice by the physician produced a 
long-term success rate of 5.1 % which could be 
increased to 8.1 % by also sending patients 6 
brief letters from the doctor encouraging 
abstinence. These results are consistent with 
those presented in Table 15.2 and suggest one 
additional cost-effective method of helping 
patients to maintain their motivation in the 
months after their appointment at the hos
pital. The strategy proposed here can there
fore be adjusted to meet the demands of 
different settings but it contains the main 
components which are supported in the 
scientific literature, namely (a) brief advice 
given to all smokers, (b) measurement of 
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carbon monoxide as a method of validating 
smoking status and increasing cessation, 
(c) prescribing nicotine replacement with 
appropriate additional advice as an aid in 
motivated patients, and (d) use of a group 
format combined with nicotine replacement 
to administer more intensive treatment to 
dependent smokers with a strong desire to 
quit. 

The main difficulty for clinicians is to main
tain their efforts and motivation to keep these 
smoking cessation activities going. This is 
particularly the case with COPD patients -
the hard cases who continue to smoke despite 
advice to the contrary and severe ill-health. 
The experience of advising large numbers of 
such patients against smoking and seeing the 
majority of them return to the clinic, continu
ing to smoke and with worsening symptoms 
can be a demoralizing one. However, the 
methods proposed above have been shown to 
help patients to stop smoking and are avail
able now. Clinicians who carry out these pro
cedures in a consistent manner can therefore 
do so in the knowledge that although the 
resulting overall annual smoking cessation 
rate will be low, it will be more than double 
that produced by 'usual care' procedures. 
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BRONCHODILATORS: BASIC 
PHARMACOLOGY 

16 

P.]. Barnes 

16.1 INTRODUCTION 

Bronchodilators are widely used in the therapy 
of capo and provide modest relief of symp
toms and increase the exercise tolerance. The 
pharmacology of bronchodilators is largely 
concerned with the relaxation of airway 
smooth muscle, although it is increasingly 
recognized that bronchodilators may also affect 
other cell types. This chapter discusses the 
molecular, biochemical and clinical pharmacol
ogy of bronchodilators currently used in the 
treatment of capo and also describes some 
novel bronchodilators under development. 

Bronchodilator drugs have an 'anti
bronchoconstrictor' effect, which may be 
demonstrated directly in vitro by a relaxant 
effect on precontracted airway preparations. 
Bronchodilators cause immediate reversal of 
airway obstruction in vivo, and this is 
believed to be due to a direct effect on airway 
smooth muscle, although additional indirect 
effects on other airway cells (such as reduced 
microvascular leakage, reduced release of 
bronchoconstrictor mediators from inflam
matory cells and reduced neurotransmitter 
release) may contribute to the reduction in 
airway narrowing. In capo the most import
ant spasmogen is likely to be acetylcholine 
released from cholinergic nerves in the 
airway, although it is possible that other 
spasmogens such as neuropeptides, certain 

inflammatory mediators and peptides such as 
endothelin may also be contributory. 

Only three types of bronchodilator are in 
current clinical use: 

J3-adrenoceptor agonists (sympatho-
mimetics) 
Methylxanthines (theophylline) 
Anticholinergic drugs 

Drugs such as sodium cromoglycate, which 
prevent bronchoconstriction in some patients 
with mild asthma, have no direct broncho
dilator action and are ineffective once 
bronchoconstriction has occurred. Cortico
steriods, while gradually improving airway 
obstruction in asthmatic patients, have no 
direct effect on contraction of airway smooth 
muscle and are not therefore considered to be 
bronchodilators. The potential role of anti
inflammatory treatments in capo is cur
rently under investigation and is discussed in 
Chapter 18. 

16.2 I3-ADRENOCEPTOR AGONISTS 

J3-Adrenoceptor agonists are the most widely 
used bronchodilator agents for the relief of 
airway obstruction. While in asthma they are 
clearly the most effective agents available, in 
capo they are often similar in efficacy to 
anticholinergics. 

Chronic Obstructive Pulmonary Disease. Edited by Dr P. Calverley and Professor N. Pride. Published in 1995 by 
Chapman & Hall, London. ISBN 978-0-412-46450-8 



392 Bronchodilators: basic pharmacology 

16.2.1 CHEMISTRY 

The development of {3Tagonists was a logical 
development of substitutions in the cate
cholamine structure. The catechol ring con
sists of hydroxyl groups in the 3 and 4 
positions of the benzene ring (Fig. 16.1). 
Noradrenaline differs from adrenaline only in 
the terminal amine group, which therefore 
indicates that modification at this site confers 
{3-receptor selectivity. Further substitution of 
the terminal amine resulted in {3Treceptor 
selectivity, as in salbutamol and terbutaline. 

Endogenous catecholamines are rapidly 
removed by two active uptake processes. 

1. Uptakel is localized to sympathetic nerve 
terminals and noradrenaline is rapidly 
returned to storage vesicles. 

2. Uptake2 facilitates uptake into non-neural 
tissue, such as smooth muscle cells, where 
enzymatic degradation occurs. 

Isoprenaline is not a substrate for uptakev but 
is avidly taken up by uptake2, whereas non
catecholamine {3-agonists (such as salbu
tamol) are not taken up by either process. 

Noradrenaline 

Adrenaline 

Isoprenaline 

Salbutamol 

Salmeterol 

Formoterol 

Catecholamines are rapidly metabolized by 
the enzyme catechol-o-methyl transferase 
(COMT), which methylates in the 3-hydroxyl 
position, and accounts for the short duration 
of action of catecholamines. Modification of 
the catechol ring, as in salbutamol and ter
butaline, prevents this degradation and there
fore prolongs their effect. Catecholamines are 
also broken down by monoamine oxidase 
(MAO) in sympathetic nerve terminals and in 
the gastrointestinal tract which cleaves the 
side chain. Isoprenaline, which is a substrate 
for MAO, is therefore metabolized in the gut, 
making absorption variable. Substitution in 
the amine group confers resistance to MAO 
and ensures reliable absorption. Many other 
{3Tselective agonists have now been intro
duced and, while there may be differences in 
potency, there are no clinically significant dif
ferences in selectivity. Inhaled {32-selective 
drugs in current clinical use (apart from 
rimiterol which is broken down by COMT) 
have a similar duration of action. 

Recently, inhaled {3Tselective drugs which 
have a much longer duration of effect (over 
12 hours), such as salmeterol and formoterol, 

Fig. 16.1 Chemical structure of some adrenergic agonists showing development from catecholamines. 



have been developed and are now available 
in several countries [1]. The mechanism for 
their long duration of action may be related 
to a high lipophilicity, which may keep the 
molecule in the vicinity of the receptor. 

16.2.2 MECHANISM OF ACTION 

f3-Agonists produce all their effects via the 
activation of surface f3-receptors. Their major 
target is airway smooth muscle, although it is 
now recognized that they may have addi
tional therapeutic effects on other cell types 
[2]. 

(a) Airway smooth muscle 

Autoradiographic studies have demonstrated 
the presence of f3-receptors in airway smooth 
muscle of animal and human airways from 
the trachea down to terminal bronchioles 
[3,4]. In some species both f31 and f3rreceptors 
have been demonstrated functionally in 
airway smooth muscle; the presence of f3r 
receptors is related to the presence of sym
pathetic innervation of airway smooth muscle 
[5]. Human airway smooth muscle lacks a 
functional sympathetic innervation and this is 
consistent with the autoradiographic evid
ence that in humans only f3rreceptors are 
expressed in smooth muscle at all airway 
levels [6]. Recent studies have demonstrated 
the expression of the f3rreceptor gene in cul
tured human airway smooth muscle cells 
using Northern blotting and in airway 
smooth muscle by in situ hybridization [7]. The 
amount of f3rreceptor mRNA in airway 
smooth muscle is high relative to the low 
receptor density; this may indicate a rapid 
turnover of f3rreceptors and may account for 
the relative resistance of airway smooth 
muscle to desensitization (or tolerance). 
Functional studies also demonstrate that 
relaxation of both central and peripheral 
human airways is mediated solely via f3r 
receptors [8]. f3-Agonists act as functional 
antagonists and inhibit or reverse the con-
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tractile response irrespective of the constrict
ing stimulus. 

The intracellular mechanisms involved in 
mediating the relaxant effect of f3-agonists in 
airway smooth muscle have recently been 
elucidated (Fig. 16.2). f3-Receptor stimulation 
increases intracellular cyclic AMP which acti
vates protein kinase A (PKA). PKA phos
phorylates several proteins in the cell 
resulting in relaxation [9]. In airway smooth 
muscle PKA directly inhibits myosin light 
chain phosphorylation [10], inhibits phos
phoinositide hydrolysis and thereby reduces 
intracellular Ca2+ release [11], promotes 
Ca2+ /Na+ exchange [12], thus resulting in a 
fall in intracellular Ca2+, and stimulates 
Na+ /K+ ATPase [13]. These effects are ob
served at relatively high concentrations of f3-
agonist when maximal relaxation responses 
have been exceeded. An important effect of 
f3-agonists is the opening of membrane potas
sium (K+) channels. Charybdotoxin and iberi
otoxin, which are selective blockers of large 
conductance Ca2+-activated K+ channels 
(maxi-K channels) inhibit the bronchodilator 
responses to f3-agonists and to other agents 
which elevate cyclic AMP [14,15]. These 
effects are observed at low concentrations of 
f3-agonists in human airways in vitro, suggest
ing that this is a major mechanism of airway 
smooth muscle response to f3-agonists [16]. 
Patch clamp studies have confirmed that ele
vation of cyclic AMP opens a maxi-K channel 
in airway smooth muscle cells [17]. More 
recently evidence has been obtained that 
f3-receptors may activate the maxi-K channel 
in airway smooth muscle cells directly via the 
a-subunit of Gs [18]. This suggests that relax
ation of airway smooth muscle may occur 
independently of a rise in intracellular cyclic 
AMP and explains why there is a discrepancy 
between the low concentration of f3-agonists 
needed to relax airway smooth muscle and 
the relatively high concentrations needed to 
elevate cyclic AMP concentrations. Further
more it-explains why forskolin, which causes 
a large increase in intracellular cyclic AMP 
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Fig. 16.2 Molecular mechanisms of action of ,B-agonists on airway smooth muscle cells. ,B-Agonists acti
vate surface ,B-receptors which are coupled to adenylyl cyclase (AC) via a coupling protein (Gs). This 
causes an increase in cyclic AMP which activates protein kinase A (PKA) which then phosphorylates 
several substrates leading to molecular events that result in relaxation. ,B-Receptors may also directly be 
coupled via Gs to a large conductance potassium channel (Kca). 

concentration in airway smooth muscle, is a 
relatively poor bronchodilator [19]. 

(b) Effects on nerves 

f3-Agonists may also modulate neuro
transmission in airways via prejunctional 
receptors on airway nerves [20]. In canine and 
feline airways exogenous noradrenaline and 
endogenously-released catecholamines 
inhibit cholinergic nerve-induced broncho
constriction to a greater extent than an equiv
alent contraction induced by acetylcholine, 
indicating a pre-junctional effect. This effect 
in dogs is mediated via pre-junctional f3r 
receptors localized to postganglionic choliner
gic nerves [21], although other studies 
suggest that f3z-receptors are also involved 

[22] . f3-Agonists may also modulate neuro
transmission in parasympathetic ganglia via 
an effect on preganglionic nerve endings [23]. 
In human airways f3-agonists modulate 
cholinergic neurotransmission in vitro via pre
junctional f32-receptors on postganglionic 
cholinergic nerves [24,25]. Although there are 
close anatomic associations between adrener
gic and cholinergic nerves in human airways 
[26], stimulation of endogenous noradrena
line release from sympathetic nerves by tyra
mine has no modulatory effect [24]. It is more 
likely that circulating adrenaline regulates 
prejunctional f3z-receptors in human airways. 

f3-Agonists may also have effects on 
sensory nerves. f3-Agonists inhibit excitatory 
non-adrenergic non-cholinergic (NANC) 
bronchoconstrictor responses in guinea-pig 



bronchi in vitro at concentrations which do 
not block equivalent tachykinin-induced 
responses [27]. This modulatory effect is 
mediated via a J3z-receptor on capsaicin
sensitive sensory nerves in the airways [27], 
although recently some evidence has 
suggested that an atypical J3-receptor (133) 
may be involved [28]. Whether J3-receptors 
modulate sensory nerves in human airways is 
not certain. Some evidence which suggests 
that J3z-receptors may be modulatory is pro
vided by the inhibitory action of salbutamol 
on cough responses [29]. However an inhaled 
J3z-agonist, even in a high dose, has no addi
tional protective effect on inhaled metabi
sulphite (which is believed to act on airway 
sensory nerves) than on methacholine 
challenge [30]. 

(c) Effects on vessels 

J3-Agonists are vasodilators and their 
vasodilator action within the pulmonary cir
culation may have a potentially deleterious 
effect in patients with COPD, particularly 
during exacerbations, since the reversal of 
hypoxic vasoconstriction in poorly ventilated 
areas may result in increased shunting of 
blood and increased hypoxemia. In practice 
the effect of high dose nebulized J3-agonists in 
decreasing Pao2 is usually small «5 mmHg), 
although in occasional patients greater falls 
are observed [31]. Any fall in Pao2 can be 
reversed by increasing the inspired oxygen 
concentration [31]. 

J3-Agonists are also vasodilators in the 
bronchial circulation. This may be a 
potential disadvantage since theoretically 
this might increase plasma exudation by 
increased delivery of blood to leaky post
capillary venules and increase the thickness 
of airway tissue by increasing the blood 
volume. In fact J3-agonists have been found 
to reduce plasma exudation in rodent 
airways after inhalation, probably due to a 
direct effect on postcapillary venular 
endothelial cells [32,33]. 
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(d) Effects on inflammatory cells 

The effect of J3-agonists on airway inflam
mation is a controversial area [34], partly 
because of the differing understanding of 
what inflammation involves. The role of 
inflammation in COPD is less well defined 
than in asthma. Since J3-agonists are clearly 
capable of inhibiting plasma exudation in the 
airways in response to inflammatory media
tors they must be considered to be anti
inflammatory. J3-Agonists also inhibit mast 
cells which participate in the acute allergic 
inflammatory response. However, J3-agonists 
have little or no effect on the chronic inflam
matory response which underlies airway hy
perresponsiveness and chronic asthma. This 
is most clearly demonstrated by biopsy 
studies which show that regular treatment 
with J3-agonists, including salmeterol, fails to 
resolve the inflammatory process as judged 
by the presence of activated mast cells, 
eosinophils and macrophages [35,36]. 

J3-Agonists inhibit the release of histamine 
from chopped human lung and dispersed 
human lung mast cells via J3z-receptors [37]. 
Whether these in vitro studies are relevant to 
in vivo use of J3-agonists is less certain. 
Inhaled salbutamol inhibits the increase in 
plasma histamine induced by allergen expo
sure in asthmatic patients [38], but there are 
some doubts about the interpretation of 
plasma histamine measurements. Urinary 
leukotriene E4 excretion may be a more accu
rate reflection of airway mediator release 
after allergen exposure, but the effects of 
inhaled J3-agonists are relatively small [39]. 
Functional evidence suggests that inhaled 13-
agonists may have an effect on mast cells 
in vivo since a nebulized J3-agonist has a 
significantly greater effect on adenosine 
5'-monophosphate- (AMP) induced broncho
constriction than on histamine- or 
methacholine-ind uced bronchoconstriction 
[30]. This increased protective effect is also 
seen after the normal therapeutic dose of 13-
agonist from a metered dose inhaler [30]. The 
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increased protection against AMP challenge 
compared with the directly acting constrictors 
may reflect an additional effect on airway 
mast cells, since adenosine and AMP cause 
bronchoconstriction indirectly via the release 
of histamine from mast cells. 

J3-Agonists also have inhibitory effects on 
eosinophils [40] and lymphocytes [41], but 
these effects are small and usually rapidly 
desensitized. J3-Agonists do not inhibit alveo
lar macrophages [42]. These findings are con
sistent with the view that J3-agonists do not 
have a useful therapeutic effect on chronic 
inflammation of the airways. 

(e) Airway secretions 

J3-Agonists increase mucus secretion from 
submucosal glands in human airways [43] 
and ion transport across airway epithelium 
[44]. In addition J3-agonists may increase 
ciliary beat frequency in cultured human 
airway epithelial cells [45]. These effects may 
enhance mucociliary clearance, and therefore 
reverse any defect in clearance found in 
COPD. However, J3-agonists appear to selec
tively stimulate mucous rather than serous 
cells, which may result in a more viscous 
mucus secretion [46]. 

16.2.3 SAFETY OF j3-AGONISTS 

Because of a pOSSible relationship between 
adrenergic drug therapy and the rise in 
asthma deaths in several countries during the 
early 1960s, doubts have been cast on the 
safety of J3-agonists in patients with airway 
obstruction. A causal relationship between 13-
agonists use and mortality has never been 
established, although in retrospective studies 
this would not be possible. More recently, 
these doubts have been revived and the use 
of high doses of J3-agonists given by nebuliz
ers at home was linked to the increase in 
asthma deaths in New Zealand. However, 
there is no convincing evidence that 
nebulized J3-agonists directly contribute to 

asthma deaths, which can usually be ascribed 
to underestimation and under-treatment of 
the disease. There has never been any con
vincing evidence that J3-agonists cause death 
by inducing cardiac arrhythmias, and in 
asthma patients who had near-death episodes 
there was no evidence for dangerous 
arrhythmias [47]. 

A particular J32-agonist, fenoterol, has been 
linked to the recent rise in asthma deaths in 
New Zealand since significantly more of the 
fatal cases were prescribed fenoterol than the 
case-matched control patients [48,49]. How
ever, the evidence is controversial and it is 
likely that any increased risk in mortality may 
be explained by the fact that fenoterol, as a 
more potent bronchodilator, was used in more 
severe asthmatics who are at higher risk. A 
recent study based in Saskatchewan, Canada, 
examined the links between drugs dispensed 
for asthma and death or near-death from 
asthma attacks, based on computerized 
records of prescriptions. There was a marked 
increase in the risk of death with high doses 
of all inhaled J3-agonists [50]. The risk was 
greater with fenoterol, but when the dose was 
adjusted to the equivalent dose for salbutamol 
there was no significant difference in the risk 
for these two drugs. The link between high 13-
agonist usage and increased asthma mortality 
does not prove a causal association, since pa
tients with more severe and poorly controlled 
asthma, and who are therefore more likely to 
have an increased risk of fatal attacks, are 
more likely to be using higher doses of 13-
agonist inhalers and less likely to be using 
effective anti-inflammatory treatment. Indeed 
in the patients who used regular inhaled 
steroids there was a significant reduction in 
risk of death. 

Recent evidence suggests that the regular 
use of inhaled J3-agonists may increase 
asthma morbidity. In a study carried out in 
New Zealand the regular use of fenoterol was 
associated with poorer control and a small 
increase in airway hyperresponsiveness 
compared with patients using fenoterol 'on 



demand' for symptom control [51]. Another 
study showed that regular salbutamol was 
associated with a more rapid decline in lung 
function over a period of two years compared 
with use of salbutamol 'on demand' in both 
COPD and asthma patients [52]. A similar 
finding was obtained with an anticholinergic 
bronchodilator. Other studies have shown 
that regular inhaled f3-agonists (salbutamol or 
terbutaline) are associated with a rebound 
increase in airway responsiveness [53-55], 
although the magnitude of the changes 
described is small and of doubtful clinical 
significance. 

These concerns about inhaled f3-agonists 
indicate that further research is needed with 
carefully controlled trials in large numbers of 
patients [34]. It is now clear that inhaled f3z
agonists of short or long duration do not sup
press the underlying inflammation of asthma 
in the way steroids do [35,36], and yet they 
may control the symptoms of asthma. The 
position of f3-agonists in patients with COPD 
is even less clear as no Significant studies 
have addressed the issue. 

16.2.4 TOLERANCE 

Continuous treatment with an agonist often 
leads to tolerance or subsensitivity, which 
may be due to down-regulation of the 
receptor. For this reason there have been 
many studies of bronchial f3-receptor function 
after prolonged therapy with f3-agonists [56]. 
Tolerance of non-airway f3-receptor re
sponses, such as tremor and cardiovascular 
and metabolic responses, is readily induced 
in normal and asthmatic subjects. But 
whether tolerance of airway f3-receptors 
occurs is debatable. Tolerance of human 
airway smooth muscle to f3-agonists in vitro 
has been demonstrated, although the con
centration of agonist necessary is high and 
the degree of desensitization is variable 
[57,58]. Animal studies suggest that airway 13-
receptors may be more resistant to desensiti
zation than I3-receptors elsewhere [59]. 
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In normal subjects bronchodilator tolerance 
has been demonstrated in some studies after 
high dose inhaled salbutamol, but not in 
others. In asthmatic patients tolerance to the 
bronchodilator effects of f3-agonists has not 
usually been found. However, even when 
tolerance has been demonstrated, the effect is 
very small and probably clinically in
significant; the more readily demonstrable 
tolerance of extra pulmonary effects has the 
benefit that side-effects tend to disappear 
with continued use. Recent evidence suggests 
that tolerance develops to the mast cell stabi
lizing effect of f3-agonists, but not to the bron
chodilator effect [60]; this might explain why 
intermittent use of f3-agonists may be more 
effective than regular use in asthma. The rela
tive resistance of airway smooth muscle 13-
receptors to desensitization may reflect the 
high level of f3z-receptor gene expression in 
airway smooth muscle cells [7]. 

Although tolerance to the bronchodilator 
effects of long-acting f3z-agonists has not been 
reported [61,62], the protective effect of sal
meterol against methacholine challenge 
appears to be reduced after 4 weeks of 
administration [63]. 

The mechanisms of tolerance have been 
investigated at a molecular level. Short-term 
desensitization involves uncoupling of the 
f3-receptor via phosphorylation of the 
receptor and its G-protein through the acti
vation of specific kinases [64], but longer 
exposure to f3-agonists results in reduced 
messenger RNA levels due to reduced sta
bility [65]. Even more prolonged exposure 
to f3-agonists results in down-regulation of 
f3-receptors in lung with reduced gene 
transcription [59]. 

Experimental studies have shown that 
corticosteroids prevent the development of 
tolerance in airway smooth muscle, and 
prevent and reverse the fall in pulmonary 13-
receptor density [66,67]. Thus, any tendency 
for tolerance to develop with high dose 
inhaled f3-agonists should be prevented by 
concomitant administration of corticosteroids. 
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16.3 ANTICHOLINERGICS 

Anticholinergic drugs are useful broncho
dilators in patients with COPD and may be as 
effective as f3-agonists. 

16.3.1 CHOLINERGIC MECHANISMS 

Cholinergic nerves are the dominant neural 
bronchoconstrictor pathway in animal and 
human airways [68], and there has been con
siderable interest in why airway cholinergic 
mechanisms are exaggerated in COPD. Many 
triggers which induce bronchospasm (such as 
sulfur dioxide, prostaglandins, histamine and 
cold air) also stimulate sensory receptors in 
the airways and may therefore lead to reflex 
cholinergic bronchoconstriction [69]. 

(a) Neural pathways 

Cholinergic motor nerves arise in the nucleus 
ambiguus of the brain stem and travel down 
the vagus nerve to relay in parasympathetic 
ganglia which are situated within the 
airways. From these intrinsic ganglia short 
postganglionic fibres innervate the target 
cells, such as airway smooth muscle, 
bronchial vessels and submucosal glands 
(Fig. 16.3). In animals and normal human 
subjects there is a certain degree of resting 
cholinergic tone which may be demonstrated 
by vagus nerve section or by administration 
of atropine which blocks the effect of endo
genously released acetylcholine on mus
carinic receptors. 

Cholinergic innervation is greatest in large 
airways and diminishes peripherally [68]. 
Studies in animals have demonstrated that 
cholinergic nerve effects are greatest in large 
airways and minimal in small airways. 
Receptor mapping studies have demonstrated 
a high density of muscarinic receptors in 
smooth muscle of large airways, but few in 
peripheral airways of ferrets [70], although in 
human airways muscarinic receptors are also 
seen in peripheral airways [71]. In humans, 

studies which have tried to distinguish large 
and small airway effects have shown that 
cholinergic bronchoconstriction predomi
nantly involves larger airways, whereas f3-ag
onists are equally effective in large and small 
airways [72]. This relative diminution of 
cholinergic control in small airways may have 
important clinical implications, since anti
cholinergic drugs should be less useful than 
f3-agonists when bronchoconstriction in
volves small airways, as seems likely in 
COPD. 

(b) Reflex bronchoconstriction 

Cholinergic efferent pathways may be activ
ated reflexly via stimulation of afferent 
nerves both within and outside the airways. 
There may be increased cholinergic reflex 
bronchoconstriction due to stimulation of 
sensory receptors in the airways. A wide 
variety of stimuli are able to elicit reflex 
cholinergic bronchoconstriction [73]. Sensory 
afferent endings, which include irritant recep
tors and unmyelinated nerve endings (C
fibers), are found in airway epithelium, 
larynx and nasopharynx [74]. Sensory recep
tors may be triggered by many stimuli, 
including dust, cigarette smoke, mechanical 
stimulation and mediators such as histamine, 
prostaglandins and bradykinin, which will 
lead to reflex bronchoconstriction. Reflex 
bronchoconstriction may be inhibited by anti
cholinergic drugs, which may therefore have 
a variable effect on airway obstruction which 
will be dependent on the degree of chol
inergic reflex bronchoconstriction. Recent 
neurophysiologic studies with single fiber 
recording suggest that bradykinin may be the 
most important activator of C-fibers in the 
airways [75]. The role of inflammatory media
tors in COPD is less certain, but it is possible 
that bradykinin may be formed from exuded 
plasma, or may be secreted from mucus
secreting glands. 

Reflex bronchoconstriction may also be 
initiated from sensory receptors in the larynx, 
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Fig. 16.3 Cholinergic neural pathways arise in the brain stem, travel down the vagus nerve and relay in 
parasympathetic ganglia within the airway wall. Short postganglionic fibers innervate target organs such 
as airway smooth muscle and submucosal glands. CholinergiC pathways may be activated reflexly via 
afferent receptors in the airways. (M = muscarinic receptors.) 

nose and esophagus. Rhinitis may exacerbate 
airway obstruction through enhanced chol
inergic reflex bronchoconstriction. There 
is evidence that esophageal acid reflux may 
exacerbate asthma through cholinergic 
mechanisms, since anticholinergic drugs 
inhibit the bronchoconstriction associated 
with reflux ('the reflux reflex') [76]. 

(c) Acetylcholine release 

Acetylcholine is released from airway sensory 
nerves and acts on muscarinic receptors on 

target cells. The release of acetylcholine may 
be modulated via a number of prejunctional 
receptors [20]. Inflammatory mediators and 
neuropeptides released from airway nerves 
may either increase or decrease acetylcholine 
release. 

16.3.2 CHOLINERGIC MECHANISMS IN COPD 

Since cholinergic nerves are the predominant 
neural bronchoconstrictor mechanism it is not 
surprising that they are involved in obstruc
tive diseases of the airways. In COPD there is 
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structural narrowing of airways which is ir
reversible. This appears to be a combination 
of fibrosis, particularly in peripheral airways, 
and muscle hyperplasia, whereas in emphy
sema it is due to narrowing of peripheral 
airways due to loss of elastic recoil provided 
by the alveolar wall attachments. In addition, 
there is a degree of vagal bronchomotor tone. 
While, in normal airways, this tone has little 
effect on airway caliber, when the airways are 
narrowed the same degree of tone will have a 
much more marked effect on airway resist
ance (which is inversely proportional to the 
fourth power of the radius) (Fig. 16.4). 
Reversing this tone by anticholinergic drugs 
will, therefore, have a significant beneficial 
effect. The relative benefit of anticholinergic 
drugs versus f3-agonists is likely to be greater 
in COPD than in asthma, in which additional 
factors (such as direct effects of mediators 
such as leukotriene 0 4 on airway smooth 
muscle) are likely to be operative. There is 
some day-to-day variability in airway func
tion in patients with COPD and evidence that 
anticholinergics reduce this variability which 
may suggest that changes in vagal cholinergic 
tone are the major determinant of this vari
ability [77]. Anticholinergics are as effective 
as {3z-agonists in exacerbations of COPD indi
cating that, as in asthmatic patients, the major 
component of increased airway obstruction is 
due to an increase in cholinergic tone [78]. 

Anticholinergic drugs usually cause bron
chodilatation in normal subjects and patients 
with asthma and COPD. The extent of bron
chodilatation is variable between individuals, 
which presumably reflects the degree of vagal 
tone. Anticholinergic drugs are competitive 
antagonists of acetylcholine, so the bron
chodilator effect is related to the dose given 
until maximal blockade of endogenous acetyl
choline is obtained. In asthmatic patients the 
degree of bronchodilatation seen with anti
cholinergic drugs is less marked than with {3-
agonists (which will relax airway smooth 
muscle irrespective of the constrictor stimuli). 
This may demonstrate that airway narrowing 
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Fig. 16.4 Normal airways have a certain amount 
of cholinergic tone, resulting in a small degree of 
airway narrowing which is revealed by a small 
bronchodilator response to anticholinergics. In 
COrD, in which there is fixed narrowing of the 
airways, the same amount of cholinergic tone will 
have a greater effect on airway resistance for geo
metric reasons. Conversely anticholinergics will 
have a relatively greater bronchodilator effect. In 
COrD cholinergic tone may be the only reversible 
component of airway narrowing. 

in asthma is due to more factors than vagal 
tone alone. In COPD, however, anticholiner
gics may produce equivalent or even greater 
bronchodilatation than {3-agonists since vagal 
tone is the major reversible element in such 
patients [79]. Anticholinergics often appear to 
be of similar efficacy to {3-agonists in COPD 
patients [80,81], and sometimes an even 
greater improvement has been reported with 
anticholinergics [82,83], although very few 
studies have investigated dose-response rela
tionships (Chapter 17). 



The reason why anticholinergics sometimes 
have a greater effect on airway function in 
COPD is uncertain, since if cholinergic tone 
were the only reversible component it may be 
predicted that ,BTagonists would be equally 
effective in inhibiting cholinergic tone. Perhaps 
anticholinergics might have a greater effect 
than ,B-agonists in COPD because of some 
additional effect on mucus secretion. Chol
inergic agonists are potent stimulants of 
mucus secretion in human airways in vitro 
[80,84], and act predominantly on submucosal 
glands which are the major source of mucus in 
proximal airways. In more peripheral airways 
the only source of airway mucus is epithelial 
goblet cells, and there is evidence in animals 
that these are under cholinergic control [85]. In 
addition cigarette smoke is a potent stimulus 
to goblet cell discharge in animals and the 
effects of the particulate phase are mediated by 
a cholinergic reflex [86]. If the same applies to 
human airways, it is possible that inhaled anti
cholinergics reduce goblet cell secretions and 
thereby improve the airway obstruction in 
peripheral airways. 

Although the onset of bronchodilatation 
after anticholinergic drugs may be slower 
than after a ,B-agonist, the duration of bron
chodilatation may be greater than 8 hours 
and therefore significantly longer than con
ventional inhaled ,BTagonists such as salbu
tamol [80]. This may be used to advantage 
when the two drugs are used in combination. 
The prolonged duration of bronchodilatation 
compared with ,B-agonists may be of advan
tage in these patients. It is likely that the fall 
in lung function which occurs at night in 
patients with COPD [87] may also benefit 
from high-dose anticholinergic drugs given at 
night, since an increase in vagal tone is the 
most likely mechanism for the increased 
nocturnal bronchoconstriction [88,89]. 

16.3.3 MUSCARINIC RECEPTOR SUBTYPES 

Cholinergic effects on the airways are medi
ated by muscarinic receptors on target cells in 
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the airways [90,91]. More is now known 
about muscarinic receptor structure, and 
muscarinic receptors have now been cloned 
[92]. Recently, several different subtypes of 
muscarinic receptor have been distinguished, 
raising the possibility of developing more 
selective anticholinergic agents. In the air
ways, smooth muscle muscarinic receptor 
activation results in rapid phosphoinositide 
hydrolysis [93-95] and the formation of ino
sitol (1,4,5) trisphosphate which releases 
calcium ions from intracellular stores. 
Muscarinic receptor activation also inhibits 
adenylyl cyclase and therefore reduces cyclic 
AMP in airway smooth muscle [96], which 
may counteract the bronchodilator effects of 
,B-agonists (Fig. 16.5). These two biochemical 
events are mediated by different receptor 
subtypes in airway smooth muscle. 

Muscarinic receptors mediate the mucus 
secretory response to vagus nerve stimu
lation. Cholinergic agonists are potent 
secretagogues and stimulate mucus secretion 
from submucosal glands [97] and also from 
goblet cells in the epithelium, which are the 
major source of mucus in peripheral airways 
[85]. 

With the development of selective drugs, 
subclasses of muscarinic receptors have now 
been demonstrated in many tissues [92]. 
Receptor subtypes have been cloned and 
expressed, and at least 5 distinct receptor 
proteins have now been recognized in animal 
and human tissues [92]. Three distinct sub
types of receptor have been recognized phar
macologically in humans. Mrreceptors are 
pirenzepine-sensitive and are usually local
ized to neuronal structures. MTreceptors are 
present in atrium and mediate the heart rate 
slowing with cholinergic stimulation. MT 
receptors are selectively blocked by AF-DX 
116, methoctramine or gallamine and are 
different from muscarinic receptors on 
smooth muscle (MTreceptors) which are 
sensitive to 4-diphenylocetoxy-N-methyl
piperidine methiodide (4-DAMP) and hexa
hydro-siladifenidol. All three muscarinic 
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Fig. 16.5 Coupling of muscarinic receptors in airway smooth muscle cells. Muscarinic receptors (M3-

receptors) may be coupled via G-proteins to phospholipase C (PLC), leading to formation of inositol 1,4,5 
triphosophate (IP3) and release of intracellular calcium ions. M2-receptors are coupled via Gj to inhibition 
of adenylyl cyclase (AC), resulting in a fall in cyclic AMP which may increase contractile responses. 

receptor subtypes have now been described 
in airways [91,98], but their precise relevance 
to airway disease and therapy is not yet 
certain. 

(a) M1-receptors 

The discovery that the muscarinic antagonist 
pirenzepine was able to discriminate between 
high and low affinity muscarinic receptor 
binding sites [99] supported previous sug
gestions that subtypes of muscarinic receptor 
might exist. Receptors with a high affinity for 
pirenzepine, which are designated Mr 
receptors, are found in cerebral cortex and 
autonomic ganglia, in contrast to lower 
affinity receptors which predominate in heart 
and smooth muscle (which were therefore all 
classified by exclusion as Mz-receptors). Mr 
receptors are usually localized to neurones 

and in the peripheral nervous system have 
been demonstrated in autonomic ganglia. 
There is evidence for facilitatory Mrreceptors 
on parasympathetic ganglia in rabbit bronchi 
[100]. Mrreceptors may also be present in 
human airway ganglia, since inhaled piren
zepine has a much greater inhibitory effect on 
reflex bronchoconstriction (triggered by 502 

inhalation) than on bronchoconstriction due 
to the direct effect of inhaled methacholine, 
whereas the non-selective ipratropium 
bromide is equally effective on both 
challenges [101]. 

The physiologic role of the M1-receptors in 
ganglia is still not certain. Classically, gan
glionic transmission is via nicotinic choliner
gic receptors which are blocked by 
hexamethonium. It is possible that excitatory 
M1-receptors are facilitatory to nicotinic 
receptors and may be involved in 'setting' the 
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Fig. 16.6 Muscarinic receptor subtypes in 
airways. Ganglionic transmission is mediated via 
nicotinic receptors (N), but Mrreceptors may play 
a facilitatory role. Mrreceptors at the postgan
glionic terminal may inhibit the release of acetyl
choline (ACh), which acts on M3-receptors on 
airway smooth muscle. 

efficacy of ganglionic transmission. 
Activation of these receptors probably closes 
K+ channels, resulting in a slow depolariza
tion of the ganglion cell [102]. Perhaps they 
might be involved in the chronic regulation of 
cholinergic tone, whereas nicotinic receptors 
(which act as 'fast' receptors and open ion 
channels) are more important in rapid sig
nalling, such as occurs during reflex activa
tion of the cholinergic pathway (Fig. 
16.6). If so, then M}-antagonists such as 
pirenzepine and telenzepine might have a 
useful therapeutic role in asthma and COPO, 
since they may reduce vagal tone. Since in
creased vagal tone may be important in 
COPO, M}-selective antagonists might prove 
to be efficacious. A recent study has found 
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that telenzepine had no significant beneficial 
effect on airway function in patients with 
COPD however [103]. 

The results of binding studies in lung are 
unexpected. Binding of the non-selective 
muscarinic antagonist [3H]quinuclidinyl ben
zilate in human peripheral lung membranes 
is displaced by pirenzepine with a shallow 
inhibitory curve, suggesting the presence of 
high and low affinity sites [104]. The high 
affinity binding site has the characteristic 
expected of an Mrreceptor and this is 
confirmed by the use of [3H]pirenzepine to 
label the receptors. Mrreceptors make up 
more than half of the binding sites in lung of 
both species which cannot be accounted for 
by receptors on airway ganglia or nerves, 
which would make up only a small fraction 
of the membranes. Autoradiographic 
mapping studies suggest that M}-receptors in 
human airways are present on submucosal 
glands, and are also seen in alveolar walls 
[71]. These autoradiographic studies have re
cently been supported by in situ hybridization 
studies using cONA and oligonucleotide 
probes, which hybridize to the specific mes
senger RNA encoded by the genes for the dif
ferent muscarinic receptor subtypes [105]. In 
human lung Mrreceptor mRNA is localized 
to submucosal glands and to alveolar walls, 
whereas in rabbit lung the muscarinic recep
tors localized to the peripheral lung appear to 
belong to the M4-receptor subtype (Mak and 
Barnes, unpublished), which corresponds 
with recent functional data in this species 
[106]. 

(b) Mrreceptors 

Muscarinic receptors which inhibit the release 
of acetylcholine from cholinergic nerves have 
been described in the gut [107]. Such 
muscarinic auto receptors have also been 
described in the airways, and have been char
acterized as Mrreceptors, thus differing from 
the muscarinic receptor subtypes on airway 
smooth muscle which are classified as M3" 
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receptors [20]. These muscarinic receptors 
appear to be located prejunctionally on post
ganglionic parasympathetic nerves and have 
a powerful inhibitory influence on acetyl
choline release (Fig. 16.6). Muscarinic auto
receptors have been demonstrated in guinea 
pig [108-110], cat [111], rat [112] and dog 
[22,113]. The presence of prejunctional M2-

receptors on airway cholinergic nerves has 
recently been confirmed in guinea-pig trachea 
by direct measurement of acetylcholine 
release [114,115]. 

Similar feedback inhibitory receptors have 
also been localized to postganglionic chol
inergic nerves in human airways in vitro 
[109]. In normal subjects pilocarpine, which 
selectively stimulates the prejunctional recep
tors, has an inhibitory effect on cholinergic 
reflex bronchoconstriction induced by 502, 
suggesting that these inhibitory receptors are 
present in vivo, and presumably serve to limit 
cholinergic bronchoconstriction [116]. Other 
evidence now also supports this observation 
[117]. In asthmatic patients pilocarpine has no 
such inhibitory action, indicating that there 
might be some dysfunction of the auto
receptor, which would result in exaggerated 
cholinergic reflex bronchoconstriction [116, 
118]. A functional defect in muscarinic 
autoreceptors may also explain why f3-
blockers produce such marked bronchocon
stricti on in asthmatic patients, since any 
increase in cholinergic tone due to blockade 
of inhibitory f3-receptors on cholinergic 
nerves would normally be switched off by 
Mrreceptors in the nerves, and a lack of such 
receptors may lead to increased acetylcholine 
release, resulting in exaggerated bronchocon
stricti on [119]. Support for this idea is pro
vided by the protective effect of oxitropium 
bromide against propranolol-induced bron
choconstriction in asthmatic patients [120]. 
Whether there may be a similar defect in 
muscarinic autoreceptors in patients with 
capo has not yet been determined. 

The mechanism by which M2-autoreceptors 
on cholinergic nerves may become dysfunc-

tional is not certain. It is possible that chronic 
inflammation in airways may lead to down
regulation of Mrreceptors which may have 
an important functional effect if the density of 
prejunctional muscarinic receptors is rela
tively low. Recently experimental studies 
have demonstrated that influenza virus may 
inactivate M2 rather than MTreceptors [121]. 
This may be related to the action of viral neu
raminidase on sialic acid residues of Mr 
receptors [122]. This provides a possible 
explanation for increased airway reactivity 
after influenza infections. There is also evid
ence that the eosinophil cationic protein 
major basic protein may selectively impair 
Mrreceptor function through an allosteric 
effect [123]. Reactive oxygen species released 
in the acute inflammatory reaction may also 
result in impaired Mrreceptor function, and 
this could be important in acute exacerbations 
of asthma, when cholinergic broncho
constriction apparently increases. It is poss
ible that oxidants in cigarette smoke may also 
have an inhibitory effect on Mrreceptors and 
this could be relevant in COPD. 

Although the bronchoconstrictor responses 
to cholinergic agonists appear to involve the 
activation of MTreceptors leading to phos
phoinositide hydrolysis, binding studies have 
indicated a high proportion of Mrreceptors 
in airway smooth muscle [124]. This has been 
confirmed in cultured human airway smooth 
muscle cells using cDNA probes to the 
human Mrreceptor [105]. Recently it has been 
established that these Mrreceptors have a 
functional role in counteracting the broncho
dilator response to f3-agonists, both in vitro 
[125] and in vivo [126] (Fig.16.5). 

(c) M3-receptors 

Muscarinic receptors on airway smooth mus
cle are sensitive to 4-DAMP and hexahydro
siladifenidol and are therefore classified as 
M3-receptors. Binding studies in guinea-pig 
and human lung membranes indicate the 
presence of MTreceptors [104]. Autoradio-
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Fig.16.7 In situ hybridization using a eDNA probe to the human M3-reeeptor, showing the expression 
of the MTreeeptor gene in human airways. 

graphic studies have demonstrated MT 
receptors in airway smooth muscle of large 
and small human airways [71], and this has 
been confirmed by in situ hybridization 
studies with MTselective eDNA probes [105] 
(Fig. 16.7). 

MTreceptors are also localized to sub
mucosal glands in human airways, which 
appear to have mixed population of Mr and 
MTreceptors in a proportion of 1:2 [71]. This 
is consistent with functional studies which 
have demonstrated a secretory response to 
cholinergic agonists that is intermediate 
between an Mr and MTreceptor mediated 
response [127,128]. 

(d) M4- and Ms-receptors 

In rabbit lung there is evidence from binding 
studies for the existence of an M4-receptor 
and this has been confirmed by the presence 
of M4-receptor mRNA on Northern blotting 
[106]. In situ hybridization has demonstrated 
that this M4-receptor mRNA is localized to 
alveolar walls, and vascular and airway 

smooth muscle (Mak and Barnes, unpub
lished observations). In human lung Northern 
analysis has not revealed any evidence of 
either M4 or Ms-receptor mRNA and in situ 
hybridization has not revealed any evidence 
for expression of these receptor subtypes 
[105]. 

(e) Clinical relevance of muscarinic 
receptor subtypes 

The discovery of at least three muscarinic 
subtypes in lung has important clinical impli
cations, since it raises the possibility of more 
selective anticholinergic therapy in the future. 
Atropine, ipratropium bromide and oxi
tropium bromide are non-selective as anti
cholinergic drugs and therefore block 
prejunctional (M2) and post junctional (M3) 

receptors. Inhibition of the autoreceptor 
means that more acetylcholine will be 
released during cholinergic nerve stimulation 
and this may overcome post junctional block
ade, thus making these non-selective an
tagonists less efficient than a selective 
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antagonist of M3-receptors. Direct evidence 
for this is the increase in acetylcholine release 
on nerve stimulation which occurs in the 
presence of atropine [114,129], and the fact 
that ipratropium bromide in low doses causes 
an increase in vagally mediated broncho
constriction [108]. A similar analogy exists 
with a-adrenoceptors and the non-selective 
antagonist phentolamine which, by acting on 
a prejunctional <XTreceptor, increases nora
drenaline release and is thus far less effective 
in the treatment of high blood pressure than a 
selective arantagonist such as prazosin, 
which acts only on the post junctional recep
tor. Unfortunately, muscarinic drugs with the 
high selectivity shown by prazosin for 
post junctional receptors are not yet available 
for clinical use. 

Blockade of muscarinic auto receptors by 
drugs such as ipratropium bromide might 
account for some of the cases of paradoxical 
bronchoconstriction after inhaled anti
cholinergic drugs in patients with COPD 
[130]. Presumably anticholinergic drugs selec
tive for M3-receptors may be more effective 
and should not have the same risk of pre
cipitating paradoxical bronchoconstriction. 

The demonstration of different muscarinic 
receptor subtypes in airways may have 
important clinical implications. Further elu
cidation of the physiologic role for these 
receptor subtypes will depend on the devel
opment of more selective antagonists. Drugs 
such as methoctramine, which have a high 
degree of selectivity for MTreceptors, are 
promising tools for elucidation of the role of 
muscarinic receptor subtypes, but drugs with 
a higher selectivity for MTreceptors are likely 
to be most useful clinically in airway disease. 
Active efforts are underway to develop such 
selective drugs, but it has proved difficult to 
develop highly selective drugs and this may 
be related to the fact that the binding site for 
acetylcholine is highly conserved between the 
different subtypes of muscarinic receptor 
[131]. The most selective muscarinic antagon
ists, such as gallamine and methoctramine 

appear to interact non-competitively and this 
may be due to interaction with an allosteric 
site. Recently a long-acting muscarinic antag
onist, tiotropium (Ba679) that has selectivity 
for Ml and M3 receptors has been developed 
for use in COPD and clinical trials are now 
underway [132]. 

16.4 THEOPHYLLINE 

Although theophylline has been in clinical 
use for more than 50 years its mechanism of 
action is still uncertain. Several modes of 
action have been proposed. Theophylline is 
widely used in the treatment of COPO and is 
still regarded as a bronchodilator. Theo
phylline increases exercise tolerance even 
when there is no improvement in spirometry 
[133,134]: it may reduce trapped gas volume, 
suggesting an effect on peripheral airways, 
and this may explain why some patients 
obtain considerable symptomatic improve
ment [135]. Theophylline is a poor relaxant of 
human airway smooth muscle at concentra
tions that are achieved therapeutically and 
this has suggested that it may have a non
bronchodilator action in airway obstruction, 
either by modulation of the inflammatory or 
immune response in the airways or by affect
ing respiratory muscles. 

16.4.1 PHOSPHODIESTERASE INHIBITION 

It is widely held that the bronchodilator effect 
of theophylline is due to inhibition of phos
phodiesterase (POE), which breaks down 
cyclic AMP in the cell, thereby leading to an 
increase in intracellular cyclic AMP concen
trations. Theophylline is a non-selective PDE 
inhibitor, but the degree of inhibition is small 
at concentrations of theophylline which are 
therapeutically relevant, and there is no evid
ence that airway smooth muscle cells con
centrate theophylline to achieve higher 
intracellular than circulating concentrations. 
Furthermore, inhibition of POE should lead to 
synergistic interaction with f3-agonists, but 



this has not been convincingly demonstrated 
in vivo. Several isoenzyme families of PDE 
have now been recognized [136,137] and 
some are more important in smooth muscle 
relaxation [138,139] (see below). There is 
some evidence that PDE activity may be 
increased in inflammatory cells of asthmatic 
patients [140] and this could theoretically 
increase the effectiveness of theophylline as a 
PDE inhibitor as a greater degree of inhibition 
may be achieved. 

16.4.2 ADENOSINE RECEPTOR ANTAGONISM 

Theophylline is a potent inhibitor of adeno
sine receptors at therapeutic concentrations, 
suggesting that this could be the basis for its 
bronchodilator effects. Although adenosine 
has little effect on human airway smooth 
muscle in vitro, it causes bronchoconstriction 
in asthmatic subjects when given by inhala
tion, by releasing histamine from airway mast 
cells, which is prevented by therapeutic con
centrations of theophylline [141]. However, 
this only confirms that theophylline is capable 
of antagonizing the effects of adenosine at 
therapeutic concentrations. Enprofylline, 
which is more potent than theophylline as a 
bronchodilator, has little inhibitory effect on 
adenosine receptors at therapeutic concen
trations, suggesting that adenosine antag
onism is an unlikely explanation for the 
bronchodilator effect of theophylline [142]. 
However, adenosine antagonism may 
account for some of the side-effects of theo
phylline, such as central nervous system stim
ulation, cardiac arrhythmias and diuresis. 

16.4.3 OTHER MECHANISMS 

Several other actions of theophylline have 
been claimed to account for its anti-asthma 
effect. These include increased secretion of 
adrenaline from the adrenal medulla, inhibi
tion of prostaglandin effects and inhibition of 
intracellular calcium ion release. None of 
these effects is convincing at therapeutically 
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relevant concentrations of theophylline, 
however. Despite extensive study, it has been 
difficult to elucidate the molecular mechan
ism for the bronchodilator or other anti
asthma actions of theophylline. It is possible 
that any beneficial effect in asthma is related 
to its action on other cells (such as platelets, 
T-Iymphocytes or macrophages) or on airway 
microvascular leak and edema in addition to 
airway smooth muscle relaxation. Indeed 
theophylline is a rather ineffective broncho
dilator and its anti-asthma effect is more 
likely to be explained by some other effect. It 
may be relevant that theophylline is in
effective when given by inhalation, but is 
effective when a critical plasma concentra
tions is reached [143]. This may indicate that 
it is having important effects on cells other 
than those in the airway. It is possible that 
theophylline acts as an immunomodulater 
and has effects on T-Iymphocyte (CD8+) 
function [144], and it has some effect in 
suppressing graft rejection [145]. 

16.4.4 ACTIONS OF THEOPHYLLINE 

The primary effect of theophylline is assumed 
to be relaxation of airway smooth muscle and 
in vitro studies have shown that it is equally 
effective in large or small airways. However, 
theophylline is a very weak bronchodilator at 
therapeutically relevant concentrations, sug
gesting that some other target cell may be 
more relevant. Theophylline inhibits mast cell 
mediator release, increases mucociliary clear
ance and prevents the development of 
microvascular leakiness and therefore has 
been considered 'anti-inflammatory' [146]. 
Theophylline inhibits the late response to 
allergen challenge more effectively than the 
early response, which may also indicate an 
anti-inflammatory effect [147]. Theophylline 
has a stimulatory effect on suppressor T
lymphocytes (CD8+) which may be relevant 
to the control of chronic airway inflammation 
[144,148], but has no effect on eosinophil 
degranulation at clinically relevant concen-
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trations [149], which is in agreement with its 
lack of effect in reducing airway hyper
responsiveness [150,151]. 

In addition, aminophylline apparently 
increases the contractility of the fatigued 
diaphragm in man [152], although this has 
not been confirmed in other studies [153]. 
Whether this action of theophylline is 
relevant clinically in respiratory failure is 
uncertain. 

16.4.5 PHARMACOKINETICS 

There is a close relationship between 
improvement in airway function and serum 
theophylline concentration. Below 10 mg/l 
therapeutic effects (at least in terms of rapid 
improvement in airway function) are small 
and above 25 mg/l additional benefits are 
outweighed by side effects, so that the thera
peutic range is usually taken as 10-20 mg/l 
[154]. The dose of theophylline required to 
give these therapeutic concentrations varies 
between subjects, largely because of dif
ferences in clearance. In addition, there may 
be differences in bronchodilator response 
to theophylline and, with acute broncho
constriction, higher concentrations may be 
required to produce bronchodilatation. 

Theophylline is rapidly and completely 
absorbed, but there are large inter-individual 
variations in clearance, due to differences in 
hepatic metabolism. Theophylline is metab
olized in the liver by the cytochrome 
P450/P448 microsomal enzyme system, and a 
large number of factors may influence hepatic 
metabolism. 

(a) Increased clearance 

Increased clearance is seen in children (1-16 
years), and in cigarette and marijuana 
smokers. Concurrent administration of 
phenytOin and phenobarbitone increases ac
tivity of P450, resulting in increased meta
bolic breakdown, so that higher doses may be 
required. 

(b) Reduced clearance 

Reduced clearance is found in liver disease, 
pneumonia and heart failure and doses need 
to be reduced to half and plasma levels moni
tored carefully. Increased clearance is also 
seen with certain drugs, including ery
thromycin, certain quinolone antibiotics 
(ciprofloxacin, but not ofloxacin), allopurinol 
and cimetidine (but not ranitidine) which 
interfere with cytochrome P450 function. 
Thus, if a patient on maintenance theo
phylline requires a course of erythromycin, 
the dose of theophylline should be halved. 
Viral infections and vaccination may also 
reduce clearance, and this may be particularly 
important in children. Because of these vari
ations in clearance individualization of theo
phylline dosage is required and plasma 
concentrations should be measured 4 h after 
the last dose with slow-release preparations 
when steady state has usually been achieved. 
There is no significant circadian variation in 
theophylline metabolism. 

16.5 NEW BRONCHODILATORS 

Several new classes of bronchodilator are cur
rently under development, but it is difficult to 
envisage more effective bronchodilators than 
inhaled ,Bragonists and anticholinergic drugs 
in COPD. Novel bronchodilators may result 
from improvements in existing classes of 
bronchodilator, or by adopting novel 
approaches. The most significant advance has 
been the development of inhaled long-acting 
,Bragonists such as salmeterol and for
moterol, which have already been discussed. 
Theophylline may be improved by sub
stitutions in the methylxanthine ring which 
retain the anti-asthma effect but reduce side 
effects. One such example is enprofylline 
which is five-fold more potent than theo
phylline as a bronchodilator and is effective 
as an anti-asthma drug [142]. Side effects are 
fewer, since enprofylline is not an effective 
adenosine receptor antagonist at therapeutic 



concentrations, as discussed above. 
Enprofylline is not being developed as there 
are toxicologic problems, but other novel xan
thines are currently under development. 
Anticholinergics in current clinical use (iprat
ropium and oxitropium bromide) are non
selective muscarinic antagonists. Selective 
antagonists are under development [119]. 
Antagonism of Mr and particularly M3-

receptors should be beneficial, but inhibition 
of prejunctional MTreceptors on cholinergic 
nerves may increase acetylcholine release and 
therefore reduce the efficacy of muscarinic 
blockade at airway smooth muscle and may 
even exacerbate bronchoconstriction [119]. 
MT and combined MdM3-selective anta
gonists are currently under development. 

16.5.1 K+ CHANNEL OPENERS 

Potassium (K+) channels are involved in 
recovery of excitable cells after depolarization 
and therefore are important in stabilization of 
cells. K+ channel openers such as cromakalim 
or lemakalim (the leva-isomer of cromakalim) 
open K+ channels in smooth muscle and 
therefore relax airway smooth muscle [155]. 
This has suggested that K+ channel activators 
may be a novel class of bronchodilator [156]. 
Preliminary clinical studies suggest that cro
makalim, given in a single oral dose at night, 
has a useful protective effect against noc
turnal asthma [157], although when taken by 
the same route there is no protection against 
bronchoconstrictor challenges in asthmatic 
patients [158]. The cardiovascular side effects 
of these drugs (postural hypotension, 
flushing) limit the oral dose, however. 
Perhaps inhaled K+ channel openers may be 
more useful in the future but it is difficult to 
see how they would be an improvement on {3-
agonists, unless there are additional beneficial 
properties. 

The K+ channel that is most important in 
airway smooth muscle relaxation and which 
is involved in the bronchodilator responses to 
f3-agonists and theophylline is the maxi-K 
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channel which is blocked by charybdotoxin 
[15,16]. An agonist for this channel would be 
of potential benefit since these channels are 
relatively less important in vascular smooth 
muscle [159], so that vasodilator side effects 
may be less of problem. 

16.5.2 SELECTIVE PHOSPHODIESTERASE 
INHIBITORS 

Phosphodiesterase (PDE) breaks down cyclic 
AMP and, if inhibited, causes cyclic AMP to 
increase, leading to bronchodilatation. It is 
now recognized that there are at least five 
isoenzyme families of PDE which may be 
selectively inhibited [136,137]. In human 
airway smooth muscle PDE III and IV isoen
zymes are important in relaxation [160], and 
thus selective inhibitors may be useful bron
chodilators [138,139]. Since PDE IV is also 
important in inhibition of inflammatory cells 
[161], such as eosinophils, mast cells and 
lymphocytes, these drugs may have addi
tional anti-inflammatory effects (Fig. 16.8). In 
animal studies PDE III/IV inhibitors are very 
effective in reducing airway inflammation 
and airway hyperresponsiveness after 
allergen [162]. 

16.5.3 NITROV ASODILATORS 

In vitro nitro vasodilators such as glyceryl 
trinitrate and nitroprusside are effective 
relaxants of airway smooth muscle [163,164] 
and nitric oxide is the endogenous neural 
bronchodilator in human airways [164]. These 
agents relax airway smooth muscle by acti
vating soluble guanylyl cyclase and thereby 
increasing cyclic GMP. Such agents may 
therefore form the basis for novel broncho
dilators, although cyclic GMP is the major 
intracellular mechanism mediating vaso
dilatation so that side effects might be a 
problem. 

Atrial natriuretic peptide has broncho
dilator actions mediated via activation of par
ticulate guanylyl cyclase, thus increasing 
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Fig. 16.8 Several types of phosphodiesterase are now recognized in airway cells. PDE III and IV are in
volved in metabolism of cyclic AMP and selective inhibitors may have bronchodilator and anti-inflam
matory effects. PDE V is involved in metabolism of cyclic GMP and may also be involved in 
bronchodilator effects. 

intracellular cyclic GMP and has been found 
to have a bronchodilator action in man [165]. 

16.5.4 MEDIATOR ANTAGONISTS 

Anticholinergic drugs cause bronchodilatation 
in COPD by blocking the constrictor action of 
endogenously released acetylcholine. It is 
possible that other spasmogens may be con
tributing to the airway narrowing in COPD 
and that other receptor antagonists may there
fore be useful. In asthma both antihistamines 
[166] and a leukotriene D4 antagonist [167] 
have some bronchodilator effect, but it is 
unlikely that these mediators are important in 
COPD. There has been considerable interest in 
the possibility that tachykinins released from 
sensory nerves in the airways may contribute 
to the bronchoconstriction and inflammation 
of asthma [168], but it is possible that 
tachykinins released by the action of irritant 
cigarette smoke might also be involved in 
COPD. Potent selective non-peptide tachy
kinin antagonists have now been developed 

[169] and it is possible that these drugs may 
have a role in the treatment of COPD in the 
future. 
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SYMPTOMATIC BRONCHODILATOR 
TREATMENT 

17 

P.M.A. Calverley 

17.1 INTRODUCTION 

The use of bronchodilator drugs to reduce the 
symptoms and increase the exercise tolerance 
of patients with chronic obstructive pul
monary disease (COPD) is a cornerstone of 
management in these patients. The basic phar
macology of these drugs has already been 
reviewed (Chapter 16) and this chapter focuses 
on the physiologic consequences of bron
chodilator action as well as considering the 
evidence for their efficacy and the problems of 
treatment selection. Although 'functional' end 
points such as reductions in breathlessness 
and increases in self-paced waking distances 
are important to patients, it is only relatively 
recently that simpler and reliable methods of 
assessing these variables have been developed. 
Surrogate end points such as changes in FEV1 

or PEF after active bronchodilator have been 
reported in most clinical trials, usually over 
quite short periods of time and these may 
underestimate the potential benefit of treat
ment. Unlike bronchial asthma where drug 
treatment can restore normal pulmonary func
tion in most mild to moderate cases, the struc
tural changes in COPD (Chapter 2) preclude 
this and few studies have considered how 
effective a dose of bronchodilator is in relation 
to the maximum attainable bronchodilation for 
that subject [1,2]. Moreover, clinically relevant 
changes in FEV1 may be so small in severe 
COPD patients that they fall within the day-to
day reproducibility of the measurement 

(Chapter 13). Problems such as these hamper 
interpretation of clinical studies of broncho
dilator action and lead to an unduly 
pessimistic view of the benefit of treatment [3]. 

Before considering the three principal 
groups of symptomatic bronchodilator: f3-
agonist, anticholinergic and theophylline 
derivatives, it is useful to review how they 
might modify the pathophysiology of the 
COPD patient. 

17.2 PHYSIOLOGIC BASIS OF 
BRONCHODILATOR ACTION 

Although the most important effects of bron
chodilators appear to be related to relaxation 
of the airway smooth muscle, a range of other 
actions with potential or actual clinical benefit 
have been reported (Table 17.1). 

17.2.1 CHANGES IN AIRWAY CALIBER 

Central and peripheral airways resistance is 
increased in stable COPD at rest and falls after 
bronchodilator treatment [4,5], presumably 
due to airway smooth muscle relaxation. The 
consequences of this are discussed below. 

17.2.2 A REDUCTION IN PULMONARY 
HYPERINFLATION 

This has been documented in several studies 
[6-8] and is likely to reflect changes in 
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Table 17.1 Potential beneficial effects of bronchodilator drugs in COPD 

1. Change in airway caliber 

2. Reduction of pulmonary hyperinflation 

3. Changes in mucociliary clearance 

Central and! or peripheral 
Reduces inspiratory! expiratory airways 
resistance 
Reduces respiratory system time constants 
Mainly 'neural' i.e. abolishes 
ASMtone 
Reduce the work of breathing 
Reduces passive and dynamic FRC 
Reduces threshold due to PEEP 
Parallels the change in FEVl but not 
proportionately 
Changes in PIF may be a useful guide 
A long-term benefit 
Clinical significance unclear 

4. Improved respiratory muscle strength! endurance Shown in animal studies with several 
drugs 

5. Anti-inflammatory activity 

dynamic expiratory flow patterns which 
permit more complete lung emptying. 
Pulmonary elastic recoil is an important 
determinant of airway caliber but is unlikely 
to be directly affected by bronchodilator 
drugs. 

17.2.3 CHANGES IN MUCOCILIARY 
CLEARANCE 

This is impaired in most forms of COPD [9] 
reflecting structural damage to the cilia and 
the ciliotoxic effects of cigarette smoke 
[10,11]. J3-Agonists can increase ciliary beat 
frequency and accelerate mucociliary clear
ance whilst anticholinergic drugs might 
impair this although clinical studies suggest 
this is not the case (see below). There are no 
good clinical studies of the effects of long
term bronchodilators on mucociliary clear
ance which control for the effects of changes 
in cigarette smoking or of cough. This latter is 
a major mechanism of particulate clearance 
and is reduced by bronchodilator drugs. 
Clinically these effects appear to be 
insignificant. 

Hard to separate from changes in 1 and 2 
Of speculative importance only as yet 

17.2.4 IMPROVING RESPIRATORY MUSCLE 
FUNCTION 

The debate about the ability of theophyllines 
to increase respiratory muscle endurance and 
strength grumbles on with evidence for [12] 
and against [13]. It is difficult to believe that 
there is a significant effect in spontaneously 
breathing patients at the accepted therapeutic 
levels of theophylline since the respiratory 
muscles appear to cope surprisingly well with 
their increased loading given their geometric 
disadvantage [14] (Chapter 9). 

17.2.5 ANTI-INFLAMMATORY ACTIONS 

Both J3-agonists and theophyllines have some 
anti-inflammatory actions [15] but the 
significance of these effects remains debat
able. There is increasing evidence that long
term corticosteroid therapy can influence the 
natural history of COPD and produce at least 
short-term bronchodilation in some patients 
[16]. This is reviewed in Chapter 18. 
Pathologic inflammation has been seen in 
both large and small airways [17,18] and is 
associated with airway wall thickening which 



might be modified by long-term symptomatic 
bronchodilator treatment. Unfortunately, the 
current NIHLBI lung health study has 
selected only an anticholinergic broncho
dilator, ipratropium bromide, as its inter
ventional drug. This drug is almost certainly 
devoid of any anti-inflammatory action and 
the question of the beneficial effects or other
wise of beta agonists in COPD is likely to 
remain open. 

Of these various actions the major effects 
can be explained by changes in airway caliber 
secondary to smooth muscle relaxation. This 
can be achieved by abolition of the normal 
resting cholinergically mediated smooth 
muscle tone, a reduction in pathologically 
increased smooth muscle tone or a decrease 
in airway wall thickness either from anti
inflammatory or vascular effects. There is 
evidence for tonic ASM contraction as a 
minor degree of bronchodilatation occurs 
after inhaled atropine and ipratropium [19]. 
Studies in normal subjects and COPD suggest 
that day-to-day variations in airway caliber 
are due to fluctuations in this smooth muscle 
tone [20,21] (Fig. 17.1). Whether the degree of 
cholinergic tone is truly 'pathologic' or 
simply reflects normal fluctuations in smooth 
muscle activity in an airway of reduced base
line caliber, is much more debatable. In con
trast thickening of the airway wall appears to 
be most marked in the 'peripheral', i.e. 
<2 mm airways in COPD patients and is less 
likely to contribute to resting airway 
resistance than it is in asthmatics [18]. 

Non-specific bronchial reactivity in re
sponse to either histamine or methacholine, is 
increased in COPD [22] but this is usually 
attributed to geometric factors since even a 
small change in airway caliber will increase 
resistance dramatically when the resting 
airway diameter is reduced [23]. A more elab
orate analysis has been reported by Wiggs 
et al. [24]. Using data derived from directly 
measured airway wall thickness in asthmatic 
and COPD patients and applying a series of 
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Fig. 17.1 Relationship between the change in 
airway caliber and the response to 500 ILg nebu
lized ipratropium bromide in 33 stable COPD pa
tients. Patients attended on two days and received 
ipratropium or salbutamol in randomized order. 
On days when airway caliber had increased, there 
was little or no further bronchodilatation with 
ipratropium and vice versa. This suggests that 
airway tone may be cholinergically mediated since 
anticholinergic blockade on days when airway 
tone was relatively low, i.e. FEV} had risen, was 
ineffective. (Reproduced with permission from 
reference [21].) 

reasonable physiologic assumptions, they 
have developed a model for bronchial reactiv
ity which emphasizes the role of airway wall 
thickness as the cause of increases in re
activity in both conditions. Moreover, these 
effects are greatly exaggerated by even 
modest changes in pulmonary elastic recoil 
(Fig. 17.2). Although they now believe that 
much of these results in asthmatics can be 
explained by smooth muscle hypertrophy, a 
comparable analysis for reactivity in COPD 
has not yet been developed. It is tempting but 
probably over-optimistic to hope that the 
apparently more favourable prognosis seen in 
the IPPB patients with the greatest degree of 
bronchodilator responsiveness [25] will 
relate to an increased airway wall thickening 
which itself will be amenable to treatment by 
either bronchodilator or anti-inflammatory 
therapy. 
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Fig. 17.2 Theoretical model predictions of 
changes in resistance with increasing dose of an 
agonist drug derived using actual measurements 
of airway wall thickness [18]. When there is no en
croachment on the lumen and no loss of recoil a 
plateau of increasing resistance is reached after 3 
log doses. With the addition of a 2 cm loss of 
elastic recoil, the airway resistance for a given 
change in agonist increases dramatically even with 
normal wall thickness. The in vivo situation is 
likely to lie between this relationship and that 
where there is 100% encroachment and a loss of 
recoil. This model takes no account of dynamic 
compensatory responses which might modify the 
behavior of the respiratory system in vivo. 
(Reproduced with permission from reference [24].) 

The consequences of bronchodilatation are 
complex. As well as improving the FEV} and 
peak expiratory flow, bronchodilators can 
promote a slower, deeper breathing pattern 
which favors more complete lung emptying. 
Whether this is due to some local reflex action 
or, as is more likely, simply to the reduction 
in inspiratory impedance associated with 
changes in airway caliber, is not yet clear. Not 
only do these changes reduce the work of 
breathing due to hyperinflation but they 
reduce the hidden threshold load of intrinsic 
PEEP (Chapter 7) and increase the previously 
diminished inspiratory force reserve [26]. A 
fall in airways resistance sh.ortens the time 
constants of the respiratory system. These 
show marked frequency dependence in 
COPD (Chapter 7) and by reducing this 
effect, the bronchodilator not only increases 
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Fig. 17.3 Schematic flow volume loop before 
(panel A) and after an active bronchodilator drug. 
In panel B the changes are superimposed upon the 
baseline results for comparison. Inspiratory flows 
are downwards and expiratory flows upwards. In 
panel A residual volume is increased and there is 
an additional increase in dynamic FRC due to the 
breathing pattern adopted. Forced expiratory flow 
is flow limited at most lung volumes including 
those during tidal breathing. Expiratory flows can 
only be increased by a further increase in dynamic 
FRC. After the bronchodilator there is a fall in the 
dynamic FRC as well as in the residual volume. 
There are modest increases in mid and late expira
tory flows (FEF 50 and FEF 75) as well as an increase 
in peak expiratory and peak inspiratory flows. 
Tidal expiratory flows are still flow limited but the 
increase in peak inspiratory flow means it is poss
ible to increase tidal inspiratory flows at the same 
lung volume without the same cost in terms of 
respiratory muscle energetics. 

A 
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maximum ventilation but allows this to be 
reached with a smaller degree of pulmonary 
hyperinflation. The relationships between 
tidal and maximum flows and the influence 
of resting lung volume are shown schematic
ally in Fig. 17.3. A further result is a transient 
mismatch in ventilation and perfusion which 
can lead to a fall in Pao2 at rest [27] (Chapter 
8), although whether this is significant during 
exercise remains more questionable [28]. 

From this it is clear that relatively modest 
changes in airway dimension can have major 
effects on respiratory mechanics and hence 
symptoms as well as on maximum exercise 
capacity and perhaps more relevantly, the 
amount of exercise that can be undertaken 
before further dynamic hyperinflation occurs. 
This analysis suggests a number of end 
points, e.g. FEV 11 FVC, PEF, lung volume, 
symptoms and exercise tolerance that might 
demonstrate the benefits of a bronchodilator 
drug. However, not all of these variables will 
change to the same degree at the same time. 
In general, the effectiveness of a broncho
dilator in COPD will depend upon: 

1. Its potency and the dose used. 
2. Its duration of action which itself can be 

influenced by (1) above. 
3. Speed of onset of action - generally anti

inflammatory effects take weeks to 
months to be apparent whilst broncho
dilators change airway caliber in minutes. 

4. The clinical state of the patient - especially 
baseline FEV1 which remains the simplest 
global measure of severity. 

These features taken together with the side
effect profile and the simplicity of use of the 
drug itself, determine the acceptability of 
treatment to these patients. 

17.3 BETA-AGONISTS 

These are available in a range of formulations 
and dosage schedules, representative exam
ples of which are given in Table 17.2. Oral f3-
agonists can be effective bronchodilators 
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[29,30] but have lost favor even in older 
COPD patients as their simplicity of admin
istration is marred by their higher side-effect 
profile and slow onset of bronchodilatation. 
This is clearly demonstrated in an acute study 
of 17 patients where conventional doses of 
5 mg oral terbutaline and 400 mg theo
phylline were compared with 270 /Lg of 
inhaled salbutamol given from a metered 
dose inhaler (MDI). Oral therapy was margin
ally less effective (mean change in FEV1 post
salbutamol 0.3 I vs 0.21 I after oral therapy). 
Tremor, anxiety and nausea were reported by 
9 patients after oral treatment but by none 
after the inhaled drug [31]. 

Oral and intravenous J3-agonists can act as 
pulmonary vasodilators at rest and may 
further reduce pulmonary artery pressure by 
lowering airways resistance [32,33]. The clini
cal significance of these effects remain 
dubious (Chapter 9). 

Episodic reports of bronchodilatation after 
f3-agonist inhalation in patients with 'emphy
sema' have been published for several years 
[7] but the IPPB Trial group were the first to 
study this systematically. They examined the 
response to 250 /Lg of inhaled isoprenaline in 
965 COPD patients repeatedly over three 
years [34]. The majority showed a significant 
degree of bronchodilatation to f3-agonists, 
however expressed, at one or more visits in 
this trial. Responders were more likely to 
complain of wheezing or reduced exercise 
capacity or to have shown a fall in baseline 
FEV1 during the trial. There is an impression 
that conventional doses of salbutamol are 
more effective than orciprenaline (meta
proterenol). Direct comparisons are lacking in 
COPD patients but data for each drug com
pared against the same dose of iptratropium 
supports this view [35]. Three useful dose re
sponse studies have examined the effects of 
salbutamol on spirometry in incompletely re
versible or 'irreversible' COPD patients 
[36-38]. There appears to be a shallow but 
definite dose response relationship best seen 
with FEV 1. The timed peak response may be 
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Table 17.2 Commonly used formulations of bronchodilator drugs 

Drug Parenteral Metered dose Nebulizer Oral Duration 
inhaled (/-Lg) (mg) (mg) of action 

(h) 

Isoprenaline 200-400 0.8-4.0 1-2 
sulphatea (isoproterenol) 
Orciprenaline 750-1500 20 3-4 
(metaproterenol) 
Salbutamol 3-20/-Lg/min 100-200 2.5-5.0 4 4-6 
(albuterol) 
Terbutaline 1.5-5/-Lg/min 250-500 5-10 5 4-6 

iv 
Fenoterolb 100-200 4-6 
Salmeterol 50-100 12+ 
Ipratropium bromide 40-80 0.25--0.5 6-8 
Oxitropiumc 200 7-9 
bromide 
Theophylline (SR) 100-400 Variable, 

up to 
12 

Aminophylline 500 /-Lg/kg/h 225-450 Variable, 
up to 
12 

Data derived from ATS: Standards for the diagnosis and care of patients with chronic obstructive pulmonary disease 
(COPD) and asthma. Am. Rev. Respir. Dis. 136.225-44 and from the British National Formulary, 1993; 25. 
Names in parentheses refer to North American generic terms where different from the UK. 
Doses of l3-agonists refer to average dose given up to 4 times daily whilst anticholinergic doses are bd or tds therapy 
depending on the drug used. 
Theophyllines require dose titration depending on side effects and plasma theophylline (see text). 
"Seldom used now as non-selective and potentially hazardous. 
bNot available in USA - caution re dosage in view of concerns raised in asthmatic patients. 
CNot available in USA. 

slower than that reported in asthmatics but 
the time to 80% of the peak value is quite 
rapid. The duration of bronchodilatation and 
incidence of cardiac and metabolic side effects 
increases with the dose used [36,37] (Fig. 17.4) 
and there seems to be little benefit in giving 
more than 1 mg salbutamol. Whether this 
bronchodilatation is associated with broncho
protection and how it is influenced by base
line airway reactivity has not been assessed in 
COPD, although recent data in asthmatic pa
tients suggest that broncho-protection is more 
short term [39]. Those patients who subse
quently respond to corticosteroids often have 
the largest bronchodilator responses to f3-ago
nists [16,40]. However, there is still evidence 

of dose response effect with inhaled {3-ago
nists even in patients with a previously nega
tive corticosteroid trial [38]. 

Patients who do not show 'significant' 
spirometric improvement can still benefit 
from {3-agonist treatment (Table 17.3). 
Changes in 12-minute corridor walking dis
tance do not relate well to changes in simple 
spirometry after {3-agonists [41] (Chapter 12) 
but 12 minute walking distance increased by 
62 (15 meters) after 200 J,Lg of inhaled salbu
tamol in one study of 24 severe COPD 
patients (mean FEV} 0.83 1). Even patients 
who show 'no bronchodilator response' can 
still have significantly improved treadmill 
and corridor walking times 112 (56 meters) 
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Fig. 17.4 Composite figure derived from those in reference [37], reproduced with permission. The two 
left-hand panels show the changes in FEV1 vital capacity and peak expiratory flow after placebo and 
increasing doses of inhaled salbutamol given on different days in a group of 30 COPD patients, (mean 
FEV1 0.9 (0.261)). This demonstrates the dose response relationships with /3-agonists and the preservation 
of the bronchodilator effect over a 4-hour period. The two right-hand panels refer to side effects noted at 
each dose increment. There was, again, a dose-related increase in heart rate, tremor and fall in oxygen 
saturation with the cardiovascular effects persisting more clearly at 4 hours than is the case with a change 
in saturation. The clinical Significance of these effects for the group as a whole is likely to be small 
although individuals show marked idiosyncratic responses at least in terms of tremor and heart rate. 

and 82 (46 meters) respectively after 
supra normal doses of orciprenaline [42]. 

As shown by the IPPB study [34] the 
response to ,B-agonist does not appear to 
reduce with time. Some workers have sug
gested that older COPO patients are less 
likely to respond to ,B-agonists [43,44] 
perhaps due to a loss of ,B receptors [45] but 
this view has been challenged [21]. Likewise 
concerns about the safety of regular ,B
agonists in patients with bronchial asthma 
[46] have been extended to COPO patients 
where maintenance bronchodilatation has 
always played a larger role. In a community
based study of the effects of medication and 

dosage regimen on the decline in FEVv 144 
patients completed the two-year protocol of 
whom 93 had 'chronic bronchitis'. In the 
whole group the FEV1 declined more rapidly 
in those patients with continuous ,B-agonist 
(or anticholinergic) treatment than those 
where therapy was on demand, differences 
between the groups amounting to 52 ml/year 
of FEV1 [47]. These findings are worrying but 
like the data on age and bronchodilator 
responses from the same group [44] the con
stitution of the study population is rather 
unusual. Thus, 86% of the chronic bronchitis 
were ex-smokers, their mean pack years of 
smoking not differing from the asthmatic 
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Table 17.3 Effect of beta-agonists on exercise capacity in COPD 

Study no Dose Baseline FEV FVC .MMD Comment 
FEV(l) (l) (l) (m) 

Mohammed 30 8mg 1.03 0.09 0.17 30 6 weeks treatment 
[30] oral salb n.s. compared 

to placebo 
Evald 18 1.0mg 0.92 0.08 0.24 11 ns compared to 

inh terb placebo 
Corris 8 400 J-Lg 0.72 0.07 0.20 35a Patients cortico-
[38] 1600 J-Lg 0.71 0.13 0.44 38 a steroid irreversible; 

inh salb change in PIF 
useful predictor 

Vathenen 30 400 J-Lg 0.09 0.12 0.36 20a Randomized study 
[37] 4mg 0.9 0.16 0.42 16a of multiple doses; 

inh salb no close related 
walking effect 

Berger 10 5 puffs 1.48 0.11 0.14 42a Patients chosen to 
[42] orciprenaline be 'irreversible' 
Leitch 24 200 J-Lg 0.82 0.15 0.41 3J3 Combination with 
[41] inh salb anticholinergic 

beneficial 

!!.6MD, change in six-minute walking distance in metres - data converted to this from 12 minute walks by simple divi-
sion. FEV, forced expiratory volume in litres/ sec; FVC, forced vital capacity in litres; inh, inhaled; terb, terbutaline; 
salb, salbutamol. 
-Significantly better than placebo. 

patients, whilst the patients on continuous 
therapy started from a slightly lower baseline 
FEV1 and may have been subject to the 'horse 
race effect' of already having more pro
gressive disease. Further studies in more 
typical COPD patients will be needed to 
clarify this potentially important effect espe
cially as the authors claim for the loss of FEV1 

in this study is equivalent to that seen in 
patients who continue to smoke. 

17.4 ANTICHOLINERGICS 

Although smoking the leaves of Datura 
stramonium was one of the earliest herbal 
remedies for airflow limitation of all kinds 
[48], treatment with anticholinergic drugs fell 
from favor due to their systemic atropine-like 
effects. Therapeutic interest revived in the 
1970s with the development of the poorly ab
sorbed inhaled quaternary ammonium com-

pound, ipratropium bromide. More recently a 
closely related derivative, oxitropium bromide 
has been investigated but this is currently 
available only in Europe and Japan but not 
North America. Detailed reviews of the clinical 
pharmacology of both are available [49,50]. 
Inhaled ipratropium affects both central and 
peripheral airways [5] and produces 
significant falls in resting FRC [6,7] (Fig. 17.5). 
When compared to /3-agonists, anticholinergics 
have a somewhat slower time to peak effect, 
usually between 30 and 60 minutes in most 
COPD patients but are effective for rather 
longer than simple bronchodilators (approx. 
6-10 hours) [49]. Dose response studies have 
been conducted with both ipratropium and ox
itropium [51-56] and optimal bronchodilata
tion from a metered dose inhaler usually 
occurs with either 80 ILg ipratropium or 200 ILg 
oxitroprium. Direct comparisons of ipratro
pium and oxitropium are reported in two 
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Fig. 17.5 Lung mechanics, corridor walking distance and breathlessness scores in a group of 32 stable 
COPD patients (mean FEV} 0.81) recorded after 200 JLg oxitropium bromide via an MDI or after an ident
ical placebo. There are significant increases in FEV 11 peak inspiratory flow and falls in both functional 
and residual capacity in airways resistance. These are paralleled by small but significant increases in cor
ridor walking distance and reductions in perceived breathlessness at the end of exercise. Changes in 
FEV} were not proportional to changes in either walking distance or perceived breathlessness. Changes 
in intensity of breathlessness at the end of exercise were best related to changes in PIF (r =-0.57). 

studies. In one 200 ILg oxitropium was com
pared to 40 ILg ipratropium and a greater peak 
bronchodilatation and longer duration of 
action was seen with the latter [5], whilst the 
second study found no difference in the extent 
or duration of bronchodilatation when 80 ILg 
ipratropium was compared with 200 ILg ox
itropium [57]. A more unfortunate problem is 
that the customary dose of ipratropium is 40 
ILg which is not optimally chosen given this 
dose response data for COPD patients. A 
better profile of bronchodilatation is achieved 
in COPD using 80 ILg ipratropium [58] and this 
may explain the disparities between the direct 
comparisons with other drugs. 

The same problem has afflicted the few 
studies that have examined functional vari
ables (Table 17.4). Inhaled atropine produced 

small increases in maximum exercise ven
tilation in 18 COPD patient studied during 
cycle ergometry and also reduced their 
oxygen consumption at any given workload 
[59], a finding now replicated using oxi
tropium bromide [60]. However, Leitch and 
colleagues failed to find a significant 
improvement n corridor walking distance in 
24 stable COPD patients one hour after con
ventional doses of ipratropium [41]. In con
trast, Hay et al. reported significant (12%) 
improvement in walking distance 45 minutes 
after 200 ILg oxitropium in 32 similar COPD 
patients [61]. These are similar to changes 
seen after orciprenaline [42] and salbutamol 
[41] and were accompanied by significant 
falls in resting and end exercise dyspnea 
scores. These studies have been extended to a 
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Table 17.4 Effects of inhaled anticholinergic and oral theophllines on exercise capacity in COPD 

Study No. Dose Baseline FEV 
FEV 

FVC 6MD 
(m) 

Comment 

Leitch et al. 
[41] 

Hay et al. 
[61] 

Spence et al. 
[60] 

Mahler et al. 
[75] 

Chrystyn et al. 
[8] 

Mckayetal. 
[79] 

Guyatt et al. 
[77] 

24 

32 

32 

12 

33 

15 

19 

Symbols as for Table 17.3. 

40 p,g 
ipra 

200 p,g 
oxi 

200 p,g 
oxi 

15 p,g/ml 
theo 

12.0 p,g/ml 
18.3p,g/nl 
theo 

9.1p,g/ml 
16.8p,g/ml 
theo 

10 p,g/ml 
theo 

0.85 

0.70 

0.77 

1.36 

1.00 
1.00 

0.92 
0.92 

N/A 

0.15 

0.18 

0.18 

0.11 

0.08 
0.13 

0.10 
0.13 

N/A 

0.44 22 

0.41 27* 

0.42 20* 

0.14 9.2 

0.19 26* 
0.32 56* 

0.11 65 
0.17 80* 

N/ A 40* 

?Type II 
error or dose 
effect 
Spirometic 
reversibility 
did not predict 
improvement in 
breathless scores 
following 
active drug 
All patients 
unresponsive to 
a corticosteroid 
trial 
Improved overall 
dyspnea rating 
over 4 weeks 
therapy 
Dose-related 
reductions in 
'trapped gas 
volume'; 8 weeks 
therapy 
Not a true 6MD 
but a treadmill 
walk; improved 
quality of life 
scores on active 
drug; ? selection 
bias; 7 weeks 
therapy 
Changes 
equivalent to 
inhaled 
salbutamol; 
2 weeks therapy 

Ipra, ipratropium bromide; oxi, oxitropium bromide; theo, theophylline expressed as mean serum theophylline 
concentration. 
Note the variable confidence intervals for significant change in the longer term oral theophylline studies reflecting the 
wider between day coefficient of variation in walking distance. 

further group of similar patients by the same 
workers who showed that this dose of anti
cholinergic produces variable falls in FRe 
and more consistent reductions in airways 
resistance and increases in peak inspiratory 

flow, the latter two being the better predic
tors of subsequent functional improvement 
(Fig. 17.5). 

Large studies of both ipratropium (n = 261) 
and oxitropium (n = 125) found no evidence 



of tachyphylaxis in their bronchodilator effect 
over 90 days [35,50] and the same was seen 
over six months in a cross-over Dutch general 
practice study [62]. The problems of acceler
ated loss of lung function with continuous 
treatment appear to extend to the antichol
inergic agents but the same methodologic 
concerns remain [47] (see above). Unlike f3-
agonists there is no suggestion of a loss or 
responsiveness to inhaled anticholinergics 
with age [21,44]. 

17.5 THEOPHYLLINE 

Despite the drawbacks of a substantial and 
erratic side-effect profile and limited efficacy 
as a bronchodilator, theophylline prep
arations are still widely prescribed among 
COPD patients although their popularity may 
be declining [63]. Theophyllines are only 
available orally which limits their role as 
acute symptom relievers and explains their 
propensity for systemic side-effects, particu
larly CNS and gastrointestinal ones. On the 
positive side they can potentially achieve 
similar concentrations throughout the 
airways, which may not be true of inhaled 
therapy. Earlier preparations were bedeviled 
by erratic absorption which may explain their 
lack of clinical effectiveness [64,65]. These 
problems have now been overcome aided by 
the development of simpler readily available 
laboratory theophylline assays and more reli
able long acting formulations with a half-life 
of 12-18 hours are available [66,67]. Even 
when care is taken to ensure a stable plasma 
concentration, the bronchodilator action is 
limited in stable COPD patients (Table 17.5), 
changes in FEV} ranging from 0 to 20% 
[8,64,65,67-80]. There is evidence of a modest 
dose response effect [8] but the confidence 
intervals of these changes are wide and like 
many other studies this report does not indi
cate how many patients had to enter the 
study to achieve the study population 
reported. 
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Some patients do report subjective 
improvement after theophylline in the face of 
trivial spirometric changes and this may 
explain why formal assessments of breath
lessness and exercise tolerance have been per
formed more often with this drug than with 
any other. Representative clinical trials data 
are summarized in Table 17.5. There are at 
least 11 reports of the effects of theophylline 
on the exercise capacity in COPD, although 
this has not been measured in any standard
ized way. Two of these found no change in 
corridor walking distance [72,75] and two 
further reports showed no improvement in 
the duration of cycle exercise [81]. However, 
each report may have been subject to Type II 
errors of varying severity. Three further 
studies report equivocal findings with 
responses in one variable but not another, e.g. 
improvement in walking distance after f3-
agonist and theophylline combined but not 
either alone [76]. In the remaining studies 
there is a small but clear improvement in cor
ridor and treadmill walking after theo
phylline, although whether this differs from 
f3-agonists is less clear [8,77,79,82]. There 
appears to be a dose response relationship in 
both studies [8,79] with clinically significant 
benefits only being seen at the higher dose 
levels. A similar pattern emerges in studies 
where dyspnea has been assessed (Table 17.5) 
with significant reduction in end exercise and 
resting levels of breathlessness when on 
active treatment. Quality of life assessments 
made after longer periods of treatment 
showed improvements in breathlessness 
during every day activities and reductions in 
perceived fatigue on higher (i.e. > 17 ILg / mD 
doses of theophylline but whether these 
changes are greater than those seen after 
salbutamol is debatable [77,79]. 

The slow onset of action and the difficulties 
in achieving stable plasma levels mean that 
most studies occur after 2-6 weeks rather 
than a few hours as is the casew[th inhaled 
therapy. In these periods tachyphylaxis to 
theophyllines is not apparent but extended 
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Table 17.5 Effect of bronchodilator agents on spirometry and lung volumes in stable COPD 

Study 

No 
Drug 

Dose 

FEV} 
Baseline 

Post-drug 

% change 

FVC 
Baseline 

Post-drug 

% change 

FRC 
Baseline 

Post-drug 

% change 

RV 
Baseline 

Post-drug 

% Change 

Symbols as text. 

Gross and 
Skorodin 
[1] 

10 
salb 
atr meth 
720 p,g 

3.0mg 

1.12 
1.19 
1.42 
1.51 

27 
27 

217%p 
220%p 
195%p 
188%p 
10 
14.5 

242%p 
247%p 
197%p 
180%p 
18.6 
27 

Easton 
et a/. 
[85] 

11 
salb 
ipra 
800 p,g 
120 p,g 

0.95 
1.02 
1.34 
1.31 

41 
28 

169%p 
169%p 
153%p 
153%p 

9.4 
9.4 

Spence 

[60] 

32 
oxi 

0.77 

0.95 

24 

1.91 

2.33 

22 

5.28 

4.93 

7 

4.24 

3.93 

7 

FRC, functional residual capacity; RV, residual volume. 

Chrystyn et a/. Murciano 

[8] [78] 

33 60 
thea thea 

Taylor 

[86] 

12 
thea 

12.1 p,g/ml 
18.3 p,g/ml 

14.8 p,g/ml 12.0 p,g/ml 

1.00 
1.00 
1.08 
1.13 
8 

13 

2.46 
2.46 
2.65 
2.78 
8 

13 

6.76 
6.76 
6.28 
6.24 
7 
7 

4.23 
4.23 
3.32 
3.06 

22 
28 

31.5%p 

35.7%p 

13 

60.1 %p 

63.2%p 

5 

161%p 

157%p 

2 

1.14 

1.27 

11 

2.55 

2.69 

5 

5.01 

4.9 

2 

4.12 

3.8 

8 

Data expressed absolute volumes (litres) or as % predicted (% p) depending on the paper. 
Drug abbreviations as Tables 17.2 and 17.3. 
atr meth, atropine methonitrite. 

follow-up beyond 12 weeks in COPD patients 
has not been reported, at least for the func
tional end points which seem to be clinically 
most important. 

The reasons for this functional improve
ment are still being investigated. In vitro 
studies and observations in normal volun
teers led to the suggestion that theophyllines 

protected against respiratory muscle fatigue 
and increased respiratory muscle strength. In 
one particularly impressive placebo
controlled study in 60 patients with severe 
COPD there was a fall in FRC, an increase in 
inspiratory muscle strength and a lower ratio 
of Ppl/Ppl max after active therapy [78]. This 
group has argued that theophylline protects 



against inspiratory muscle fatigue [12]. 
However, there are substantial doubts about 
the applicability of their methodologies to the 
clinical situation, let alone whether they 
produce these effects at acceptable plasma 
levels. The lack of evidence of low frequency 
fatigue has already been noted (Chapter 5). 
Even during acute fatiguing inspiratory 
loads, oral theophylline did not reduce 
dyspnea in COPD patients [81]. Methodologic 
problems made reports of significant falls in 
trapped gas volume hard to interpret, 
although three studies have reported these 
[8,79,80] and attribute increases in exercise 
tolerance to them. Decreases in dynamic 
hyperinflation after theophylline may explain 
improvements seen in both symptoms and 
exercise tolerance. Thus Jenne and colleagues 
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found that the work of breathing was reduced 
in 10 patients at modest theophylline levels 
(mean 10.3 ILg/ mD whilst maximum exercise 
ventilation increased [73] (Fig. 17.6). This is 
similar to data after an inhaled antichol
inergic drug during cycle exercise where 
exercise desaturation and dyspnea were also 
reduced [60]. These findings make it unlikely 
that the beneficial effects of theophylline are 
occurring for reasons other than simple 
bronchodila ta tion. 

17.6 SINGLE AGENT OR COMBINATION 
THERAPY 

The problem of suboptimal dosing in different 
routes of administration make interpretation of 
the comparisons between agents very difficult. 

Placebo l 
~ P<O.OOS 

" Theophylline , , , , , , , 

t" 

20 

Ve (ljmin) 

Fig. 17.6 Mechanical work on the lung (WL/min) plotted against minute ventilation (VE l/min) in 4 
normal subjects and 13 patients with severe COPD before (solid lines) and after (dotted lines) treatment 
with oral theophylline for several days. (Reproduced from reference [73] with permission.) 

Work performed on the lung is significantly increased in the COPD patient exceeding that achieved 
during the modest treadmill walking (1.2 mph) used as the exercise stimulus in this study. After theo
phylline there is a reduction in WL which is most marked during exercise and amounts to some 16% of 
peak level attained previously. This is very similar to the 15% change in FEV 1 and 16% change in FVC 
noted after theophylline treatment and suggests any effects of theophylline are related to its action as a 
bronchodilator drug rather than more subtle actions on the respiratory muscles. 
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Most data rely on spirometric end points and 
rather surprisingly there are no functional 
comparisons between high doses of J3-agonists 
and high doses of inhaled anticholinergic in 
COPD. Such a trial would have to use nebu
lized drugs as dry powder anticholinergics 
have only just been developed. The problems 
of the existing data are illustrated by the one 
study to compare walking distance after both 
drugs in the same patients [41]. As already 
noted, salbutamol but not 40 J-Lg ipratropium 
improved exercise performance in these pa
tients. However, combining the two drugs did 
produce a further significant functional 
improvement (change in 12 MD post
salbutamol 62(15) meters; post-ipratropium 
43(15) meters, post-combination 72(15) meters) 
suggesting that one or both of the other drugs 
were being given in suboptimal doses. 

There is convincing evidence that 13-
agonists are more effective bronchodilators in 
asthmatics than are anticholinergics [83] but 
this is not true in COPD. Thus one reviewer 
found that 36 of 38 studies reported that anti
cholinergics were equivalent with or superior 
to ,B-agonists in COPD patients [84]. An earlier 
well-conducted dose response study sug
gested that inhaled atropine methonitrate 
could achieve more of the potentially avail
able bronchodilatation than could salbutamol 
[1]. However, this finding is not universal [85]. 
Among milder COPD patients assessed by 
short-term responses to 80 J-Lg ipratropium 
and 400 J-Lg salbutamol respectively, more 
patients responded to the former and 
achieved most of their maximal broncho
dilatation with ipratropium alone, a reverse of 
the situation in a parallel group of asthmatics 
[44]. Single agent studies over three months of 
regular use suggest that the initial benefit with 
ipratropium is maintained compared to or
ciprenaline [35] and salbutamol. 

Comparative studies with oral theo
phyllines are more demanding and hence less 
numerous. Variations in the bio-availability 
of the preparation as well as the need to keep 
at the higher end of the therapeutic window 

to demonstrate significant functional benefit, 
make interpretation especially difficult. Using 
a spirometric end point Filuk et al. studied 16 
COPD patients (11 men) comparing effects of 
either 800 J-Lg salbutamol or sufficient intra
venous theophylline to raise the serum theo
phylline level to 24 J-Lg/ml [74]. The principal 
results are summarized in Fig. 17.7. When 
they categorized their patients retrospectively 
into responders (i.e. change in FEV} >200 ml 
and> 10% baseline) and non-responders the 
same pattern emerged with theophylline pro
ducing significantly less complete bronchodi
latation than salbutamol alone or the 
combination, whatever the order of adminis
tration. Similar findings have been reported 
by others [69,73]. 

A more complex study design was reported 
by Guyatt and co-workers who compared 
200 J-Lg q.d.s. salbutamol and aminophylline 
in high doses singly and in combination [77]. 
They included a placebo and each treatment 
period lasted four weeks. Although 612 
COPD patients were screened, only 29 
entered and 19 completed the study. Both 
bronchodilators produced similar significant 
improvements in PEF and patients walked 
further for less breathlessness on active treat
ment. The combination produced further im
provements and the clinical symptoms of 
fatigue and emotional function assessed in 
the quality of life questionnaire improved on 
active treatment. The study highlights the 
selective nature of the population reported in 
clinical trials as well as the problem of choos
ing appropriate doses of drug to make com
parisons. It is doubtful whether the benefits of 
combination treatment would be seen if a 
higher dose of salbutamol, e.g. 1 mg were 
used, at least extrapolating from earlier func
tional studies [37] which showed a clear 
superiority of these higher doses of 13-
agonists compared with those used in this 
study. Comparisons of theophylline with 
anticholinergic are less frequent, the most 
widely quoted study being that of Lefcoe et al. 
[83]. They compared ipratropium alone to 
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Fig. 17.7 Changes in FEV l in 16 COPD patients 
(mean baseline FEV 1 0.73 1) given 800 JLg salbuta
mol or sufficient theophylline to achieve a plasma 
level of approximately 24 JLg/ ml. Significance 
levels for increases in FEV 1 L compared to baseline 
(-)0<0.05(+-) and after first drug to <0.015(+-). 
Patients received either salbutamol first then theo
phylline or the reverse order (days A and B respec
tively). They were divided into 8 individuals who 
showed a bronchodilator response, i.e. >200 ml 
change from baseline and 8 who did not. 
Salbutamol produced a larger bronchodilator re
sponse in this dose than did theophylline irrespec
tive of the order of administration. However, the 
two drugs were synergistic although the extent of 
these changes was quite modest in the non-respon
der group. Whether these changes would still be 
present had a larger dose of salbutamol been used, 
is less clear - see Fig;-17.4 for possible additional 
effects of increasing the dose of salbutamol. 
Likewise, whether equivalent effects would be ob
tained with a longer acting drug such as salmeterol 
remains to be determined. (Reproduced from ref
erence [74] with permission.) 
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theophylline and the f3-agonist, fenoterol, in 
combination and found that the anti
cholinergic was marginally superior but the 
combination was, once more, additive. No 
comparative studies of functional end points 
have been reported with theophylline and 
anticholinergics. 

17.7 REVERSIBILITY 

The problems of defining a significant spiro
metric response to bronchodilator drugs have 
already been considered (Chapter 13) and are 
particularly important in COPD where base
line FEV} is often less than one liter. This has 
not deterred investigators from using short
term changes in spirometry after inhaled 
bronchodilators as an entry criterion for clini
cal studies or as a means of selecting patients 
for one or other form of treatment [87]. The 
limitations of this approach have already 
been stressed and the problems of differing 
baseline FEVv day-to-day variations in 
airway tone, variations in reversibility criteria 
and the uncertain relevance of all these to 
functional improvements, make it difficult to 
interpret much of the clinical data in COPD 
suggesting that bronchodilator reversibility 
should be used to select patient treatment. 
This does not mean that such tests are 
without value but emphasizes the need for a 
better understanding of the useful inform
ation they can give us such as the maximum 
degree of bronchodilatation that the patient 
can achieve, at least in the short term rather 
than the response to a specific drug or drug 
combination. 

17.8 SIDE EFFECTS 

Each of the three major bronchodilator 
groups exhibits dose-dependent side effects 
which limit their usefulness but vary widely 
in severity between different patients. 
Although current f3-agonist drugs are rela
tively cardioselective, oral therapy increases 
heart rate probably by peripheral vaso-
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dilatation, and promotes muscle tremor ir
respective of the drug chosen [65,88). Larger 
doses given by MDI, i.e. above 1 mg, increase 
the heart rate and objectively reported 
somatic tremor as well as the patient's per
ception of side effects [36,37] (Fig. 17.4). 
Despite these changes in resting heart rate, 
there is no excess of arrhythmia in COPD 
patients without coexisting cardiac disease 
[89] but patients with ischemic heart disease 
do have more ventricular ectopic beats, the 
clinical significance of which remains unclear 
[90]. Detailed hemodynamic studies show 
that oral ,8-agonists can reduce pulmonary 
vascular resistance and increase cardiac 
output which may explain the patient's com
plaint of a more forceful heartbeat [32]. 
However, these favorable effects on tissue 
oxygen delivery are offset by falls in arterial 
saturation due to worsening ventilation per
fusion mismatching and the overall benefit 
or improvement in these hemodynamic 
variables is very difficult to predict (Chapter 
11). 

Similar falls in oxygen saturation have been 
reported after high-dose inhaled ,8-agonists 
but these may not be relevant to everyday 
exercise as studies during self-paced corridor 
walking for 15 minutes and 2 hours after 
nebulized salbutamol show that exercise
induced desaturations which normally occur 
in these patients, are not worsened by pre
treatment with a ,8-agonist but their exercise 
tolerance is increased [28]. Like all sympath
omimetic drugs, ,8-agonists produce hy
pokalemia at least transiently, after their 
administration. Some have suggested that 
this may explain the excess of asthma deaths 
seen in New Zealand in the last decade [91] 
although it seems more likely that regular ,8-
agonist use is a mark of disease severity 
rather than a cause in itself. In contrast, 
COPD patients are older, may have occult 
ischemic disease and are often transiently or 
permanently hypoxemic as well as receiving 
other treatment, e.g. thiazide diuretics which 
worsen ,8-agonist-induced hypokalemia [92]. 

Again, the lack of evidence of significant 
rhythm disturbances in these patients is re
assuring, probably reflecting tachyphylaxis of 
these metabolic effects [93]. None the less, it is 
worth monitoring serum potassium during 
high-dose nebulizer treatment of an acute ex
acerbation (Chapter 19). 

Inhaled anticholinergic drugs are relatively 
free from side effects although many patients 
complain of a slightly metallic taste which 
they dislike. The lack of systemic absorption 
even at high doses protects against GI and 
urinary problems although the occasional 
patient can develop acute glaucoma if they in
advertently allow the nebulized aerosol to 
enter their eyes [94,95]. Earlier reports of para
doxical bronchoconstriction were confined to 
asthmatic patients [96] and seem to have 
resolved after the benzalkonium chloride 
preservative was removed from the nebulizer 
formulation. Likewise, concerns about 
reduced mucociliary clearance have proven 
unfounded [97]. Unlike ,8-agonists anticholin
ergics do not affect resting oxygen tensions 
[27] and appear to improve exercise perfor
mance without changing the degree of exer
cise-induced desaturations [60]. 

Theophylline therapy has a deservedly bad 
reputation for side effects among COPD 
patients. In one large study of patients attend
ing an emergency department 10% of 5557 
patients in whom theophylline levels were 
measured had values >20 JLg/ml and 116 
cases exceeded 30 JLg/ml [98]. Most of this 
toxicity was chronic and 6% of this group 
died of drug-related effects. Relatively minor 
problems include insomnia, headaches, 
nausea and gastrointestinal reflux symptoms 
(reflecting increased gastric acid production). 
However, serious cardiac rhythm disturb
ances can occur especially multifocal, atrial 
tachycardia and ventricular tachyarrhythmias 
[99]. Some patients present with grand mal 
epilepsy as a result of theophylline toxicity 
which can induce significant falls in cerebral 
blood flow [l00] and increase brain hypoxia 
[l01]. It is tempting to suggest that the ven-



tilatory stimulant effects of theophylline, if 
they exist [102], are due to these mechanisms 
rather than its impact on CNS adenosine con
centrations [103]. COPD patients often have 
coexisting vascular disease and acid reflux 
disorders due to their smoking which may 
explain why side-effects seem to occur at 
levels within the therapeutic range. More
over, additional intravenous theophylline on 
a background of high-normal theophylline 
levels during an exacerbation is particularly 
hazardous and requires careful monitoring 
(Chapter 19). 

Unlike other symptomatic treatments, oral 
theophylline needs considerable attention to 
detail if the modest benefits in terms of symp
toms reduction and improved exercise toler
ance (which require the highest tolerable 
theophylline levels) are not to provoke 
significant side effects (which requires the 
lowest practical serum levels). Theophylline is 
metabolized by the cytochrome P450 mixed 
function oxidase system and metabolizers may 
be fast or slow [104]. Theophylline clearance 
decreases with age [105] and is influenced by a 
host of other variables (Table 17.6). 

Long-acting, readily absorbed theophylline 
preparations have greatly improved the 
pharamacokinetic profile of these drugs 
which may account for the success in treating 
overnight peak flow changes in asthmatics 
[66]. However, the once or twice daily recom-

Table 17.6 Theophylline metabolism in COPD 
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mended dose may be insufficient to give 
therapeutic serum theophylline levels in 
rapid metabolizers [106]. Slow-release theo
phyllines are still affected by the timing of the 
dose in relation to meals. When taken after a 
meal, absorption is slow and fluctuations in 
theophylline level reduced but if taken with 
food, especially if the fat content is high, then 
'dose dumping' occurs and potentially toxic 
levels can developed due to enhanced absorp
tion [107]. Given this multiplicity of prob
lems, it is not surprising that routine 
theophylline treatment is so difficult, even 
when monitoring of serum levels is readily 
available. 

17.9 DELIVERY DEVICES 

Whatever its other problems oral therapy has 
the advantage of simplicity in use which is 
not shared by inhaled bronchodilators. 
Studies of patients' compliance with inhaled 
treatment in the Lung Health Study make 
depressing reading with an overall compliance 
with prescribed therapy of 65% and significant 
over reporting of inhaler use by patients keen 
to please their physician [108]. Recent data in 
asthmatic patients suggests that combinations 
of prophylactic and symptomatic therapy are 
no more likely to be taken than either alone. 
The reasons for poor patient compliance are in 
need of urgent exploration. 

Increased Decreased 

Cigarette smoking** 
Anticonvulsant drugs 
Rifampicin 

Arterial hypoxemia «6.0 kPa) ** 
Respiratory acidosis * 
Congestive cardiac failure * 
Liver cirrhosis 
Erythromycin ** 
Ciprofloxacin (not ofloxacin) 
Cimetidine (not ranitidine) 
Viral infections 
Old age * 

Many factors influence theophylline metabolism and those posing particular problems in COPD are indicated by 
asterisks, the number depending upon the likely hazards. 
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Conventional MOIs pose particular prob
lems especially for elderly patients [109]. The 
physics of aerosol generation and its deposition 
within the lungs have been studied in detail 
[110]. Key factors are the particle size, usually 
expressed as the mass median diameter, the 
hygroscopicity of the drug and the inspiratory 
flow rate. In general, particles between 2 and 5 
MMDs are deposited in the airway rather than 
the alveoli or mouth. Particles tend to absorb 
moisture and increase their MMD the further 
along the airway they travel. High initial inspi
ratory flows promote impaction in the pharynx 
and increase the dose swallowed. An ideal 
MOl technique has been suggested [111], the 
principal features of which are summarized in 
Table 17.7 together with the particular prob
lems for the older COPD patient. In
coordination of inspiratory effort and 
activation and breath-holding due to the 'cold 
freon' effect when the aerosol vaporizes appear 
to be particularly common [108]. 

Many attempts have been made to over
come this. Dry powder formulations need less 
patient cooperation and will undoubtedly 
replace current MDI use in the next 5-10 
years as chlorofluorocarbons are withdrawn 
for environmental reasons. Unlike the MDI, 
dry powder inhalers need high inspiratory 
flow rates to ensure optimal lung deposition. 
Devices based on dry powder capsules 

Table 17.7 Inhaler technique in COPD 

Ideal method 

1. Remove cap 
2. Shake inhaler 
3. Hold inhaler upright 
4. Tilt head back 10-15° 
5. Hold inhaler in front of open mouth 
6. Begin to inspire and active inhaler 
7. Breathe in slowly and deeply 
8. Breath-hold for 10-15 s 
9. Breathe out slowly through the nose 

10. Use one puff at a time - wait 3-5 min between 
puffs 

(Rotacaps, Glaxo), foil disks (Rotadisk, Glaxo) 
or micronized pure drug (Turbohaler, Astra) 
are competing for this lucrative market, al
though the simplicity of use of the latter is 
particularly attractive in COPD. Radio-active 
tracer studies suggest that most of the inhaled 
drug from an MOl activation ends up in the 
stomach with only 10% reaching the lungs 
[110]. By introducing a space between the 
inhaler and the oropharynx, the aerosol forms 
a cloud which can be inhaled. Large volume 
'spacer' devices (Nebuhaler, Volumatic in 
Europe; InspirEase in North America) utilize 
these effects. They involve less coordination 
and the larger particles deposit in the spacer 
before inhalation reducing the total drug 
dosage, although the amount reaching the 
lung is probably not very different. Although 
hard to assess directly at present with short
term bronchodilators drugs, studies with 
high-dose inhaled corticosteroids suggest that 
less drug is absorbed when spacers are used 
[112]. However, COPD patients may only be 
able to achieve low inspiratory flow rates. 
Usually the one-way plastic valve used in 
these devices opens even at flow rates of 40 
1/ min or less but it may stick if the spacer is 
not kept clean. Tube spacers represent an 
attempt to make these devices more portable 
but are generally less effective, at least in 
drug deposition terms [113]. 

Difficulties in COPD 

Occasionally forgotten 
Occasionally forgotten 
Often forgotten 
Often forgotten 
Advice often confused about this 
Co-ordination problems 
Difficult if hyperinflated already 
Breath-hold time reduced 
High respiratory rate makes this harder 
Often use multiple puffs in a single inspiration 



The deposition patterns of nebulized 
drugs are similar to those of the spacer, 
larger particles being deposited within the 
face mask and tubing. They involve even 
less patient cooperation and yield a higher 
absolute dosage of the drug which may 
explain some of their popularity with 
patients (see below). 

Despite the enthusiasm for better devices, 
there are surprisingly few data about the 
benefits of improved delivery systems or 
even modifications of inhaler technique in 
COPD patients. Most deposition studies 
examine whole lung deposition making it 
difficult to assess subtle differences resulting 
from change in delivery. Indeed, the poor 
'clinical signal:noise ratio' in COPD makes 
practical clinical trials extremely difficult. 
However, change in airway caliber will 
influence the deposition pattern [114] and it 
seems likely that regular inhaled treatment 
will allow drug deposition more distally in 
the airways at doses that are associated with 
less systemic upset. 

17.10 DOMICILIARY NEBULIZER THERAPY 

The continuing debate about the efficacy and 
appropriateness of domiciliary nebulized 
bronchodilators in COPD illustrates many of 
the problems inherent in studies of bron
chodilator action in these patients. There is a 
genuine concern that in some countries at 
least, the prescription of nebulizer solutions 
of bronchodilators from a portable com
pressor, has increased unnecessarily [115]. 
The initial belief that a complex IPPB machine 
is better than a compressor has not been 
borne out [116] although it would be interest
ing to know what effect IPPB and bron
chodilator together have on intrinsic PEEP as 
either CP AP or IP AP can reduce this in some 
circumstances [117,118]. 

Using spirometric end points and corridor 
walking exercise, nebulized salbutamol seems 
to be no more effective than lower doses of 
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the same drug given through a spacer device 
[36]. However, these comparisons were rela
tively brief and studies of up to one year 
suggest that most (27 of 32) of a group of pre
dominant COPD patients found nebulized 
treatment better than their previous inhaled 
therapy and also demonstrated an increase in 
home PEF of 40 lImin [119]. Several factors 
may explain these changes. 

First, the total dose of drug delivered to the 
airways is large and although the dose 
response effects of ,B-agonists and anticholin
ergics are not impressive, a small change in 
FEV1 is likely to produce a disproportionately 
large improvement in effort tolerance (see 
above). Second, the higher the initial FEV1 the 
longer is the duration of action. This is clearly 
seen in a multidose study of ipratropium 
where the mean FEV 1 after 0.6 mg was sig
nificantly higher than that after 40 ILg through 
a metered dose inhaler and remained 33% 
higher at 8 hours [54]. Finally, facial cooling 
that occurs when the nebulizer solution con
denses within the mask can, itself, reduce 
dyspnea independent of any effect on airway 
caliber [120]. 

Attempts at evaluating successful treat
ment have been restricted by the lack of suit
able end points although a mixture of 
patient preference, home PEF and symptom 
scoring has been used [119,121,122]. Routine 
bronchodilator testing can separate rela
tively good responders [123] but was less 
useful in long-term studies [119,121,122]. In 
this last report changes in specific airways 
conductance in the laboratory did seem a 
promising means of selecting 'good respon
ders'. At present prescribing nebulizer treat
ment is more likely to be influenced by the 
enthusiasm (or lack of it) of the physician 
together with the anxiety of both patient and 
family that every form of treatment should 
be used to reduce distress. There is obvi
ously a need for further large-scale system
atic investigation to provide clearer 
guidelines about the cost benefits of this 
treatment and its scientific basis. 
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17.11 NON-BRONCHODILATOR 
SYMPTOMATIC TREATMENT 

Several alternatives to bronchodilator treat
ment are used with varying degrees of success 
to provide short and long-term symptomatic 
benefit in capo patients. Some of these are 
considered in detail in other chapters 
(Chapters 10, 16, 20). None of the remaining 
therapies offer general help although some 
can be useful in specific circumstances. 

17.11.1 MUCOLYTIC THERAPY 

The classic epidemiologic definition of chronic 
bronchitis emphasizes the role of sputum pro
duction as a cardinal feature of the disease 
(Chapter 1) and this fact appears deeply 
embedded in the subconscious of physician 
and patient alike even when the utility of this 
definition has passed (Chapter 1). The best 
way to reduce mucus production is to stop 
smoking and avoid atmospheric pollutants. 
Increasing oral water intake had no effect on 
mucociliary clearance in elderly chronic 
bronchitic patients [124] whilst aerosolized 
hypertonic saline is as likely to provoke 
bronchoconstriction as it is a productive 
cough. Oral expectorants like guanifeniesin or 
iodides do not improve mucociliary clearance 
in capo [125] nor do newer agents such as 
Ambroxol appear to be much better. 
However, ,B-agonists [126] and theophylline 
both increase mucociliary clearance although 
how much this contributes to their overall 
efficacy is unclear. 

17.11.2 CARDIAC THERAPY 

Digoxin continues to have its advocates as an 
inotropic drug in COPD although there is 
little evidence of any beneficial effect beyond 
its actions on the conducting system. One 
report has suggested that it can improve 
diaphragmatic contractility [127] but the rel
evance of this finding to clinical medicine 
remains obscure. Diuretics remain valuable as 

first-line treatment for peripheral edema but 
do not appear to influence mucociliary clear
ance. Both ,B-agonists and theophylline have 
favorable pulmonary vasodilator effects (see 
above and Chapter 11). However, anti
cholinergic drugs which have negligible 
systemic side effects produce equivalent 
improvements in exercise performance and 
symptoms suggesting that bronchodilatation 
is a principal action of all these agents. 

17.11.3 INFECTION CONTROL 

There is no evidence that prophylactic anti
biotic treatment reduces the incidence of 
severity of infective exacerbations in capo. 
However, antibiotics are beneficial during 
exacerbations where bacterial infection is 
present [128]. Prophylactic use of influenza 
vaccination and, more recently, pneumococcal 
vaccination, seems appropriate in capo pa
tients although the magnitude and consis
tency of this benefit is hard to evaluate. 

17.12 CLINICAL STRATEGIES OF 
BRONCHODILATOR USE 

Whilst there is a large body of data about 
specific actions for bronchodilator drugs in 
capo, there is less agreement about the 
optimum way of using them singly or in com
bination. General guidance has been offered 
by the American Thoracic Society [87] and 
more specific guidelines have been developed 
by the Canadian Thoracic Society [129]. Much 
depends upon the clinical setting in which the 
patient presents, local availability of pharma
ceuticals and, more particular, the health care 
system in which the physician operates. Thus, 
in the United Kingdom for patients attending 
their family physicians with early symptoms 
suggestive of capo, then establishing the 
diagnosis firmly making some form of assess
ment of its severity, e.g. by PEF or spirometric 
measurements and encouraging the patients 
to stop smoking, should be the primary goals. 
Monotherapy with either ,B-agonists or anti-



cholinergics to provide adequate symptom 
control particularly during exacerbations is 
often all that is required. Anticholinergics 
offer a marginal advantage if maintenance 
treatment is thought to be necessary. Time 
spent explaining inhaler technique and the 
purpose of treatment will be amply repaid. 

In a patient presenting to a hospital out
patient clinic with persistent or worsening 
symptoms or one who needs increasing doses 
of symptomatic therapy, then additional 
assessments, including some measure of bron
chodilator reversibility to determine the 
potential for improvement, is worthwhile. 
Ideally, this should consist of a combination of 
nebulized f3-agonists and anticholinergic to 
ensure a maximum benefit. In this group 
regular inhaled ipratropium bromide 80 ILg 
t.d.s. or oxitropium 200 Ilg t.d.s. stands the 
best chance of reducing cholinergic tone with 
the minimum of side effects. I normally 
couple this with advice to use f3-agonists as re
lieving therapy on an as required basis. In 
many patients the dose of f3-agonists used is 
influenced by the onset of tremor or tachy
cardia which is relatively idiosyncratic. If a 
patient remains symptomatic despite these 
measures which I usually couple with an 
assessment of the need for long-term inhaled 
corticosteroids (Chapter 13), then introduction 
of a carefully monitored dose of theophylline 
is worthwhile starting with a low dose, e.g. 
uniphyllin 100 mg b.d.s. and slowly building 
up to a dose at the upper limit of the thera
peutic range over the next 2-4 weeks. 
Assessment of inhaler technique and an early 
change to simpler delivery systems such as 
spacers or dry powder devices, would give 
the patient more confidence and save time in 
the long run. A realistic explanation of the 
potential benefits and possible side effects 
particularly when taking theophyllines will 
help the patient to cope with their disability 
better. Whether such simple, traditional, 
medical attention is more effective than active 
bronchodilator therapy alone, has not been as
sessed. I reserve nebulized bronchodilator 
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treatment assessments for patients with very 
severe symptoms where all other therapies in
cluding a range of pulmonary rehabilitation 
measures, have failed and especially for 
patients who appear to be in the 'revolving 
door' situation with increasing frequent hos
pitalizations despite maximal home support. 
In these circumstances nebulizer therapy is 
likely to have a powerful placebo effect which 
may none the less be worthwhile for the 
patient. 

17.13 FUTURE PROSPECTS 

Several new developments are like to affect 
the symptomatic bronchodilator treatment of 
COPD patients. Long-acting f3-agonists treat
ment with drugs like salmeterol and for
moterol, have already established a place in 
asthma management and the first studies are 
appearing in COPD patients. which un
surprisingly confirm their extended broncho
dilator action when compared with saline 
[130]. More detailed information about the 
functional consequences of these drugs, their 
impact on sleep quality, symptoms, exercise 
performance and quality of life is now needed 
but they may offer an attractive alternative to 
theophylline treatment. Studies in asthmatic 
patients suggest that 50 ILg salmeterol b.d.s. is 
equivalent to 500 ILg salbutamol q.d.s. [131] 
although whether the same equivalence exists 
in the COPD group is currently not known. 
However, increasing the dose of salmeterol to 
100 ILg per day produces a similar side effect 
profile to that of high-dose f3-agonists. There is 
scope for a more potent and long-acting anti
cholinergic drug in COPD, the best candidate 
for which is a new agent currently designated 
as tiotropium bromide. This is believed to 
show differential receptor binding kinetics 
such that it blocks M3-receptors longer than 
the Mrreceptors which may produce more 
prolonged and possibly more potent bron
chodilatation. Preliminary data in 6 partially 
reversible COPD patients suggests that bron
chodilatation lasting for more than 15 hours 
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can be achieved with 80-160 J.Lg given once 
daily [132]. Whether more specific Ml and M3 
blocking drugs would offer clinical advantages 
is also a topic for further research. Attempts at 
modifying theophylline pharmacokinetics to 
produce a safer agent appear to have stalled 
for the time being whilst newer theophylline 
derivatives such as enprofylline have proved 
to be as toxic as their predecessors. 

Whatever the category all inhaled drugs will 
have to move to CFC-free dry powder or wet 
nebulizer formulations giving further scope for 
innovative design solutions for the many pa
tients who have difficulties using existing 
MDIs. However, the best hope for the imme
diate future lies in the development and 
testing of anti-inflammatory drugs such as the 
inhaled corticosteroids which may influence 
the rate of decline in lung function in COPD. 
This is the topic of the next chapter. 
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18.1 INTRODUCTION 

Pathophysiologic studies in patients with 
COPD show that there is a chronic inflamma
tory process in the wall and the lumen of the 
peripheral airways and a loss of elastic recoil 
in the supporting alveolar structure of the 
outer wall of the small airways. The inflam
matory process in the small airways, being 
important both during the initial stage in the 
development of COPD [1,2] and in estab
lished COPD, consists of an increased 
number of lymphocytes, mononuclear cells, 
and neutrophils, increased connective tissue 
deposition and epithelial metaplasia and ul
ceration in the airway walls [3-6]. 
Bronchoalveolar lavage in smokers with or 
without airflow limitation shows that there is 
an increased percentage of neutrophils, pa
tients with airflow limitation having higher 
numbers than the smokers without airflow 
limitation [3]. Moreover, macrophages of 
smoking patients with COPD show a higher 
activation level. Cigarettes may therefore be 
regarded as inflammatory agents. 

These inflammatory processes in the 
airways may serve as an opening for institu
tion of anti-inflammatory therapy in patients 
with COPD. This may circumstantially 
be supported by the observation that quitting 
smoking of cigarettes results in a significant 
slowing down in the deterioration of 
lung function [7,8]. The most potent anti
inflammatory therapeutic agents that are 
available are without any doubt glucocortico-

steroids. In this chapter results of studies on 
the application of oral and topical cortico
steroids in patients with established COPD 
with moderate to severe airways obstruction 
will be described. 

18.2 ORAL CORTICOSTEROIDS 

18.2.1 SHORT-TERM STUDIES 

Corticosteroids have been used in the treat
ment of airways obstruction since 1950, when 
the first preparations of biosynthetically 
derived analogs of the adrenal cortical hor
mones became available. Today some 40 
years later their role in COPD is still contro
versial, whereas they have a central place in 
everyday practice for the treatment of 
asthma. Several studies have investigated the 
effects of oral corticosteroids on the level of 
airways obstruction in patients with COPD 
[9-11], some of them having a controlled 
double-blind design [12-19]. But results from 
the latter type of studies are also conflicting. 
They at best show some beneficial effect in a 
subset of patients, even after extension of the 
duration of oral corticosteroid intake beyond 
the most commonly used 14 days. The latter 
seems to be important as Weir et al. found 
that FEVl continued to improve after 14 days 
of corticosteroid treatment in some subjects 
with COPD [20]. 

Characterization of the individuals who ef
fectively will benefit from oral corticosteroids 

Chronic Obstructive Pulmonary Disease. Edited by Dr P. Calverley and Professor N. Pride. Published in 1995 by 
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is, however, very difficult. No consistent 
pattern emerged from the above mentioned 
studies: greater reversibility and sputum and 
blood eosinophilia have been found to be 
weak predictors of improvement by some 
authors but not by others. One study stated 
that a response to oral prednisolone occurred 
as frequently in patients with physiologic fea
tures of emphysema as in those without [21]. 

Oral corticosteroids are capable of reducing 
the severity of hyper-responsiveness in asth
matic individuals even after short-term use 
[22]. One study investigated this effect in non
allergic patients with COPO and showed that 
oral corticosteroids do not change the level of 
hyper-responsiveness in these patients [22]. 
Furthermore Wempe et al. demonstrated that 
they also do not change the bronchodilator 
response to cumulatively applied doses of a 
l3-agonist or anticholinergic [Fig. 18.1], nor 
alter the protection provided by either drug 
against histamine [23]. As only a small group 
of non-allergic COPO patients was investi
gated in this study, generalization to all pa
tients is not suitable. 

80 IPRA TROPIUM 

It is not yet clear whether beneficial effects of 
high-dose oral glucocorticosteroids on FEVv 
when they occur, are maintained when the 
doses are tapered off to clinically acceptable 
doses or when oral corticosteroids are sup
plemented by or replaced with inhaled cortico
steroids. Only a small percentage of responders 
in two available studies [15,17] could maintain 
their response on low doses of inhaled cor
ticosteroids. Harding and Freedman [12] 
showed that 4 of their responders (22% of the 
population) had a comparable improvement of 
ventilatory capacity when on single-blind 
therapy with 800 J-tg/ day of beclomethasone 
valerate for 10 days, compared with 30 mg of 
prednisone daily for the same period. Another 
double-blind study in 18 patients with COPO 
[24] showed that addition of either 400 J-tg or 
1600 J-tg of inhaled budesonide daily could 
comparably reduce the oral dose of cortico
steroids by approximately 6.5 mg/ day without 
changing the level of FEV 1 or hyper
responsiveness [Fig. 18.2]. In the group treated 
with 400 J-tg budesonide, prednisone was 
reduced from 8.1 to 1.4 mg, and in the group 
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Fig. 18.1 Cumulative dose-response curves with nebulization of either ipratropium bromide (left panel) 
or salbutamol (right panel) after 3 weeks treatment with placebo (circle), budesonide (triangle) and pred
nisone (square). No significant differences in final FEV} existed between the treatments. (Reprinted with 
permission from [23].) 
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Fig.18.2 Course of FEV1 in 18 patients with COPD during reduction of prednisone (see text), while pa
tients were on either 400 p,g or 1600 p,g daily of inhaled budesonide. (Reprinted with permission from [24].) 

receiving 1600 J-tg budesonide, prednisone was 
reduced from 9.7 to 3.1 mg/ day. This suggests 
that 400 J-tg/ day of an inhaled corticosteroid 
may be sufficient. This is especially important 
since with this dose plasma cortisol values 
(after a Synacthen test) improved to normal 
levels. However, duration of follow-up was 
short, and results may be different at a later 
time. The same applies to the above mentioned 
studies investigating whether inhaled cortico
steroids maintain the effect of oral cortico
steroids. 

Finally, little information is available on the 
role of oral corticosteroids in patients with an 
acute exacerbation [25-27]. Emerman found 
no effect of 100 mg methylprednisolone Lv. in 
addition to standard bronchodilator therapy. 
In contrast, Albert et al. found significant im
provement with methylprednisolone (0.5 mg/ 
kg i.v. every 6 hours over 72 hours) with 
regard to pre- and postbronchodilator FEV l' 
The differences might be explained by the 
observation that the study of Albert showed 
significant effects after 6 hours, while 
Emerman investigated the patients for only 
up to 7 hours (see Chapter 19). 

The most common side-effects are presented 
in Table 18.1. Though a short course of corti
costeroids may result in only a few side
effects, long-term use even at lower dosages, is 
frequently associated with adverse reactions. 
In the 20 years' follow-up study on COPD pa
tients treated with oral corticosteroids [28, 29] 
many patients had to stop therapy due to side
effects. The main reasons for stopping were: 
20% due to hypertension, 20% with recurrent 
gastrointestinal ulcers, 40% with far advanced 
osteoporosis or fractures, 10% due to diabetes 
mellitus, and 10% miscellaneous (compliance, 
glaucoma, mood disorders). Thus severe os
teoporosis with or without fractures is the 
most common side-effect. The advantage of 
using inhaled corticosteroids is that side
effects are reduced for the equivalent thera
peutic effect, because of their low systemic 
effects. Nevertheless local side-effects are 
known, Le. dysphonia, hoarseness, sore throat 
and oropharyngeal candida infection. The 
most important clinical side-effect of adreno
cortical suppression is thought to occur with 
doses above 1500 J-tg/ day [30,31], although 
some studies suggest an effect on bone 
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Table 18.1 Side-effects of oral corticosteroids 

Short term, high dose 
diabetes mellitus 
hypertension 
sodium and water retention 
mood disorders 
glaucoma 
pancreatitis 
peptic ulceration 
Long term 
hypothalamic-adrenal axis suppression 
cushingoid features (e.g. striae, acne, skin atrophy, easy bruising, centripetal obesity) 
osteoporosis 
aseptic bone necrosis 
posterior subcapsular cataract 
hyperlipidemia 
growth failure 
impaired wound healing 
proximal myopathy 
suppression of immune response 
oral candidiasis 

turnover at lower dosages [32,33]. It has to be 
kept in mind, however, that the latter results 
pertain to healthy volunteers, treated for a 
very short time. Results may be different at 
longer time of follow-up. A recent report [34] 
does suggest that easy bruising is also a fre
quent side-effect, increasing in frequency with 
increasing age, dosage and duration of use. 
Future studies have yet to determine whether 
bone turnover is also affected by inhaled corti
costeroids when given over longer periods of 
follow-up and with advanced age. 

18.2.2 LONG-TERM STUDIES 

Only two long-term intervention studies with 
oral glucocorticosteroids are available, both 
retrospective in nature [28,29]. These studies in 
patients with COPD show a favorable effect of 
prednisolone on the course of the FEV lover 20 
years of follow-up. A close association existed 
between the pattern of change in FEV1 over 
time and the intake and dosage of pred
nisolone [Fig. 18.3]. When 10 mg/ day or more 

was taken FEV 1 remained stable or even in
creased over the many years of follow-up. 
Improvement in FEV1 as shown in the first 
study [28] was thought to be quite remarkable. 
Patients in this study were initially investi
gated because of a low FEV1 (below 1 liter) and 
less than 15% improvement (from baseline 
prebronchodilator FEV1) over the first year of 
follow-up in order to try to exclude patients 
with asthmatic features. In this study allergic 
patients were not systematically excluded, and 
this might have influenced the results. 
Therefore a similar study was started in pa
tients without any sign of allergy. Comparable 
results were obtained [29]. 

Both studies showed that reduction below 
10 mg/ day or cessation of prednisolone re
sulted in further decline of FEV l' The studies 
were retrospective in nature, but patients 
who were given or withheld prednisolone in 
a later stage of their follow-up could be re
garded as their own control (CON+ and 
CON- in Fig. 18.3). One of the clinically im
portant findings is that a change in FEV 1 
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Fig. 18.3 Patterns of the course in FEV! over 20 
years of follow-up in patients with COPD: LIN = 
linear, CON+ = convex, CON- = concave, NCH = 
no change. The course appeared to be related to in
stitution or withdrawal of oral corticosteroids. 
(Reprinted with permission from [29].) 

could only be observed after 6-24 months of 
therapy. This is in striking contrast with 
asthma, where glucocorticosteroids have an 
almost instantaneous effect. As COPD is 
slowly progressive disease this delay in effect 
may just reflect the difference in the etiology 
of airways obstruction. It may also underline 
the importance of long-term follow-up to 
detect any change in lung function when in-
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tervention studies are undertaken in COPD 
and may explain the lack of effect observed in 
many short-term studies. 

18.3 INHALED CORTICOSTEROIDS 

There is little doubt that inhaled cortico
steroids are an effective treatment for asthma, 
resulting in improvement of symptoms, 
number of exacerbations, lung function and 
hyper-responsiveness, both in short-term 
[35-39] and long-term studies [40-43]. It is 
only recently that inhaled corticosteroids 
have also drawn attention of researchers to 
application in patients with COPD. 

18.3.1 SHORT-TERM STUDIES 

There have been some 7 studies [23, 44-49] 
showing that inhaled corticosteroids adminis
tered over a period of 3-12 weeks generally 
do not change the level of airways obstruc
tion, as assessed by FEV1 and PEF, or airways 
hyper-responsiveness to histamine in patients 
with COPD. Baseline characteristics of these 
studies are presented in Table 18.2. 

In the studies of Engel et al. [44] and 
Wesseling et al. [45] one could expect that no 

Table 18.2 Baseline characteristics and change in FEV! in 7 short-term studies with inhaled corticos-
teroids in COPD 

Reference Engel Wesseling Watson Thompson Wempe Auffarth Weir 
[44] [45] [46] [47] [23] [48] [49] 

No. 18 35 14 30 10 24 107 
Age (years) 50 52 60 50 57 57 63 
Smoking (no.) 18 16 14 30 6 24 41 
Atopy (no.) 0 3 0 0 46 
FEV! (% pred) 97 96 80 72 59 53 44 
L\ FEV! (%) in 11 8 10 7 11 
PC20 (mg/mD 0.61 2.8 0.52 0.96 0.81 
Dose (p,g/ day) 800 1600 1200 1000 1600 1600 1500 
Duration (wk) 12 6 12 6 3 8 2 
Improvement in FEV! none none none lO%a 7.5%a none b 

-, not determined. 
6. FEV 11 % in, improvement with bronchodilator expressed as increase in % above baseline; PC20, concentration of inhaled 
histamine provoking a fall in FEV! of 20% or more; % pred, percentage predicted value. 
a improvement in FEV! with inhaled corticosteroids. 
b > 20% improvement in FEV! in 8/34 with inhaled corticosteroids and 3/35 with placebo (not significant). 
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change in FEVt would occur after therapy 
with inhaled corticosteroids, as the patients 
all had near-normal lung function ('chronic 
bronchitis'). The same is true, although to a 
lesser extent, for the study of Watson et al. 
[46]. Although in the other studies a certain 
improvement should be detectable, it could 
not be demonstrated in most patients even at 
reasonably high doses of inhaled corticos
teroids up to 1600 JLg/ day. There are never
theless two studies showing some or even a 
significant response of FEVt to inhaled corti
costeroids compared with placebo. The first 
one [49] shows that 12 out of 34 patients 
responded with a ~10% increase in FEVv PVC 
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Fig. 18.4 Spirometric changes after 6 weeks of 
treatment with beclomethasone (top) or placebo 
(bottom). FEF25-75 forced expiratory flow between 
25% and 75% of vital capacity. (Reprinted with 
permission from [47].) 

and PEF, but many of these patients had an 
allergic background. The other one [47], 
shows in smokers with mild airways obstruc
tion an improvement of 10% in predicted 
FEVt in the beclomethasone group and a 3% 
improvement in the placebo group, the dif
ference being statistically significant (Fig. 
18.4). These patients appeared to be hardly 
reversible on a bronchodilator, while hyper
responsiveness was not tested. Atopy was 
also not tested and this may have influenced 
the results, as it has been shown in a mixed 
population with airways obstruction that 
more allergic individuals are more likely to 
respond to inhaled corticosteroids [43]. An 
interesting observation in the study of 
Thompson and co-workers [47] was that not 
only FEVt but also the parameters in the 
bronchoalveolar lavage fluid reflecting 
epithelial permeability and cellularity im
proved in the beclomethasone-treated group 
(Fig. 18.5). Therefore, asthma and COPD 
might have some expressions of airways 
inflammation in common. However, the 
significant difference between the two groups 
was largely due to increased leakage over the 
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Fig. 18.5 Changes in estimated epithelial lining 
fluid albumin concentrations after treatment with 
beclomethasone (closed circles) or placebo (open 
circles). (Reprinted with permission from [47].) 



6 weeks of follow-up in the placebo-treated 
group. This increase was so big that one 
wonders what would happen if this were 
continued over many years. Therefore, 
further results on anti-inflammatory effects of 
corticosteroids in patients with COPD have to 
be awaited. 

Next to objective functional criteria, subjec
tive improvement may be an important 
measure of treatment effect. It is for instance 
well known that patients who hardly 
improve or even show deterioration in lung 
function after inhaling a bronchodilator may 
have symptomatic benefit. It is as yet not 
certain what should be tested to assess treat
ment effects best. Yet it is certain that in the 
future quality of life will be one of the issues. 
In the available studies on short-term therapy 
of inhaled corticosteroids in patients with 
COPD there are some positive effects in sub
jective symptoms, like cough [44], sputum 
production [47], and dyspnea [48]. When 
other parameters were assessed in the former 
studies, they all showed a trend for improve
ment in the corticosteroid group. 

Based on these short-term effects one could 
only hypothesize that longer duration of 
treatment might perhaps show larger effects. 
As there is no clearcut dose-effect relation
ship of inhaled corticosteroids in the above 
mentioned short-term studies, a more pro
nounced effect with higher doses could not be 
expected. Moreover, higher doses of inhaled 
corticosteroids are not warranted considering 
the current knowledge on side-effects. 

18.3.2 LONG-TERM STUDIES 

Only one recently published article has 
studied the effect of inhaled corticosteroids in 
patients with COPD after one year of therapy 
[50]. Patients in this study were selected from 
a former study [51] based on their rapid 
decline in lung function over the previous 2 
years when they did not use any inhaled 
corticosteroids. They served as their own 
controls when 800 JLg/ day of inhaled 
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Table 18.3 Patient characteristics in the study of 
Dompeling et al. [50] 

Asthma CGPD 

No. 28 28 
Age (yrs) 49 (12) 54 (12) 
Gender, male 12 16 
Pack-years 13 (14) 23 (3)a 
Smokers (no.) 14 17 
Allergy (no.) 14 2 
FEV} (% pred) 67 (17) 70 (16) 
~ FEV} (% pred) 14 (9) 7 (4)a 
PC20 (mg/ ml) 0.8 6.2a 

a significant difference. 
% pred = percentage predicted; MEV! (% pred), bron
chodilator response expressed as % predicted value of 
FEVl. 

beclomethasone was instituted after the first 
two years. The patients in this study were cat
egorized as either 'asthma' or 'COPD', but 
overlap in clinical features between the two 
groups was considerable (Table 18.3). Atopy 
appeared to be more prominent in asthmatics, 
as expected. However, level of FEVl and 
smoking was not that different between those 
with asthma and with COPD. 

Both groups showed a mean fall in FEV 1 in 
the first 2 years of about 160 ml/year, which 
is unusually high, especially in patients with 
asthma. After institution of beclomethasone, 
patients with COPD improved their prebron
chodilator FEV} significantly by 160 ml in the 
first 6 months of treatment, but the fall in FEV 1 

continued in the next 6 months by 70 ml (Fig. 
18.6). Therefore the authors suggest that longer 
follow-up is necessary to establish whether 
this is due to chance variation or real decline. 
Hyper-responsiveness deteriorated by 1.8 dou
bling dose (P = 0.07) during the year of beclo
methasone treatment. Exacerbations were the 
same in the first 2 years without inhaled cor
ticosteroids and the third year with inhaled 
corticosteroids (mean 1.8 exacerbations per 
year in both periods). Exacerbations were less 
frequent in the asthma group (mean 1.3/year 
in the first 2 years, and significantly lower in 
the third year: 0.6 per year). As the study did 
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Fig. 18.6 The course of prebronchodilator (closed circles) and postbronchodilator (open circles) FEV} 
after three years treatment with bronchodilators alone (0-24 months) and beclomethsasone (24-36 
months). Left panel shows results of asthmatics, right panel of patients with COPD. Values were com
pared with 24 months' values. Asthma: *: P = 0.001; +: P = 0.07; ++: P = 0.32; COPD: +: P = 0.09; ++: P = 
0.29. (Reprinted with permission from [50].) 

not have a control group on placebo, it is pos
sibly only justified to compare the 'asthma' 
with the 'COPD' group. This shows that the 
improvement in FEV 1 and PEF in the latter 
group is smaller than in the former. Moreover, 
exacerbations were less frequent in the asthma 
group. 

The last observations of the study of 
Dompeling et al. [50] are compatible with the 
findings of another long-term study, where pa
tients with both asthma and COPD were in
cluded, not on the basis of a clinical diagnosis, 
but on objective criteria, i.e. the presence of 
airways obstruction and hyper-responsiveness 
[43]. In this study with 2.5 years follow-up all 
patients received an inhaled J3-agonist, 500 JLg 
q.i.d. with addition of either (a) placebo 2 puffs 
q.i.d., (b) ipratropium bromide, 40 JLg q.i.d., or 
(c) inhaled beclomethasone, 200 JLg q.i.d. 
Patients with a symptom-based diagnosis of 
asthma responded more favorably with their 
FEV1 than those with COPD. This study also 
showed a beneficial effect on the number of ex-

acerbations at follow-up [43] in both groups 
(Fig. 18.7). 

The study was not designed to investigate 
differences between asthma and COPD, and 
questionnaire-based diagnoses were made 
after inclusion of the patients. It showed that 
a subgroup of patients could not be classified 
as either asthmatic or COPD as they had fea
tures of both (called 'asthmatic bronchitis'). 
This group had a somewhat less positive re
sponse to inhaled corticosteroids. Thus, it 
seems worthwhile to investigate a COPD
group with or without allergic and hyper
responsiveness features and with or without 
chronic cough and sputum, to determine 
who will benefit from long-term inhaled 
corticosteroids. 

Finally, there is one abstract [52] of a study 
of 58 non-allergic individuals with irreversible 
airways obstruction, who were all hyper-re
sponsive. In this study patients were treated 
with either (a) placebo, (b) 1600 JLg budesonide 
or (c) 1600 JLg budesonide and 5 mg pred-
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Fig. 18.7 Number of exacerbations per year that 
the patient is in the study in a symptom-based sub
group of patients with COPD. BA == ,B-agonist; CS 
== inhaled corticosteroids; PL == placebo; AC == anti
cholinergic. ** == significant difference. (Data of 
Dutch CNSLD Study Group [43].) 

nisolone orally daily. In addition to this 
double-blind treatment, patients continued 
their regular use of inhaled and oral bron
chodilators. The three small groups were com
parable at the start of the study with regard to 
smoking habits, airways obstruction and 
hyper-responsiveness and bronchodilator 
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therapy. Over the 2 years of follow-up, there 
appeared to be a positive effect of inhaled cor
ticosteroids on decline in FEV l' These effects 
were small and only reached significance in 
the group that was treated with inhaled corti
costeroids alone. The duration of exacerbations 
tended to decrease and symptoms improved 
in the two groups treated with corticosteroids. 

Although the numbers of patients in the 
above mentioned studies are small, and some 
of these studies have not been designed for 
testing the effects of inhaled corticosteroids in 
COPD, the results of the three studies point in 
the same direction. Inhaled corticosteroids 
might thus reduce exacerbations in the long 
run and improve symptoms. Possibly, decline 
of lung function is also reduced (Table 18.4). 
The latter appears to be true for prebron
chodilator FEV1. Whether the same is true for 
postbronchodilator FEV1 is not yet clear. 

18.4 INTERACTION OF CORTICOSTEROIDS 
WITH BRONCHODILATORS 

Corticosteroids are known to restore J3-adren
ergic responsiveness of the smooth muscle in 
previously non-responsive asthmatics [53] 
and in normal subjects [54]. Moreover, in vitro 
studies have shown an increase in J3-receptors 
after corticosteroids [55]. At this moment 
there is one investigation in patients with 

Table 18.4 Baseline characteristics and results from long-term studies with inhaled corticosteroids in 
COPD 

Dompeling et al. [50] Dutch sea [43] 

No. 28 33 
FEV1 (% pred) 63 62 
!1 FEVl (% baseline) 12 6 
PC20 (mg/mD 8.4 0.44 
Duration (years) 1 2.5 
Dose (lLg/24 h) 800 800 
Reduction exaa + 
Improvement FEV 1 + + 
Improvement PC20 + 

a reduction of days or number of exacerbations by inhaled corticosteroids. 
% pred = % predicted 

Renkema et al. [52] 

58 
63 
10 
1.3 
2 

1600 
+ 
± 
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COPD studying an interactive effect of 
inhaled and oral corticosteroids with bron
chodilators, i.e. the anticholinergic drug iprat
ropium bromide and the ,B-adrenergic drug 
salbutamol [23]. There was no modifying 
effect of corticosteroids on bronchodilator 
action, though only a small group of pa
tients was studied for a relatively short 
period. Nevertheless a higher, though non
significant, post-ipratropium FEV} was found 
after treatment with prednisone compared 
with placebo treatment (Fig. 18.1). The latter 
occurred without an effect of prednisone on 
prebronchodilator FEV}. This may suggest 
some synergistic effect, and more studies are 
warranted in this field. 

18.5 CONCLUSIONS 

Results of the few published studies show 
some circumstantial evidence for a beneficial 
effect of corticosteroids in COPD. It is aston
ishing how much is known of their effects in 
asthma, and how relatively little in COPD. 
Some important points emerge from the 
available data. 

First, several studies have pointed to the 
fact that corticosteroids have a much slower 
onset of action in COPD than in asthma. As a 
consequence trials of both oral and inhaled 
corticosteroids in COPD - in larger groups, 
but in individual patients as well - should 
proceed for longer time periods than we have 
become used to in asthma. 

The use of oral corticosteroids is clearly 
limited by their serious side-effects. However, 
as with any pharmaceutical intervention, 
side-effects of oral corticosteroids in patients 
with COPD should be carefully weighed 
against their benefits. Dosages should be 
reduced to the lowest possible level, and 
perhaps supplemented with inhaled corticos
teroids. 

The role of inhaled corticosteroids in clini
cal practice as opposed to oral corticosteroids 
is even less clear. Short-term studies do not 

show a large beneficial effect in ventilatory 
capacity or hyper-responsiveness, although 
there appears to be some subjective improve
ment in symptoms. There is as yet only one 
abstract showing that inhaled corticosteroids 
prevent accelerated decline at 2 years' follow
up. As with oral corticosteroids, there seems 
to be a subgroup of patients that responds fa
vorably. It is as yet, however, unclear which 
patient characteristics separate 'responders' 
from 'non-responders'. Clearly this has to be 
established in further long-term studies 
before all patients with COPD, regardless of 
age, smoking habits, atopy, reversibility, and 
hyper-responsiveness are given inhaled corti
costeroids life-long. More research needs to 
be directed at distinguishing subgroups in 
order to be able to predict corticosteroid sen
sitivity. Large scale long-term studies such as 
the Euroscop study currently in progress [57] 
should give the answers. 

Finally, it is an unresolved problem which 
parameters should be assessed to determine 
corticosteroid sensitivity: exacerbation rates 
and measures of quality of life are increas
ingly being recognized as important parame
ters. Taking improvements in FEV} as the 
only measure may well lead to insufficient 
patient care. 
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M.J. Madar and M.J. Tobin 

19.1 INTRODUCTION 

Chronic obstructive pulmonary disease 
(COPD) is an extremely common disorder in 
industrialized countries. In 1986, approx
imately 11.4 and 2 million Americans were 
estimated to have chronic bronchitis and 
emphysema, respectively [1]. Almost 2 
million hospitalizations were due to COPD. 
COPD was the fifth leading cause of death 
(3.6% of all deaths) [2]. Morbidity and mor
tality rates are even higher in the UK. These 
patients are extremely vulnerable to a wide 
variety of insults. Thus, a bronchial infection 
which would have only minor effects in a 
healthy individual can tip the COPD patient 
into frank respiratory failure. In this chapter 
we will review the clinical presentation and 
treatment of acute respiratory failure in 
patients with COPD. 

19.2 CLINICAL MANIFESTATIONS 

Patients with acute respiratory failure and 
COPD may present with features of the pre
cipitating illness, worsening of the underlying 
obstructive lung disease, carbon dioxide 
(C02) narcosis, or complications arising from 
acute respiratory failure. The symptoms of 
the precipitating illness can obviously be 
quite variable. Worsening of the underlying 
COPD usually results in increasing dyspnea 

and the typical patient with acute respiratory 
failure is in obvious respiratory distress. 
Tachypnea and prominent accessory muscle 
recruitment are generally present. Sputum 
production may increase or the patient may 
complain of difficulty in expectorating 
sputum. There is often a recent history of 
upper respiratory tract infection and/or the 
production of purulent yellow-green sputum. 
Peripheral edema and weight gain may be 
present suggesting a worsening of right heart 
failure. Wheezing may be heard and breath 
sounds are usually diminished. 

When considering the effects of carbon 
dioxide retention on gas exchange, it is use
ful to examine the carbon dioxide-oxygen 
diagram of Rahn and Fenn (Fig. 19.1) [3]. This 
diagram shows that a rise in the arterial carbon 
dioxide (Paco2) is always accompanied by a 
fall in the arterial oxygen tension (Pao2).The 
slope of the alveolar line relating oxygen 
tension (Po2) to carbon dioxide tension (PC02) 
depends on the respiratory exchange ratio, 
which is usually 0.8. Thus, an increase in Paco2 
of 10 mmHg will result in a 12.5 mmHg fall in 
Pao2' Studies in patients with COPD and acute 
respiratory failure have shown that the lowest 
Pao2 level compatible with life is approx
imately 20 mmHg [4,5]. Therefore, the 
highest tolerable Paco2 while breathing 
room air is approximately 80-90 mmHg. Since 
patients with COPD have an increased 
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Fig. 19.1 The relationship between oxygen 
tension (Po2) and carbon dioxide tension (PC02) in 
patients breathing room air is depicted in this 
oxygen-carbon dioxide diagram. The slope of the 
alveolar line depends on the respiratory exchange 
ratio (R), which is assumed to be 0.8. The boxed 
area (N) represents the range of arterial blood gas 
values in normal persons. The horizontal distance 
of Pao2 value from the alveolar line represents the 
alveolar-arterial oxygen gradient. 

Studies of patients with chronic obstructive pul
monary disease in acute respiratory failure reveal 
that a Pao2 of 20 mmHg is the lowest Pao2 value 
compatible with life while breathing room air. The 
stippled area represents the usual range of Paco2 
values in patients with acute respiratory failure 
who are breathing room air. (Reproduced from ref
erence [4].) 

alveolar-arterial oxygen gradient, Paco2 rarely 
exceeds 80 mmHg while breathing room 
air [5]. 

The major clinical features of hypercapnia 
are those that affect the central nervous 
system and to a lesser degree the cardio
vascular system. The central nervous system 
findings range from irritability to coma and 
include disorientation, confusion, somnolence 
and combativeness [6,7]. Coma is uncommon 
in patients who are breathing room air, since 
the level of Paco2 necessary to cause coma is 
usually associated with a Pao2 that is in
compatible with life [8]. Motor findings 
include tremor, myoclonic jerks, asterixis and 
seizures [6]. The vasodilator action of CO2 
may raise intracranial pressure causing 

headache or papilledema [7-9]. Focal signs 
mimicking a cerebrovascular accident may 
rarely occur. 

The level of consciousness correlates rea
sonably well with cerebrospinal fluid pH, 
which, in turn, is usually decreased in pro
portion to blood pH in patients with respir
atory acidosis [10]. The rapidity of the 
increase in Paco2 and the severity of the 
accompanying hypoxemia are also important 
factors [11]. In a study of patients receiving 
long-term oxygen therapy no evidence of 
obvious central nervous system dysfunction 
was noted at Paco2 levels ranging from 75 to 
110 mmHg [12]. The fact that these patients 
had a normal or only mildly depressed 
arterial pH and Pao2 suggests that acidosis 
and hypoxemia are probably the major 
factors that account for the clinical mani
festations of CO2 narcosis. 

The cardiovascular features of hypercapnia 
are caused by the vasodilator and sym
pathetic stimulant effects of carbon dioxide 
[11]. These effects include warm flushed skin, 
diaphoresis and a bounding pulse [13]. 

19.3 DIAGNOSIS 

Obtaining an arterial blood gas is imperative 
in assessing the patient with acute respiratory 
failure. The Pao2 reveals the patient's state of 
oxygenation. The conventional criterion for 
the diagnosis of respiratory failure due to 
failure of oxygenation is a Pao2 of less than 
55 mmHg. The Pac02 measures the adequacy 
of alveolar ventilation. 

Paco2 = (VC02/V A ) x k 

where VC02 = CO2 production, VA = alveolar 
ventilation, and k = constant. An elevated 
Paco2 value due to a decrease in VA may in 
turn be due to a decrease in minute ven
tilation or an increase in dead space. An 
increase in CO2 production is normally com
pensated for by an increase in minute ven
tilation, and, thus, it is never solely 
responsible for an increase in Paco2' The 



patient's acid-base status should be evaluated 
as it is important to remember that an 
increase in Paco2 is a normal compensatory 
response to metabolic alkalosis [14]. A Paco2 
of 86 mmHg has been reported in a patient 
with metabolic alkalosis who had no evidence 
of lung disease [15]. Thus, it is crucial to 
check the pH to determine the primary 
acid-base disturbance. In the absence of 
metabolic alkalosis, a diagnosis of hyper
capnic respiratory failure is generally made 
when the Paco2 is greater than 45 mmHg. The 
chronicity of the respiratory failure can be de
termined by evaluating the pH and serum bi
carbonate. As a rule of thumb, an acute 
increase in Paco2 of 10 mmHg is associated 
with a decrease in pH of 0.08 units and a de
crease in serum bicarbonate of 1 mEq/1 [16]. 
A chronic increase in Paco2 of 10 mmHg is 
associated with a decrease in pH of 0.03 units 
and an increase in bicarbonate of 3.5 mEq/1 
[16]. 

19.4 THERAPY 

19.4.1 IMPROVEMENT IN OXYGENATION 

Hypoxemia is the most immediate life
threatening abnormality, and, thus, improv
ing oxygenation should be the first priority of 
treatment. The physiologic mechanisms 
primarily responsible for hypoxemia in these 
patients are hypo ventilation and ven
tilation-perfusion mismatch (provided severe 
pneumonia or pulmonary edema is not 
present, as either condition typically pro
duces a shunt). As a result, a relatively 
modest increase in FIo2 will usually provide 
adequate oxygenation. However, when sup
plemental oxygen is given to patients with 
COPD who are in acute respiratory failure, 
Paco2 usually increases [5]. In most cases, this 
increase is quite modest, 1 to 5 mmHg for a 10 
mmHg increase in Pao2 [5]. Occasionally, a 
greater increase in Paco2 occurs, and uncon
trolled oxygen therapy can cause severe CO2 
retention [4]. 

Therapy 463 

In the past, it was considered that patients 
with COPD depended primarily on their 
hypoxic drive to breathe since their respons
iveness to CO2 was believed to be impaired [4]. 
According to this theory, correction of hypo
xemia with supplemental oxygen removed the 
hypoxic drive to breathe, leading to a fall in 
minute ventilation and a rise in Paco2' The 
lack of CO2 responsiveness prevented the res
piratory system from compensating for the fall 
in minute ventilation. Recent studies have 
challenged this view. Aubier and colleagues 
administered 100% oxygen for 15 minutes to 
22 COPD patients with accute respiratory 
failure [17]. Pao2 increased from 38 ± 2 to 225 ± 
23 mmHg. Paco2 increased from 65 ± 3 to 88 ± 
5 mmHg. However, minute ventilation fell by 
only 7% and could not account for the increase 
in Paco2' The authors attributed the increase in 
Paco2 primarily to an increase in VD/Vr al
though this interpretation has been disputed 
[18]. In another study, the same authors found 
that mouth occlusion pressure (PO.l)' an index 
of central respiratory drive, was markedly in
creased in COPD patients in acute respiratory 
failure [19]. While supplemental oxygen re
sulted in a significant reduction in PO.l, the 
values still remained higher than those ob
tained in the chronic state (i.e. the drive to 
breathe remained high). More recently, Dunn 
and colleagues examined 13 ventilator 
dependent patients with COPD [20]. They 
found that hyperoxia produced both a breath
ing pattern independent increase in VD/Vr 
and a decrease in respiratory drive. Correction 
of hypoxemia also shifts the hemoglobin-C02 
binding curve (Haldane effect) which will in
crease Paco2 for a given CO2 content. Thus, the 
mechanism by which oxygen supplementation 
worsens hypercapnia is multifactorial. How
ever, the relative importance of the various 
mechanisms remains controversial and some 
investigators believe that removal of the 
hypoxic stimulus to breathe is still the most 
important factor [18]. In the vast majority of 
patients, careful administration of oxygen 
achieves adequate oxygenation with only 
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modest increases in Pac02 that are without 
any significant clinical sequelae. 

Supplemental oxygen should be adminis
tered either by nasal cannula at 1 to 2 l/min 
[21,22] or via a Venturi mask set at 24-28% 
oxygen [21,22]. The flow rate (nasal cannula) 
or oxygen concentration (Venturi mask) is 
then adjusted according to the resultant arter
ial blood gases. On average, the arterial P02 
increases by 10 mmHg when the Fro2 is in
creased from room air (21 %) to 24% in pa
tients with COPO and acute respiratory 
failure and by 20 mmHg when the Fro2 is in
creased to 28% [22]. 

The inspired concentration of oxygen (Fro2) 
delivered by nasal cannula can vary consider
ably between patients depending on the 
patient's ventilatory pattern. Bazuaye and col
leagues estimated the Fro2 in seven patients 
with stable COPO receiving oxygen via nasal 
cannula [23]. At a flow rate of 2l/min, the Fro2 
ranged from 23.7 to 34.9%. The variability in 
Fro2 is likely to be even greater in patients who 
are clinically unstable. Clearly more precise 
control of the inspired oxygen concentration 
can be achieved by Venturi masks which may 
reduce the incidence of severe CO2 retention 
during oxygen therapy. However, nasal can
nuls are often better tolerated than a facemask 
in acutely dyspneic patients. In addition, nasal 
cannula do not have to be removed for expec
toration, suctioning or eating. Regardless of 
the method of oxygen delivery, the goal of 
therapy is to achieve a Pao2 of about 
60-70 mmHg. Following a change in supple
mental oxygen therapy, it is important to 
obtain an arterial blood gas approximately 
15 min later to ensure that the desired effect 
has been achieved. 

Pulse oximeters have become ubiquitous in 
many intensive care units. Because of their 
non-invasive nature, it would be desirable if 
oximetry could be used to guide supple
mental oxygen therapy. However, oximetry 
provides no information on arterial PC02' 
Furthermore, the 95% confidence limits for 
pulse oximetry are ± 4% [24]. Thus, an oxime-

ter reading of 95% could represent an oxygen 
saturation between 91 % (arterial P02 
60 mmHg) and 99% (arterial P02 160 mmHg). 
From this discussion, it is clear that tight 
control of arterial P02 cannot be achieved 
with pulse oximetry and arterial blood gas 
measurements are required. Pulse oximetry is 
still very important for patient monitoring 
since it can alert the clinician that the patient 
is deteriorating during therapy (as evidenced 
by a fall in oxygen saturation). 

(a) Respiratory stimulants 

Respiratory stimulants have been employed 
in an attempt to prevent or delay life-threat
ening respiratory acidosis allowing definitive 
therapy (bronchodilators, steroids, etc.) ad
equate time to take effect, and, thus, poten
tially avoid intubation and mechanical 
ventilation. Conceptually, the use of respir
atory stimulants is based on the notion that 
respiratory drive in patients with COPO and 
acute respiratory failure is insufficient. 
Studies clearly demonstrate that central 
respiratory drive is very high in such patients 
[19,25,26]. Furthermore, these patients may be 
quite susceptible to the development of 
inspiratory muscle fatigue. Indeed, small 
changes in breathing pattern can produce 
electro myographic changes consistent with 
incipient diaphragmatic fatigue in patients 
with stable but severe COPO [27]. Thus, phar
macologic increases in central respiratory 
drive in an unstable critically ill patient with 
COPO could be enough to produce frank 
inspiratory muscle fatigue. There have been 
no studies in the literature that conclusively 
show clear benefit from the administration of 
respiratory stimulants. In an early, prospect
ive double-blind comparison of doxapram (a 
commonly used respiratory stimulant) and 
placebo, patients who received doxapram had 
better blood gas values after 2 hours of 
administration compared with patients who 
received placebo [28]. However, the number 
of patients ultimately requiring mechanical 



ventilation was similar in the two groups, 15 
of 40 in the doxapram group and 12 of 38 in 
the placebo group. 

More recently, Jeffrey and colleagues exam
ined the effect of a continuous infusion of 
doxapram to patients with COPD who devel
oped respiratory acidosis (pH <7.26) during 
controlled oxygen therapy [29]. In this study, 
17 deaths occurred during 139 episodes of 
acute respiratory failure in 95 patients with 
COPD. Doxapram was administered during 
39 episodes while mechanical ventilation was 
employed in only 4 episodes. The investigators 
raised the possibility that the low incidence of 
mechanical ventilation in this study could be 
related to employment of doxapram therapy; 
however, it more likely reflects their con
servative approach to initiation of mechanical 
ventilation. It is important to note that the 
overall mortality rate in this study was quite 
acceptable (12%) compared to other studies in 
which mechanical ventilation was more fre
quently employed. Given the lack of data 
demonstrating benfit from respiratory stimu
lants, their potential toxicity [30], and the 
questionable conceptual basis for their 
administration, we do not routinely use these 
agents. 

19.4.2 RELIEF OF AIRWAY OBSTRUCTION 

In the past, patients with COPD were con
sidered to have 'irreversible' or 'fixed' airway 
obstruction. However, recent studies have 
shown that airflow increases substantially 
following bronchodilator administration 
in many patients with COPD [31,32]. 
Furthermore, patients with features typical of 
emphysema have similar bronchodilator 
responsiveness [31,33]. Accordingly, COPD 
patients with acute respiratory failure should 
receive bronchodilator therapy. 

(a) Sympathomimetic agents 

,BTAgonists playa central role as broncho
dilating agents in patients with COPD and 
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acute respiratory failure. Parenteral, oral and 
inhalational forms of these agents are avail
able. The inhalational route is preferred since 
its use results in greater bronchodilatation 
and fewer side effects at comparable doses 
[34-36]. ,BTAgonists can be inhaled via a jet 
nebulizer or metered-dose inhaler. 

In the acutely ill patient, it has been tradi
tional to administer ,BTagonists via a hand
held jet nebulizer. The jet nebulizer uses 
compressed air to create an aerosol of the 
medication which the patient breathes until 
the desired dose has been delivered. A dose 
of 15 mg of metaproterenol or 2.5 mg of 
albuterol can be administered every 3-4 
hours. Nebulization rate and particle size dis
tribution are affected by the flow rate of com
pressed air, initial solution volume, solution 
composition, the plumbing used to connect 
the nebulizer to the patient, and the structural 
design of the nebulizer [37,38]. Recent work 
has also demonstrated a disturbingly high 
degree of variability between units for many 
common brands of hand-held nebulizers [38]. 
Accordingly, the rate of nebulization should 
be periodically assessed as a quality control 
measure. It has been suggested that nebuliza
tion rate should be at least 0.2 mll min and 
unit-to-unit variability in nebulization rate 
should be < 75%. 

Recently, a number of investigators have 
attempted to determine whether jet nebuliza
tion offers any therapeutic advantages over 
metered-dose inhalers. In several carefully 
controlled studies, the cumulative dose of ,BT 
agonist required to produce maximal bron
chodilatation was established for the jet 
nebulizer and metered-dose inhaler. When 
this dosage was administered chronically, 
there was no difference in the degree of bron
chodilatation achieved by the two delivery 
systems [39,40]. Thus, optimal therapy is 
determined by the dose delivered to the 
lower respiratory tract rather than the mode 
of delivery. Unfortunately, the optimal 
dosage varies from patient to patient, and it 
may increase during acute exacerbations; it is 
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usually greater than the recommended 
dosage via metered-dose inhaler (2 puffs) 
[41]. A number of investigators have com
pared administration of 2-4 puffs of f3z
agonist via a metered-dose inhaler (with or 
without a spacer device) with the administra
tion of much larger dosages of f3z-agonists via 
a jet nebulizer. In the majority of studies, 
there have been no discernible differences in 
the degree of bronchodilatation achieved by 
the two delivery systems. These studies have 
been performed both in patients with stable 
disease and in patients with acute exacerba
tions [42-44], although patients with acute 
respiratory failure have been specifically ex
cluded. Thus, at the present time f3z-agonists 
should probably be administered by jet nebu
lization to COPD patients with acute respira
tory failure (who are not being mechanically 
ventilated). However, it appears that therapy 
can be switched to metered-dose inhaler with 
or without a spacer device, much earlier in 
the course of hospitalization than was cus
tomary in the past. This approach can result 
in considerable cost savings [42,45]. 

In addition, a recent study of mechanically
ventilated patients found similar improve
ments in passive expiratory flow when 
f3z-agonists were administered by metered
dose inhaler compared with jet nebulizer [46]. 
In another study of mechanically-ventilated 
patients, lung deposition of f3z-agonists was 
5.7 ± 1.1 % when administered via metered
dose inhaler and only 1.2 ± 0.4% when ad
ministered by jet nebulizer [47]. These 
findings require confirmation but it is clear 
that jet nebulizer therapy is undergoing a 
period of intense scrutiny and it is likely that 
indications for nebulizer therapy in the future 
will be considerably more restricted than they 
are at the present time. When therapy is 
switched from nebulizer to metered-dose 
inhaler, it is essential that the patients receive 
adequate instruction and training to ensure 
that the metered-dose inhaler is used appro
priately. This task can be performed by the 
allied health staff during the time that they 

would otherwise have allotted to administra
tion of nebulizer therapy. 

(b) Anticholinergic agents 

Ipratropium bromide is a synthetic congener 
of atropine that is at least as potent as the f3z
agonists in patients with stable COPD [48]. In 
fact, when administered in currently recom
mended dosages (2 puffs), ipratropium 
bromide almost always produces greater 
bronchodilatation than f3z-agonists [49-51]. 
However, dose response curves clearly 
demonstrate that two puffs of ipratropium or 
f32-agonist usually do not provide maximal 
bronchodilatation [52,53]. When sequential 
doses of f3z-agonists are administered until 
maximal bronchodilatation is achieved, 
administration of ipratropium either aug
ments bronchodilatation slightly [52] or has 
no effect [53]. 

Ipratropium bromide is not yet available as 
a nebulized solution in the United States, 
although it is available in many other coun
tries. In a double-blind randomized Canadian 
study involving 51 patients with an acute 
exacerbation of COPD (mean FEV1 0.7 ± 0.291), 
the effects of 0.5 mg of nebulized ipratropium 
bromide, 1.25 mg of nebulized fenoterol hy
drobromide, or a combination of the two 
agents were compared [54]. All three regi
mens resulted in improved spirometric func
tion at 45 and 90 min post treatment but there 
were no detectable differences between the 
three regimens (Fig. 19.2). In particular, no 
benefit could be demonstrated for com
bination therapy. In another study, patients 
with an acute exacerbation of COPD were 
treated for seven days with either nebulized 
ipratropium or fenoterol [55]. There were no 
differences in the degree of improvement in 
FEV 1 from baseline, arterial blood gases or 
duration of hospitalization between the two 
regimens. Thus f3z-agonist and anticholinergic 
agents (ipratropium) appear to be equally ef
fective in the treatment of acute exacerbations 
of COPD. At the present time, there are no 
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cise performance or symptomatic benefit 
remains to be determined. 

The role of theophylline in acute exacerba
tions of COPD is very poorly defined. Rice 
and colleagues studied 28 patients who 
received either intravenous aminophylline or 
placebo in a randomized double-blind trial 
[61]. Patients received an otherwise standard 
treatment regimen consisting of nebulized f3T 

45 90 agonist, intravenous steroids, antibiotics and 
TIME (MIN) 

Fig. 19.2 Mean increases in I-sec forced expira
tory volume (FEV 1) above baseline after inhalation 
of ipratropium (triangles), fenoterol (open circles), 
or the combination (solid circles), in 51 patients 
with chronic obstructive pulmonary disease. There 
was no significant difference between the three 
treatment regimens. Bars represent ± standard 
error. (Reproduced from reference [54].) 

data to suggest that combination therapy is of 
additional benefit during acute COPD exacer
bations and such therapy is not recom
mended. 

(c) Methylxanthines 

The role of methylxanthines in obstructive 
lung disease is undergoing a period of re
assessment [56]. In patients with stable 
COPD, theophylline produces modest bron
chodilatation with mean changes in the FEV 1 

in the range of 10-15% [57,58]. Since methyl
xanthines have multiple side effects with con
siderable potential for serious toxicity, 
whereas inhaled bronchodilators are gener
ally safe, a more relevant question is whether 
theophylline provides any additional benefit 
in patients already receiving inhaled bron
chodilators at optimal dosage. Studies have 
shown that some patients (40-50%) [59,60] 
display additional bronchodilatation (increase 
in FEV1 of 32% or 0.22 D [59] when theo
phylline is added to large doses of inhaled 
bronchodilator. Whether this additional bron-
chodilatation translates into improved exer-

oxygen. Over the first 72 hours of hospitaliza
tion, there were no significant differences in 
the degree of improvement in spirometry, 
arterial blood gases or sensation of dyspnea 
between the aminophylline and placebo 
groups. 

Given the limitations of the data base, no 
firm recommendations can be made concern
ing the role of methylxanthines in acute ex-
acerbations of COPD and the clinician must 
use his/her own clinical judgement. If one 
elects to administer methylxanthines, the 
dose must be carefully individualized since 
the therapeutic range is narrow 00-20 mg/D 
and clearance rates can differ markedly and 
unpredictably between patients, particularly 
those that are critically ill [62]. For initiation 
of intravenous therapy in patients not already 
receiving the drug, the recommended loading 
dose of aminophylline (equivalent to 80% 
anhydrous theophylline) is 6 mg/kg. In 
patients already receiving oral theophylline, a 
theophylline level should be obtained prior to 
initiation of intravenous therapy. The intra
venous maintenance dosage is 0.5 mg/kg/h 
in a healthy non-smoking adult. Factors that 
alter theophylline clearance requiring adjust
ment of the maintenance dose are listed in 
Table 19.1. In addition, large interindividual 
variations in theophylline clearance exist 
between patients so that serum levels should 
be monitored daily until the patient's 
condition stabilizes. 

In addition to their bronchodilator effects, 
methylxanthines have been shown to 
improve cardiac and diaphragmatic per
formance in some studies. Matthay and 
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Table 19.1 Adjustment of theophylline dosage with various underlying conditions 

Condition 

Patient characteristics 
Normal adult non-smoker <60 years 
Age >60 years 
Adult smoker <40 years 

Disease state 
Congestive heart failure 
Pneumonia 
Liver failure 
Severe airway obstruction 

Drugs 
Erythromycin 
Troleandomycin 
Cimetidine 
Oral contraceptives 
Phenytoin 
Phenobarbital 
Carbamazepine 
Rifampin 

Correction factor 

1.0 
0.6 
1.6 

0.4 
004 

0.2-Do4 
0.8 

0.7 
0.5 
0.7 
0.7 
1.5 
1.2 

>1.0 
>1.0 

Caution should be exercised when correction factors exceed one or when multiple correction factors apply. 

colleagues found that acute infusion of 
aminophylline improved right and left ven
tricular function (in both normal subjects and 
COPD patients), at least as assessed by the 
ejection fraction [63]. However, the increases 
in ejection fraction were very modest (45-52% 
for the right ventricle and 60-67% for the left 
ventricle). In a follow-up study, oral theo
phylline produced similar results which were 
sustained at 16 weeks [64]. The clinical 
significance of these very modest changes in 
ejection fraction remains to be determined. 
However, it is of interest that subcutaneous 
administration of 0.25 mg of terbutaline has 
been reported to produce more pronounced 
effects on cardiac function in COPD patients 
[65]. Theophylline has been shown to 
improve diaphragmatic contractility and 
fatiguability in animals [66], normal volun
teers [67] and patients with COPD [68]. 
However, other investigators have been 
unable to replicate these findings [69-71], so 
that it seems unlikely that theophylline in 
therapeutic dosages has a clinically significant 

effect on diaphragmatic function. This topic 
has been reviewed previously [72]. 

(d) Corticosteroids 

While the benefits of chronic administration 
of steroids in patients with COPD remains 
unclear, a single randomized double-blind 
placebo controlled study supports the use of 
methylprednisolone during acute exacer
bations [73]. In this study of 44 patients, 
they received either methylprednisolone, 
0.5 mg/kg every 6 hours, or placebo for 3 
days. Spirometric improvement was greater 
in the methylprednisolone group (Fig. 19.3). 
Furthermore, a 40% or greater increase in the 
FEV} at 72 hours was observed in 12 of 22 
patients receiving methylprednisolone but in 
only 3 of 21 patients receiving placebo. In this 
study, results were analyzed as the percent 
change from baseline and absolute values 
were neither presented nor analyzed. This 
approach has been subsequently criticized 
[74]. 
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Fig. 19.3 Percentage change in forced expiratory 
volume in one second (FEV 1) in patients receiving 
methylprednisolone (open symbols) or placebo 
(closed symbols). Patients receiving methylpred
nisone had a greater improvement in airflow than 
did those receiving placebo. (Reproduced from 
reference [73].) 

More recently, Emerman and colleagues 
performed a randomized placebo-controlled 
double-blind study of 96 patients presenting to 
a hospital emergency room with an acute exac
erbation of COPD [75]. Methylprednisolone 
(100 mg) or placebo was given in addition to 
nebulized isoetharine and aminophylline. 
There were no differences in the rate of 
improvement in FEVt or in the rate of hospital
ization between patients receiving cortico
steroids or placebo. However, in this study, 
the duration of follow-up ranged from 2.5 to 7 
hours, which is probably insufficient to detect 
a beneficial response to corticosteroids since 
these agents have a slow onset of action. In 
summary, although the data are limited, it 
seems reasonable to treat patients with exacer
bations of COPD and acute respiratory failure 
with a course of corticosteroids. 

19.4.3 INFECTION 

Infection of the airway appears to be a 
common precipitant of acute respiratory 
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failure in patients with COPD. Hemophilus 
influenzae and parainfluenzae, Streptococcus 
pneumoniae and Branhamella catarrhalis are 
considered to be the most common bacterial 
pathogens in patients with COPD [76-79] . 
Less frequently, other streptococci, gram
negative enteric rods and Staphylococcus 
aureus are cultured from purulent respiratory 
secretions in patients with an exacerbation of 
COPD [77-79]. In addition, viral infections 
have been shown to be responsible for 
20-33% of all exacerbations of COPD in two 
long-term studies [80,81]. This percentage 
may be an underestimate due to the 
difficulties entailed in viral isolation. Non
infectious agents may also be important but 
their role is difficult to quantitate. The relative 
importance of bacterial infection compared 
with viral infection or non-infectious agents 
in producing exacerbations has been difficult 
to elucidate. Patients with COPD are often 
chronically colonized with common bacterial 
pathogens. Therefore, culture of one of these 
organisms during an acute exacerbation does 
not imply that the organism is responsible for 
the exacerbation. However, some serologic 
studies have demonstrated a rise in antibody 
titer to Hemophilus influenzae or Branhamella 
catarrhalis following an exacerbation of COPD 
suggesting that these organisms were 
responsible for the exacerbation [82,83]. It is 
important to realize that not every episode of 
respiratory failure is precipitated by infection. 
In patients with COPD and acute respiratory 
failure requiring mechanical ventilation, 
objective evidence of distal bronchial infec
tion (bacteria cultured from a protected brush 
via bronchoscopy) was observed in only 27 of 
54 patients [79]. 

The role of antibiotics in the therapy of 
exacerbations of COPD remains controversial 
[84]. Early studies examining the effects of 
antibiotics did not carefully exclude patients 
with pneumonia nor were objective criteria 
used to evaluate outcome. Two carefully per
formed, double-blind, placebo-controlled 
trials have evaluated the role of antibiotics in 



470 Acute respiratory failure 

patients with exacerbations of COPD. Nicotra 
and colleagues studied 40 patients who 
required hospitalization for an exacerbation 
of COPD [85]. Twenty patients received oral 
tetracycline for 1 week while the remainder 
received placebo. Patients were excluded 
from the study if they had a new radio
graphic infiltrate, fever, leukocytosis, or 
required mechanical ventilation. Clinical and 
laboratory features were similar in the anti
biotic and placebo groups at study onset. At 
the end of the seven-day study period, there 
were no differences between the two groups 
in spirometry, arterial blood gases or phy
sician and patient evaluation of severity of 
illness. Anthonisen and colleagues studied 
362 exacerbations of COPD in 173 patients 
[86]. Patients received either a ten-day course 
of antibiotics (trimethoprim-sulfamethoxa
zole, amoxicillin or doxycycline) or placebo. 
Relief of symptoms within 21 days was 
achieved in 68% of antibiotic treated exacer
bations and 55% of placebo-treated exacer
bations. Peak expiratory flows recovered 
faster in the antibiotic treated group, 
although the differences were small. 
Treatment failures were twice as common 
with placebo (19%) compared with antibiotic 
(10%). Differences between placebo and 
antibiotic were greatest when a triad of symp
toms - increase in dyspnea, increase in 
sputum volume, and sputum purulence -
were observed during exacerbation; these 
symptoms predicted a favorable response to 
antibiotics. 

Given this background, it seems reasonable 
to treat patients with COPD and acute 
respiratory failure with antibiotics, while 
recognizing that they will benefit only a 
minority of patients. Broad-spectrum anti
biotics such as trimethoprim-sulfamethoxa
zole, tetracycline or amoxicillin are usually 
employed. The choice of antibiotic should 
take into account local susceptibility patterns. 
Branhamella catarrhalis is usually resistant to 
amoxicillin which is a potential limitation of 
this antibiotic choice [76]. A number of new 

antibiotics (amoxicillin/ clavulanate, second 
and third generation oral cephalosporins, 
azithromycin, clarithromycin, ofloxacin and 
ciprofloxacin) have been touted as potentially 
useful in the treatment of exacerbations of 
COPD. In general, these antibiotics have a 
broader spectrum of activity but are more 
expensive. These agents have not been shown 
to be clinically more efficacious than older 
agents. It must be emphasized that this dis
cussion pertains only to the patient without 
evidence of pneumonia. Patients with a 
parenchymal infiltrate on chest radiography 
and other evidence of pneumonia clearly 
require antibiotic therapy which should be 
broad spectrum in activity until an etiologic 
agent is identified. 

19.4.4 NUTRITION 

The proper role of nutrition in the manage
ment of acute respiratory failure in patients 
with COPD is unclear since there have been 
no randomized controlled prospective studies 
examining it in this setting [87]. Com
plications of either enteral nutrition or total 
parenteral nutrition (TPN) are frequent and 
can have substantial morbidity, and may 
even result in death. Nevertheless, pre
existing malnutrition is common in patients 
with COPD, particularly those in acute respir
atory failure [88]. Nutritional status further 
deteriorates in patients requiring mechanical 
ventilation since these patients are unable to 
take food by mouth [89]. 

Poor nutritional status is believed to have a 
number of adverse effects on the respiratory 
system. Diaphragmatic muscle mass is less 
in malnourished patients. In a necropsy 
study, Arora and Rochester examined dia
phragmatic muscle mass in patients with 
normal body weight who died suddenly and 
underweight patients who died from a 
variety of causes [90]. Body weight and dia
phragmatic muscle mass were reduced by 
30% and 40%, respectively, in the under
weight patients, indicating that the dia-



phragm was not spared from the effects of 
malnutrition. In another study, Arora and 
Rochester found that malnourished patients 
without lung disease had substantially lower 
maximal inspiratory mouth pressures (an 
index of respiratory muscle strength) com
pared with adequately nourished patients 
[91]. Furthermore, in a group of mal
nourished surgical patients, successful nutri
tional repletion with total parenteral nutrition 
led to a 37% increase in maximal inspiratory 
mouth pressure [92]. Nutritional status can 
also affect the control of breathing. In normal 
volunteers, semistarvation has been shown to 
reduce the ventilatory response to hypoxia by 
42% [93]. Immune status is also adversely 
affected by malnourishment. Malnourished 
patients have suppressed delayed cutaneous 
hypersensitivity and impaired T -lymphocyte 
transformation in response to mitogens [94]. 
In one study, bacterial adherence to airway 
cells was increased in patients with poor 
nutritional status [95]. 

In a retrospective uncontrolled study of 
long-term (>3 days) mechanically ventilated 
patients, those receiving nutritional supple
mentation had a significantly higher rate of 
weaning from mechanical ventilation (93%) 
than patients receiving only dextrose and 
water (55%) [96]. Given the potential deleteri
ous effects of malnutrition, it is reasonable to 
provide nutritional support in patients who 
are malnourished at presentation or who are 
expected to require prolonged (>3 days) 
mechanical ventilation. The enteral route is 
the preferred mode of administration. 

Nutritionally associated hypercapnia can 
occur in patients who are overzealously fed. 
When calories are given in excess of energy 
needs, lipogenesis occurs. The respiratory 
quotient of lipogenesis is approximately 0.8, 
reflecting a much greater production of CO2 

relative to O2 consumed. In normal subjects, 
this increase in CO2 production is com
pensated by an increase in minute ventilation, 
and, thus, eucapnia is maintained. However, 
patients with severe respiratory disease and 
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weak respiratory muscles may not be able to 
sufficiently increase ventilation to prevent 
hypercapnia. Although the increase in CO2 

production may be of little consequence 
during assisted ventilation, it could impair 
weaning in certain patients [97]. 

The nutritional requirements of patients 
with COPO in acute respiratory failure are 
poorly documented. Preliminary data 
suggest that total caloric requirements in 
such patients exceeds the resting energy 
expenditure by 29-54% [98]. Even when this 
'stress factor' is taken into account, total 
caloric needs are only 1663 ± 362 kcal. It has 
been recommended that 20% of total calories 
be given as protein. Since the respiratory 
quotient for glucose is 1.0 while it is only 0.7 
for fat, CO2 production will be slightly 
higher when carbohydrate rather than fat is 
the predominant fuel. For this reason, some 
authorities recommend that high con
centrations of carbohydrate be avoided in 
patients with severe pulmonary disease. 
However, in the majority of patients, sub
stitution of fat for carbohydrate has only a 
modest effect on CO2 production and is of 
little consequence. 

19.4.5 PHYSIOTHERAPY 

Most patients with an exacerbation of COPO 
report an increase in airway secretions. 
Furthermore, patients with COPO and acute 
respiratory failure have markedly reduced 
expiratory flows which can impair cough 
effectiveness. Thus, it might seem reasonable 
to employ chest physical therapy to assist 
with secretion removal. However, a number 
of studies employing chest percussion and 
postural drainage in patients with an exacer
bation of COPO were unable to show any 
improvement in pulmonary function or 
objective evidence of improved secretion 
removal [99,100]. Not surprisingly, chest 
physical therapy appears to benefit some 
patients with large amounts of sputum pro
duction but has no beneficial effects in those 



472 Acute respiratory failure 

patients with scant sputum production 
[101,102]. Hypoxemia can significantly 
worsen during chest physical therapy and 
this deterioration in Pao2 is most likely to 
occur in patients with scant sputum pro
duction [101]. Accordingly, chest physical 
therapy should only be considered in patients 
with large amounts of sputum production. 
Furthermore, chest physical therapy treat
ments should only be continued if there is 
clear evidence of improved secretion 
removal. Finally, it is prudent to monitor the 
patient for desaturation with a pulse oximeter 
during treatment and to increase oxygen 
flow / concentration as necessary during treat
ment being careful to return oxygen flow / 
concentration back to its original level once 
treatment is completed. 

19.4.6 MECHANICAL VENTILATION 

(a) Intubation 

The majority of patients with COPD and 
acute respiratory failure can be managed 
without resort to mechanical ventilation [29]. 
In general, mechanical ventilation should be 
avoided whenever possible because patients 
with COPD are particularly susceptible to 
ventilator-associated complications. Never
theless, a small number of patients will 
require ventilator therapy. 

The decision of whether to institute ven
tilator support is a difficult one. No particular 
blood gas value or any other physiologic 
parameter serves as an absolute criterion for 
the institution of mechanical ventilation. 
Rather, the decision should be made on clini
cal grounds. A deteriorating mental status 
(confusion, obtundation, agitation) or sig
nificant cardiovascular instability are the 
usual indications for ventilator assistance. 
Patients with worsening respiratory acidosis 
associated with progressive 'tiredness' and 
increasing dyspnea despite therapy usually 
require mechanical ventilation 

(b) Support phase 

The ideal ventilator mode and settings are a 
matter of considerable debate. To put this 
problem in perspective, it is important to con
sider two pathophysiologic events that may 
occur in patients with COPD and acute 
respiratory failure: (1) auto-PEEP, and 
(2) inspiratory muscle fatigue. 

(i) Auto-PEEP (syn. Intrinsic PEEP) 

Patients with COPD and acute respiratory 
failure have severe airway obstruction and 
decreased pulmonary elastic recoil. Maximal 
expiratory flow is markedly reduced and a pro
longed expiratory time is required to permit 
complete exhalation of inspired gas volume. 
These patients commonly are tachypneic and 
have increased ventilatory requirements. These 
factors result in a shortened expiratory time, so 
that the next inspiration starts before expiration 
has been completed resulting in dynamic air 
trapping and an alveolar pressure that remains 
positive at end-expiration (auto-PEEP). The 
resulting increase in lung volume forces the 
patient to breathe in the upper less compliant 
portion of the pressure-volume curve, thereby, 
increasing the elastic load to breathe. Hyper
inflation forces the respiratory muscles to 
operate at an unfavorable position on their 
length-tension curve. Finally, the inspiratory 
muscles must generate sufficient pressure to 
counterbalance the positive alveolar pressure at 
end-expiration before inspiratory flow can 
begin [103]. Thus, auto-PEEP behaves like an 
inspiratory threshold load. The effect of 
dynamic hyperinflation can seriously com
promise inspiratory muscle function. 

Auto-PEEP may also have significant circu
latory effects [104]. A high proportion of the 
positive alveolar pressure is transmitted to 
the mediastinum in patients with COPD 
where it can impede venous return impairing 
circulatory function. Dynamic hyperinflation 
and auto-PEEP may also increase the risk of 
barotrauma during mechanical ventilation. 



Furthermore, during mechanical ventilation 
in an assist mode, auto-PEEP will surrepti
tiously reduce trigger sensitivity [105] 
(Fig. 19.4). To trigger the ventilator, the 
patient needs to generate a negative inspira
tory pressure equivalent to the auto-PEEP 
level plus the sensitivity setting. This reduc
tion in trigger sensitivity increases patient 
work during mechanical ventilation, which 
may increase patient discomfort and possibly 
prevent or delay the resolution of inspiratory 
muscle fatigue. 

During mechanical ventilation, auto-PEEP 
can be measured by the end-expiratory port 
occlusion method (Fig. 19.5) [104]. With this 
method, the expiratory port is occluded near 
the time when the next inspiration is antici-
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pated. With expiratory flow blocked, pressure 
in the ventilator tubing will equilibrate with 
alveolar pressure allowing the level of auto
PEEP to register on the ventilator manometer. 
This method is highly sensitive to the timing 
of occlusion and accurate measurements are 
most easily achieved in patients receiving 
controlled ventilation. Auto-PEEP can also be 
measured using the expiratory hold option 
available on some ventilators. For ventilators 
without an expiratory hold option, a simple 
method to estimate auto-PEEP has been 
described (Fig. 19.6) [106]. In addition, during 
controlled ventilation, auto-PEEP can be esti
mated from continuous recordings of airway 
pressure and flow by noting the airway pres
sure at which inspiratory flow begins [107]. 

IOcmHzO PEEP 

-- - -- -/""" ....... _--

One Second 

Fig. 19.4 Effect of adding external positive end-expiratory pressure (PEEP) on the effective triggering 
threshold pressure in 1 patient. At a PEEP of zero, a 9-cm H20 drop in esophageal pressure (Pes) is re
quired to lower pressure at airway opening (Pao) and trigger flow. When 10 cm H20 of PEEP is added, 
inspiratory threshold pressure imposed by auto-PEEP is overcome and less subject effort is required to 
trigger ventilator. (Reproduced from reference [l05].) 
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SEVERE OBSTRUCTION 

SEVERE OBSTRUCTION 
Expiratory port occluded 

Fig. 19.5 Measurement of auto-PEEP by expira
tory port occlusion. Normally (see top panel), alve
olar pressure is atmospheric at the end of passive 
exhalation. With severe airflow obstruction (see 
middle panel), alveolar pressure remains elevated 
(in this example at 15 cmH20) and slow flow con
tinues, even at the end of the set exhalation period. 
The ventilator manometer senses negligible pres
sure because it is open to atmosphere through 
large bore tubing and downstream from the site of 
flow limitation. With gas flow stopped by occlu
sion of the expiratory port at the end of the set 
exhalation period (see lower pane!), pressure 
equilibrates throughout the lung-ventilator system 
and is displayed on the ventilator manometer. 
(Reproduced from reference [104].) 

The occlusion methods are extremely 
difficult to apply in patients making spon
taneous inspiratory efforts. Under these cir
cumstances, auto-PEEP can be measured by 
inserting an esophageal balloon and record
ing esophageal pressure and inspiratory flow 
[108]. The amount of negative pressure re
quired to counterbalance auto-PEEP is esti
mated by the change in esophageal pressure 
from the onset of the negative pressure swing 
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Fig. 19.6 A one way Brashi valve, a 'tee' and a 
cap is added to the inspiratory limb of the ventila
tor circuit. During exhalation the cap is removed. 
The next delivered tidal volume is vented to the 
room while the patient's lung pressure equilibrates 
against a closed exhalation valve. The auto-PEEP 
level can then be read from the ventilator digital or 
analog display on the ventilator manometer. 

to the point at which inspiratory flow begins. 
For this method to be valid, the expiratory 
muscles must be relaxed during this time 
period which may not always be the case 
[109]. Indeed, Ninane and colleagues have 
measured the electrical activity of the abdom
inal muscles in 40 patients with COPO during 
resting breathing [110]. Phasic expiratory 
activity of the transversus abdominus was 
observed with every breath in 17 patients and 
intermittently in 11 patients. During spon
taneous breathing, auto-PEEP levels meas
ured with an esophageal balloon are lower 
than those obtained with the occlusion 
method [108]. 

The level of auto-PEEP is primarily 
dependent on the severity of airflow obstruc
tion and the minute ventilation. Indeed, auto-



PEEP can be seen in patients without evi
dence of airflow obstruction if minute 
ventilation is sufficiently elevated [111]. 
Administration of sedation to decrease 
minute ventilation can substantially reduce 
the degree of dynamic hyperinflation and 
auto-PEEP. The machine settings chosen 
during mechanical ventilation can also affect 
the level of auto-PEEP [112]. For a given 
minute ventilation and tidal volume, rapid 
inspiratory flow rates will shorten inspiratory 
time and allow more time for expiration, and, 
thus, reduce the level of auto-PEEP [112]. 
Reciprocal changes in tidal volume and 
respiratory rate have minimal effects on end
expiratory lung volume and auto-PEEP. It is 
important to realize that the vast majority of 
patients with COPD who have an exacer
bation of sufficient severity to cause acute 
respiratory failure will demonstrate auto
PEEP. Furthermore, the level of auto-PEEP 
may be quite high (>10 cmH20) particularly 
early in the patient's course [103-105,107, 
112,113]. 

(ii) Inspiratory muscle fatigue 

Although flow limitation occurs during expir
ation in patients with COPD, the increased 
work of breathing is borne primarily by the 
inspiratory muscles [114]. Dynamic hyper
inflation puts the inspiratory muscles at a 
considerable disadvantage. Metabolic factors 
(hypocalcemia [115], hypophosphatemia [116] 
and hypomagnesemia [117], malnutrition and 
respiratory acidosis [118,119] may all 
decrease respiratory muscle strength and/ or 
endurance. 

Inspiratory muscle fatigue occurs when the 
demands imposed on the inspiratory muscles 
exceed their capacity. Many of the important 
determinants of the fatiguing process are 
expressed in the tension-time index. The 
tension-time index for the diaphragm (TTdi) 
is equal to mean inspiratory transdiaphrag
matic pressure per breath/maximum static 
trans diaphragmatic pressure (Pdi/Pdi max) 
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times the inspiratory time/total respiratory 
cycle time (TI/TTOT), i.e. 

TTdi = (Pdi/Pdi max) x (TI/TTOT) 

A TTdi of >0.15-0.18 indicates a potentially 
fatiguing pattern of contraction [120]. Healthy 
subjects breathing at rest have a TTdi of 0.02. 
In a study of stable COPD patients, the TTdi 
was 0.05 (range 0.01-0.12) during resting 
breathing indicating a low degree of functional 
reserve [27]. Relatively modest alterations in 
breathing pattern produced an increase in 
TTdi above 0.20 in these patients, which in
variably resulted in shifts in the power spec
trum of the diaphragmatic EMG which were 
consistent with incipient fatigue. Based on 
these and other observations, it has been sus
pected that overt inspiratory muscle fatigue 
occurs in many patients with COPD who 
develop acute respiratory failure. Unequivocal 
evidence to support or refute this hypothesis is 
currently lacking. This uncertainty is due in 
large part to the lack of any simple practical 
method by which inspiratory muscle fatigue 
can be diagnosed in critically ill patients. 
Recently, the importance of central fatigue has 
been emphasized. Central fatigue can be 
defined as a reversible decrease in central 
neural drive caused by muscle overloading. 
Bellemare and Bigland-Ritchie found that 
when normal subjects breathed against a fa
tiguing resistive load, 50% of the ensuing force 
loss was due to central fatigue [121]. However, 
it remains unknown whether central fatigue 
occurs in patients with respiratory failure. 

The approach to mechanical ventilation in 
patients with COPD and acute respiratory 
failure is conceptually different depending on 
the relative importance of fatigue. If patients 
develop overt peripheral muscle fatigue, then 
muscle rest is the rational therapy. On the 
other hand, if patients respond to respiratory 
muscle overloading by decreasing central neu
ral respiratory output with consequent hypo
ventilation but no overt peripheral muscle 
fatigue, then muscle rest would be less likely 
to improve respiratory muscle performance. 
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(c) Ventilatory modes 

Controversy exists as to the optimal mode of 
ventilation. This controversy is largely due to 
our lack of knowledge regarding the import
ance of overt peripheral inspiratory muscle 
fatigue in such patients. Marini and co
workers have shown that patients perform 
substantial amounts of inspiratory work 
during assisted mechanical ventilation [122] 
or synchronized intermittent mandatory ven
tilation [123]. In contrast, respiratory muscle 
work can be largely abolished during con
trolled mechanical ventilation if ventilator 
settings are adjusted appropriately [124,125]. 
Theoretically, if overt peripheral inspiratory 
muscle fatigue is present, more effective re
covery should be achieved by completely 
resting the respiratory muscles. However, 
prolonged muscle inactivity may also result 
in muscle deconditioning and atrophy. 
Preliminary studies in a baboon model 
showed that controlled mechanical ventila
tion for 11 days resulted in a 46% decrease in 
respiratory muscle strength, a 37% decrease 
in respiratory muscle endurance and an in
creased susceptibility to inspiratory muscle 
fatigue [126]. Similarly, in the anesthetized 
rat, 48 hours of controlled mechanical ventila
tion resulted in a reduction in both diaphrag
matic mass and in vitro diaphragmatic force 
production [127]. 

Unfortunately, no data are available re
garding the minimum level of respiratory 
muscle activity required to prevent respira
tory muscle deconditioning. In practice, we 
initiate ventilatory support in the patient with 
COPD and acute respiratory failure with 
assist-control ventilation. The settings should 
be carefully titrated in each patient in terms 
of inspiratory flow rate, tidal volume and 
sometimes external PEEP (to counteract the 
effect of auto-PEEP if this is a problem) so as 
to minimize patient work and discomfort. 
Some patients still perform considerable 
amounts of respiratory work, and exam
ination of the contour of their airway pressure 

waveform can be helpful in detecting these 
patients [124]. 

Pressure support is a new mode of ven
tilation that has become increasingly popular 
among clinicians [128]. Pressure support aug
ments each spontaneous breath with a preset 
amount of positive pressure until the 
patient's inspiratory flow decreases to a 
system specific minimal level at which time 
exhalation ensues. Since the patient must ini
tiate each breathe, an intact respiratory drive 
is essential. Tidal volume is determined by 
patient effort, the level of pressure support, 
and respiratory system impedance. Thus, 
changes in respiratory system impedance can 
dramatically affect the level of ventilation. 
Furthermore, since it is the difference 
between the applied positive airway pressure 
and alveolar pressure that drives inspiratory 
flow, the presence of auto-PEEP will diminish 
the ability of a preset level of pressure 
support to augment ventilation [129]. Accord
ingly, employment of pressure support as the 
sole mode of ventilator assistance may be 
unreliable in initiating mechanical ventilation 
in patients with COPD and acute respiratory 
failure. 

(d) Ventilator settings 

Although a delivered tidal volume of 
10-15 ml/kg is commonly recommended, this 
predisposes to the development of auto-PEEP 
and we use a volume of 7-9 ml/kg in patients 
with COPD. An inspiratory flow of 60 l/min 
is commonly employed during ventilator 
assistance, but recent work in patients with 
COPD suggests that high inspiratory flow 
rates (100 l/min) improve oxygenation, poss
ibly by increasing overall ventilation
perfusion matching, and decrease the risk 
of dynamic hyperinflation and auto-PEEP 
[112,130]. High inspiratory flow rates will 
also increase peak airway pressure possibly 
placing regions of lung served by low resist
ance pathways at jeopardy for overdistension 
(this is only likely to be a problem if the high 



airway pressure is transmitted to the alveo
lus). In order to meet patient inspiratory 
flow requirements reliably, inspiratory flow 
should be at least 5-6 times the minute ven
tilation requirements. If significant auto-PEEP 
is present, it is reasonable to increase inspir
atory flow up to 100 l/min. The inspired 
oxygen fraction should be adjusted to main
tain arterial oxygen saturation ;?:90%. If the 
latter is being monitored by pulse oximetry, 
one should aim for a pulse oximeter reading 
of 92% rather than 90% [131]. 

(e) Sedation and paralysis 

The patient should be sedated initially to 
increase patient comfort and reduce ven
tilatory requirements. As the underlying 
disease process resolves, sedation should be 
reduced or discontinued to facilitate weaning. 
Paralysis is rarely required in such patients. 

(f) Role of positive end-expiratory pressure 
(PEEP) 

PEEP is generally employed to improve oxy
genation in patients with severe hypoxemia, 
diffuse infiltrative lung disease and reduced 
lung volumes. Traditionally, PEEP has been 
avoided in patients with COPO since ad
equate oxygenation is generally easy to 
achieve, and the patients are already 
hyperinflated, and, thus, there is a fear that 
further hyperinflation may have deleterious 
consequences. However, many patients with 
severe COPO manifest expiratory flow limit
ation during tidal breathing. The addition of 
a small amount of positive pressure down
stream from the flow limiting segment will 
have no effect on expiratory flow or end
expiratory lung volume provided the 
applied pressure is less than the critical 
closing pressure [132]. Furthermore, the ad
dition of PEEP will improve the effective 
triggering sensitivity of the ventilator, thus, 
reducing the amount of patient work during 
assisted mechanical ventilation (Fig. 19.4) 
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[105]. However, if too much extrinsic PEEP 
is added or if the patient is not flow limited, 
extrinsic PEEP will worsen dynamic hyper
inflation with potentially detrimental con
sequences. Monitoring airway pressure or 
end-expiratory lung volume during the 
addition of extrinsic PEEP is helpful in iden
tifying those patients who might benefit 
from this therapy [132]. If there is little 
change in peak and plateau pressure follow
ing the addition of extrinsic PEEP, airway 
collapse is likely and extrinsic PEEP may be 
helpful. In contrast, if peak and plateau 
airway pressure rise in parallel to the level 
of extrinsic PEEP, this suggests additional 
hyperinflation and extrinsic PEEP is likely to 
be detrimental. 

Continuous positive airway pressure 
(CPAP) has recently been tried in COPO 
patients during weaning from mechanical 
ventilation [108]. Ouring spontaneous breath
ing, auto-PEEP acts as an inspiratory thresh
old load. The pressure that must be generated 
to overcome auto-PEEP can theoretically be 
provided by an external CP AP device, thus, 
reducing the demands on the inspiratory 
muscles. Petrof and co-workers have shown 
that administration of CP AP during weaning 
can reduce the inspiratory work of breathing 
and the degree of dyspnea in patients with 
severe COPO [108]. Whether CPAP admin
istration expedites weaning from mechanical 
ventilation in such patients remains to be 
determined. Furthermore, if high levels of 
CP AP are employed, significant additional 
dynamic hyperinflation could occur. It has 
been suggested that further dynamic hyper
inflation will not occur if the level of applied 
CPAP is below the auto-PEEP level [108] 
although this has been disputed by other 
investigators [133,134]. Unfortunately, auto
PEEP is very difficult to measure in spon
taneously breathing subjects in the absence of 
an esophageal balloon catheter. Thus, until 
further information becomes available, the 
routine use of CP AP during weaning is not 
recommended. 
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(g) Weaning from mechanical ventilation 

Discontinuation of mechanical ventilation can 
be particularly difficult in the patient with 
COPD. The major determinant of ventilator 
dependency in these patients is the balance 
between the respiratory load and the ability 
of the respiratory muscles to cope with this 
load [135]. In contrast, oxygenation is rarely a 
major problem at the time that weaning is 
being contemplated in these patients. 

Deciding the optimal time to initiate the 
weaning process is a controversial subject. 
Some physicians like to initiate weaning early 
in the patient's course, employing techniques 
like IMV, where a substantial portion of ven
tilation is performed spontaneously by the 
patient. We prefer to provide a higher level of 
ventilator support using assist-control venti
lation, and to wean the patient using intermit
tent trials of spontaneous breathing, i.e. t-tube 
trials. However, it should be emphasized that 
there are no published studies that indicate 
the superiority of anyone weaning technique 
over another [135]. 

Careful physical examination by an experi
enced physician is the best method of deter
mining when a patient is ready to be weaned 
from the ventilator. In addition, obtaining 
simple physiologic indices can help in 
making this judgement. By indicating the ear
liest time that ventilatory support can be dis
continued, such weaning predictors help in 
minimizing the duration of mechanical venti
lation with its attendant risk of complications. 
In addition, they help in identifying patients 
who are likely to fail a weaning trial and, 
thus, cardiopulmonary and psychologic dis
tress can be avoided, which would otherwise 
set the patient back in his/her clinical course. 

Weaning is generally not contemplated in a 
patient who has difficulty with oxygenation, 
i.e. patients should have a Pao2 of >60 torr 
while receiving an FI02 of ::;0.40 [135]. The 
patient's ventilatory capacity has been tradi
tionally assessed by measurement of 
maximum inspiratory pressure (PI max), a 

measure of respiratory muscle strength, and 
minute ventilation, which reflects the 
patient's ventilatory requirements. Ideally, a 
patient should be able to generate a PI max 
more negative than -30 cmH20 and have a 
minute ventilation of <10 lImin to be success
fully weaned [136]. Unfortunately, these cri
teria are associated with a high rate of false 
positive and false negative results [137]. In a 
recent prospective study of weaning outcome, 
an index of rapid shallow breathing, viz. the 
frequency to tidal volume ratio, was found to 
be the single most accurate predictor of 
weaning outcome [137]. Of the patients who 
had a frequency/tidal volume ratio of >100 
breaths/min/I, 95% failed a weaning trial, 
whereas 80% of the patients with lower ratios 
were successfully weaned (Fig. 19.7). The 
frequency / tidal volume ratio has a number 
of attractive features: it is easy to measure, 
it is independent of patient effort and co
operation, it appears to be quite accurate in 
predicting the ability to sustain ventilation, 
and, fortuitously, it has a 'rounded off' 
threshold value (100) that is easy to remember. 

Management of the patient who repeatedly 
fails weaning trials can be very frustrating 
and requires considerable skill. Important 
factors in the management of these patients 
are listed in Table 19.2. A full discussion of 
this topic is beyond the scope of this chapter 
and the reader is referred elsewhere [135,138]. 

19.4.7 MONITORING 

Patients with COPD and acute respiratory 
failure should ideally be admitted to an 
intensive care unit until their condition stab
ilizes. Admission to an intensive care unit will 
facilitate both patient monitoring and allo
cation of care by the nursing and respiratory 
therapy staff. Monitoring should be individ
ualized for each patient. However, initially 
monitoring should include continuous electro
cardiographic monitoring, pulse oximetry, 
frequent assessment of mental status, daily 
fluid inputs and outputs and daily patient 
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Fig. 19.7 Isopleths for the ratio of breathing fre
quency to tidal volume, representing different 
degrees of rapid shallow breathing. For the pa
tients indicated by the points to the left of the iso
pleth representing 100 breaths per minute per liter, 
the likelihood that a weaning trial would fail was 
95%, whereas for the patients indicated by the 
points to the right of this isopleth, the likelihood of 
a successful weaning outcome was 80%. The 
hyperbola represents a minute ventilation of 
10 l/min, a criterion commonly used to predict 
weaning outcome; apparently this criterion was of 
little value in discriminating between the success
fully weaned patients (open circles) and the pa
tients in whom weaning failed (solid circles). 
Values for one patient (tidal volume of 1.2 liters 
and respiratory frequency of 14 breaths per 
minute) lay outside the graph. (Reproduced from 
reference [137].) 

weights. The frequency of arterial blood gas 
determinations will be dependent on the 
patient's condition. In patients requiring 
mechanical ventilation, the usual ventilatory 
parameters should be monitored (peak and 
plateau airway pressure, exhaled tidal 
volume and minute ventilation). In addition, 
intrinsic PEEP should be measured as 
described previously. Many of the new 
microprocessor ventilators provide software 
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programs that can facilitate frequent meas
urement of respiratory mechanics (including 
airway resistance and static compliance). 
Documentation of the accuracy of these 
devices in clinical practice is largely lacking. 
Furthermore, even if these devices measure 
respiratory mechanics accurately, it has not 
been shown that such measurements will 
alter patient management. More recently, 
commercial monitoring systems have become 
available that can measure the work of spon
taneous breathing (requires measurement of 
esophageal pressure usually via a combined 
esophageal balloon catheter-nasogastric 
tube). Whether such monitoring systems will 
be of help in difficult to wean patients 
remains to be determined. 

Measurement of expired CO2 provides a 
non-invasive means of continuously monitor
ing alveolar, and, thus, arterial Paco2 [139]. In 
healthy subjects, end-tidal CO2 tension 
(PETC02) measured as the plateau value of an 
exhaled sample is usually 1 torr (range up to 
5 torr) less than Paco2 [140,141]. Patients with 
COPD and acute respiratory failure have an 
uneven distribution of ventilation. Because of 
this uneven distribution of ventilation, the 
capnograph shows a steadily rising expired 
CO2 signal that does not reach a plateau [141]. 
In such patients, the PacOrPETC02 gradient 
increases unpredictably by 10-20 torr or more 
so that PETC02 may no longer reliably reflect 
Paco2 [142]. Furthermore, changes in PETC02 
may poorly reflect changes in Paco2 [143]. 
Thus, capnography cannot be used as a sub
stitute for arterial blood gases in patients with 
COPD and acute respiratory failure. 

In patients receiving mechanical ven
tilation, minute ventilation and its component 
parts, tidal volume and frequency are con
sidered to be important variables that are 
monitored continuously. While these meas
urements are easily obtained in the intubated 
patient, problems arise in the non-intubated 
patient. Patients with acute respiratory failure 
have difficulty tolerating devices that require 
the use of a mouthpiece or facemask. Several 
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Table 19.2 Management of the patient 
displaying difficulty during weaning 

Determine the cause of ventilator dependency 
Correct correctable problems 
Develop a weaning plan 
Use a team approach 
Psychological factors 

Inform patient of weaning plan and 
progress 

Provide motivation and reassurance 
Provide environmental stimulation 
Anticipate setbacks 
Consider biofeedback 

Optimize pulmonary care 
Optimize ventilator settings 
Ensure optimal endotracheal tube size 
Consider tracheostomy 
Use bronchodilator therapy 
Clear secretions 
Allow respiratory muscle rest 
Provide respiratory muscle training 
Provide a bedside fan 

Optimize the timing of weaning trials 
Ensure adequate sleep 
Use the patient's preferred posture 
Ensure nutritional support 
Correct abnormalities in minerals and electrolytes 
Correct abnormalities in acid-base status 
Optimize all aspects of general care 
Encourage ambulation 
Consider home mechanical ventilation 

devices (magnetometer and respiratory 
inductive plethysmography) have been devel
oped that measure ventilation indirectly by 
recording motion of the ribcage and abdomen 
[144]. Combined with breathing pattern 
analysis, this approach can provide informa
tion on the volume and timing of ventilation, 
the coordination of ribcage-abdominal 
motion and changes in end-expiratory lung 
volume. Disadvantages of these devices is 
that calibration can be tedious and volumetric 
accuracy is often less precise than with 
volume or flow sensors. Sackner and 
associates have recently described a simple 
method of calibrating the respiratory induc
tive plethysmograph that can provide accu
rate measurements of respiratory timing and 

ribcage-abdominal coordination, and reason
ably accurate measurements of relative 
changes in tidal volume [145]. Evaluation of 
abnormalities in chest wall motion has been 
shown to have some predictive value during 
weaning from mechanical ventilation [146]. In 
addition, Hoffman and colleagues have 
shown that respiratory inductive plethysmo
graphy can be used to estimate the level of 
auto-PEEP during both spontaneous breath
ing and controlled mechanical ventilation 
[147]. Nevertheless, there have been no 
studies that have addressed whether these 
devices will prevent unanticipated respira
tory arrest or otherwise alter patient outcome. 
Until such information is forthcoming, we do 
not advocate the routine use of these devices. 

19.5 PROGNOSIS 

The short-term mortality for patients with 
COPD in acute respiratory failure was exam
ined in a number of studies between 1968 and 
1976. An average of 28% of patients (range 
22-34%) in these studies died during the 
acute episode [148]. 

In four more recent studies, mortality 
during an acute episode of respiratory failure 
ranged from 6 to 16% [22,29,149,150]. The 
lower mortality in these later studies is prob
ably due, in part, to the selection of patients 
whose acute illness was less severe than those 
in prior studies. However, improvements in 
patient care may have also played a role. In 
addition, differences in the patient population 
studied, i.e. severity of underlying disease, 
age, etc. may account for the differences in 
mortality between studies. 

Several factors are important in deter
mining increased short-term mortality: 

1. The severity of the underlying disease. 
2. The severity of the precipitating illness. 

For example, acute respiratory failure that 
is brought on by a massive pulmonary 
embolus is likely to be associated with a 
higher mortality than is respiratory fail-



ure due to an exacerbation of chronic 
bronchitis. 

3. The severity of the acute respiratory 
failure, as determined by a pH of less than 
7.22-7.26 [21,29,151,152]. The Paco2 is a 
much poorer predictor of mortality; prob
ably because many of these patients have 
chronic hypercapnia, and, thus, the sev
erity of the acute illness is better reflected 
by the degree of acidosis rather than the 
absolute level of Paco2. The initial Pao2 
was a determinant of mortality in some 
studies [22,151] but not in others [21,29]. 

Mechanical ventilation during the acute 
episode does not in itself appear to be associ
ated with increased mortality. However, 
there are very few data specifically address
ing this issue. Many patients who require 
ventilatory support have severe underlying 
disease, and it is the severity of the disease 
that is primarily associated with an increase 
in mortality [148]. 

The long-term mortality for patients with 
COPD surviving an episode of acute respira
tory failure varies from 60% or higher at one 
year [153] to less than 30% at two years [149]. 
The major factor that determines prognosis 
appears to be the state of the patient's under
lying COPD. In fact, an episode of acute 
respiratory failure precipitated by an exacer
bation of chronic bronchitis does not appear 
to affect the patient's long-term prognosis 
[148,149]. 

19.6 COMPLICATIONS OF ACUTE 
RESPIRATORY FAILURE 

19.6.1 BAROTRAUMA 

The progressive alveolar destruction that 
occurs in COPD may lead to the development 
of thin-walled subpleural blebs. Rupture of a 
bleb results in a pneumothorax which can 
cause significant pulmonary compromise due 
to the patient's limited pulmonary reserve. 
During mechanical ventilation, the incidence 

Complications of acute respiratory failure 481 

of pulmonary barotrauma is relatively low 
occurring in 1 to 8% of patients [154,155]. The 
frequency increases significantly in patients 
with ARDS [154] or necrotizing pneumonia 
[156], although the incidence in patients with 
COPD and acute respiratory failure has not 
been well documented. Factors that have been 
associated with an increased incidence of baro
trauma are high peak airway pressures [154], 
high levels of positive end-expiratory pressure 
(both externally applied and auto-PEEP) 
[156,157] and high tidal volumes [158,159]. 
Animal studies have shown the importance of 
increases in alveolar volume in producing dis
ruption of alveolar walls [160]. Clearly high 
airway pressure alone does not produce pneu
mothorax since normal subjects and patients 
do not develop pneumothorax during maxi
mal inspiratory pressure maneuvers despite 
generation of very high inspiratory pressures. 
However, high airway pressures or PEEP com
monly contribute to alveolar overdistension 
which is probably the major mechanism of 
alveolar rupture. High levels of airway pres
sure or PEEP tend to be more commonly 
found in the most severely ill patients who fre
quently have other factors that predispose 
them to barotrauma. The clinician should try 
to adjust ventilator settings if peak airway 
pressure is noted to be high (peak static airway 
pressure >40 cmH20) during serial monitor
ing. For example, a low tidal volume should 
help in minimizing this. Currently, there is 
increasing enthusiasm for the use of permiss
ive hypercapnia in an attempt to minimize this 
risk [161]. Another approach that is receiving 
attention is the use of pressure-controlled ven
tilation rather than the more usual volume
controlled ventilation although satisfactorily 
controlled studies have not been conducted. 

19.6.2 CARDIAC ARRHYTHMIAS 

Cardiac arrhythmias are extremely common 
in patients with COPD even in the stable 
state. Arrhythmias include sinus tachycardia 
(the most common), premature atrial com-
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plexes, atrial fibrillation, multifocal atrial 
tachycardia, premature ventricular complexes 
and ventricular tachycardia. In a study of 69 
patients with stable but severe COPD, 24 h 
ambulatory electrocardiographic monitoring 
revealed episodes of supraventricular tachy
cardia in 69% of patients, frequent premature 
ventricular contractions (>25/h) in 35% of 
patients, and non-sustained ventricular tachy
cardia in 22% of patients [162]. In this study, 
arrhythmias per se had no effect on mortality. 
Continuous electrocardiographic monitoring 
in hospitalized COPD patients with acute 
respiratory failure revealed significant arrhy
thmias in 11 of 16 patients [163]. In another 
study, routine electrocardiograms revealed 
significant arrhythmias in 33 of 70 patients 
(47%) [163]. In this study, mortality was 
markedly higher in patients with ventricular 
arrhythmias. In heterogeneous populations of 
patients with COPD, the presence of cardiac 
arrhythmias is associated with a poor progno
sis with a high mortality rate over the follow
ing two years [164,165]. This finding may 
reflect the fact that cardiac arrhythmias are 
more likely in sicker patients who have more 
severe underlying lung disease and are more 
likely to succumb to their disease, or it may 
reflect a direct effect of the cardiac arrhyth
mias. Arrhythmias can result in an apprecia
ble decrease in cardiac output which could be 
devastating in the acutely ill hypoxic patient. 
Since significant arrhythmias are often missed 
by routine electrocardiograms [163], con
tinuous cardiac monitoring is important 
during treatment of patients with COPD and 
acute respiratory failure. Several factors may 
play a role in causing arrhythmias [166]. 
These factors include cor pulmonale, hypox
emia (which appears to be a weak determi
nant of arrhythmia), electrolyte abnormalities 
particularly hypokalemia, increased levels of 
catecholamines related to stress, coexisting 
ischemic heart disease, and medications. 

The initial approach to cardiac arrhythmias 
in these patients is to identify and aggress
ively correct any possible metabolic abnor-

mality, i.e. hypoxemia, acidosis, alkalosis, 
hypokalemia, or other electrolyte abnormal
ities. Treatment of the underlying lung 
disease may be all that is required for resolu
tion of the cardiac arrhythmias. Digoxin and 
theophylline levels should be checked to 
ensure that levels are in the appropriate ther
apeutic range. In particular, theophylline may 
contribute to the genesis of multifocal atrial 
tachycardia (a common rhythm disorder in 
patients with COPD) in some patients even 
at levels within the therapeutic range 
(16-20 mg/I) [167]. Accordingly, in the pres
ence of multifocal atrial tachycardia, con
sideration should be given to lowering the 
dosage of aminophylline/theophylline to 
obtain serum levels <15 mg/I. If arrhythmias 
persist and cause circulatory compromise 
despite these measures, specific therapy 
should be considered. Atrial fibrillation with 
a rapid ventricular response can be treated 
with either digoxin or a calcium channel 
blocker. In the past, it was thought that multi
focal atrial tachycardia responded only to 
amelioration of the underlying lung disease. 
However, it has recently been shown that this 
arrhythmia responds to treatment with vera
panul, a calcium channel blocking agent, 
which slows the heart rate and often restores 
sinus rhythm [168,169]. Malignant ventricular 
arrhythmias should be treated according to 
standard regimens. There are no data that 
suggest that treatment of less severe ventricu
lar arrhythmias (i.e. frequent premature ven
tricular contractions) with anti-arrhythmic 
drugs is beneficial in this patient population 
[170]. Given the known toxicity of most anti
arrhythmic agents, such treatment is not 
recommended. 

19.6.3 GASTROINTESTINAL BLEEDING 

Acute stress ulceration with resultant upper 
gastrointestinal bleeding is a well-recognized 
complication in patients with respiratory 
failure. A 20% incidence of significant 



gastrointestinal bleeding in patients in a 
respiratory ICU has been reported [171]. 
However, the incidence was only 9% in the 
patients with COPD. 

Continuous enteral feeding when delivered 
into the stomach or proximal duodenum may 
reduce the risk of overt gastrointestinal bleed
ing in mechanically ventilated patients [172]. 
The mechanism for this effect is unclear. 
However, direct administration of substrate 
may improve mucosal function, thereby 
reducing susceptibility to acid damage. 
Gastric acid plays a key role in the formation 
of stress ulcers. Multiple studies have demon
strated that maintaining gastric pH above 4.0 
reduces the incidence of overt gastrointestinal 
bleeding [173-175]. Accordingly, many phy
sicians give antacids or high doses of HT 
blockers while sampling gastric contents 
intermittently to maintain a pH :2: 4.0. 

However, gastric acidity is an important 
natural defense mechanism in keeping the 
stomach sterile. Prophylactic regimens that 
raise intra gastric pH can result in an 
increased growth of gram-negative bacteria in 
the stomach [176]. Thus, in patients receiving 
stress ulcer prophylaxis, the stomach may be 
an important reservoir of pathogenic bacteria 
that may retrogradely colonize the lower 
airways and contribute to the pathogenesis of 
nosocomial pneumonia. In a multivariate 
analysis of 233 mechanically-ventilated 
patients, Craven and associates found that 
administration of cimetidine significantly 
increased the risk of nosocomial pneumonia 
[177]. Sulcrafate is a relatively new drug that 
enhances gastric mucosal cytoprotective 
mechanisms without increasing gastric pH. A 
recent meta-analysis suggests that sulcrafate 
is as effective as antacids and possibly more 
effective than HTblockers for prophylaxis of 
stress ulcer bleeding [178]. In addition, sul
crafate-treated patients have lower levels of 
gastric colonization with gram-negative 
bacilli than patients receiving antacids or HT 
blockers [179]. In the aforementioned meta
analysis, a lower incidence of nosocomial 

Complications of acute respiratory failure 483 

pneumonia was found in patients receiving 
sulcrafate compared with patients receiving 
either antacids or HTblockers [178]. 

Thus, COPD patients with acute respir
atory failure may not benefit substantially 
from stress ulcer prophylaxis [180], par
ticularly if they are already being fed 
enterally. If stress ulcer prophylaxis is admin
istered, sulcrafate appears to be the drug of 
choice at the present time (dose, 1 g every 
6 hours). 

19.6.4 PULMONARY EMBOLI 

Pulmonary embolization has been found at 
autopsy in 28-51 % of patients with COPD 
[181,182], Whether these emboli contributed in 
any way to the patient's demise is unclear. 
However, COPD patients with acute respir
atory failure have multiple risk factors for 
thromboembolic disease: 0) immobility and 
bed rest, (2) presence of right heart failure, and 
(3) advanced age. Since the vast majority of 
pulmonary emboli arise from the deep veins of 
the lower extremities, an estimate of the inci
dence of deep venous thrombosis in COPD pa
tients with acute respiratory failure should 
reflect the risk of subsequent pulmonary 
embolus. Two studies have examined the inci
dence of deep venous thrombosis in decom
pensated patients with COPD who were sick 
enough to require hospital admission but did 
not require institution of mechanical ventila
tion. In a study of 45 patients, Prescott and col
leagues detected 2 patients who had deep 
venous thrombosis on admission (4.4%) [183]. 
Thirty-three of these patients were followed 
serially with 1251-labelled fibrinogen and deep 
venous thrombosis limited to the calf devel
oped in 2 patients (6%). These findings reveal a 
surprisingly low incidence of deep venous 
thrombosis. In contrast, Winter and colleagues 
examined 29 Scottish patients with decompen
sated COPD using indium-Ill labelled 
platelets [184]. Deep venous thrombosis was 
found in 13 patients (45%), 9 of whom had 
proximal vein thrombosis. The reason for the 
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discrepancies between the two studies is not 
clear. Patients requiring admission to the in
tensive care unit and mechanical ventilation 
are likely to be sicker and may be at higher risk 
of thromboembolic disease. Significant pul
monary emboli have been observed in 20 and 
27% of respiratory ICU patients at autopsy 
[185,186]. In the latter study only 50% of the 
emboli were diagnosed before death [186]. 

Establishing a diagnosis of pulmonary 
embolism is extremely difficult in patients 
with acute respiratory failure. Symptoms and 
signs are insensitive and non-specific and may 
reflect the underlying lung disease. Patients 
with COPD and acute respiratory failure are 
expected to have significant maldistribution of 
perfusion and ventilation due to their under
lying lung disease. Thus, a V;Q scan is much 
less helpful in this population of patients [187]. 
A V;Q scan that demonstrates one or more seg
mental V;Q mismatches (perfusion defect with 
normal ventilation) indicates a high probabil
ity of pulmonary embolism and no further di
agnostic testing is required. However, the 
majority of patients have abnormalities of ven
tilation in most or all regions of the lungs ren
dering the scan indeterminate. Pulmonary 
angiograms remain the gold standard for diag
nosis. However, in many medical centers, 
access to pulmonary angiograms is limited. 
Furthermore, many physicians are under
standably reluctant to perform angiography in 
a patient with frank respiratory failure who 
may have a significant degree of cor pul
monale. 

Since most pulmonary emboli arise from 
venous thrombosis in the legs it is reasonable 
to first evaluate the lower extremities. 
Impedance plethysmography is a simple test 
that can be performed at the bedside and is 
sensitive and specific for proximal vein throm
bosis [188]. The presence of right heart failure 
may lead to bilateral false positive results. Real 
time, B-mode ultrasonography is a newer tech
nique that has high sensitivity and specificity 
for proximal vein thrombosis in symptomatic 
patients [189]. If deep venous thrombosis is 

documented, anticoagulation is required and 
diagnosis of pulmonary embolism is no longer 
necessary. However, a negative study of the 
leg veins does not rule out the diagnosis of 
pulmonary embolism since 30% of patients 
with documented pulmonary embolism have 
negative leg studies [190]. Therefore, in pa
tients with negative leg studies, pulmonary an
giography deserves serious consideration. 

Given the substantial incidence of pul
monary embolism and the difficulties in 
diagnosis, prophylactic therapy to prevent 
pulmonary embolus should be considered. 
Heparin in low doses (5000 units sub
cutaneously every 12 hours) has been shown 
to reduce the incidence of thromboembolic 
disease in medical and surgical high risk 
patients. Although there have been no 
prospective randomized studies of low-dose 
heparin in patients with respiratory failure, a 
retrospective study suggested that low-dose 
heparin substantially reduces the incidence of 
pulmonary embolism in such patients [191]. 
The authors recommended administration of 
low-dose heparin to all non-ambulatory COPD 
patients with acute respiratory failure in the 
absence of specific contra indications (i.e. 
known hemorrhagic diathesis, bleeding lesion, 
malignant hypertension, undiagnosed head 
injury, or severe liver disease). 

19.6.5 NOSOCOMIAL PNEUMONIA 

One of the most serious complications of acute 
respiratory failure is nosocomial pneumonia. 
Nosocomial pneumonia is usually caused by 
virulent organisms, frequently gram-negative 
bacilli that cause necrotizing pneumonia and 
may be resistant to common antibiotics. A full 
discussion of this topic is beyond the scope of 
this chapter and the reader is referred else
where [192]. The most common source of 
nosocomial pneumonia appears to be aspira
tion of micro-organisms that colonize the 
pharynx [193,194]. Critically ill patients have 
alterations in pharyngeal cell function that 
promote bacterial adherence and predispose to 



rapid colonization of the pharynx with hospi
tal flora [195]. Seventy-five per cent of inten
sive care patients who become colonized do so 
within the first 72 hours [195]. A potentially 
preventable mode of transmission is transfer of 
contaminated secretions from one patient to 
another by medical personnel (physicians, 
nurses, respiratory therapists). Use of gloves 
during potential contact with secretions and 
careful handwashing between patient contacts 
should be mandatory practice. The stomach 
may also be an important reservoir of patho
genic bacteria particularly in patients receiving 
antacids or HTblockers. 

The diagnosis of nosocomial pneumonia can 
be quite difficult. The traditional criteria used 
to diagnose pneumonia are (1) new or progres
sive pulmonary infiltrates, (2) fever, (3) leuko
cytosis, and (4) purulent tracheobronchial 
secretions. However, in the patient with COPD 
and acute respiratory failure, symptoms may 
be masked (i.e. fever may not develop while 
the patient is receiving high-dose steroid 
therapy). Furthermore, symptoms suggestive 
of pneumonia may have a non-infectious ex
planation (i.e. leukocytosis may be due to de
margination of neutrophils secondary to 
prednisone therapy, new pulmonary infiltrates 
may be due to fluid overload, etc.). 

The clinical diagnosis of nosocomial pneu
monia particularly in the mechanically
ventilated patient has been shown to be highly 
imprecise. Sputum cultures cannot distinguish 
between airway colonization and infection. 
Studies utilizing invasive diagnostic methods 
(protected specimen brush and/or bron
choalveolar lavage with quantitative culture) 
have clearly shown that nosocomial pneumo
nia is overdiagnosed when sputum culture 
and clinical criteria are used for diagnosis 
[196,197]. Although the poor specificity of 
sputum culture has been well documented, the 
sensitivity of this technique is not well defined. 
Furthermore, it has not been definitively 
shown that invasive diagnostic methods such 
as the protected specimen brush or bron
choalveolar lavage with quantitative cultures 
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have greater sensitivity for the diagnosis of 
nosocomial pneumonia [197,198]. Johanson 
and colleagues compared invasive diagnostic 
methods with tracheal aspirates in anesthes
tized mechanically ventilated baboons [I99]. 
The animals were sacrificed and lung tissue 
was cultured and these culture results were 
considered to be the gold standard. If a quanti
tative lung tissue culture of greater than 103/ g 
tissue is considered significant, the sensitivity 
of bronchoalveolar lavage and tracheal aspi
rates were both 100% compared with 62% for 
the protected brush. However, the number of 
false positives was very high with tracheal 
aspirates and this false positive rate could be 
markedly reduced with the more invasive 
diagnostic methods. 

The choice of empirical antibiotic therapy 
for nosocomial pneumonia is problematic. A 
study using the protected specimen brush 
found that 61 % of isolates were gram-negative 
bacilli (Pseudomonas, Acinetobacter and Proteus 
were the most common gram-negative iso
lates), 38% were gram-positive cocci and 1% 
were anaerobes [200]. Initial antibiotic cover
age should be broad spectrum. Once sputum 
culture results are available, the antibiotic 
spectrum can be narrowed. Many clinicians 
feel uncomfortable with this approach and will 
use invasive diagnostic methods to obtain a 
more precise microbiologic diagnosis [201]. 

19.7 SUMMARY 

Correction of life-threatening hypoxemia with 
controlled oxygen therapy and improvement 
of airflow obstruction with f3Tagonists and 
corticosteroids are the mainstays of therapy in 
patients with COPD and acute respiratory 
failure. Most patients will respond to this 
therapy and mechanical ventilation can be 
avoided. In a minority of patients, a deteriorat
ing mental status, cardiovascular instability, or 
progressive respiratory acidosis despite treat
ment will necessitate institution of mechanical 
ventilation. The majority of patients with 
COPD and acute respiratory failure will 
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survive the acute episode. However, their 
long-term prognosis is variable and depends 
primarily on the severity of the underlying 
COPD. 
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ADDENDUM: NON-INVASIVE POSITIVE 
PRESSURE VENTILATION 

Recently, investigators have begun to examine the 
role of face or nasal mask positive pressure ven
tilation in patients with acute respiratory failure, 
induding patients with COPD and acute respiratory 
failure. Brochard and colleagues have shown that 
face mask positive pressure ventilation can be suc
cessfully applied to patients with exacerbations of 
COPD and acute respiratory failure [1]. These inves-

tigators have also presented preliminary data sug
gesting that mask ventilation may decrease the need 
for subsequent intubation in patients with exacer
bations of COPD and acute respiratory failure [2]. 
In this latter study, patients treated with mask ven
tilation had a shorter hospital stay and a lower mor
tality than the control group who received standard 
therapy. A British study examining the effects of 
mask ventilation in patients with COPD and acute 
respiratory failure has also recently been published 
(see Chapter 10, p. 230). Clearly, considerably more 
study of this modality needs to be performed before 
the role, if any, of mask ventilation in patients with 
COPD and acute respiratory failure is defined. 
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C.B. Cooper 

Something essential to life passes from the 
breath and once this substance is extracted 
air is no longer fit to breathe. 

John Mayow, 1674 

20.1 INTRODUCTION 

One of the fundamental problems in chronic 
obstructive pulmonary disease is the main
tenance of adequate oxygenation. Hence it is 
no surprise that supplementary oxygen 
therapy in its various forms is an important 
component in the treatment and rehabilitation 
of patients with COPD. The effects of supple
mentary oxygen on gas exchange within the 
lung are considered elsewhere (Chapter 8) as 
is its role in the acutely ill COPD patient 
(Chapter 19). This chapter will consider the 
physiologic effects and benefits of oxygen 
treatment on chronic stable COPD patients as 
well as some of the practical issues involved in 
the delivery of this important treatment. 

Oxygen was discovered in the 1770s, jointly 
by Joseph Priestley, an English cleric, and 
Karl Wilhelm Scheel, a pharmacist from 
Sweden. John Mayow, quoted above, was one 
of the first scientists to appreciate its phy
siologic importance. Oxygen was proposed as 
a treatment soon after its discovery. Beddoes 
and Watt, in 1778, first systematically 
described the clinical administration and 
medical applications of oxygen from their 
experiences at the Pneumatic Institute in 

Clifton, Bristol. Around 1800, the therapeutic 
use of oxygen was virtually abandoned due 
to lack of proof of effectiveness in various dis
eases. Oxygen enjoyed a brief resurgence 
during the cholera epidemic of 1832 and then 
in the 1840s was reintroduced with the 
development of anesthesia. 

Not until the 20th century did investigators 
begin a systematic study of oxygen therapy in 
patients with chronic pulmonary disease. In 
1956, Cotes and Gilson [1] documented an 
increase in exercise capacity in patients with 
chronic lung disease using portable com
pressed oxygen gas cylinders. About the 
same time, Barach [2] reported the use of 
small refillable oxygen bottles for the relief of 
dyspnea in patients with emphysema. 
Campbell [3], in 1960, appreciating the fact 
that oxygen administration led to hyper
capnia, introduced the concept of controlled 
oxygen therapy. The modern era of oxygen 
therapy gained momentum during the 1960s 
in Denver, Colorado, where investigation 
began to elucidate the beneficial effects of 
long-term oxygen therapy (LTOT) in patients 
with chronic hypoxemia. 

20.2 PHYSIOLOGIC CHANGES WITH ACUTE 
OXYGEN THERAPY 

Oxygen therapy is prescribed to correct 
hypoxemia and preserve vital organ function. 
Much of our information about the physiologic 
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mechanisms of chronic oxygen therapy has 
come from the study of patients with COPD. 
Supplementary oxygen treatment improves 
oxygenation by increasing the inspired oxygen 
concentration (Fro2) but the increase in arterial 
oxygen tension (Pao2) which results is highly 
dependent on the ventilation-perfusion rela
tionships within the lung (Chapter 8). The rise 
in Pao2 is maximum when the shunt-like effect 
of venous admixture is least and the response 
becomes negligible when the effective shunt 
constitutes 50% or more of the cardiac output. 
Certain mechanisms can reduce the expected 
rise in Pao2 with oxygen therapy. These 
include a fall in minute ventilation due to di
minished respiratory drive, reversal of hypoxic 
pulmonary vasoconstriction which may 
worsen ventilation-perfusion relationships 
and finally absorption atelectasis. Tissue 
oxygen delivery (Do2) which is the final arbiter 
of effective oxygen therapy, is influenced not 
only by Pao2 through its effect on arterial 
oxygen content (Cao2) but also by circulatory 
factors. Other extra pulmonary factors such as 
pH, arterial Cao2 tension, (Paco2), erythrocyte 
levels of 2,3-diphosphoglycerate and carboxy
hemoglobin can modify Cao2 and hence Do2. 
The principal physiologic changes which 
result from acute oxygen treatment are both 
ventilatory and circulatory. 

20.2.1 VENTILATORY EFFECTS 

Most studies of oxygen therapy in stable 
advanced disease have failed to demonstrate 
any significant changes in resting minute ven
tilation [4-8]. Three studies have shown that 
oxygen therapy increases the dead space to 
tidal volume ratio (VD/Vr) [8-10], by about 5% 
which may be due to vasodilatation in poorly 
ventilated areas [9]. The increase in VD/Vr cor
relates with the fall in pulmonary artery press
ure and is consistent with this explanation [10]. 
In addition, oxygen therapy reduces airways 
resistance [11] and PO.l and Vr/Ti fall prob
ably due to reduce respiratory drive [7,12] 
(Chapter 13). 

The effects of oxygen therapy on minute ven
tilation (VE) are most evident during exercise. 
Oxygen reduces exercise ventilation for an 
equivalent work rate in normal subjects [13,14] 
and patients with COPD [4,5,15,16]. Cotes et al. 
[5] showed that 66% oxygen reduced VE during 
exercise by 26% whereas Pierce et al. [15] 
showed that 40% oxygen reduced VE by 25%. 
The fall in VE with oxygen therapy is accompa
nied by a reduction in respiratory rate (fR) in 
both normal subjects [14] and COPD patients 
[7,15,16]. This reduction in VE together with the 
development of hypercapnia has been thought 
to indicate a diminished respiratory drive [15]. 
However, Sc;:mo et al. [7] found that oxygen 
reduces the impedance of the respiratory 
system during exercise resulting in lower levels 
of VE and mean inspiratory flow rate (Vr ITi) 
for a given level of respiratory drive as deter
mined by occlusion pressure. There have been 
many attempts to correlate improvement in ex
ercise tolerance with oxygen therapy with 
reduced mechanical demands on the respira
tory muscles [7,17,18] (Chapter 9). Bye et al. [14] 
showed that 40% oxygen reduced minute ven
tilation and lessened EMG signs of diaphragm 
fatigue during exercise in normal subjects. 
These investigators also demonstrated similar 
effects in eight patients with COPD. Criner and 
Celli [19] showed reduced transdiaphragmatic 
pressures (Pdi) in COPD patients breathing 
30% oxygen. At peak exercise, the contribution 
of abdominal pressure to Pdi was greater 
breathing oxygen, implying a greater contribu
tion of the diaphragm as opposed to accessory 
inspiratory muscle contraction. The effects of 
oxygen therapy on respiratory sensation (i.e. 
dyspnea) are described in Section 20.4. 

20.2.2 CIRCULATORY EFFECTS 

Oxygen reduces resting heart rate (fc) in both 
normal subjects and patients with COPD 
[5,15] whilst fc rises when supplementary 
oxygen is withdrawn without any change in 
cardiac index [20]. Oxygen therapy can 
reduce cardiac output (Qc) [5,8] although no 
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changes in left ventricular ejection fraction 
have been demonstrated [8]. However, the 
most striking circulatory effects of oxygen are 
on pulmonary hemodynamics. Acute oxygen 
administration lowers pulmonary artery 
pressure (Ppa) [8,21] presumably by eliminat
ing hypoxic pulmonary vasoconstriction [22]. 
Conversely Ppa and pulmonary vascular 
resistance rise when oxygen is stopped [20]. 

Other circulatory effects have been iden
tified with oxygen therapy besides alterations 
in pulmonary hemodynamics. Hypoxemia 
slows the kinetics of oxygen uptake with the 
onset of constant load exercise [23] and it is 
likely that supplemental oxygen therapy will 
speed oxygen uptake kinetics. Some inves
tigators believe that chronic hypoxemia causes 
increased renal vascular resistance and that 
oxygen therapy improves renal blood flow 
with consequent diuresis and amelioration of 
fluid retention [24] but one group found that 
oxygen reduced renal blood flow [25]. 

An adequate D02 is the final arbiter of 
effective oxygen therapy. Normally the avail
ability of oxygen to the lung does not influence 
Do2; however, a pathologic oxygen supply 
dependency has been described in COPD 
patients [26]. Kawakami et al. [27] studied 50 
patients with COPD and showed that acute 
administration of oxygen increased mixed 
venous oxygen tension (PV02) suggesting im
proved oxygen delivery despite a measured 
reduction in cardiac index (cr). Other investi
gators have failed to show an increase in tissue 
oxygen delivery with supplementary oxygen 
therapy, apparently due to a concomitant fall 
in Qc [28,29]. 

20.3 PHYSIOLOGIC CHANGES WITH 
CHRONIC OXYGEN THERAPY 

20.3.1 EFFECTS ON PULMONARY 
HEMODYNAMICS 

Several studies in small groups of patients 
conducted during the 1960s suggested that 
prolonged oxygen treatment could correct 

pulmonary hypertension induced by chronic 
hypoxemia as well as reduce red cell mass 
and increase exercise tolerance [21,30]. The 
practicality of ambulatory treatment was 
demonstrated [31] and using this method 
Neff and Petty reported that survival was 
prolonged by oxygen therapy [32]. Mean
while, in the UK, Stark et al. [33,34] had begun 
to investigate the daily requirement of 
oxygen needed to reverse pulmonary hyper
tension. These studies led to the design of two 
large multicenter trials, one in the United 
States and one in the United Kingdom. The 
Nocturnal Oxygen Therapy Trial (NOTT) [35] 
compared two groups of patients. One group 
supposedly received continuous oxygen 
therapy (COT), although in practice, due to 
incomplete compliance, this averaged 17.7 
hours of oxygen per day whilst the other 
patients were only treated with overnight 
oxygen therapy (12 hours per day). The 
Medical Research Council (MRC) study [36] 
compared patients receiving 15 hours of 
oxygen per day with a control group receiv
ing no oxygen therapy. The patients par
ticipating in these studies had modest 
pulmonary hypertension at entry and had 
similar degrees of airflow obstruction and 
hypoxemia but those in the British study 
tended to be more hypercapnic (Table 20.1). 
The combined results demonstrated improved 
survival in patients receiving oxygen therapy. 
The MRC control group had an annual per
centage mortality risk of 30% giving a pre
dicted 5-year survival of only 18% which 
concurs with other reports of the poor prog
nosis in hypoxemic COPD untreated by 
oxygen. Fig. 20.1 shows the combined results 
of these trials and suggests that long-term 
oxygen therapy is effective in prolonging sur
vival if given for as long as possible during 
each 24-hour period. In the NOTT, pul
monary hemodynamics were compared 
before and after 6 months of oxygen therapy 
[37]. Reductions in Ppa were seen during 
exercise in both groups and also at rest in the 
group receiving continuous oxygen therapy. 



498 Domiciliary oxygen therapy 

Table 20.1 Comparisons between the NOT trial (1980) and MRC study (1981) 

MRC Study NOT Trial 

Daily duration of L TOT 0 
No. of subjects 45 
Age (years) 57 
FEV! (1) 0.7 
PVC (1) 1.8 
Pao2 (kPa) 6.9 

(mmHg) 52 
Paco2 (kPa) 7.2 

(mmHg) 54 
Ppa(mmHg) 34 
PCV (%) 53 
Annual risk (%) 29.4c 

a Actually about 18 hours. 
b Derived from reported percentages of predicted values. 
C Annual % risk as reported for men in the MRC groups. 

Similar changes in pulmonary vascular resis
tance were observed and the same study 
showed that survival after 8 years was related 
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to the decrease in mean Ppa during the first 
six months of treatment. Meanwhile, another 
report [38] showed that improved survival in 
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Fig. 20.1 Combined data from the Nocturnal Oxygen Therapy Trial (NOTT) [35] and the Medical 
Research Council (MRC) study [36]. Note that the NOTT (24 h) group also had the capability for ambula
tory oxygen therapy but actually used their oxygen for only 17.7 hi day. 
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patients receiving LTOT was seen when Ppa 
fell by 5 mmHg or more. 

These studies have led to the view that im
proved survival with oxygen results primar
ily from the reversal of the pulmonary 
hemodynamic disturbances. In the NOTT, 
pulmonary arterial pressures were lower after 
6 months of LTOT whilst in the MRC study 
patients generally had higher pulmonary 
artery pressures at entry and these were un
changed by LTOT. Here failure of progres
sion of pulmonary hypertension was taken to 
be a satisfactory therapeutic response. 
Weitzenblum and colleagues [39] studied pul
monary hemodynamics in 16 COPD patients 
with and without LTOT. An annual increase 
in Ppa of about 2 mmHg was observed 
during 47 months before LTOT began 
whereas during 31 months of LTOT there was 
a Significant annual reduction in Ppa of just 
over 2 mmHg. The clinical significance of 
these small changes has yet to be determined. 
Fletcher and Levin demonstrated that 
overnight oxygen therapy can abolish noctur
nal oxygen desaturation and reduce pul
monary hypertension [40]. Three studies have 
linked the pulmonary hemodynamic re
sponse to oxygen with prognosis in COPD 
patients. Ashutosh et al. [38] showed that a 
fall in Ppa of greater than 5 mmHg was asso
ciated with a better prognosis. Keller et al. [41] 
showed a significantly higher 2-year mortal
ity in COPD patients who did not show fa
vorable pulmonary hemodynamic changes in 
response to raised F102. Ashutosh and 
Dunsky [42] studied 43 COPD patients and 
found that those with a fall of Ppa greater 
than 10 mmHg after 24 hours of 28% oxygen 
had better 3-year survival. However, 
Sliwinski et al. have reported that survival in 
a group of 46 COPD patients was not related 
to the effect of acute oxygen administration 
on Ppa [43]. 

Alternative explanations for improved sur
vival should be considered because all of the 
reported alterations in pulmonary hemody
namics with LTOT are modest. Furthermore, 

Wilkinson et al. [44] showed evidence of con
tinuing pulmonary vascular disruption in a 
small group of patients who died of cor pul
monale despite having LTOT. Earlier studies 
established that mortality in COPD is related 
to the severity of airflow obstruction. Cooper 
et al. [45] demonstrated that FEV1 remained 
the strongest predictor of survival even in pa
tients receiving LTOT. Another study [46] by 
the same investigators, showed relentless de
terioration in airflow obstruction despite 
LTOT (Fig. 20.2). Improved survival in COPD 
may not simply be attributable to an alter
ation in pulmonary hemodynamics. This may 
merely be an epiphenomenon and improved 
survival may be related to alternative physio
logic changes. Closer examination of the 
results of the multicenter trials (Fig. 20.1) 
shows a distinct survival advantage in the 
patients receiving LTOT for about 18 hours 
(COT group) compared with both other treat
ment groups. The COT group was unique in 
that these patients were provided with appa
ratus for ambulatory oxygen therapy. Thus it 
is possible that they derived additional 
benefit from their continuing ability to 
exercise. 

20.3.2 HEMATOLOGICAL EFFECTS 

A range of hematological changes can be cor
rected by domiciliary oxygen therapy. 
Polycythemia is a physiologic adaptation to 
chronic hypoxemia mediated by increased 
erythropoietin release in response to 
insufficient tissue oxygen delivery. Supple
mentary oxygen therapy reduces both the 
hematocrit and the red cell mass [35,36,47] as 
well as erythrocyte 2,3-diphosphoglycerate 
levels [47]. Chronic tobacco smokers, who 
have increased levels of carboxyhemoglobin, 
are susceptible to polycythemia and less re
sponsive to its correction by oxygen therapy 
[48]. One study has shown improved platelet 
survival time with oxygen therapy in COPD 
[49] although the clinical significance of this 
change remains unclear. The hematological 
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effects of supplementary oxygen therapy 
might influence arterial oxygen content but 
the overall effect on tissue oxygen delivery 
will also be influenced by cardiac out
put, oxyhemoglobin saturation and blood 
viscosity. 

20.3.3 NEUROPSYCHIATRIC FUNCTION 

Neuropsychologic testing and life quality 
assessments performed in association with 
the NOTT showed that patients with hypox
emic COPD have disturbances of mood, per
sonality and life quality [50]. Two short-term 
studies in the early 1970s demonstrated 
improvements in neuropsychiatric function 
with oxygen therapy compared with room air 
breathing [47,51]. One hundred and fifty 
COPD patients who participated in the NOTT 
were assessed after 6 months of L TOT and 
42% showed evidence of improved cog
nitative function, although they reported little 
change in emotional status and quality of life 
[52]. The benefits were evident in both study 
groups after 6 months of therapy but only 

maintained in the COT group after 12 
months. These studies suggest that supple
mentary oxygen therapy produces selective 
neuropsychologic benefits in patients with 
chronic hypoxemia but further investigation 
is required to determine the impact of these 
changes on quality of life. 

20.4 CLINICAL BENEFITS OF OXYGEN 
THERAPY 

The clinical improvements produced by 
domiciliary oxygen treatment apart from pro
longation of survival, are an increase in exer
cise capacity and a reduction in symptoms, 
particularly breathlessness. 

20.4.1 EFFECTS ON EXERCISE CAPABILITY 

Many studies have examined the effects of 
supplementary oxygen on exercise capability. 
The ability of oxygen to reduce ventilatory 
requirement at a given submaximal work rate 
has already been described. Several inves
tigators have linked this effect to an improve-



ment in exercise endurance in COPD patients 
[17,18,53-58]. The study by Raimondi et al. 
[53] showed a 30-40% increase in endurance 
time for constant load exercise at 70% of 
maximum. In the study by Bradley et al. [54], 
submaximal endurance time increased 50% at 
the same work rate. These investigators 
found a slight increase in Paco2 breathing 
oxygen but pH remained unchanged. Stein 
et al. [18] showed a 30% increase in treadmill 
endurance time breathing 30% oxygen. 
Similar related studies have reported an 
increase in walking distance [1,47,58-60]. The 
study by Block, Castle and Keitt [47] reported 
improvements in activities of daily living as 
well as increased treadmill distance. Several 
studies have reported improved maximum 
work rate or maximum oxygen uptake 
breathing oxygen in addition to improved 
sub maximal exercise performance [15,17,18, 
58]. Most studies of oxygen therapy and exer
cise capability have used 30-40% FI02. The 
study by Cotes and Gilson [1] was interesting 
in showing that 30% oxygen was almost as 
effective as 50% or 100% in doubling the 
treadmill distance. On balance, most studies 
of oxygen therapy during exercise have 
shown improvements in hypoxemic patients. 
However, this finding has not been universal. 
Longo, Moser and Luchsinga [61] showed no 
response in 27 COPD patients with mild 
hypoxemia (mean Pao2 64 mmHg). The care
fully controlled study of Lilker et al. [59] 
examined patients who had previously par
ticipated in a 12-month rehabilitation pro
gram. The improvements in walking distance 
were less impressive and there were no 
changes in dyspnea scores or maximum ven
tilation. Leggett and Flenley [60] reported an 
increased 12-minute walking distance breath
ing 30% oxygen but when the patients carried 
their oxygen apparatus, this beneficial effect 
was negated, possibly due to the extra weight 
of the oxygen bottle. 

Thus the selection of patients most likely to 
benefit from oxygen during exercise is crucial. 
Davidson et al. [57] reported that the benefit 
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of oxygen therapy in increasing walking dis
tances was not related to spirometric meas
ures or initial exercise capacity but was 
inversely correlated with diffusing coefficient 
as a percentage of the predicted value. Also 
these investigators noted an inverse relation
ship with Paco2 implying that 'pink puffers' 
were more likely to benefit from supplemen
tary oxygen therapy. Although it seems intu
itively likely that patients with arterial 
oxygen desaturation on exercise will benefit 
from supplementary oxygen, several studies 
have failed to confirm this effect [54,55,60,92]. 
Only one study [62] involving patients with 
interstitial lung disease showed definite cor
relation between the increase in exercise 
endurance time breathing oxygen and the fall 
in arterial oxygen saturation (Sao2) when 
exercising breathing room air. Leach et al. [63] 
reported a similar correlation in patients with 
COPD, although the predictive value of 
desaturation was poor. 

Earlier studies of oxygen therapy and exer
cise capability advocated the use of portable 
and domiciliary oxygen as adjunct therapy in 
the rehabilitation of patients with COPD 
[1,2,59]. Barach [2] showed that lightweight 
oxygen cylinders carried by patients 
improved exercise tolerance and reduced 
dyspnea. Pierce, Paez and Miller [15] spec
ifically studied the combination of exercise 
training and supplementary oxygen therapy 
and found that exercise training imposed less 
physiologic stress when the patients were 
breathing supplementary oxygen. Woolf and 
Suero [64] successfully used 60% oxygen 
to incorporate patients in a program of 
rehabilitation when they had been unable to 
commence the program breathing room air. 

20.4.2 EFFECTS ON DYSPNEA 

The physiologic effects of oxygen on self
reported breathlessness have been reviewed 
elsewhere (Chapter 10). Early studies of 
oxygen treatment during exercise in COPD 
suggested that it reduced breathlessness [2]. 
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In a study of 10 'pink puffers' oxygen 
reduced dyspnea scores during submaximal 
treadmill exercise and increased walking dis
tance by 12% regardless of whether the 
oxygen supply was carried by an assistant or 
the patient [55]. Swinburn et al. [56] studied 5 
patients with a fall in Sao2 during exercise. 
Supplementary oxygen reduced submaximal 
levels of ventilation and breathlessness 
although the relationship between minute 
ventilation and breathlessness was un
changed. One controlled study [65] involving 
20 COPD patients showed improved exercise 
capacity and reduced dyspnea breathing 
oxygen at 2 and 4l/min compared with com
pressed air. These investigators also pur
ported to show a placebo effect on walking 
distance and dyspnea from breathing com
pressed air at 3 l/min compared with room 
air breathing. Davidson et al. [57] in an 
elegant study of 17 COPD patients showed 
that higher flows of oxygen were associated 
with greater reductions in breathlessness 
during the early stages of a treadmill 
endurance test. One controlled study [59] did 
not demonstrate convincing changes in 
dyspnea breathing oxygen from a liquid 
oxygen supply compared with liquid air but 
these patients had already participated in a 
12-month rehabilitation program. The same 
study also showed a placebo effect from 
breathing compressed air. 

There is sufficient evidence from clinical 
trials that supplementary oxygen therapy 
improves exercise capability, primarily by 
reducing ventilatory requirement for sub
maximal endurance exercise at given work 
rates. An improvement in maximal exercise 
work rate or oxygen uptake does not necess
arily occur. Whether there is an effect on 
dyspnea intensity independent of the change 
in ventilation is less clear. Whenever oxygen 
is prescribed to reduce dyspnea, it is sensible 
to first demonstrate some benefit using object
ive physiologic or psychometric measure
ments. Supplementary oxygen therapy might 
be expected to produce other symptomatic 

improvements including a greater willingness 
to exercise, improved motivation and allevi
ation of depression through its neuropsycho
logic effects, although the time course of these 
changes is not completely established. 
Improved exercise capability and enhanced 
activities of daily living are clearly important 
components of quality of life. Without ad
equate improvements in quality of life, 
the survival advantages of supplementary 
oxygen therapy are of questionable value. 

20.5 PRACTICAL ISSUES WITH 
DOMICILIARY OXYGEN THERAPY 

20.5.1 SELECTION OF PATIENTS 

Essentially, there are three methods of pro
viding domiciliary oxygen therapy; (a) long
term, low-dose oxygen therapy for patients 
with chronic respiratory failure, (b) portable 
oxygen therapy for exercise-related hypo
xemia and breathlessness, and (c) short-burst 
oxygen therapy for palliation and temporary 
relief of symptoms. 

Whatever the indication, oxygen treatment 
requires accurate diagnosis, if only for prog
nostic purposes. Other treatment must already 
be optimized before oxygen is introduced. This 
should not be done without measuring blood 
gas tensions breathing room air. 

20.5.2 CRITERIA FOR THE PRESCRIPTION OF 
LTOT 

Many countries in Europe, North America 
and Australasia have developed prescribing 
criteria for LTOT. These guidelines are based 
on the data from the NOTT and MRC study 
demonstrating improved survival, at least in 
patients with COPD taking long-term oxygen 
therapy. Many investigators believe that the 
conclusions from these data should apply to 
patients with other forms of chronic hypo
xemic lung disease, especially those who have 
developed cor pulmonale. Current guidelines 
are shown in Table 20.2. 
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Table 20.2 Prescribing criteria for L TOT 

United Kingdom: DHSS Drug Tariff: 1985 
1. Absolute Indications: COPD, hypoxemia, edema 

FEV 1 <1.5 1; FVC <2.0 1 
Pa02 <55 mmHg; Pac02 >45 mmHg 
Stability demonstrated over 3 weeks 

2. As above but without edema or Pac02 >45 mmHg 
3. Palliative 
Europe: Report of a SEP Task Group: 1989 [68] 
1. Pa02 <55 mmHg. 'Steady-state COPD' 
2. Pa02 55-65 mmHg with additional features as in the United States (Group 2) 
3. Restrictive disease with Pa02 <55 mmHg 
United States of America: (CMN Form HCFA-484) 
1. Pa02::; 55 mmHg (room air) 

Sa02 $; 88% 
2. Pa02 $; 59 mmHg with evidence of at least one of the following: 

P pulmonale (>3mm in leads II, III, or a VF) 
(pulmonary hypertension? RV hypertrophy?) 
Dependent edema (cor pulmonale?) 
Erythrocytosis (Hct >56%) 

CMN - Certificate of Medical Necessity 
For Group 1 - Annual update of CMN required 
For Group 2 - Revised CMN required after 3 months 

Australia: Thoracic Society of Australia 1985 [71] 
1. Pa02 <56 mmHg. COPD, RVH, polycythemia, edema 
2. Desaturation <90% on exercise 
3. Refractory dyspnea associated with cardiac failure 

In the United Kingdom, provisions for a 
new domiciliary oxygen service were orig
inally described in the DHSS Drug Tariff in 
1986 [67]. The absolute indications (Group 1) 
refer to patients with stable chronic obstruc
tive pulmonary disease. This is the only 
patient group that has been clearly shown to 
have improved survival with LTOT. The 
British prescribing criteria recognize that an 
oxygen concentrator is more economic than 
other forms of oxygen supply and, therefore, 
the regulations are geared to this apparent 
economic benefit. These arrangements over
look the role of ambulatory oxygen therapy 
and the hidden economic advantages which it 
might hold. 

In other European countries, criteria for the 
prescribing L TOT are influenced by political 
and economic factors, in particular, the 
method of reimbursement. Nevertheless, the 

general prescribing criteria for Europe are 
similar to those adopted in the United 
Kingdom and the USA [68]. These recom
mendations include provision for patients 
with restrictive pulmonary disease and Pao2 
less than 55 mmHg. Data from Sweden have 
shown that 67% of patients receiving LTOT 
have COPD [69] and the proportion is 
probably similar in other European countries. 

Although methods of reimbursement are 
entirely different in the United States, the 
mechanisms for prescription of L TOT are just 
as rigorous as in Great Britain. The pre
scribing criteria are similar and also shown in 
Table 20.2. Oxygen can be prescribed based 
on pulse oximetry, although this is not recog
nized as being as reliable as direct meaSure
ment of arterial blood gas tensions. The 
American criteria also allow for the pre
scription of L TOT if the Pao2 lies between 55 
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and 59 mmHg provided there are coexisting 
signs of end-organ dysfunction from chronic 
hypoxemia. Evidence of hypoxic end-organ 
dysfunction includes right ventricular hyper
trophy, peripheral edema and erythrocytosis. 
Certainly it seems unusual to wait until 
hypoxemia is of such severity that it has 
caused end-organ damage before LTOT is 
prescribed. LTOT is prescribed in the United 
States using a Certificate of Medical Necessity 
(CMN) which is completed by the prescribing 
physician. For Category I patients, the CMN 
needs to be revised every 12 months; for 
Category II patients, i.e. those with a Pao2 
between 55 and 59 mmHg, the CMN must be 
revised after 3 months. A recent consensus 
conference in Washington, DC [70] addressed 
certain difficulties with the existing pre
scribing criteria in the United States. First, 
reimbursement is geared to oxygen flow and 
so the use of oxygen-conserving devices 
which reduce oxygen flow requirements is 
not encouraged by the existing reimburse
ment policy. Second, there is inadequate pro
vision for LTOT prescription to unstable 
patients pending further evaluation. Finally, 
the CMN is thought to be too complex. 

Australian guidelines are similar to those in 
Europe and America [71]. They also allow for 
the prescription of LTOT to patients who 
show arterial desaturation below 90% during 
exercise. 

About the time that guidelines were being 
developed for the prescriptions of LTOT, 
Williams and Nicholl [72] conducted a com
munity survey in the Sheffield area to assess 
the prevalence of chronic hypoxemia due to 
obstructive pulmonary disease. These inves
tigators randomly sampled patients from 
general practices around the conurbation. 
Most patients had home spirometry and 
transcutaneous or direct arterial blood gas 
analysis. They found that 0.3% of patients 
sampled had hypoxemia with a Pao2 less than 
55 mmHg. Since this level of hypoxemia has 
been widely used as a prescribing criteria for 
LTOT, then it would appear that about 60 000 

people in England and Wales would be elig
ible for this form of treatment, whilst 750 000 
patients would be suitable in the USA. These 
estimates do not presuppose any age limits 
for the provision of LTOT. Actual numbers of 
L TOT prescriptions in these two countries are 
50 000 and 800 000, although in the United 
Kingdom many of these patients will not 
strictly be taking long-term oxygen therapy. 
If these estimates are accurate and if the selec
tion criteria on which they are based are 
accepted as appropriate, then these figures 
would suggest that LTOT is under-prescribed 
in the United Kingdom. 

20.5.3 STABILITY OF CHRONIC HYPOXEMIA 

During the recruitment phase of patients in 
the NOTT, 175 out of 409 patients initially 
screened (i.e. 43%) were no longer eligible for 
LTOT after four weeks due to spontaneous 
improvements in the Pao2 to more than 
55 mmHg [73]. Levi-Valensi and colleagues 
[74] in France, showed that 30% of stable 
hypoxemic patients, judged suitable for 
L TOT, had an increase in Pao2 to more than 
59 mmHg after 3 months of prospective 
monitoring without oxygen therapy. Those 
showing improvement could not be predicted 
from any measured variables such as initial 
pulmonary function tests. One study of 
patients taking LTOT has also demonstrated 
improvements in the baseline Pao2 breathing 
room air [75]. The mechanisms of improve
ment in Pao2 prior to, or during, oxygen 
therapy, are poorly understood and need 
investigation. These observations are import
ant since L TOT is usually recommended 
below a critical threshold of Pao2 and is rarely 
discontinued after initiation despite subse
quent spontaneous improvement in Pao2. 
Real dilemmas exist for the clinician in decid
ing when to start LTOT. In the outpatient 
clinic, when an initial assessment reveals hy
poxemia, the patient should ideally be re
assessed after four weeks of optimum medical 
therapy and clinical stability to obtain a more 
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reliable baseline Pa02' However, many pa
tients are first found to be hypoxic when ad
mitted to hospital with an acute exacerbation 
of COPD. The Pa02 is recognized to be unsta
ble in such patients for several weeks follow
ing acute exacerbation. However, these 
considerations should not necessarily pre
clude the initiation of LTOT. Should oxygen 
therapy be discontinued at the time of dis
charge pending re-assessment or should these 
patients be provided with domiciliary oxygen 
for a probationary period and their degree of 
chronic hypoxemia evaluated at a later date? 
Currently we do not have definite answers to 
these questions. 

20.5.4 EFFICACY OF OXYGEN THERAPY 

Domiciliary oxygen therapy needs to be indi
vidualized. Patients have different degrees of 
hypoxemia, respond differently to changes in 
Fr02 and adapt in different ways to the 
various methods of oxygen supply and deliv
ery. Hence, the prescription of domiciliary 
oxygen therapy needs to offer choices and the 
prescribing criteria should allow the physi
cian to address each individual's special re
quirements. Generally, oxygen therapy 
should be adjusted to achieve an arterial 
oxygen tension between 70 and 90 mmHg. 
The oxyhemoglobin dissociation curve shows 
that further increases in oxygen tension will 
produce minimal gains in terms of arterial 
oxygen content as illustrated in Fig. 20.3 and 
the data in Table 20.3. Timms et al. [73] 
showed that adequate oxygenation is usually 
achieved in COPD patients using 1-3 l/min 
of oxygen flow via nasal cannulae. The rise in 
Pa02 should not provoke excessive hypercap
nia [76] but this is seldom a problem in clini
cally stable patients. 

20.5.5 INDICATIONS FOR PORTABLE OXYGEN 
THERAPY 

Demonstration of a fall in arterial oxygen 
saturation during exercise is a clear indication 
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Fig. 20.3 Relationship between arterial oxygen 
saturation (Sao2) and oxygen tension (Pao2)' 
Continuous line for Paco2 40 mmHg, dotted line 
for Paco2 50 mmHg. According to current prescrib
ing criteria, subjects falling to the left of the shaded 
area are eligible for L TOT. Those within the 
shaded area would also be eligible in the USA if 
they have evidence of hypoxic organ dysfunction. 

Table 20.3 Relationship between Pao2' oxy
hemoglobin saturation and arterial oxygen content 

Pa02 
(mmHg) 

40 
50 
55 
60 
70 
80 
90 

100 

75 
85 
88 
91 
94 
96 
97 
98 

Ca02 
(mill) 

158 
179 
186 
191 
198 
202 
205 
207 

Assumptions: Solubility of O2 in plasma 0.03 mIll 
ImmHg; hemoglobin concentration 150 gil; oxyhemo
globin capacity 1.39 mIl g. 



506 Domiciliary oxygen therapy 

for portable oxygen therapy. A treadmill test 
with cardiac monitoring and pulse oximetry 
is appropriate and a 4% fall in saturation 
would be adequate justification for portable 
oxygen therapy. 

Portable oxygen therapy can improve exer
cise capability in patients with capo ir
respective of arterial oxygen desaturation. 
Furthermore, continuing physical activity has 
many physiologic and social advantages for 
the debilitated patient. The capo patient 
enters a vicious cycle of declining mobility 
and physical deconditioning (Fig. 20.4) with 
increased ventilatory requirement, worsening 
dyspnea and further reduction in exercise 
capacity. Oxygen can help in breaking this 
vicious cycle when considered as an integral 
part of a comprehensive pulmonary rehab
ilitation program and prescribed with ambu-

latory capability. This is not to suggest that 
stationary oxygen supplies are ineffective but, 
by themselves, they cannot produce the best 
result in terms of rehabilitation (Chapter 21). 
The value of ambulatory oxygen is well 
recognized in the United States [77] but else
where prescribing criteria have focused on 
the improvements in survival without con
sidering the need to maintain a patient's 
physical activity and quality of life. Recent 
changes in the prescribing regulations for 
cylinder and liquid oxygen in the United 
Kingdom have only worsened this situation. 
Surveys in Britain show that only one-third of 
patients have more than one oxygen outlet 
from their oxygen concentrator with obvious 
restrictions on their mobility. Although the 
more liberal guidelines in the USA allow pro
vision of portable oxygen when patients have 
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Fig. 20.4 Diagram to show the 'vicious cycle of chronic pulmonary disease' (on the left). Immobility 
leads to phYSical deconditioning, worsening symptoms, social isolation and further impairment of exer
cise capacity. Conversely the 'favorable cycle of pulmonary rehabilitation' (on the right) incorporates ex
ercise and oxygen therapy to achieve physical reconditioning, improvement of symptoms, psychologic 
benefits and progressive improvement of exercise capacity. 
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exercise hypoxemia (Pa02 less than 55 mmHg 
or Sa02 less than 88%), the Medi-Care regu
lations restrict the patient to reimbursement 
for one oxygen installation only. Thus, if they 
have an oxygen concentrator, they must pay 
for portable oxygen or vice versa. 

20.5.6 OTHER CONSIDERATIONS WITH LTOT 

Studies have documented that about 10% of 
patients receiving L TOT continue to smoke 
tobacco [69,78]. This habit poses obvious 
hazards which are discussed along with other 
complications of oxygen therapy. 

20.5.7 OXYGEN IN SPECIAL CIRCUMSTANCES 

Prescribing criteria for domiciliary oxygen 
therapy should recognize special needs of the 
hypoxemic patient during sleep and travel. 
Patients with COPD are prone to oxygen 
desaturation during sleep [79,80] (Chapter 
12). 'Blue bloaters' or patients predisposed to 
hypercapnia, seem especially vulnerable to 
nocturnal oxygen desaturation. Nocturnal 
oxygen desaturation is associated with 
increases in pulmonary artery pressure 
during hypoxemic episodes [81] which may 
contribute to the development of cor pul
monale [40,82,83]. Patients with nocturnal 
oxygen desaturation have more abnormal 
daytime exercise responses with greater 
increases in pulmonary artery pressure than 
do non-desaturators, reflecting their higher 
pulmonary vascular resistance [84]. Over
night oxygen therapy can avoid falls in 
oxygen saturation [81]. Calverley et ai. [85] 
showed that oxygen therapy reduced the fre
quency of episodes of oxygen desaturation 
and also improved sleep quality as measured 
by several variables. Furthermore, abolition 
of nocturnal oxygen desaturation reduces 
cardiac dysrhythmias and prevents other 
electrocardiographic abnormalities which are 
associated with nocturnal oxygen desatur
ation [80]. Overnight oxygen therapy can be 
prescribed without an adverse rise in Pac02 

[86]. A useful recommendation for COPD 
patients receiving domiciliary oxygen therapy 
is that they should increase their oxygen flow 
by l1/min during sleep. 

Travel poses special problems for patients 
receiving domiciliary oxygen. Hypoxemia 
patients are at particular risk when travelling 
in commercial aircraft, although the incidence 
of death on commercial air flights is remark
ably low. Commercial aircraft cabins are pres
surized to be equivalent to an altitude of no 
greater than 8500 feet resulting in a cabin 
oxygen tension of around 100 mmHg. Gong 
et al. [87] proposed a hypoxia altitude simula
tion test (HAST) whereby patients breathe 
15% oxygen in the laboratory to simulate an 
altitude of approximately 8000 feet. Their 
studies showed that problematic hypoxia at 
altitude could be predicted in those patients 
with a room air Pa02 less than 72 mmHg. 
Such patients obviously need special pro
visions for oxygen therapy during commer
cial flights. Most airlines will provide 
supplementary oxygen but do not allow per
sonal oxygen equipment on board. Airline 
travel is inadvisable for any chronically hy
poxemic patient who is clinically unstable. 
Necessary arrangements for stable hypoxemic 
patients include advance contact of the airline 
company and a physician's letter, preferably 
from a pulmonary specialist, giving recom
mendations as to the oxygen requirements. In 
the USA, airlines, buses and trains are better 
prepared to accommodate patients receiving 
oxygen therapy than is currently the case in 
Europe. 

20.6 EQUIPMENT FOR THE SUPPLY AND 
DELIVERY OF OXYGEN 

Appropriate installation of equipment for 
domiciliary oxygen therapy can lead to 
routine use within a short time and perhaps 
decrease the need and the cost of hospital
ization. However, to maintain mobility and 
quality of life, oxygen therapy must be 
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non-restricting. The supplier of durable 
medical equipment has certain obligations to 
provide adequate patient instruction with 
appropriate back-up of trained staff and a 
24-hour emergency service. Regular follow
up visits to the patient's home are especially 
helpful if hypoxemia has led to memory im
pairment and difficulties in compliance with 
the prescribed oxygen therapy. There are 
four alternatives for the supply of oxygen 
and a variety of different delivery systems 
which can be used in the home and each will 
be considered in turn. Selected specifications 
for oxygen supply systems are shown in 
Table 20.4. 

20.6.1. OXYGEN SUPPLY 

(a) Compressed gas cylinders 

Compressed gas cylinders containing 100% 
oxygen are the traditional method of oxygen 
supply. Oxygen is stored at about 2000 psi and 
released through a pressure regulator which 
delivers about 50 psi to the patient. High pres
sure systems do not lend themselves to safe 

transfilling within the patient's home and, 
therefore, regular deliveries of replenished 
cylinders are needed. An H-size cylinder is 
typically used as a stationary supply. This 
weighs about 70 kg and provides 6840 litres of 
oxygen (Le. about 57 hours at a flow rate of 
2 l/min). Oxygen from compressed gas cylin
ders is not as portable as liquid oxygen. An 
aluminum E-size cylinder, weighing about 
6 kg, provides 625 litres of oxygen (Le. 5 hours 
at 21/ min) and can be towed by the patient on 
a purpose-built cart. Smaller C-size cylinders 
contain about 240 litres of oxygen and weigh 
only 4.5 kg. These can be carried by the patient 
in a nylon carrying case but provide only 
about 2 hours of oxygen at 2 1/min. Com
pressed gas cylinders need to be stored safely 
and protected from sources of extreme heat. 
Rises in temperature cause a pressure increase 
within the cylinders and there is the potential 
for explosion. Oxygen itself is neither explos
ive nor combustible but readily supports com
bustion and higher concentrations of oxygen 
enhance the burning speed and temperature of 
the flame. With 100% oxygen, plastic tubing 
can ignite within one second and burn with a 

Table 20.4 Advantages and disadvantages of different oxygen supply systems 

Compressed O2 

(cylinders) 

Liquid O2 

O2 concentrator 
(molecular sieve) 

O2 enricher 
(membrane 
separator) 

Advantages 

Low cost 
100% O2 

High flow capability 
Portable (limited) 

Lightweight 
Portable 
100% O2 

Low cost 
No refilling 
Safety 

Consistent O2% 
Humidified output 
High flow capability 
Easy maintenance 
Safety 

Disadvantages 

Bulky and heavy 
Frequent deliveries 

Refilling 
Evaporative loss 
Freezing 
Limited flows 
Fixed unit 
Flow limitations 
Electric supply 
Backup system 
Frequent maintenance 
Fixed unit 
Lower 02% 
Electric supply 
Backup system 
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flame exceeding 3000°C [88]. Oil and grease 
must not be allowed to contaminate the valves, 
regulators or connectors as this increases the 
fire hazard. Patients who smoke during 
oxygen therapy can ignite their facial hair with 
alarming consequences. 

(b) Liquid oxygen 

Liquid oxygen is a more economical means of 
storage than compressed gas (1 litre of liquid 
oxygen is equivalent to 860 litres in the gas 
phase). The boiling point of oxygen is -297°F, 
hence liquid oxygen is stored in insulated con
tainers but at relatively low pressure. The 
systems need to be periodically vented to 
atmosphere to prevent pressure built-up and 
evaporative losses of oxygen can amount to 
about 0.5 kg/day. Apparatus weighing about 
5 kg provides about 8 hours of oxygen at a 
flow rate of 2 1/min. One of the smallest 
systems, weighing 3 kg, gives a 4 hours of 
oxygen at 2 1/ min. Liquid systems give 100% 
oxygen at all flow rates but the available flow 
rate is limited by the warming capacity of the 
system. Being low pressure systems, liquid 
oxygen does not carry major risks of explosion. 
However, contact with metal connectors or 
tubing can cause frostbite or burns. Liquid 
oxygen is the most expensive form of oxygen 
therapy but is the most portable. Although 
expensive, the provision of liquid oxygen has 
been justified in the USA if patients can make 
more than three journeys from home each 
week [89]. 

(c) Pressure swing adsorption molecular 
sieves 

These electrical devices are currently the most 
convenient and economical means of sup
plying oxygen in the home [90]. Molecular 
sieve oxygen concentrators utilize zeolite, a 
synthetic aluminum silicate, which entraps 
gas molecules according to their size and po
larity. All systems use two sieve beds alterna
tively in a pressure swing adsorption (PSA) 

system within an intervening accumulation 
tank for oxygen. They are capable of produc
ing 96% oxygen from air, since argon is also 
concentrated to about 4%. The major limita
tion of these oxygen concentrators is that they 
lack portability. Also, they are dependent on 
electricity and, therefore, a back-up oxygen 
supply is required for certain patients. 

Molecular sieve technology has improved 
considerably in recent years and many reli
able types of equipment are now available. 
The systems are limited in their flow capa
bilities by the size of the zeolite sieve beds. 
Generally, apparatus weighing 20-25 kg can 
produce about 90% oxygen up to flow rates of 
5 l/min. Lighter and smaller systems are 
available, producing flow rates up to 3 1/min 
but clearly their flow capabilities are limited 
by the size of the sieve beds. Two studies have 
emphasized the importance of technical 
support and revealed malfunctions and 
diminished performance without frequent 
maintenance [91,92]. Two studies in 1985 
[93,94] demonstrated a fall-off in the delivered 
oxygen concentration with increasing flow 
rates. For example, at a flow rate of 5 1/min, 
the systems produced only 70% oxygen but 
with improved technology, concentrations of 
90% are now possible. A French study [95] 
surveyed 2414 operational oxygen concentra
tors in patients' homes in early 1988. Average 
utilization was 13-15 hours per day and the 
average oxygen concentration output was 
92%. This study highlighted the need for 
regular maintenance and reported significant 
decreases in oxygen concentrations with 
increasing duration of service. Molecular sieve 
oxygen concentrators are reasonably safe, 
although their electrical and plastic com
ponents create a potential fire hazard. The 
author is unaware of serious safety incidents 
being reported with this equipment. 

(d) Membrane separator oxygen enrichers 

Certain complex polymer membranes are 
differentially permeable to oxygen and 
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nitrogen and have the potential for use as 
oxygen concentrators. They work by applica
tion of a vacuum or positive pressure to one 
side of the polymer membrane. One system 
producing about 40% oxygen was compared 
with several molecular sieve oxygen concen
trators and found to produce a satisfactory 
increase in arterial oxygen saturation to 91 % 
using increased flow rates to compensate for 
the lower output oxygen concentration [94]. 
More recently, investigators in Japan have 
reported the use of polypropylene membrane, 
producing 30% oxygen from a semi-portable 
system weighing 4 kg and powered by a 
12-volt battery. This system produced a mean 
increase in Pao2 of 10 mmHg in 10 patients 
with chronic hypoxemia [96]. Polymer mem
branes also separate water vapor, producing 
fully saturated oxygen mixtures. The inherent 
humidification of these systems makes them 
suitable for the treatment of patients with 
tracheostomy, cystic fibrosis or those having 
transtracheal oxygen therapy. Since polymer 
membranes filter only molecules, they are 
effective barriers to foreign materials such as 
bacteria and other contaminants. Apparatus 
producing oxygen concentrations less than 
50% is considerably safer than apparatus pro
ducing higher oxygen concentrations [88]. 
Also, membrane separators are far less 
complex than molecular sieve systems and 
require very little maintenance. 

20.6.2 OXYGEN DELIVERY 

Oxygen delivery systems are classified as 
high-flow and low-flow. With high-flow 
systems, the flow of gas, by itself, or with 
entrainment of room air, exceeds the inspir
atory flow demand of the patient. With low
flow systems, this is not the case. Entrainment 
of room air is due to gas viscosity and not, as 
commonly believed, according to the Venturi 
or Bernouilli principles. In general, with 
oxygen delivery systems, steady flow is 
wasteful since the major benefit occurs at the 
beginning of inspiration. The four principal 

Fig. 20.5 Photographs to illustrate various 
methods of oxygen delivery: Face mask (top left), 
standard nasal cannulae (top right), nasal cannulae 
with a reservoir oxygen conserving device (bottom 
left) and transtracheal catheter (bottom right). 

means of oxygen delivery are illustrated in 
Fig. 20.5. 

(a) Face masks 

A tight fitting face mask is the most efficient 
method of oxygen delivery but it is less well 
tolerated than nasal cannulae [97] . With fixed 
performance masks, the delivered flow 
usually exceeds peak inspiratory flow rate 
and the inspired oxygen concentration (FI02) 
can be predicted. These masks require a 
minimum oxygen flow rate of 4-6l/min and 
are not especially suited for low FI02 (less 
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than 35%). Variable performance masks use 
lower flow rates and are unpredictable in 
their inspired oxygen concentrations. With 
variable performance masks, a fall in minute 
ventilation leads to an increase in FI02 Vari
ation in breathing patterns can produce large 
variations in Fro2 [98] and face masks may fail 
in breathless patients with rapid, shallow 
breathing. Masks consist of a reservoir of 
100-200 ml and so partial re-breathing is 
possible. Although masks are efficient, they 
make eating, communication and expectora
tion difficult. 

(b) Nasal cannulae 

Conventional nasal cannulae are the most 
commonly used means of oxygen delivery. 
They are inexpensive and relatively com
fortable for the patient, allowing them to eat, 
sleep and communicate without encum
brance. Surprisingly, the Fro2 is independent 
of whether the patient breathes through the 
nose or mouth [99]. There is surprisingly little 
exact information about the 'effective inspired 
oxygen concentration' with nasal cannula 
oxygen delivery. Certainly it seems that there 
is considerable variability of Fro2, not only 
between different COPD patients using nasal 
cannulae but also from time to time in the 
same patient [100]. Table 20.5 shows data 
from two studies indicating that tracheal 
oxygen concentrations are lower than often 
assumed. Nasal cannulae are occasionally 
associated with complications such as der
matitis, mucosal drying and local irritation. 
Higher flow rates often require humid
ification to prevent this drying and irritation 
of the nasal tract. Carbon dioxide re-breathing 
is not a problem with nasal cannulae. 

(c) Transtracheal catheter 

The delivery of oxygen directly into the 
trachea was first described by Heimlich in 
1982 [101]. The method has obvious benefits 
in terms of efficiency of oxygen delivery, 

Table 20.5 Effective inspired oxygen concentra
tions 

Flow Nasal Transtracheal 
a/min) cannulae catheter 

1 22.7/22.8b 25.0b 
2 24.3a 

3 25.0/28.0b 34.9b 
4 26.3a 

5 32.3b 45.2b 

Oxygen supply - 100% 
a Data from Schacter, E.N., Littner, M.R., Luddy, P. et al. 
(1980) Monitoring of oxygen delivery systems in clinical 
practice. Crit. Care Med., 8, 405-9. 
b Unpublished data. Cooper, C.B. 

cosmesis and patient acceptance [102]. 
Potential advantages of transtracheal oxygen 
therapy (TTOT) include enhanced personal 
image, allowing the patients to avoid social 
isolation and improving their compliance. In 
1986, investigators in Denver showed that 
TTOT was successful in patients thought to 
be refractory to oxygen therapy via nasal 
catheter or face mask delivery systems [103]. 
Several large groups have now reported their 
experience with TTOT [102,104,105,106]. 
Christopher et al. [104], studied 100 patients 
over a 2-year period and found patient 
acceptance to be 96%. This group used a 9-
French catheter placed in the second or third 
tracheal space using a Seldinger technique. 
They stressed the importance of avoiding 
puncture of the cricothyroid membrane to 
reduce the incidence of dysphonia and cough. 
They used a stent for one week before initiat
ing oxygen flow to reduce post-insertional 
cough and discomfort and thereby, sup
posedly, to reduce the incidence of sub
cutaneous emphysema. After about 6 weeks, 
the mini tracheostomy tract is epithelialized 
and, by this time, the patients have been 
taught to remove, clean and change their 
catheters twice daily without the need for 
guide wires. Banner and Govan [107], at 
Harefield Hospital, reported a technique 
using 16 gauge angiocaths. These narrower 
catheters were associated with lower inci-
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dence of mucous ball formation (see below) 
but a higher incidence of catheter failure. 
Another group has reported a totally 
implanted system with tubing tunnelled 
beneath the skin to a convenient point for 
connection to the oxygen supply beneath the 
patient's clothing [108]. 

TTOT can reduce resting oxygen flow 
requirements by 25-55% compared with nasal 
cannula delivery [102,104,106,107]. Similar 
savings in terms of oxygen flow have also 
been reported during exercise [104] and exer
cise tolerance has been shown to increase 
with TTOT [106,109,110]. One study showed 
increases in walking distance despite similar 
patterns of arterial oxygen desaturation [110]. 
TTOT is associated with improved sense of 
taste and reduction in dyspnoea [102,107,108, 
111,112]. During TTOT the trachea probably 
acts as an anatomical reservoir which stores 
oxygen during the last part of exhalation 
giving a high FI02 during the following inspi
ration. One interesting study [112] has shown 
that increases in oxygen flow via a transtra
cheal catheter caused equivalent reductions in 
inspired volumes at the mouth. Hence the 
bulk flow of oxygen into the trachea reduced 
inspired ventilation and might reduce the in
spiratory work of the respiratory muscles. 

Complications of TTOT include the form
ation of mucous balls (25% of cases), partially 
due to the drying effect of the oxygen flow 
directly into the trachea and also partly due to 
increased secretions. Hence, humidification of 
oxygen is needed for transtracheal use, par
ticularly at high flow rates. The formation of 
mucous balls is associated with poor adher
ence to catheter cleaning schedules. Serious 
airflow obstruction has been reported due to 
mucous ball formation in 3 cases [106,113,114]. 
Other complications of TTOT with their 
reported incidences include cough (5-15%), 
superficial infection (3-7%), subcutaneous 
emphysema (4-10%), catheter breakage (6%), 
catheter dislodgement 02-22%), hemoptysis 
(2%) and bronchospasm 0-2%). Hoffman et al. 
[106] reported a high mortality using TTOT, 

although the deaths were said to be related to 
underlying disease rather than the presence of 
the transtracheal catheter. 

(d) Reservoir-conserving devices 

Introduction of a small reservoir in the oxygen 
delivery system is an old principle which has 
currently regained popularity. The reservoir is 
intended to fill during the patient's exhalation 
so that more oxygen is available at the begin
ning of the next breath. Reservoir-conserving 
devices usually contain a collapsible mem
brane so that during the latter half of inspira
tion, the device serves as a simple conduit for 
continuing oxygen flow. The potential advan
tages of such systems are: (i) reduction in total 
oxygen requirement and, therefore, cost, and 
(ii) elimination of oxygen wastage during 
exhalation with extension of the useful opera
tion time of various oxygen supply systems, 
thereby increasing their portability and range. 
Two types of reservoir system have been 
reported. The moustache reservoir (about 
20 ml) is reported to reduce oxygen flow 
requirements by 50-75% at rest [115-117]. An 
alternative form of reservoir device is the 
pendant which hangs on the anterior chest 
wall and can be concealed beneath clothing 
[118]. This system can reduce oxygen flow 
requirements by 30-50% at rest [119,120] and 
50-67% during exercise [117,120,121]. How
ever, patients dislike the encumbrance of the 
moustache reservoir and find the pendant to 
be too obtrusive. The efficiency of a reservoir 
varies between individual patients which may 
reflect the degree of mouth breathing [122]. 
Consideration must be given to the replace
ment cost of the equipment because the inter
nal membranes of a reservoir-conserving 
device might have a limited life span. 

(e) Respiratory phased, demand or pulse 
oxygen delivery 

These systems are increasing in popularity 
because of their potential for oxygen flow 
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savings with limited supply systems such as 
liquid oxygen or compressed gas [123-125]. 
Only the gas inspired during the first 25-50% 
of each inspiration reaches the alveoli and is 
available for gas exchange, so oxygen deliv
ery in late inspiration and throughout expir
ation is wasted [126]. Pulsed delivery 
overcomes this limitation by sensing the start 
of inspiration with a thermistor or pressure 
transducer which activates an electro
mechanical valve and releases a fixed or vari
able amount of oxygen as a pulse flow. The 
mode of operation can be varied so that the 
pulse of oxygen is delivered every 1, 2, 3 or 4 
breaths. These systems are intricate and 
subject to electromechanical failure whilst 
rapid, shallow breathing can cause near 
continuous activation of the valve without 
oxygen conservation [122]. Humidification is 
seldom needed with pulsed delivery because 
of the reduced oxygen flow. Demand flow 
systems require internal batteries and there 
are seldom internal safety features to prevent 
permanent inactivation of the oxygen valve. 
The sensitivity of breath detection is often an 
issue as many systems are insufficiently sens
itive to detect breathing during sleep but too 
sensitive to increases in ventilation, e.g. 
during exercise. An ideal system would allow 
adjustment of the sensitivity of inspiratory 
flow detection to compensate for these alter
ations in respiratory drive. Despite these 
difficulties, worthwhile savings have been 
reported in terms of oxygen flow require
ments both at rest [126-128] and during exer
cise [129] with savings ranging from 3:1 to 
7:1. 

20.6.3 AVAILABLE COMBINA nONS OF 
OXYGEN SUPPLY AND DELIVERY SYSTEMS 

Various innovative combinations of appar
atus are now available, at least in the USA, for 
domiciliary oxygen therapy. The combination 
of lightweight portable oxygen supplies with 
oxygen-conserving devices and transtracheal 
oxygen delivery prolongs the useful duration 

of the oxygen supply and thus it is possible to 
obtain virtually continuous ambulatory 
oxygen therapy throughout the day. Light
weight portable oxygen supplies including 
pulse delivery devices may weigh as little as 
3 kg, yet give 14 hours of oxygen flow at 
2 l/min. Transtracheal oxygen delivery is 
clearly the most efficient and cosmetically the 
most acceptable method with predictably 
better patient compliance, but is also the most 
invasive method of oxygen delivery. 
Reservoir systems are the least expensive, 
simple and reliable but obviously more 
obtrusive and, therefore, may not be readily 
accepted by the patient. Demand or pulse 
oxygen delivery is very efficient but these 
systems can be subject to electromechanical 
failure. The combination of TTOT with pulsed 
oxygen flow seems especially promising in 
terms of reducing oxygen flow requirements 
[130,131]. Whilst it is now possible to provide 
patients with ambulatory oxygen therapy 
throughout the day, these systems remain 
expensive. However, if the continued mobil
ity reduces hospitalization and dependency 
on acute medical services, such additional 
cost would be well worthwhile. 

20.7 ADHERENCE TO PRESCRIBING 
CRITERIA FOR DOMICILIARY OXYGEN 

Several studies in the UK have examined the 
adherence of the medical profession to the 
official guidelines. Baudouin et al., [132] 
showed that only 43% of patients in Sheffield 
met the full prescribing criteria whereas 
Walshaw et al. [133] reported that 46% of 
patients in Liverpool had arterial oxygen 
tension greater than 55 mmHg breathing air. 
Frequent problems are the lack of demon
strable stability of chronic hypoxemia and the 
prescription of oxygen without prior assess
ment by a pulmonary specialist [132-134]. In 
Sheffield, 26% of patients having domiciliary 
oxygen therapy were not followed-up by a 
pulmonary physician. In Bristol, 40% of 
oxygen prescriptions were not initiated by 
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pulmonary specialists and many of these 
patients had been inadequately investigated. 
In Liverpool, 44% of oxygen installations 
were not prescribed by a pulmonary special
ist and, in many cases, too few hours of 
oxygen therapy were recommended. 

Evidence is emerging that LTOT is pre
scribed too late in the natural history of the 
disease which causes hypoxemia. Many 
patients die soon after starting LTOT. 
McCallian and Pearce [78] noted that 50% of 
patients died within the first three months of 
LTOT and most patients prescribed oxygen 
were elderly and severely disabled. These 
observations raise several important prob
lems. It is possible that the guidelines them
selves are inappropriate and require revision. 
None the less, it seems that earlier referral to 
a pulmonary specialist may well allow earlier 
identification of those who need oxygen and 
avoidance of inappropriate prescriptions too 
late in the progression of the illness. Studies 
to resolve the optimum time of beginning this 
treatment are clearly needed. 

20.7.1 PATIENT COMPLIANCE 

Both the major multicenter trials recommend 
that oxygen should be used for at least 15 
hours/ day for maximum effect. A report 
from the North West Regional Health 
Authority in 1983 [135] examined 76 patients 
receiving domiciliary oxygen and found their 
mean usage to be 14.3 hours/day. Similar 
observations were made in Sheffield [92] 
where a later study showed that only 30 of 64 
patients were using their oxygen treatment 
when visited at home. Two studies from 
France have confirmed this poor patient com
pliance. Vergeret et al. [136] showed that 38% 
of patients were following their prescription 
and taking oxygen for more than 15 hours/ 
day, those with the most severe hypoxemia 
being most compliant. Prignot [137] con
firmed that the duration of daily oxygen 
therapy was always less than that estimated 
by the patients but frequent home visits 

improved compliance. Another study [133] 
used hidden clocks in oxygen concentrators 
and showed that only 46% of patients used 
their equipment for more than 15 hours/ day 
although 79% said they did so. 

There are several reasons for poor patient 
compliance. One obvious explanation is a 
lack of symptomatic improvement but 
patients also tend to be self-conscious of their 
appearance wearing equipment for oxygen 
therapy. Some patients have unrealistic fears 
of danger from the equipment which can be 
reduced by adequate instruction and edu
cation. Depression and memory impairment 
also contribute to compliance problems [136]. 
Two studies have shown that 10% of patients 
continue to smoke despite medical advice, 
whilst taking domiciliary oxygen [69,78]. 
Patient compliance can be improved by better 
education and more frequent home visits to 
monitor therapy. Oxygen therapy can be 
made cosmetically more acceptable and 
earlier prescription might remove the stigma 
that it is a treatment of last resort. The 
rehabilitative role of oxygen treatment must 
be stressed, pointing out the combined goals 
of improving longevity and quality of life. 

20.8 MONITORING OXYGEN THERAPY 

To be effective, oxygen therapy should 
achieve normal or near normal tissue oxy
genation without using excessively high 
inspired oxygen concentrations. An adequate 
response to supplementary oxygen therapy 
has never been clearly defined, although it is 
clear from the oxyhemoglobin dissociation 
curve (Fig. 20.3) that an increase in Pao2 to 
more than 80 mmHg will usually produce an 
oxygen saturation of over 94%. This is prob
ably adequate for most patients as it will 
protect them from dramatic falls in oxygen 
saturation which occur on the steep portion of 
the dissociation curve. Greater increases in 
Pao2 are unlikely to produce worthwhile 
changes in oxygen saturation and content as 
shown in Table 20.3. 



20.8.1 ASSESSMENT OF OXYGENATION 

Physical examination is an unreliable guide to 
tissue oxygenation. Peripheral cyanosis can 
occur due to sluggish circulation as well as a 
low oxyhemoglobin saturation. Central 
cyanosis may be detected in the presence of 
polycythemia even when oxygen content is 
normal and may be absent in anemia despite 
a low arterial oxygen content. It is difficult to 
detect in the presence of skin pigmentation. 
These difficulties make it necessary to assess 
oxygenation more directly. 

(a) Arterial blood gas analysis 

Arterial blood gas analysis is the gold stand
ard for assessing oxygenation, although it is 
not the ideal way to judge tissue oxygen 
delivery. Intermittent sampling of arterial 
blood enables in vitro analysis to determine 
pH, Pa02, and Pac02 using specific electrodes 
and commercial blood gas analysers. 
Technical errors can be reduced by a program 
of proficiency testing for blood gas laborato
ries [138]. Brachial or radial arteries are com
monly used for sampling. When the radial 
artery is to be used, an Allen test should be 
performed to verify adequate ulnar artery 
perfusion of the hand prior to the procedure. 
Complications of arterial puncture are un
common but pain and bruising occur in about 
33% of cases especially when larger needles 
are used. Various intra-arterial catheters have 
been evaluated for continuous monitoring of 
arterial blood gases [139]. A fluorescent 
optode catheter which measures P02, PC02 
and pH with reasonable accuracy and stabil
ity over 72 hours is now available for human 
use and is likely to find useful application in 
research and critical care settings [140]. 

(b) Pulse oximetry 

Transcutaneous pulse oximetry is a readily 
available means of assessing arterial oxygen 
saturation (5a02)' The transmission of light 
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through the tissues is directly proportional to 
the oxygen saturation of the perfusing blood. 
Modern pulse oximeters use two wave 
lengths, are accurate to within 2-4% over the 
usual range of oxygen saturations but become 
less reliable below a saturation of 60% [141]. 
The probe is normally placed on an ear lobe 
or finger where the accuracy is influenced by 
skin pigmentation, skin perfusion and thick
ness as well as position and motion of the 
probe. Generally, the response time of pulse 
oximeters is adequate for most clinical pur
poses [142]. Pulse oximeters overestimate 
5a02 in the presence of carboxyhaemoglobin 
or methaemoglobin but underestimate 5a02 if 
the skin is pigmented or jaundiced [143]. 
Pulse oximetry should not be used as a sub
stitute for arterial blood gas analysis or as an 
accurate measure of Pa02 but is useful when a 
rapid estimation of oxygenation is needed, 
e.g. during anesthesia, transportation of 
patients, intensive care monitoring or during 
bronchoscopy. Pulse oximetry can be used to 
titrate oxygen therapy in a hospital setting 
but should not be used as the only criterion 
for prescription. 

(c) Transcutaneous oxygen tension 

Heated polygraphic electrodes are available 
for the measurement of transcutaneous 
oxygen tension (Ptc02)' The electrodes consist 
of an electrolyte solution in contact with skin 
covered with a teflon membrane. They are 
maintained between 43 and 45°C to promote 
local hyperemia. The increased temperature 
also shifts the oxyhemoglobin saturation 
curve to the right and the Pa02 must be cor
rected for this. The site of the skin electrode 
must be moved every 4 hours to avoid heat 
injury. Ptc02 reflects a balance of oxygen de
livery and cutaneous oxygen consumption 
[144] and is some 20 mmHg lower than Pa02 
[145]. Lower values of PtC02 occur in low per
fusion states [146] and in peripheral vascular 
disease [147,148]. Inaccuracies with PtC02 
measurement arise with thickened skin with 
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superficial veins in the field of the electrode. 
These instruments are accurate and useful 
when used in neonates but more clinical ex
perience is needed in adults to determine 
whether they can be reliably substituted for 
arterial blood gas analysis. 

(d) Tissue oxygenation 

None of the methods described above reliably 
reflects tissue oxygenation. This can be 
directly measured using electrode techniques 
but these are unlikely to have clinical applica
tions since every tissue has its own oxygen 
tension characteristics and no one tissue 
typifies the body as a whole. Mixed venous 
oxygen tension (PV02) has been proposed as 
an integrated value reflecting arterial oxygen 
saturation, hemoglobin concentration and 
cardiac output in relation to the whole body 
oxygen consumption. The assumptions about 
PV02 are probably reasonable but it should be 
remembered that it is influenced by blood 
leaving organs of widely different oxygen 
consumptions. Thus, a low PV02 indicates an 
overall problem with tissue oxygenation but a 
normal value cannot be taken to mean normal 
tissue oxygen tension in all organs. An alter
native measure is the blood lactate level. 
Lactic acidosis develops when tissue metab
olism becomes dependent on anerobic path
ways implying that insufficient oxygen is 
available for mitochondrial metabolism. 
Oxygen therapy in patients with chronic lung 
disease reduces the lactic acidosis of exercise 
which is consistent with an improved tissue 
oxygen delivery [62]. 

20.9 COMPLICATIONS OF OXYGEN 
THERAPY 

The complications of oxygen therapy can be 
divided into non-medical hazards and medical 
hazards or oxygen toxicity. Non-medical 
hazards have already been discussed under 
the section concerning equipment for domi
ciliary oxygen therapy. There are two principal 

medical hazards with oxygen therapy, the first 
being pulmonary oxygen toxicity and the 
second, hypercapnia due to alterations in 
respiratory control. In addition, oxygen 
therapy causes pulmonary vasodilatation with 
its potential for worsening ventilation
perfusion imbalance and also causes systemic 
vasoconstriction. There are certain medical 
hazards specifically related to breathing 100% 
oxygen such as absorption atelectasis due to 
washout of nitrogen from alveoli and also 
retrolental fibrodysplasia, usually noted in 
neonates or patients receiving hyperbaric 
oxygen therapy. Neither of these com
plications is likely to arise with domiciliary 
oxygen therapy since effective inspired oxygen 
concentrations rarely exceed 40%. 

20.9.1 PULMONARY OXYGEN TOXICITY 

Lavoisier, in 1785, demonstrated congestion of 
the lungs of guinea-pigs after breathing 
oxygen and, in 1878, Paul Bert firmly estab
lished that increased concentrations of oxygen 
can be toxic. The pathologic findings with pul
monary oxygen toxicity are non-specific, con
sisting of diffuse alveolar damage with 
capillary proliferation, hemosiderosis, inter
stitial fibrosis and epithelial hyperplasia 
[149,150]. These changes are similar to those of 
bronchopulmonary dysplasia in neonates. The 
popular explanation for pulmonary oxygen 
toxicity invokes a role for free radicals. 
Formation of singlet oxygen, hydrogen perox
ide or free hydroxyl radicals in the lung might 
cause structural metabolic changes which ulti
mately lead to cell death. Type I epithelial cells 
are known to be particularly susceptible to 
oxygen-free radicals and rely on chemical 
defense mechanisms for protection. Animal 
studies have suggested that higher levels of 
superoxide dismutase, catalase and gluta
thione peroxidase might protect against 
pulmonary oxygen toxicity [151]. 

There is uncertainty about safe thresholds 
of inspired oxygen concentration. The toxic 
effects of oxygen on the pulmonary 



parenchyma are actually determined by the 
alveolar oxygen tension rather than oxygen 
concentrations as illustrated by experiments 
with astronauts who tolerated 100% oxygen 
for long periods when the ambient pressure 
was less than 1 atmosphere [152]. After 
breathing 100% oxygen at atmospheric press
ure for a few hours, normal individuals 
develop an acute tracheobronchitis with sub
sternal burning and impaired mucociliary 
clearanc:e but these effects resolve quickly 
when they revert to breathing lower con
centrations of oxygen. Breathing 75% oxygen 
for 24 hours does not appear to produce these 
symptoms whilst breathing 50% oxygen or 
less for up to 7 days does not impair lung 
function [153]. 

Some investigators have described an 
oxygen tolerance curve based on measured 
decreases in vital capacity [154]. Patients 
receiving domiciliary oxygen rarely experi
ence inspired oxygen concentrations of more 
than 40% and so the risk of pulmonary 
oxygen toxicity is small. However, one study 
[155] reported that 10% of patients receiving 
LTOT for 6 months had histologic changes 
consistent with oxygen toxicity. As there is no 
reliable index of pulmonary oxygen toxicity 
and no clearly defined threshold for safe FI02' 
guidelines for oxygen prescription should 
aim to achieve adequate oxygenation with the 
minimum increase in FI02' In practice, this 
means achieving an arterial oxygen tension of 
between 70-90 mmHg as previously 
discussed. 

20.9.2 HYPERCAPNIA 

Oxygen inhalation might worsen ventilatory 
failure either by abolishing the hypoxic stim
ulus to breathe or reversing pulmonary 
hypoxic vasoconstriction. The physiologic 
basis of these changes is discussed elsewhere 
(Chapters 8, 10). Appreciation of the risk of 
hypercapnia during oxygen treatment led to 
the development of controlled oxygen 
therapy [3]. Table 20.6 shows typical changes 
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in arterial blood gas tensions with the admin
istration of low-flow oxygen via nasal cannu
lae [156]. In this group of 16 stable COPD 
patients with oxygen flows of 2 l/min, mean 
arterial Paco2 increased from 55 to 61 mmHg 
whilst Pao2 rose from 49 to 70 mmHg and pH 
changed from 7.40 to 7.37. These changes are 
typical for patients with COPD and illustrate 
several important points. First, to obtain the 
required increases in Pao2 a rise in Paco2 
must often be accepted. Several investigators 
have reported that this need not be harmful 
to the patient [132,136]. Neff and Petty [157] 
found that moderate hypercapnia associated 
with domiciliary oxygen therapy, was well 
tolerated in the long term. Indeed, Paco2 
levels over 80 mmHg may be seen in some 
patients. However, this degree of hyper
capnia usually implies that there is an addi
tional cause for hypoventilation, e.g. sleep 
apnea. Another important point illustrated in 
Table 20.6 is that due to compensatory metab
olic alkalosis in patients with chronic hyper
capnia, further rises in Paco2 are usually well 
accommodated and the resulting change in 
pH is minimal. There is one potentially 
important advantage to be gained from 
hypercapnia in patients with COPD. With a 
higher Paco2 and correspondingly higher 
alveolar carbon dioxide concentration, 
patients can expect higher carbon dioxide 
outputs for a given level of alveolar ven
tilation. This apparent increase in efficiency of 
minute ventilation with more efficient elim
ination of carbon dioxide and hence reduced 
ventilatory requirement has been suggested 
as an adaptive mechanism in patients with 
chronic respiratory failure [158]. 

20.10 ECONOMIC CONSIDERATIONS 

Unfortunately, the prescription of domiciliary 
oxygen therapy is burdened by economic and 
political considerations. Current estimates 
suggest that there are about 50 000 patients 
receiving domiciliary oxygen therapy in the 
UK and 60-70% of these patients have COPD. 
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Table 20.6 Typical arterial blood gas changes 
with nasal oxygen therapy 

(mmHg) 
Room air 
0 2 @21/min 
0 2 @61/min 

Pa02 
(mmHg) 

49 
70 
96 

Data reproduced from [156]. 

55 
61 
72 

pH 

7.40 
7.37 
7.32 

About 12 000 patients have oxygen concentra
tors whereas roughly 40 000 patients are 
using compressed gas cylinders. Recent evi
dence suggests that domiciliary oxygen 
therapy is often provided as a pre-terminal or 
palliative measure. 

20.10.1 COSTS VS BENEFITS 

Domiciliary oxygen therapy is usually pre
scribed because it prolongs life in COPD but 
this is not the only goal of patient manage
ment and improvements in quality of life and 
the ability to perform the usual activities of 
daily living are equally important. From the 
available survival statistics, it appears that 
LTOT can double life expectancy [45]. The 
earlier prescription of LTOT will lead to more 
years of added life and the cost of each added 
year would be equivalent to one year of 
domiciliary oxygen therapy. This being so, it 
is clear that LTOT is more effective than other 
long-term treatments such as chronic hemo
dialysis or the management of complicated 
hypertension. Hence, the cost benefit of 
LTOT, at least in terms of patient survival, is 
probably lower than in many other chronic 
diseases. 

A further consideration in cost benefit 
analysis is the improvement in neuropsychi
atric function and the ability of patients to 
continue their normal activities of daily 
living. A survey of 13 500 LTOT installations 
in France showed that 55% of patients are 
able to wash unaided but that 25% never 

leave their homes and 25% never go on 
holiday [159]. Once more it must be stressed 
that to maintain these activities of daily 
living, the oxygen treatment must be non
restricting and this favors the use of portable 
oxygen more extensively than is the case at 
present. As already noted, avoidance of hos
pitalization by such steps will more than 
offset the initial costs associated with this am
bulatory treatment. Oxygen-conservation 
techniques, can reduce the costs of therapy 
but the litre flow of oxygen is a relatively 
minor component in the overall cost and so 
savings from this source are relatively small. 
Regrettably, with domiciliary oxygen 
therapy, we have yet to define those patients 
who derive the greatest benefit in human and 
economic terms. 

20.10.2 ACTUAL COSTS OF DOMICILIARY 
OXYGEN THERAPY 

In the UK, cylinder oxygen therapy costs 
about £6500 per annum. Very few patients 
currently receive cylinder oxygen with ambu
latory capability. The apparent costs of domi
ciliary oxgyen therapy from an oxygen 
concentrator are less. The purchase price of 
such devices is about £1500. However, the 
oxygen concentrator service is almost entirely 
provided by rental arrangements within nine 
defined Health Regions. Contracting compa
nies appear to charge the National Health 
Service a rental of between £70 and £80 per 
month for the installation and maintenance of 
oxygen concentrator equipment. Although 
portable oxygen systems would appear to be 
more expensive, cost analysis rarely takes 
into account the full physiologic benefits and 
overall effects on the costs of health care. For 
example, maintaining patient activity and 
avoidance of hospitalization could account 
for major health care savings. The actual cost 
of one day in hospital is probably eqUivalent 
to the prescription of one month of oxygen 
therapy. 



20.10.3 REIMBURSEMENT ISSUES 

In most Western countries, the costs of domi
ciliary oxygen therapy are borne by National 
or Federal health care services. Unfortunately, 
such bureaucracies are usually concerned 
with cost containment and prescribing restric
tions intended to contain costs often seriously 
limit the development of an optimal clinical 
service. This problem clearly exists with 
domiciliary oxygen therapy. In Britain, the 
rigidity of the domiciliary oxygen service has 
prevented the introduction of new tech
nologies for oxygen supply and delivery. The 
range of equipment available in the UK is 
disappointing compared with the USA. In 
the New South Wales region of Australia, 
significant cost savings in the domiciliary 
oxygen therapy service were achieved by 
introducing central administration and with
drawal of domiciliary oxygen therapy where 
it was thought not to be needed [160]. A 
major component of these cost savings clearly 
came from changing patients from oxygen 
cylinders to oxygen concentrators. Denying 
patients the potential benefit of ambulatory 
oxygen therapy may have a detrimental 
effect, despite the apparent cost savings. 
Hence, whilst there are obvious economic 
gains by this strategy, the clinical impact on 
patients, in particular their quality of life, has 
not been fully evaluated. 

In the USA, strict legislation governs the 
reinbursement for domiciliary oxygen 
therapy. Most LTOT is financed by the 
Federal government through the Medi-Care 
programme. Current methods of reimburse
ment discourage the provision of apparatus 
for flow savings and only cover one oxygen 
supply system. Thus patients with an oxygen 
concentrator who need an oxygen cylinder as 
back-up or wish to have an ambulatory capa
bility, must meet the extra cost themselves. In 
the cost benefit analysis which favors the pro
vision of oxygen concentrators rather than 
cylinder oxygen, hidden costs are often over
looked. These include costs of maintenance 
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and servicing and th~ cost of electricity which 
might amount to £20 per month and, lastly, 
the cost of an additional back-up system as a 
precaution against electrical power failure. 
All of these factors reduce the apparent cost 
benefits of the molecular sieve oxygen 
concentrators. 

20.11 FUTURE DIRECTIONS FOR OXYGEN 
THERAPY 

The provision of domiciliary oxygen therapy is 
likely to change significantly in the next few 
years. Hopefully, this will arise from a greater 
appreciation of the physiologic benefits of 
long-term oxygen and an increased pre
scription to patients most in need. We must 
consider prescribing L TOT before the end 
stage of the disease is reached and studies to 
confirm the benefit of this approach are 
urgently needed. At present our treatment is 
akin to waiting until a patient has had a stroke 
before initiating antihypertensive treatment. 

Careful cost-benefit analysis is needed to 
evaluate quality of life and the overall 
demands on health care services by patients 
with COPD. We need to examine the role of 
ambulatory oxygen treatment as part of pro
grammes of pulmonary rehabilitation. Future 
research may well demonstrate that the com
bination of exercise and oxygen is of more 
value than simply prescribing oxygen for 
longer periods during the day. We need to 
define the effects of oxygen on aerobic capac
ity and to look for potentiating effects of 
oxygen in physical training programs for 
COPD patients. 

The physiologic effects of transtracheal 
oxygen therapy deserve further investigation. 
It may be particularly appropriate for people 
with the 'overlap syndrome' of obstructive 
sleep apnea and COPD, whilst its effect on 
reducing the work of the inspiratory muscles 
by a reduction in inspired volume, merits 
further exploration. 

There are clear challenges ahead in terms of 
the esthetics, cost and convenience of the 
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equipment used in oxygen supply and deliv
ery. The efficiency of the available systems of 
oxygen supply in relationship to newer tech
nologies, must be evaluated. Many patients 
do not require 100% or near 100% oxygen 
supplies for a useful therapeutic effect. Once 
this is appreciated, then the potential for de
veloping lightweight portable equipment is 
considerable. Already lightweight aluminium 
oxygen cylinders or reinforced plastic liquid 
oxygen tanks are available which, coupled 
with oxygen-conserving devices, provide 
ambulatory oxygen treatment for adequate 
periods during the day for most patients. 
Membrane technology may provide the 
opportunity for the development of truly 
portable oxygen concentrators. 

There are many challenges ahead in the 
field of domiciliary oxygen therapy. Pre
scription guidelines need revision. Phy
siologic benefits need better definition and 
technologic improvements are required in the 
apparatus for the supply and delivery of 
oxygen and further research is needed to 
identify those patient groups in whom true 
cost benefits can be expected. 
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C.]. Clark 

Pulmonary rehabilitation has been defined [1] 
as the 'art of medical practice where an indi
vidually tailored, multidisciplinary program 
is formulated which through accurate diag
nosis, therapy, emotional support and edu
cation, stabilizes or reverses both the physio
and psychopathology of pulmonary diseases 
and attempts to return the patient to the 
highest possible functional capacity allowed 
by his pulmonary handicap and overall life 
situation.' This global definition indicates the 
potential difficulties involved in the evalu
ation of the efficacy of rehabilitation treat
ment. There is tacit recognition that: 

1. diagnosis is a component of pulmonary 
rehabilitation hopefully leading to im
proved patient characterization before 
treatment, 

2. treatment requirements will vary between 
individuals, 

3. the program is a process using existing 
treatments, and designed to integrate 
together the various components which 
have proven efficacy, and finally 

4. at best the patient will remain handi
capped by his illness. 

This chapter will provide a current per
spective on the principles of pulmonary reha
bilitation, the type of patient for whom it is 
proposed, its various components including 
the required infrastructure and finally evid-

ence that any or all of these components 
provide benefit. 

COPD is a frustrating illness not only for 
patients, who may suffer considerable psy
chopathology [2] but also for their physicians 
whose medical treatment has only partial 
success in alleviating symptoms and improv
ing functional capacity. Not only are mor
tality rates high [3] but so is the level of 
morbidity and this is responsible for a high 
proportion of health care costs in different 
countries [4]. In a recent historical perspect
ive, Petty [5] has traced the roots of pul
monary rehabilitation from the period when 
tuberculosis was prevalent and required pro
longed convalescence to the pioneering con
tributions from Drs Barach and Haas, whose 
personal clinical observations led them to 
believe that a systematic program of physical 
exercise and breathing training could 
improve exercise tolerance and general well
being, not only in patients with tuberculosis 
but also emphysema. Subsequently a con
sensus view was published [6] on the use of 
systematized care for patients with COPD 
and then the scientific basis for inpatient 
therapy was reviewed [7]. Over the past 
decade individual contributors have pub
lished their experience with a variety of 
programs and now there is an increasing 
interest in pulmonary rehabilitation with 
the development of improved methodologies 
for measurement of exercise performance 
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Chapman & Hall, London. ISBN 978-0-412-46450-8 



528 Pulmonary rehabilitation 

respiratory muscle function, sleep studies and 
subjective measures such as breathlessness, 
anxiety and depression and quality of life. 

21.1 COMPONENTS OF A COMPREHENSIVE 
REHABILITATION PROGRAM 

Recent European [8] and North American [9] 
guidelines recommend that all of the com
ponents listed in Table 21.1 should be sys
tematically considered within a pulmonary 
rehabilitation program. The strength of the 
scientific rationale for each component is vari
able. Several aspects such as oxygen therapy 
and respiratory muscle training are addressed 
in detail elsewhere (Chapters 9, 20) and will 
be mentioned here only briefly in the context 
of their potential contribution to the outcome 
of rehabilitation programs. 

I will not attempt to prioritize individual 
components and an alternative to the inclu
sion of all of these in setting up a rehabilit
ation program [9al, is to consider how much 
of the contents of Table 21.1 is already 
included in existing routine medical services. 
Pulmonary rehabilitation should be viewed 
as an adjunct and not an alternative to routine 
respiratory care. 

21.1.1 EXERCISE TRAINING 

The rationale for exercise training in pul
monary rehabilitation is that the 'condition of 
exercise is not a mere variant of the condition 
of rest, it is the essence of the machine' [10]. 
There are essentially two different practical 
strategies for exercise rehabilitation, depend
ing on the patient under consideration. The 
first approach attempts to improve cardio
respiratory fitness by aerobic (continuous and 
rhythmic) exercise of 20-30 min duration at 
least 3 times a week [11]. The type of activity 
is not critical but the exercise intensity should 
increase oxygen uptake to a level commen
surate with a 'training effect' on both heart 
(i.e. improving stroke volume) and peripheral 
muscle (i.e. increasing oxygen extraction) 
[12]. There remains controversy regarding the 
suitability of this (aerobic) approach in COPD 
patients. It has been suggested [13] that these 
patients would be unable to achieve the 
required training effect through inability to 
tolerate exercise at the critical training intens
ity because of breathlessness [14]. However, 
Casaburi and colleagues have shown that 
specific subgroups of patients (generally 
those with mild to moderate exercise limit-

Table 21.1 Components of a pulmonary rehabilitation program [9] 

Pharmacological therapy: Bronchodilators, anti-allergies, corticosteroids, antibiotics, immunization (e.g. 
influenza) 
Education: Pathophysiology, use of peak flow meter, use of drugs, including their administration 
side-effects, avoidance of aggravating stimuli, cessation of smoking, family education 
Physical therapy: Breathing retraining, relaxation techniques, mobilization exercises, postural drainage, 
vibration, coughing 
Exercise conditioning: Endurance training, interval training, improvement of mechanical skills, 
desensitization to dyspnea, training in activities of daily life 
Occupational therapy: Ergonomics, vocational therapy 
Psychosocial support: Psychological counselling, psychopharmacological agents, group therapy, 
support of family, sexual counselling 
Follow-up treatment: Visiting nurses, general practitioners, patient organizations, 'refresher' courses 
Oxygen therapy: If necessary 
Nutritional therapy: If necessary 
Respiratory muscles: Inspiratory muscle training, active expiration, resting respiratory muscles, 
ventilator weaning 

The relative importance of these components varies depending on the patient under consideration, i.e. not all are 
applicable to every patient in pulmonary rehabilitation programmes. 
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ation but including the more severely dis
abled patients who can reach a lactic 'thresh
old') can develop these physiologic 
adaptations resulting in substantial reduc
tions of minute ventilation at equivalent sub
maximal workloads following training [15, 
16]. This group recommends the use of exer
cise testing to identify those COPD patients 
who can reach this threshold and then train 
them at this level of exercise intensity. 

The second approach applies to patients 
who cannot sustain sufficient exercise to 
improve aerobic fitness because of breathless
ness; they need to improve mobility and 
stamina, rather than achieve physiologic 
'fitness' targets [17]. An important component 
of perceived exertion in these patients is the 
sense of discomfort and fatigue in exercising 
muscle caused by enforced periods of 
inactivity in any patient with chronic illness 
[18]. Suboptimal conditioning of muscle is 
common and this has been described as the 
'cycle of deconditioning' present in any 
excessively sedentary individual. Adaptations 
resulting from chronic dynamic exercise of 
individual muscles consist of increased 
oxygen extraction through muscle fibre 
hypertrophy, increased mitochondrial volume 
and capillary blood supply [19]. Jones and col
leagues [20] showed twice the average inten
sity of leg discomfort in COPD patients at 
maximal exercise as compared with normal 
subjects at the same exercise intensity, 
although breathlessness remained the major 
limiting factor. Skeletal muscle fatigue has 
been demonstrated in patients with COPD 
using EMG fatigue criteria [21] and static 
strength of peripheral skeletal muscle may be 
significantly lower in patients with airflow 
limitation presumably because of decondition
ing [22]. A number of programs have simply 
provided regular exercise sessions where the 
patient works at the maximal tolerable venti
latory limit and have shown considerable 
benefit in improving mobility [17]. 

An alternative approach to rhythmic, repeti
tive whole body exercise has been specific 

muscle training. In one study [23] a standard 
weightlifting program for both upper and 
lower limb muscles with isotonic repetitions at 
60% of maximal muscle capacity produced 
improved muscle strength. Endurance time 
during cycling at 80% of maximum workload 
also increased by 73% with no change in 
control subjects. There were also significant 
improvements in daily breathlessness and 
'mastery' of daily living activities. Another 
study used a program more suitable for the 
home environment requiring no gymnasium 
facilities, i.e. relying on isotonic muscle repeti
tions carefully designed so as not to exceed the 
maximum capacity of individual patients, fol
lowing an initial hospital assessment [24]. 
Marked improvements in muscle strength and 
endurance plus overall exercise tolerance as 
measured by endurance time during steady 
state treadmill walking were observed. 

(a) Upper limb exercise training 

In patients with COPD the stabilizing effect of 
the shoulder girdle is important to offset the 
mechanical disadvantage of hyperinflation to 
the respiratory muscles. This may be lost 
during work involving the upper extremities 
resulting in dyssynchronous breathing [25, 
26]. Breathlessness is therefore often pro
nounced during such activities [25] produc
ing greater limitation than during leg exercise 
at equivalent 'whole body' work. Current ap
proaches to upper limb training exercises 
have included cycle ergometry with varying 
resistances, unsupported arm exercise, raising 
a ball with the arms above the horizontal, 
passing a bean bag over the head and isotonic 
exercises, i.e. repeated muscle contractions 
using standard multi-gym facilities [27,28]. 
Session duration, the number per week and 
the length of the program require to be 
approximately the same as those for lower 
body training [29,30]. These studies have 
shown no change in respiratory muscle func
tion despite which improvements in upper 
limb endurance were demonstrated. 
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(b) Exercise rehabilitation in the presence 
of arterial blood gas abnormalities during 
exercise 

These patients form a subgroup for whom 
there are no guidelines for rehabilitation pro
grams. Carefully supervised exercise con
ditioning with oxygen supplementation in a 
hospital gymnasium setting would seem to be 
an appropriate approach to the management of 
those patients who develop hypoxemia during 
exercise. These individuals cannot usually be 
predicted from resting measurements of pul
monary function or gas exchange [31,32]. While 
there are no published data documenting the 
effects of supplemental oxygen on exercise re
habilitation outcomes, a number of studies 
have demonstrated improvement in exercise 
tolerance during oxygen use compared with air 
even in non-hypoxemic patients [33,34,35,36]. 
The magnitude of this effect is often small and 
idiosyncratic, restricted to individual patients 
rather than a predictable group effect. The best 
rationale for oxygen use in rehabilitation at 
present would be to ensure that exercise pre
scription is safe, i.e. to rule out the potential for 
cardiac events secondary to severe arterial 
oxygen desaturation during exercise. This is, 
however, an assumption as there are no data 
currently available regarding the prevalence of 
adverse cardiac events during exercise in 
COPD. Resting hypercapnia should not be con
sidered a contraindication to pulmonary 
rehabilitation. One study of patients with 
resting hypercapnia showed improved exercise 
tolerance of a similar magnitude to a parallel 
group of eucapnic patients after pulmonary 
rehabilitation, without adverse effects [37]. 

(c) Specific components designed to 
alleviate ventilatory limitation during 
exercise 

Two strategies to reduce ventilatory limita
tion during exercise have recently been inves
tigated; respiratory muscle training and 
ventilatory-assist devices. 

(i) Respiratory muscle training 

There has been a recent shift in research em
phasis from attempts to train respiratory 
muscle using overload techniques (i.e. perfor
mance of work beyond a critical level) to 
improve exercise tolerance in COPD [38] 
towards the potential role of periodic rest in 
the reduction of incipient muscle fatigue [39]. 
Despite a major emphasis on the possible 
benefits of respiratory muscle training [40] its 
failure to consistently produce favourable 
results has been highlighted in a recent meta
analysis [41] and this is probably related to 
multiple factors such as patient selection, 
specific methods for respiratory muscle train
ing and continuing doubt as to the role of res
piratory muscle fatigue in ventilatory 
limitation in COPD [42,43]. This topic is con
sidered in further detail elsewhere (Chapter 
9). However, two studies support the use of 
resistive inspiratory loading during pul
monary rehabilitation [44,45]. Both studies 
showed a reduction in breathlessness and one 
[44] showed improved ventilatory muscle 
strength, endurance and exercise capacity. 
The clinical relevance of these small changes 
is uncertain. There is a need for further lon
gitudinal controlled studies, closely monitor
ing breathing strategy to ensure that the 
ventilatory muscles are appropriately and 
progressively loaded. Meantime, since rehabi
litation treatment of many kinds may induce 
a component of respiratory muscle training 
[46] it is logical to include simple measure
ments such as PI max and PE max to monitor 
any global improvements in respiratory 
muscle function which may accrue. 

(ii) Ventilatory assistance during exercise 

Continuous positive airway pressure (CPAP) 
has been used recently during exercise in 
patients with severe COPD. Expiratory flow 
rates during tidal breathing in such patients 
are close to or equal to the maximum expira
tory flow-volume relationship [47,48]. COPD 
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patients can increase expiratory flow rates 
during exercise through dynamic hyper
inflation [49] but this is offset by an increase 
in inspiratory work since tidal volume oper
ates in a less compliant range of the pres
sure-volume relationship and initiation of 
inspiration requires additional inspiratory 
pressure to overcome increased elastic recoil 
of the respiratory system [50]. This 'intrinsic 
PEEP' has been reported in COPD patients 
during exercise [51,52]. The application of 
continuous positive airway pressure (CPAP) 
may counterbalance increased recoil pressure 
at end-expiration and thus reduce dyspnea 
and work of breathing as seen during 
weaning from mechanical ventilation [53]. A 
recent study [54] showed that the application 
of approximately 10 cmH20 of CPAP during 
exercise significantly improved breathless
ness in 5 of 8 patients studied. The 3 remain
ing subjects experienced a deterioration in 
breathlessness. Transdiaphragmatic pressure 
measurements showed a complicated picture 
but suggested that the relief of breathlessness 
was related to a reduction in time-integrals of 
esophageal and diaphragmatic pressures 
whereas in the patients with deterioration 
excessive abdominal muscle recruitment was 
occurring as shown by increases in the 
pressure-time integral of gastric pressure. 

In another study [55] CP AP improved 
breathlessness during exercise in 8 COPD pa
tients and continuous positive inspiratory 
pressure; unloading of the inspiratory 
muscles appeared to be the predominant 
mechanism as opposed to effects on dynamic 
compression during expiration because con
tinuous positive expiratory pressure alone 
did not relieve breathlessness. The magnitude 
of the improved exercise endurance appeared 
potentially clinically relevant, increasing tol
erance of submaximal exercise at approxi
mately 70% of maximum work capacity from 
approximately 6 to 9 min. Further work is 
required to determine the role of this form of 
treatment in pulmonary rehabilitation, either 
to provide ventilatory assistance during exer-

cise training or, if mobile devices are feasible 
to improve daily exercise performance in 
severely limited patients. The role of CP AP 
currently remains as a research tool. 

21.1.2 CONTROLLED BREATHING 
TECHNIQUES 

Controlled breathing techniques attempt to di
minish breathlessness by training patients to 
breath in an efficient and comfortable fashion. 
Over 30 years ago Barach and Miller [56,57] 
recognized that COPD patients could reduce 
breathlessness by consciously altering their 
breathing patterns. The goals of controlled 
breathing techniques have been defined [58] 
as: (a) to restore the diaphragm to a more 
normal position and function, (b) to decrease 
the respiratory rate by employing a breathing 
pattern that diminishes air trapping and im
proves the respiratory duty cycle, (c) to dimin
ish the work of breathing, and (d) to reduce 
dyspnea and allay patient anxiety. 

Pursed-lip breathing is usually the easiest 
breathing technique to learn. A number of 
authors have observed a substantial increase 
in tidal volume with reduced respiratory rate 
and minute ventilation both at rest and 
during exercise. Those patients with the 
greatest reduction in breathlessness demon
strated the largest changes in breathing 
pattern [58]. Pursed-lip breathing at rest has 
been demonstrated to reduce arterial PC02 
and improve P02 at rest [59]. The physiologic 
responses to pursed-lip breathing have been 
investigated. Functional residual capacity 
decreases insignificantly and therefore im
proved breathlessness cannot be due to the 
effects of diminished end-expiratory lung 
volume on length-tension relationships of the 
diaphragm [60, 61]. 

Pursed-lip breathing has been simulated 
employing an apparatus including a rubber 
stopper with a small orifice to mimic the tech
nique. Those subjects who experienced spon
taneous relief of dyspnea during pursed-lip 
breathing were found to have significantly 
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greater reduction in non-elastic expiratory 
resistance when they used the artificial system 
leading the authors to conclude that pursed-lip 
breathing was likely to lessen dynamic 
airways collapse. There is no evidence that 
reduction in breathlessness is due to diminu
tion of the work of breathing [62] and indeed a 
recent study has shown a substantial increase 
in the inspiratory work of breathing in 12 pa
tients with chronic airways obstruction [63]. 
These authors examined the effects of the tech
nique on respiratory muscle function for the 
first time, and showed that at rest pursed-lip 
breathing shifted a major portion of inspir
atory work from the diaphragm to rib cage 
muscles, as manifested by transdiaphragmatic 
pressure changes, i.e. a decrease in positive P ab 

and a more negative P pb during inspiration 
while the technique was employed during 
expiration. It is possible therefore that this 
change in the distribution of work across the 
respiratory muscles contributes to a reduction 
in dyspnea. 

Recent work has also clarified the effect of 
various postures on respiratory muscle func
tion and suggests that improved mechanical 
efficiency of the diaphragm may be respons
ible for relief of dyspnea and the physiologic 
benefit seen particularly with leaning forward 
and head down (Trendelenburg) postures 
[64]. In particular the 'leaning forward' 
position during exercise may be helpful in 
view of the recent finding [65] that dyspnea 
was diminished and exercise tolerance 
improved during walking in the leaning 
forward posture, in COPD patients who had 
developed paradoxical diaphragm motion 
during exercise in the upright position. 

Diaphragmatic breathing exercises attempt 
to enhance diaphragmatic function through 
improved positioning of the diaphragm as 
distinct from ventilatory muscle strength 
training which attempts to improve respir
atory muscle strength and endurance. The 
technique is very simple. The patient lies 
supine or tilted by 15° in the head down 
position. The patient's dominant hand is 

placed on the upper abdomen and the other 
hand on the upper anterior chest wall to allow 
monitoring of an inspiratory outward motion 
of the abdomen while minimizing chest excur
sions. A conscious effort is made to employ 
only the diaphragm during inspiration and to 
maximize abdominal protrusion. The anterior 
abdominal wall muscles are consciously con
tracted during inspiration and can also be con
tracted during expiration to displace the 
diaphragm to a more cephalad position. The 
same exercises are repeated while sitting and 
later standing in a forward leaning posture 
once mastered lying down. 

The exercises are considered most helpful 
for patients with severe hyperventilation. In 
addition to the clinical benefit of reduction in 
breathlessness there are reports of sig
nificantly improved lung function in individ
ual patients [66,67,68] although which patients 
will respond cannot be predicted in advance. 
A change in breathing pattern with increased 
tidal volume and a reduction in respiratory 
rate has been reported [69]. Although in 
theory regional changes in chest wall con
figuration should follow training in diaphrag
matic breathing, three studies have failed to 
demonstrate any redistribution of ventilation 
in a comparison of diaphragmatic and con
ventional breathing [70]. Furthermore, a study 
of the effects of diaphragmatic breathing on 
thoracoabdominal motion in COPD has sug
gested increased distortion of rib cage and ab
dominal compartments away from the normal 
relaxation characteristics, which represents 
less mechanically efficient breathing and a 
theoretical increase in the work of breathing 
[71]. The overall benefits therefore have not 
been established and the technique though 
widely recommended for inclusion in pul
monary rehabilitation remains unvalidated. 

21.1.3 NUTRITIONAL REQUIREMENTS 

Malnutrition is an important clinical problem 
in patients with COPD [72]. The prevalence is 
highest in patients with severe airway 
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obstruction [73, 74], and features of emphy
sema such as hyperinflation and low diffusing 
capacity [75]. Although there is no universally 
accepted definition of malnutrition, patients 
weighing less than 90% of ideal body weight 
are generally considered to be malnourished. 
Common measurements in nutritional assess
ment which aid the diagnosis of malnutrition 
are summarized in Table 21.2. Malnutrition 
has been shown to be associated with 
increased mortality in COPD. In a study of 
factors affecting prognosis in emphysema, cor 
pulmonale and weight loss were identified as 
the two significant clinical signs associated 
with higher mortality [76]. Several factors may 
contribute to this poor prognosis including 
loss of diaphragm weight [77] and global res
piratory muscle function as measured by P1max 

and PEmax [78, 79]. Malnutrition may adversely 
affect prognosis through loss of connective 
tissue proteins [80] and predisposition to in
creased infections through diminution of res
piratory defence mechanisms such as 
phagocytic activity [81]. The idea of nutri
tional support appears logical though its con
tribution to improved outcome including 
quality of life, exercise capacity and prognosis 
remains to be established. 

Resting energy expenditure in patients 
with stable chronic obstructive airways 
disease is usually elevated by between 10% 
and 20% [81-84] and this contrasts with the 
adaptive reduction in metabolic rate usually 
observed in other causes of malnutrition. 
However, despite this higher resting energy 

expenditure, total energy expenditure over 24 
hours is often normal [85] and probably due 
to spontaneously reduced physical activity 
compensating for resting hypermetabolism. It 
therefore remains unclear whether poor 
nutritional status in COPD can be attributed 
to a state of hypermetabolism as is usually 
assumed. Several studies have assessed the 
effect of nutritional support [86-90], but mean 
weight gain only averaged between 2 and 
4.5 kg. Despite intensive energy supple
mentation more than 30% above the usual 
intake amounting to more than 45 kcal/kg/ 
day, improvements in peripheral and respir
atory muscle performance and exercise cap
acity were small. P1max increased on average 
by 13 cmH20. These studies were short term 
lasting between 2 and 4 weeks but even in the 
one [87] which lasted 9 months the weight 
gain was lost once the patients returned to 
their usual diet. Failure seemed due both to 
the inability of patients to supplement energy 
intake sufficiently without spontaneous 
reduction in their other sources of usual 
energy intake and to high levels of intoler
ance of supplemental formulas. 

The composition of supplementation diets 
requires consideration because theoretical con
sideration suggests that carbohydrate-based 
diets may be deleterious to COPD patients. 
When the energy sources shift from fat to car
bohydrates the CO2 production and RQ 
increase producing increased ventilatory 
demands, although hypercapnia has been 
demonstrated during weaning from mechan-

Table 21.2 Common measurements in nutritional assessment 

Variable 

(Current weight) - (usual weight) 
Body weight (% ideal body weight) 
Body mass index (kg/m2) 
Skinfold thickness 
Midarm muscle circumference 
(Body weight) - (fat mass) 
Bioelectrical impedance 

Significance 

Trend in nutritional status 
Global nutritional assessment 
Global nutritional assessment 
Fat mass 
Muscle mass 
Fat-free mass 
Fat-free mass 

Taken from Fitting, J. Nutrition in COPD Eur. Respir. Rev. 1991,1:6,511-519 ?[75al. 
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ical ventilation in patients with COPD [91]. 
Carbohydrates appear considerably less harm
ful when taken orally by ambulatory patients. 
One study assessed the effect of low, moderate 
and high carbohydrate diets in hypercapnic 
ambulatory COPD patients and found little 
increase in minute ventilation [92]. While low
carbohydrate, high-fat supplements may be 
preferable in patients with acute respiratory 
failure, their role in stable ambulatory patients 
has not been established. Furthermore, pa
tients can often only tolerate a diet of tradi
tional composition with carbohydrate intake at 
least 50% of the total. These avoid satiety and 
bloating and this has led to counselling strate
gies to counteract the effect of symptoms on 
food intake (Table 21.3). 

21.1.4 HEALTH EDUCATION 

Optimal medical practice should always 
include adequate explanations of the nature 
of the underlying disease process and the 
rationale for proposed treatment. However, 
in the busy outpatient clinic time for such an 
approach is often not available. Pulmonary 
rehabilitation programs provide an alter
native setting and indeed the success of the 
program is likely to require the understand
ing and co-operation, not only of the patient 
but also of the family. 

A check list of areas of education that may 
be helpful for patients is given in Table 21.4. 
There are, however, very limited data regard
ing the effects of such educational programs. 
Studies which have examined individual 
program components have shown that 
patients can learn to understand their disease 
better [93]. However, a recent controlled 
study of the effect of an education program 
showed a disappointing lack of impact on 
symptoms, physiologic function, mental or 
social function, in 213 patients who com
pleted the education program versus 325 
patients who acted as controls [94] although 
'health locus of control' improved suggesting 
an increased patient belief that they could 

control their own health. Another study eval
uating a comprehensive education program 
dealing with psychosocial aspects of COPD 
demonstrated improved knowledge of COPD 
but no impact on daily function including 
quality of life [95]. 

Although the primary role of education 
appears to help patients better understand 
their illness thereby obtaining optimal com
pliance with treatment, and achievement of 
realistic goals [96], evidence that these out
comes occur is still required. 

21.2 PATIENT SELECTION FOR 
REHABILITATION PROGRAMS 

There are no general guidelines for patient 
selection for pulmonary rehabilitation since 
any patient with symptomatic chronic lung 
disease is a potential candidate. We have 
however recently described [9a] a method of 
selection using clinical, lung function and exer
cise evaluation which allows streamlining of 
the patients according to ability. Each aspect 
of pulmonary rehabilitation imposes an 
intensive requirement on a limited infra
structure namely professional staff time and 
facilities, particularly access to hospital or 
other gymnasiums. The outpatient chest clinic 
acts as a filter, carefully referring patients on 
the basis of availability of places in the 
rehabilitation program. The most suitable 
patients recognize they have some impair
ment or disability related to the disease and 
are motivated to be active participants in their 
own care to improve their health status [97]. 
Patients with mild to moderate disease are 
often considered to be coping adequately and 
therein lies a paradox. Such patients often 
find their COPD frustrating and disabling 
precisely because of their expectations of con
tinuing in demanding jobs and their desire to 
live a normal life, whereas more severely dis
abled patients often have different, generally 
lower, expectations. The former, however, 
stand to gain most, particularly from exercise 
rehabilitation which should not be reserved 
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Table 21.4 Areas of education which may be helpful for patients 

Normal anatomy and physiology of the lungs and heart 
Types of lung disease and other conditions that affect the function of the lungs 
Abnormal anatomy and physiology associated with pulmonary disorders 
Types of medical tests that will be performed, procedures for testing, and interpretation and significance 

of the results 
Medications: drug actions, description of products, desired beneficial effects, side effects, techniques of 

self-administration, and methods to assist patients to remember to take the medication 
Breathing exercises, including whether to perform them at rest, during exercise, or during recovery from 

exercise or stress 
Energy conservation techniques associated with activities of daily living 
Relaxation techniques and methods to reduce stress 
Emotional aspects of chronic disease 
Nutrition and fluid intake 
Causes of shortness of breath 
Role of exercise and physical fitness 
Recognizing problems associated with their disease: infection, hypercapnia, hypoxia 
How to treat symptoms 
Who to call for problems 

From Burns, M. (1986) Pulmonary Rehabilitation, in Clin. Chest Med., 7, 4th ed., Saunders, Philadelphia. 

for patients with end stage chronic lung 
disease. 

Pulmonary rehabilitation therefore requires 
identification of different outcomes for these 
disparate groups with features such as nutri
tional assessment, determination of oxygen 
requirements, and psychosocial functioning 
being particularly relevant to the most 
severely disabled patients, for whom exercise 
training is not a realistic option. For the 
remainder of the COPD population where 
exercise training is possible, inclusion in one 
of the two different strategies for exercise 
rehabilitation requires additional assessment. 
There is wide intersubject variability with 
respect to lung function and mobility, 
and furthermore an illness such as COPD is 
dynamic, i.e. subject to intercurrent exacer
bations which produce intrasubject vari
ability. 

We determine the exercise requirements for 
individual patients by assessment using basic 
lung function and progressive incremental 
exercise testing [97] followed by a further 
assessment by the program physiotherapist of 
the patient's ability to participate in a par
ticular program on a 'trial and error' basis 

[9a]. There is no one accurate physiologic 
measure of disability and prediction formulas 
suffer from wide confidence intervals [98,99] 
limiting their role in this particular situation. 
A realistic evaluation of the factors likely to 
influence adherence of the patient (i.e. the 
extent to which individuals follow treatment 
recommendations) is also required and 
includes motivation, the extent of disability, 
the frequency of intercurrent exacerbations of 
disease, external socioeconomic factors, work 
commitments and travel requirements. 

Non-compliance rates are not only high 
among patients with chronic conditions, but 
particularly where therapy involves lifestyle 
modification and exercise (as do rehabilita
tion programs) [100,101]. It is therefore 
important to remember the adage that for 
'exercise to be habitual it should be easily 
accessible and without adverse sequelae.' 
Ideally it should also be dynamic, interesting, 
fun and varied [102]. 

Finally, it is important to note with regard 
to selection for exercise programs that follow
ing selection, in our experience patients with 
broadly similar disability should be grouped 
together within programs. To maintain the 
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individual approach a program physio
therapist normally can only manage groups 
of approximately 8-10 patients per session 
and widely varying levels of disability can 
reinforce negative attitudes to their disease 
amongst the more severely disabled. 

21.3 EVIDENCE FOR IMPROVEMENT AFTER 
PULMONARY REHABILIT AnON 

Most studies evaluating exercise performance 
after rehabilitation have used either progress
ive incremental exercise testing in the lab
oratory setting, timed walking tests, e.g. the 
6-minute or 12-minute walk test, and most 
recently the shuttle test [103] which has a 
component of imposed 'pacing' (Chapter 13). 
All of these tests measure maximal exercise 
capacity. The shuttle test consists of walking 
between two cones at a rate determined by an 
auditory signal which increases with time 
until the patient can no longer tolerate exer
cise. An additional method of exercise assess
ment consists of the measurement of 
endurance time and/or endurance work 
during steady state exercise usually on a 
treadmill or bicycle. This has the additional 
advantage of providing an index of the likely 
effects of rehabilitation treatment on the toler
ance of daily activities. Guidelines for evalu
ating the results of pulmonary rehabilitation 
have recently been published [96] and the 
results of the various programs have also 
been extensively tabulated [17]. 

Although many of these reports did not 
include control data, virtually all showed 
patient improvement of a clinically relevant 
magnitude in peak work rate, maximum 
oxygen consumption, timed walk tests or 
endurance time. The studies which contained 
control groups confirm the impression that 
rehabilitation using a wide range of programs 
results in considerable improvement in 
maximum exercise tolerance. 

In one study for example [104] regular stair 
climbing at home for 3 months led to a 16% 
increase in V02 max and a 23% increase in 

maximum workload in the treatment group 
(as compared with a 12% and 4% decrease in 
the same measures in the control group). 
Another study [105] showed that attention to 
rehabilitation techniques, such as breathing 
control even without exercise training, 
improved maximum exercise tolerance 
during bicycle ergometry. Important sub
jective improvements included an increase in 
the performance of activities of daily living 
[104,106-108] and a reduction in symptoms 
such as breathlessness during exercise [106]. 

Most of the studies which used timed 
walking tests showed a clinically relevant 
improvement in the distance walked after 
treatment, e.g. a 42% increase was observed 
in one uncontrolled study of 24 patients 
undergoing supervised exercise for 3 months 
[109]. A 51 % increase was reported in another 
study of 63 patients [110] and a 6% increase 
was noted in a controlled study of 28 patients 
compared with a 2% decrease in control 
subjects [104]. 

Improvements in endurance time have 
been reported, of a magnitude greater than 
anticipated from improvements in maximal 
exercise level. For example, one study of 63 
patients [110] showed no improvement in 
peak work rate or oxygen consumption but 
did demonstrate a 57% increase in endurance 
time. Another study [111] evaluating 15 
patients for 6 weeks showed a doubling of 
endurance time with no increase in peak 
work rate. Contributory factors to this 
outcome include an improved strategy for 
performance of steady-state work and 
peripheral, skeletal muscle conditioning. 

21.3.1 THE EFFECTS OF TREATMENT ON 
'QUALITY OF LIFE' MEASURES 

There is an increasing interest in the develop
ment of instruments for 'quality of life' meas
urement, which have validity and are 
sufficiently practical to be useful in monitor
ing the effects of pulmonary rehabilitation. 
The required components of such instruments 
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have recently been reviewed [2]. McSweeny 
gives a definition of quality of life that 
encompasses 

1. emotional functioning, 
2. social role functioning, 
3. the ability to perform daily living 

activities, and 
4. the ability to participate in enjoyable 

activities. 

This approach requires a generic global 
assessment as distinct from quality of life 
instruments which are disease specific and 
measure the impact of a particular symptom 
such as breathlessness. Current examples of 
both kinds of instruments are given in Table 
21.5. Studies using these methods have 
improved symptom scores, performance of 
activities of daily living, psychosocial factors 
(e.g. mood) and general well-being [108, 
112-114] and these benefits are measurable 
several years after rehabilitation. The empha
sis on global assessment is likely to increase 
as psychosocial interventions are incor
porated into multimodal pulmonary rehabil
itation [115]. One carefully designed, 
randomized controlled study [114] has shown 
highly beneficial changes in quality of life 
measures when a behavioral intervention 
program was used in addition to regular ex
ercise. Psychiatric morbidity frequently 
occurs in COPO patients [116] although the 
exact prevalence has not been accurately 
established. 

Screening instruments for evaluation have 
been recommended [117] in addition to 
quality of life measurement in order to 
expedite psychiatric advice for those patients 
who show evidence of psychopathology. This 
can be very advantageous as pre-rehabilitation 
psychologic status as distinct from phy
siologic measures of disability can determine 
the response to the program. Specific tech
niques such as relaxation training [118] and 
meditation [119] have improved exercise tol
erance and recovery after exertion in random
ized clinical trials. Perhaps one of the most 

beneficial functions of the rehabilitation 
'process' is to direct some additional energy 
and thought beyond the traditional goals of 
symptom treatment towards these additional 
quality of life and psychosocial issues. 

21.3.2 THE EFFECTS OF PULMONARY 
REHABILITATION ON SURVIVAL 

There is encouraging evidence that the com
prehensive care provided by pulmonary 
rehabilitation can improve survival. In one 
study [120] the survival at 5 years of 252 
patients was 20% greater than that of a com
parison group of patients with COPO at
tending a routine outpatient clinic. Another 
study of 182 patients [121] found a 17% 
better survival rate at 10 years than that 
expected from the mortality figures of com
parable patients with COPO. There are other 
similar reports of improved survival com
pared with life expectancy data [122]. It is 
not possible to determine which specific 
components of the program were respons
ible for improved survival as such informa
tion would require large patient groups to 
allow subgroup analysis, evaluation over a 
number of years, and adequate contrast 
groups. There has been no multicenter eval
uation of a comprehensive standardized 
rehabilitation program to date. However, 
such an approach has been used to demon
strate improved life expectancy with a single 
treatment (long-term oxygen therapy) and to 
demonstrate which patients are most likely 
to benefit from such treatment [123]. 

21.4 COST BENEFIT ANALYSIS 

The impact of COPD on health care in Europe 
is probably similar to that in the United 
States, where an age-adjusted COPD mortal
ity of 1.4% per year is rising with a cor
respondingly increased economic impact (e.g. 
4.55 billion dollars in the 1970s, 26 billion 
dollars in the 1980s). This has prompted an 
analysis of the potential benefits of com-
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prehensive rehabilitation programs in reduc
ing the economic impact on health care re
sources. One study [124] compared the effects 
of pulmonary rehabilitation programs with 
the benefits which have been demonstrated 
for other types of health care programs such 
as hypertension screening and renal dialysis 
and showed that significant cost savings can 
accrue from pulmonary rehabilitation as com
pared with routine medical management. 

Other authors have used reduction in days 
spent in hospital as an indication of cost 
effectiveness. Petty reported a 38% decrease 
in total hospital days from 868 days to 542 
days for 85 patients, one year after conclusion 
of pulmonary rehabilitation [125]. Similarly 
Johnson [126] reported a 55% decrease in hos
pital days for 96 patients over a similar 
period. A further study [127] has shown a 
marked reduction in the number of repeat 
admissions in a group of 24 patients in the 
year after pulmonary rehabilitation (5 admis
sions compared with 30 in the previous year). 
Two other studies [126, 128] reported a 
similar average decrease in hospital stay per 
patient/year of 20 and 21 days respectively 
including the cost of pulmonary rehabilit
ation in the cost benefit analysis with the con
clusion that there had been highly significant 
net cost savings. Long-term benefits have 
been demonstrated over periods of 4 years 
[129] (73% reduction in hospitalizations in the 
first year and 61 % in the fourth for the 44 
patients who survived, and 8 years [130]). In 
the latter case only 8% of the rehabilitation 
group required sheltered care as compared 
with 17% of the comparison group. Although 
a number of factors may have influenced 
these outcomes, the available data support 
the view that pulmonary rehabilitation pro
grams are not only very beneficial to the indi
vidual but offer cost-effective therapy for 
capo in general. 

21.5 SUMMARY 

The current resurgence of interest in pul
monary rehabilitation for patients with capo 

suggests some optimism that this frustrating 
and debilitating illness can be ameliorated by 
approaches extending beyond simple phar
macologic management of the underlying 
disease process. The challenge is two-fold: 
first to supply comprehensive care to the mil
lions of patients suffering from capo and 
secondly to advance the scientific basis for 
pulmonary rehabilitation in order to enhance 
its applications. 

While the comprehensive nature of pul
monary rehabilitation may seem daunting to 
interested physicians, the organization can be 
shared by adopting a cooperative approach to 
treatment with related health professionals in 
a multidisciplinary setting. 

ACKNOWLEDGEMENTS 

I am greatly indebted to my secretary, Mrs 
Ann Glen for her careful help, in the prep
aration of this manuscript. 

REFERENCES 

1. Petty, T.L. (1977) Pulmonary rehabilitation. 
Respir. Care, 22, 68-77. 

2. McSweeny, J. (1988) Quality of life in COPD, 
in Chronic Obstructive Pulmonary Disease: A 
Behavioural Perspective. Lung Biology in Health 
and Disease, (eds J. McSweeny and 1. Grant), 
Vol. 36, Marcel Dekker, New York. 

3. World Health Organization (1977) Manual of 
the International Classification of Diseases, 
Injuries and Causes of Death, World Health 
Organization, Geneva. 

4. Higgins, M. (1993) Epidemiology of obstruc
tive pulmonary disease, in Principles and 
Practice of Pulmonary Rehabilitation, (eds R. 
Casaburi and T. Petty), Saunders, Philadel
phia. 

5. Petty, T.L. (1993) Pulmonary rehabilitation: a 
personal historical perspective, in Principles 
and Practice of Pulmonary Rehabilitation, (eds R. 
Casaburi and T. Petty), Saunders, Philadel
phia. 

6. Hodgkin, J.E., Balchum, O.J., Kass, 1. et al. 
(1975) Chronic obstructive airways diseases. 
Current concepts in diagnosis and com
prehensive care. lAMA, 232, 1243-60. 



7. Proceedings of the Conference on the 
Scientific Basis of Respiratory Therapy (1974) 
Am. Rev. Respir. Dis., 110, 51-202. 

8. European Respiratory Society Rehabilitation 
and Chronic Care Scientific Group (1991). 
Pulmonary rehabilitation in chronic obstruct
ive pulmonary disease (COPD) with recom
mendations for its use. Eur. Respir. Rev., 
Review No.6, 1-568. 

9. Make, B.J. (1986) Pulmonary Rehabilitation, 
in: Clin. Chest Med., 7, 4th ed., Saunders, 
Philadelphia. 

9a. Clark, CJ. (1994) Setting up a pulmonary re
habilitation programme. Thorax, 49, 270-78. 

10. Barcroft, J. (1934) Features in the Architecture of 
Physiological Function, Cambridge University 
Press, Cambridge, England. 

11. American College of Sports Medicine (1980) 
Guidelines for Graded Exercise Testing and 
Exercise Prescription, 2nd edn, Lea & Febiger, 
Philadelphia. 

12. Astrand, P.O. and Rodahl, K (1977) Textbook 
of Work Physiology, 2nd edn, McGraw-Hill, 
New York. 

13. Belman, M.J. (1986) Exercise in chronic 
obstructive pulmonary disease. Clin. Chest 
Med., 7, 585-97. 

14. Wasserman, K, Hansen, J.E., Sue, D.Y. and 
Whipp, B.J. (1987) Principles of Exercise 
Testing and Interpretation, Lea & Febiger, 
Philadelphia, p. 52. 

15. Casaburi, R, Patessio, A, Loli, F. et a/. (1991) 
Reductions in exercise lactic acidosis and ven
tilation as a result of exercise training in 
patients with obstructive lung disease. Am. 
Rev. Respir. Dis., 143, 9-18. 

16. Casaburi, R. and Wasserman, K (1986) 
Exercise training in pulmonary rehabilitation. 
N. Engl. J. Med., 314,1509-11. 

17. Casaburi, R. and Petty, T. (eds) (1993) 
Exercise training in chronic obstructive lung 
disease, in Principles and Practice of Pulmonary 
Rehabilitation, Saunders, Philadelphia. 

18. Clausen, J.P. (1976) Circulatory adjustments 
to dynamic exercise and effect of physical 
training in normal subjects and patients with 
coronary artery disease. Prog. Cardiovasc. Dis., 
18,459-95. 

19. Holloszy, J.O. (1976) Adaptations of muscular 
tissue to training. Prog. Cardiovasc. Dis., 18, 
445-58. 

20. Jones, N.L. Kearon, M.C and Leblanc, P. et al. 
(1989) Symptoms limiting activity in chronic 
airflow limitation. Am. Rev. Respir. Dis., 139, 
A319. 

References 541 

21. Guell, R, Gimenez, M. and Marchand, M. 
(1989) Dyspnoea, pain in the legs and quadri
ceps electro-myographic fatigue at maximal 
exercise in patients with chronic airway 
obstruction. Eur. Respir. J., Suppl. 2, 385s. 

22. Allard, c., Jones, N.L. and Killian, K J. (1989) 
Static peripheral skeletal muscle strength and 
exercise capacity in patients with chronic 
airflow limitation. Am. Rev. Respir. Dis. 138, 
A90. 

23. Simpson, K, Killian, K, McCartney, N. et a/. 
(1992) Randomised control trial of weight
lifting exercise in patients with chronic 
airflow limitation. Thorax, 47, 70-5. 

24. Mackay, E., Cochrane, L.M. and Clark, CJ. 
(1992) The effects of sequential isolated 
muscle training on peripheral muscle con
ditioning and exercise tolerance in patients 
with COPD. Eur. Respir. J., 5 (Suppl. 15): 30S. 

25. Celli, B.R, Rassulo, J. and Make, B.J. (1986) 
Dyssynchronous breathing during arm but 
not leg exercise in patients with chronic 
airflow obstruction. N. Eng/. J. Med., 314, 
1485-90. 

26. Criner, G.J. and Celli, B.R (1988) Effect of 
unsupported arm exercise on ventilatory 
muscle recruitment in patients with severe 
chronic airflow obstruction. Am. Rev. Respir. 
Dis. 138, 856-61. 

27. Ries, AL., Ellis, B. and Hawkins, RW. (1988) 
Upper extremity exercise training in chronic 
obstructive pulmonary disease. Chest, 93, 
688-92. 

28. Lake, F.R, Henderson, K, Briffa, T. et a/. 
(1990) Upper-limb and lower-limb exercise 
training in patients with chronic airflow 
obstruction. Chest, 97, 1077-82. 

29. Franklin, B.A. (1985) Exercise testing, train
ing and arm ergometry. Sports Med., 2, 
100-19. 

30. Franklin, B.A (1989) Aerobic exercise training 
programs for the upper body. Med. Sci. Sports 
Exerc., 21, S141-S148. 

31. Sue, D.Y., Oren, A, Hansen, J.E. and 
Wasserman, K (1987) Diffusing capacity for 
carbon monoxide as a predictor of gas 
exchange during exercise. N. Eng/. J. Med., 
316,1301-6. 

32. Ries, A.L., Farrow, J.T. and Clausen, J.L. 
(1988) Pulmonary function tests cannot 
predict exercise-induced hypoxemia in 
chronic obstructive pulmonary disease. Chest, 
93,454-9. 

33. Zack, M.B. and Palange, AV. (1985) Oxygen 
supplemented exercise of ventilatory and 



542 Pulmonary rehabilitation 

non ventilatory muscles in pulmonary 
rehabilitation. Chest, 88, 669-74. 

34. Cotes, J.E. and Gilson, J.C (1956) Effect of 
oxygen on exercise ability in chronic respir
atory insufficiency: Use of portable appara
tus. Lancet, 1, 872-6. 

35. Woodcock, A.A, Gross, E.R and Geddes, 
D.M. (1981) Oxygen relieves breathlessness in 
'pink puffers'. Lancet, i, 907-9. 

36. Stein, D.A, Bradley, B.L. and Miller, W.C 
(1982) Mechanisms of oxygen effects on 
exercise in patients with chronic obstructive 
pulmonary disease. Chest, 81, 6-10. 

37. Foster, S., Lopez, D. and Thomas, H.M. (1988) 
Pulmonary rehabilitation in COPD patients 
with elevated PC02. Am. Rev. Respir. Dis., 138, 
1519-23. 

38. Pardy, RL., Reid, D.W. and Belman, M.J. 
(1988) Respiratory muscle training. Clin. Chest 
Med., 9, 287-96. 

39. Rochester, D.F. (1988) Does respiratory 
muscle rest relieve fatigue or incipient 
failure? Am. Rev. Respir. Dis., 138, 516-7. 

40. Grassino, A (1989) Inspiratory muscle train
ing in COPD patients. Eur. Respir. J., Suppl. 2, 
581s-586s. 

41. Smith, K., Cook, D., Guyatt, G.H. et al. (1992) 
Respiratory muscle training in chronic 
airflow limitation: a meta-analysis. Am. Rev. 
Respir. Dis., 145, 533-9. 

42. Moxham, J. (1990) Respiratory muscle 
fatigue, mechanisms, evaluation and therapy. 
Br. J. Anaesth., 65, 43-53. 

43. Laroche, CM., Moxham, J. and Green, M. 
(1989) Respiratory muscle weakness and 
fatigue. Q. J. Med., 71, 373-97. 

44. Dekhuijzen, P.N., Folgering, H.T. and van 
Herwaarden, C L. (1991) Target-flow inspir
atory muscle training during pulmonary 
rehabilitation in patients with COPD. Chest, 
99,128-33. 

45. Harver, A, Mahler, D.A and Daubenspeck, 
J.A (1989) Targeted inspiratory muscle train
ing improves respiratory muscle function and 
reduces dyspnoea in patients with chronic 
obstructive disease. Ann. Intern. Med., 111, 
117-24. 

46. Black, L.F. and Hyatt, RE. (1969) Maximal 
respiratory pressures: Normal values and re
lationship to age and sex. Am. Rev. Respir. 
Dis., 99, 696-702. 

47. Grimby, G. and Stiksa, J. (1970) Flow-volume 
curves and breathing patterns during exercise 

in patients with obstructive lung disease. 
Scand. J. Clin. Lab. Invest., 25, 303-13. 

48. Potter, W.A, Olafsson, S. and Hyatt, RE. 
(1971) Ventilatory mechanics and expiratory 
flow limitation during exercise in patients 
with obstructive lung disease. J. Clin. Invest., 
50,910-9. 

49. Stubbing, D.G., Pengelly, L.D., Morse, J.L.C 
and Jones, N. (1980) Pulmonary mechanics 
during exercise in subjects with chronic 
airflow obstruction. J. App/. Physiol., 49, 511-5. 

50. Younes, M. (1989) Load responses, dyspnoea 
and respiratory failure. Chest, 3, 595-685. 

51. Fleury, B., Murciano, C, Talamo, C et al. 
(1985) Work of breathing in patients with 
chronic obstructive pulmonary disease in 
acute respiratory failure. Am. Rev. Respir. Dis., 
131,822-7. 

52. Haluszka, J., Chartrand, D.A, Grassino, AE. 
et al. (1990) Intrinsic PEEP and arterial PC02 

in stable patients with chronic obstructive 
pulmonary disease. Am. Rev. Respir. Dis., 141, 
1194-7. 

53. Smith, T.C and Marini, J.J. (1988) Impact of 
PEEP on lung mechanics and work of breath
ing in severe airflow obstruction. J. Appl. 
Physio/., 65, 1488-99. 

54. Petrof, B.J., Calderini, E. and Gottfried, S.B. 
(1990) Effect of CP AP on respiratory effort 
and dyspnoea during exercise in COPD. 
J. App/. Physio/., 69,179-88. 

55. O'Donnell, D.E., Sanii, R, Gresinecht, G. et al. 
(1988) Effect of continuous positive airway 
pressure on respiratory sensation in patients 
with chronic obstructive pulmonary disease 
during submaximal exercise. Am. Rev. Respir. 
Dis., 138, 1185-91. 

56. Barach, AL. (1955) Breathing exercises in pul
monary emphysema and allied chronic respi
ratory disease. Arch. Phys. Med. Rehab., 36, 
379-90. 

57. Miller, W.F. (1954) A physiologic evaluation 
of the effects of diaphragmatic breathing 
training in patients with chronic pulmonary 
emphysema. Am. J. Med., 17, 471-7. 

58. Faling, J.L. (1993) Controlled breathing tech
niques and chest physical therapy in chronic 
obstructive pulmonary disease and allied 
conditions, in Principles and Practice of 
Pulmonary Rehabilitation, (eds R Casaburi and 
T. Petty), Saunders, Philadelphia. 

59. Mueller, RE., Petty, T.L. and Filley, G.F. 
(1970) Ventilation and arterial blood gas 



changes induced by pursed lip breathing. 
J. App/. Physio/., 28, 784-9. 

60. Thoman, R.L., Stoker, G.L. and Ross, J.C 
(1966) The efficacy of pursed-lips breathing in 
patients with chronic obstructive pulmonary 
disease. Am. Rev. Respir. Dis., 93, 100-5. 

61. Ingram, R.H. Jr and Schilder, D.P. (1967) 
Effect of pursed lips expiration on the 
pulmonary pressure-flow relationship in 
obstructive lung disease. Am. Rev. Respir. Dis., 
96,381-7. 

62. Tiep, B.L., Burns, M., Kao, D. et a/. (1986). 
Pursed lips breathing training using ear 
oximetry. Chest, 90, 218-21. 

63. Roa, J., Epstein, S., Breslin, E. et al. (1991) 
Work of breathing and ventilatory muscle 
recruitment during pursed lip breathing in 
patients with chronic airway obstruction. Am. 
Rev. Respir. Dis., 143, A77. 

64. Sharp, J.T., Drutz, W.5., Moisan, T. et al. 
(1980) Postural relief of dyspnea in severe 
chronic obstructive pulmonary disease. Am. 
Rev. Respir. Dis., 122, 201-11. 

65. Delgado, H.R., Braun, SR., Skatrud, J. B. et a/. 
(1982) Chest wall and abdominal motion 
during exercise in patients with chronic 
obstructive pulmonary disease. Am. Rev. 
Respir. Dis., 126, 200-5. 

66. Miller, W.F. (1958) Physical therapeutic meas
ures in the treatment of chronic broncho
pulmonary disorders: Methods for breathing 
training. Am. J. Med. 24, 929-40. 

67. Sinclair, J.D. (1955) The effect of breathing ex
ercises in pulmonary emphysema. Thorax, 10, 
246-9. 

68. McNeil, R.S. and McKenzie, J.M. (1955) An 
assessment of the value of breathing exercises 
in chronic bronchitis and asthma. Thorax, 10, 
250-2. 

69. Willeput, R., Vachaudez, J.P., Lenders, D. 
et al. (1983) Thoracoabdominal motion during 
chest physiotherapy in patients affected by 
chronic obstructive lung disease. Respiration, 
44,204-14. 

70. Brach, B.B., Chao, R.P., Sgroi, V.L. et al. 
(1977) Xenon washout patterns during 
diaphragmatic breathing. Studies in normal 
persons and patients with chronic obstructive 
pulmonary disease. Chest, 71, 735-9. 

71. Sackner, M.A., Gonzalez, H.F., Jenouri, G. 
and Rodriguez, M. (1984) Effects of abdomi
nal and thoracic breathing on breathing 
pattern components in normal subjects and in 

References 543 

patients with chronic obstructive pulmonary 
disease. Am. Rev. Respir. Dis., 130, 584-7. 

72. Wilson, D.O., Rogers, R.M., Hoffman, R.M. 
(1985) Nutrition and chronic lung disease. 
Am. Rev. Respir. Dis., 132, 1347-65. 

73. Burrows, B., Niden, A. H., Barclay, W. R. and 
Kasik, J.E. (1964) Chronic obstructive lung 
disease. II. Relationship of clinical and phy
siological findings to the severity of airways 
obstruction. Am. Rev. Respir. Dis., 91, 665-78. 

74. Renzetti, A.D., McClement, J.H. and Litt, B.D. 
(1966) The veterans administration co
operative study of pulmonary function. III. 
Mortality in relation to respiratory function in 
chronic obstructive pulmonary disease. Am. J. 
Med., 41, 115-29. 

75. Wilson, D.O., Rogers, R.M., Wright, E.C and 
Anthonisen, N. R. (1989) Body weight in 
chronic obstructive pulmonary disease. The 
National Institutes of Health intermittent 
positive-pressure breathing trial. Am. Rev. 
Respir. Dis., 139, 1435-8. 

76. Boushy, S.F., Adhikari, P.K., Sakamoto, A. and 
Lewis, B. M. (1964) Factors affecting prognosis 
in emphysema. Dis. Chest, 45, 402-11. 

77. Thurlbeck, M.M., (1978) Diaphragm and 
body weight in emphysema. Thorax, 33, 
483-7. 

78. Rochester, D.F. and Braun, N.M.T. (1985) 
Determinants of maximal inspiratory press
ure in chronic obstructive pulmonary disease. 
Am. Rev. Respir. Dis., 132, 42-7. 

79. Donahoe, M., Rogers, R.M., Wilson, D.O. and 
Pennock, B. E. (1989) Oxygen consumption of 
the respiratory muscles in normal and in mal
nourished patients with chronic obstructive 
pulmonary disease. Am. Rev. Respir. Dis., 140, 
385-91. 

80. Sahebjami, H. (1986) Nutrition and the pul
monary parenchyma. Clin. Chest Med., 7, 
111-26. 

81. Shennib, H., Chu-Jeng Chiu R., Mulder, D.5. 
and Lough, J.O. (1984) Depression and 
delayed recovery of alveolar macrophage 
function during starvation and refeeding. 
Surg. Gynecol. Obstet., 158, 535-40. 

82. Goldstein, S.A., Thomashow, B.M., Kvetan, V. 
et al. (1988) Nitrogen and energy relationships 
in malnourished patients with emphysema. 
Am. Rev. Respir. Dis., 138, 636-44. 

83. Fitting, J.W., Frascarolo, Ph., Jequier, E. and 
Leuenberger, Ph. (1989) Energy expenditure 
and rib cage-abdominal motion in chronic 



544 Pulmonary rehabilitation 

obstructive pulmonary disease. Eur. Respir. J., 
2,840-5. 

84. Wilson, D.O., Donahoe, M., Rogers, RM. and 
Pennock, B.E. (1990) Metabolic rate and 
weight loss in chronic obstructive lung 
disease. J. Parenter. Enteral Nutr., 14L, 7-11. 

85. Hugli, 0., Schutz, Y., Leuenberger, Ph. and 
Fitting, J.W. (1991) The daily energy expend
iture of COPD patients in confined and free
living conditions. Am. Rev. Respir. Dis., 143, 
A453. 

86. Lewis, M.I., Belman, M.J. and Door-Uyemura, 
L. (1987) Nutritional supplementation in am
bulatory patients with chronic obstructive 
pulmonary disease. Am. Rev. Respir. Dis., 135, 
1062-8. 

87. Knowles, J.B., Fairbairn, M.S., Wiggs, B.J. et al. 
(1988) Dietary supplementation and respir
atory muscle performance in patients with 
COPD. Chest, 93, 977-83. 

88. Efthimiou, J., Fleming, J., Gomes, C. and 
Spiro, S.G. (1988) The effect of supplementary 
oral nutrition in poorly nourished patients 
with chronic obstructive pulmonary disease. 
Am. Rev. Respir. Dis., 137, 1075-82. 

89. Otte, K.F., Ahlburg, P., D' Amore, F. and 
Stellfield, M. (1989) Nutritional repletion in 
malnourished patients with emphysema. 
J. Parenter. Enteral Nutr., 13, 152-6. 

90. Whittaker, J.5., Ryan, C.F., Buckley, P.A. and 
Road, J.R (1990) The effects of refeeding on 
peripheral and respiratory muscle function in 
malnourished chronic obstructive pulmonary 
disease patients. Am. Rev. Respir. Dis., 142, 
283-8. 

91. Covelli, H.D., Waylon Black, J., Olsen, M.5. 
and Beekman, J.F. (1981) Respiratory failure 
precipitated by high carbohydrate loads. Ann. 
Intern. Med., 95, 579-81. 

92. Angelillo, V.A, Bedi, S., Durfee, D. et al. 
(1985) Effects of low and high carbohydrate 
feedings in ambulatory patients with chronic 
obstructive pulmonary disease and chronic 
hypercapnia. Ann. Intern. Med., 103, 883-5. 

93. Neish, C.M. and Hopp, J.W. (1988) The role 
of education in pulmonary rehabilitation. 
J. Cardiopulmonary Rehabil., 11, 439-41. 

94. Howland, J., Nelson, E.c., Barlow, P.B. et al. 
(1986) Chronic obstructive airway disease: 
impact of health education. Chest, 90, 233-8. 

95. Askikaga, T., Vacek, P.M. and Lewis, S.o. 
(1980) Evaluation of a community-based edu
cation programme for individuals with 

chronic obstructive pulmonary disease. J. 
Rehabil. Res. Dev., 46, 23-7. 

96. Kaplan, RM., Eakin, E.G. and Ries, AL. 
(1993) Psychosocial issues in the rehabilit
ation of patients with chronic obstructive pul
monary disease, in Principles and Practice of 
Pulmonary Rehabilitation, (eds. R. Casaburi 
and T. Petty), Saunders, Philadelphia. 

97. Clark, c.J. (1993) Evaluating the results of 
pulmonary rehabilitation treatment, in 
Principles and Practice of Pulmonary 
Rehabilitation, (eds. R Casaburi and T. Petty), 
Saunders, Philadelphia. 

98. Jones, P.W., Baveystock, C.M. and Littlejohns, 
P. (1989) Relationships between general 
health measured with the sickness impact 
profile and respiratory symptoms, physiolog
ical measures and mood in patients with 
chronic airflow limitation. Am. Rev. Respir. 
Dis., 140, 1538-43. 

99. Cotes, J.E., Bishop, J.M., Capel, L.H. et al. 
(1981) Disabling chest disease; prevention and 
care: a report of the Royal College of Phy
sicians by the College Committee on Thoracic 
Medicine. J. R. Coli. Physicians Lond., 15, 69-87. 

100. Sackett, D.L. (1976) The magnitude of com
pliance and non-compliance, in Compliance 
with Therapeutic Regimens, (eds D.L. Sackett 
and RB. Haynes). John Hopkins University 
Press, Baltimore. 

101. Carmody, T., Senner, J., Malineau, M. and 
Matarazzo, G. (1980) Physical exercise reha
bilitation: long term dropout rate in cardiac 
patients. J. Behav. Med., 3, 163-8. 

102. Larson, E.B. and Bruce, RA (1987) Health 
benefits of exercise in an aging society. Arch. 
Intern. Med., 147, 353-6. 

103. Singh, S.J., Morgan, M.D.L., Scott, S. et al. 
(1992) Development of a shuttle walking test 
of disability in patients with chronic airways 
obstructive. Thorax, 47,1019-24. 

104. McGavin, C.R, Gupta, S.P., Lloyd, E.L. and 
McHardy, J.R (1977) Physical rehabilitation 
of chronic bronchitis; Results of a controlled 
trial of exercises in the home. Thorax, 32, 
307-11. 

105. Ambrosino, N., Paggiaro, P.L., Macchi, M. 
et al. (1981) A study of short-term effect of 
rehabilitative therapy in chronic obstructive 
pulmonary disease. Respiration, 41, 40-4. 

106. Booker, H.A. (1984) Exercise training and 
breathing control in patients with chronic 
airflow limitation. Physiotherapy, 70, 258-60. 



107. Sinclair, D.J.M. and Ingram, e.G. (1980) 
Controlled trial of supervised exercise 
training in chronic bronchitis. Br. Med. J., 280, 
519-21. 

108. Cockroft, A., Bagnall, P., Heslop, A. et al. 
(1987) Controlled trial of respiratory health 
worker visiting patients with chronic 
respiratory disability. Br. Med. J., 294, 225-8. 

109. Tydeman, D.E., Chandler, A.R., Graveling, 
B.M. et al. (1984) An investigation into the 
effects of exercise tolerance training on 
patients with chronic airways obstruction. 
Physiotherapy, 70, 261-4. 

110. Zack, M.B. and Palange, A.V. (1985) Oxygen 
supplemented exercise of ventilatory and 
nonventilatory muscles in pulmonary 
rehabilitation. Chest, 88, 669-75. 

111. Mohsenifar, Z., Horak, D., Brown, H.V. and 
Koerner, S. K. (1983) Sensitive indices of 
improvement in a pulmonary rehabilitation 
programme. Chest, 83, 189-92. 

112. Mall, R.W. and Medeiros, M. (1989) Objective 
evaluation of results of a pulmonary 
rehabilitation programme in a community 
hospital. Chest, 94, 1156-60. 

113. Bebout, D.E., Hodgkin, J.E., Zorn, E.G. et al. 
(1983) Clinical and physiological outcomes 
of a university-hospital pulmonary rehab
ilitation programme. Respir. Care, 28, 
1468-73. 

114. Atkins, e.J., Kaplan, R.M., Timms, R.M. et al. 
(1984) Behavioral exercise programmes in the 
management of chronic obstructive pul
monary disease. J. Consult. Clin. Psychol., 52, 
591-603. 

115. Dudley, D.L., Glaser, E. M., Jorgenson, B.N. 
and Logan, D.L. (1980) Psychosocial concomi
tants to rehabilitation in chronic obstructive 
pulmonary disease. Part 2. Psychosocial 
treatment. Chest, 77,544-684. 

116. Krop, H.D., Block, A.J. and Cohen, E. (1973) 
Neuropsychologic effects of continuous 
oxygen therapy in chronic obstructive pul
monary disease. Chest, 64, 317-22. 

117. Williams, S.J. (1989) Chronic respiratory 
illness and disability: a critical review of the 
psychosocial literature. Soc. Sci. Med., 28, 
791-803. 

118. Renfroe, K.L. (1988) Effect of progressive 
relaxation on dypnoea and state anxiety 
patients with chronic obstructive pulmonary 
disease. Heart Lung, 17, 408-13. 

References 545 

119. Tandon, M.K. (1978) Adjunct treament with 
yoga in chronic severe airways obstruction. 
Thorax, 33, 514-7. 

120. Haas, A. and Cardon, H. (1969) Rehabilitation 
in chronic obstructive pulmonary disease: a 5 
year study of 252 patients. Med. Clin. North 
Am., 53, 593-606. 

121. Sahn, S.A., Nett, L.M. and Petty, T.L. (1980) 
Ten year follow-up of a comprehensive 
rehabilitation programme for severe COPD. 
Chest, 77, 311-4. 

122. Anthonisen, N.R., Wright, E.e. and Hodgkin, 
J.E. (1986) Prognosis in chronic obstructive 
pulmonary disease. Am. Rev. Respir. Dis., 133, 
14-20. 

123. Nocturnal Oxygen Therapy Trial Group. 
(1980) Continuous or nocturnal oxygen 
therapy in hypoxaemic chronic obstructive 
lung disease. Ann. Intern. Med., 93, 391-8. 

124. Toevs, e.D., Kaplan, R.M. and Atkins, e.J. 
(1984) The costs and effects of behavioral pro
grams in chronic obstructive pulmonary 
disease. Med. Care, 22, 1088-1100. 

125. Petty, T.L., Neff, L.M., Finigan, M.M. et a/. 
(1969) A comprehensive care programme for 
chronic airways obstruction: methods and 
preliminary evaluation of symptomatic and 
functional improvement. Ann. Intern. Med., 
70, 1109-20. 

126. Johnson, H.R., Tanzi, F., Balchum, OJ et a/. 
(1980) Inpatient comprehensive pulmonary 
rehabilitation in severe COPD. Respir. Ther., 
May/June, 15-19. 

127. Agle, D.P. Baum, G.L., Chester, E.H. and 
Wendt, M. (1973) Multidiscipline treatment of 
chronic pulmonary insufficiency: 1. Psy
chologic aspects of rehabilitation. Psychosom. 
Med., 35, 41-9. 

128. Alpert, J.S., Bass, H., Szucs, M.M. et a/. (1975) 
Effects of physical training on hemodynamics 
and pulmonary function at rest and during 
exercise in patients with chronic obstructive 
pulmonary disease. Chest, 66, 647-5l. 

129. Hudson, L.D., Tyler, M.L. and Petty, T.L. 
(1976) Hospitalisation needs during an out
patient rehabilitation programme for severe 
chronic airway obstruction. Chest, 70, 
606-10. 

130. Haas, A. and Cardon, H. (1969) Rehabilitation 
in chronic obstructive pulmonary disease: a 5 
year study of 252 male patients. Med. Clin. 
North Am., 53, 593-606. 



BULLOUS LUNG DISEASE 22 

M.D.L. Morgan 

Many of the mechanical and physiologic 
properties of the lung are determined by its 
complex honeycomb structure. The lung 
parenchyma is formed by a matrix of millions 
of air-containing spaces of roughly equal size. 
The interdependence of these units is 
reflected in the uniform distribution of elastic 
forces throughout the lung which support the 
smaller airways and maintain their patency. 
In most forms of chronic obstructive lung 
disease the destructive pathology is relatively 
uniformly distributed. Occasionally one part 
of the lung is affected preferentially leading 
to the development of parenchymal destruc
tion and the formation of a large abnormal 
airspace within the lung. If the space exceeds 
the confining powers of interdependence it 
will develop mechanical and elastic properies 
of its own which may interfere with the func
tion of the remainder of the lung. Such is the 
case in bullous lung disease where large, 
redundant spaces may develop within the 
lung and compromise its function. These 
bullae usually occur in association with gen
eralized emphysema but can can coexist with 
normal lung. In comparison to other forms of 
chronic obstructive lung disease, bulla forma
tion is not very common. However, it is 
important because it offers one of the very 
few opportunities for surgical correction of 
lung disease which results in functional 
improvement. For this reason the assessment 
of such patients has to be more detailed so 

that the surgical opportunity can be 
exploited. This chapter will examine the 
nature of bullous lung disease and its 
presentation. It will also describe the methods 
of assessment for surgery and the details of 
outcome. 

22.1 DEFINITION 

There is a confusion of terms which describe 
abnormal large airspaces within the lung. 
Often the nomenclature has been used loosely 
and descriptions of cavities, cysts, bullae and 
blebs have been used interchangeably. For the 
purpose of this chapter we will define them 
precisely [1]. 

Cyst: This is a generic term which describes 
an abnormal airspace between 1 cm3 and 
several liters in size. Congenital cysts arising 
from the tracheobronchial tree are lined by 
ciliated epithelium. Acquired cysts, including 
cavities, bullae and pneumatoceles, lack an 
epithelial lining and arise as a result of local 
injury. 

Cavity: An acquired cyst with a non
epithelial lining but a wall which is thicker 
than 3 mm. Such a space usually arises 
following pulmonary infection or fibrosis. 

Bleb: A small, but immediately subpleural 
collection of air external to the internal elastic 
layer of the visceral pleura. Such spaces are 
prone to rupture and lead to spontaneous 
pneumothorax. 

Chronic Obstructive Pulmonary Disease. Edited by Dr P. Calverley and Professor N. Pride. Published in 1995 by 
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Bulla: An acquired air-filled space within 
the lung parenchyma larger than 1 cm3 which 
has an oval or round shape and charac
teristically thin walls of minimal thickness. 

The term pneumatocele is often synony
mous with a bulla and also results from tissue 
lysis. However, it is usually reserved for 
small postinfective cysts in conditions such as 
staphylococcal pneumonia which are likely to 
recover spontaneously. Acquired cysts are 
more likely to be called bullae if they are 
associated with airway obstruction. The co
existence of bullae and emphysematous 
obstructive airway disease is known as 
bullous lung disease. This chapter is con
cerned primarily with the latter since the 
presence of large bullae may worsen symp
toms of airway obstruction but at the same 
time offer an opportunity for therapy. 

22.2 STRUCTURE AND PATHOLOGY 

Bullae develop from a region of local pul
monary destruction which does not always 
have to be emphysematous. The local 
destruction can arise from degenerative, lytic 
or traumatic causes. Bullae have been 
described in association with tuberculosis, 
sarcoidosis, AIDS and trauma amongst others 
[2,3,4]. In approximately 20% of cases the sur
rounding lung is seen to be normal but the 
majority of cases are associated with emphy
sema and chronic airway obstruction [5]. The 
size and the structure of emphysematous 
bullae are variable but their appearance has 
been classified by Reid according to the size 
and position of the region of destruction [6]. 
Type 1 bullae are characterized by mush
room-like expansion into the pleural space. In 
this case the epicenter of parenchymal 
damage is close to the pleural surface and the 
external wall of the bulla is stretched pleura 
with a narrow neck connecting the bulla to 
the lung. A type 2 bulla has less pleural 
surface and a broader neck which merges into 
emphysematous lung. The type 3 bulla is 
deep within the lung and has no pleural 

reflection. Although these three forms of 
bulla can be distinguished they probably do 
not signify a difference in etiology rather 
than an indication of the anatomic site of 
origin which results in their different 
appearances. 

The macroscopic appearance of bullae is 
usually spheroid or lobular. The cavity, con
taining air, may be septate and contain 
fibrous bands which are the remnants of 
stretched fibrous tissue and blood vessels. 
The thin lining of the cysts is not epithelial 
but derived from alveolar pneumocytes and 
is relatively avascular [6,7]. Contrary to some 
theories of origin the floor of bullae does not 
contain a single feeding airway (Plate I, 
p. 544). In most cases the bulla floor merges 
imperceptibly into the alveolar ducts and 
alveolae of adjacent lung, though sometimes 
the alveolar septa may form a funnel at the 
base. 

22.3 ORIGIN AND DEVELOPMENT OF 
EMPHYSEMATOUS BULLAE 

The development of symptomatic dyspnea in 
a patient with bullous disease is usually 
associated with the radiologic progression of 
the bulla and apparent reduction in the 
volume of surrounding normal lung. One 
obvious explanation for this appearance 
would be the gradual development of relative 
positive pressure within the bulla which com
presses surrounding lung or prevents its 
expansion. The belief has developed that 
bullae form in a region of local weakness 
which is simultaneously supplied by airways 
that have a valvular structure which allows 
gas to enter but impedes its exit. This attract
ive hypothesis explains the development of a 
bulla and also provides a rationale for surgery 
by the release of compressed lung and this 
mechanism is therefore still widely believed to 
be responsible. The logic of this explanation 
does not, however, stand up to detailed 
scrutiny and the physical evidence that exists 
does not support the compression theory. 



Origin and development of emphysematous bullae 549 

The presence of a valvular obstruction 
within the feeding airways is a prerequisite 
for the development of a large pressurized 
cyst. Histologic features of such valves were 
described by Hayashi as cited by Head and 
Avery in 1949 [8,9]. More recent and detailed 
histologic examination of the junctional areas 
between bullae and normal lung do not 
confirm their presence [6,7]. There may be 
some areas of ill-defined fibrosis but most 
bullae have widely patent communications 
with adjacent lung or simply merge with it. 
Even assuming that such valvular obstruc
tions exist it is difficult to see how the bulla 
can fill under pressure during normal breath
ing. This 'bicycle pump' theory of develop
ment requires that gas will enter an area of 
high pressure rather than distend more com
pliant lung. This is difficult to conceive but it 
is possible that the bullous space may be 
enlarged during cough or expiration. 

Evidence against a compression theory can 
also be obtained from changes in volume, 
pressure and gas content within a bulla 
during spontaneous ventilation. The meas
urement of bulla volume by CT in full inspir
ation and expiration allows an estimate of the 
bulla vital capacity. A large bulla itself may 
contain up to 4 1 of gas but the volume change 
during a breath is usually less than 8% of the 
bulla vital capacity. The volume change is in 
the appropriate direction, i.e. larger on inspir
ation. Most bullae do not therefore contribute 
significantly to gas exchange but do fill and 
empty synchronously with the rest of the 
lung. This feature would not be compatible 
with expiratory filling of a cyst under 
pressure. 

Direct measurement of the pressure within 
bullae has been made at operation or per
cutaneously by some surgeons [7,10]. 
Interestingly the pressures have been very 
similar to expected pleural pressure (-11 cm 
H20 during tidal breathing and -27 cm H20 
at TLC). When intrabulla pressure has been 
measured simultaneously with pleural press
ure the two signals have similar amplitudes 

and are in phase. This confirms that bullae are 
subject to the same pressure changes during 
spontaneous inspiration as the rest of the 
lung. Surgeons are aware that a bulla readily 
presents itself at thoracotomy and under
standably gives the impression of containing 
gas under pressure. Direct measurement of 
intra bulla pressure has also been made 
during IPPV when the airway pressure is 
transmitted with slight attenuation to the 
bulla. However, continued observation in one 
case demonstrated the development of PEEP 
within the bullae which would give the bulla 
the appearance of being under tension when 
the chest is opened [7]. Under these artificial 
circumstances of IPPV the intrabulla pressure 
may be supra pleural. 

The content of the gas within bullae has 
been examined by taking samples from direct 
puncture. Kaltreider and Fray reported that 
the oxygen and carbon dioxide content of 
bullae were similar to that found in mixed 
venous blood [10]. They also examined the 
wash-in of acetylene which was minimal. Gas 
sampling experiments have been repeated 
recently by examination of the O2 and CO2 
tensions within bullae before and during 
hyperoxygenation [7]. The bulla P02 and PC02 
were identical to the expected alveolar values. 
During oxygen wash-in the P02 rose at a rate 
which was slower than the rise in arterial P02 
and did not reach equilibrium over the study 
period. These experiments suggest that bullae 
are large spaces which do ventilate slowly but 
probably do not contribute significantly to 
gas exchange. The large, relatively avascular, 
internal surface area permits gas equilibrium 
to the level of mixed venous blood. 

Although the physiologic behaviour of 
bullae can be characterized there is still some 
difficulty in understanding how they arise 
and take their shape. Some light can be shed 
on this problem by examining the mechanical 
properties of a bulla independently from the 
whole lung. In 1962, Ting examined the 
pressure-volume characteristics of both a 
bulla and its adjoining lung [11]. He dis-
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covered that the bulla was initially very com
pliant and filled easily and rapidly. However, 
once it was full it behaved like a paper bag 
with non-compliant walls and therefore does 
not really have any elasticity (Fig. 22.1). 

Superimposition of the P-V curve of the 
adjoining lung highlights the major difference 
in the elastic properties. If the lung and the 
bulla are subject to similar pleural pressures 
on inspiration the bulla will be completely 
full almost before the lung has begun to 
inflate. This suggests that under normal con
ditions of tidal breathing the bulla may be 
permanently inflated as the lung fills and 
empties. 

These observations about the behavior of 
bullae suggest an alternative hypothesis for 
their generation. It is no longer necessary to 
invoke the presence of valvular obstruction 
and preferential inflation. The bulla may exist 
purely because of the breakdown of the forces 
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of interdependence. If degeneration occurs in 
an unbalanced fashion in a region of lung it 
may initially be contained by a redistribution 
of forces throughout the lung. If this mechan
ism for damage limitation fails then the lung 
matrix may simply retract from the space and 
form a bulla. Effectively the bulla then 
becomes functionally external to the lung and 
behaves as a pneumothorax. The retraction of 
tissue away from the space would explain the 
development of the spheroid shape and the 
bulla would then cause symptoms by behav
ing as a space-occupying lesion. The lung sur
rounding the bulla may retract and collapse 
but need not be compressed. There would be 
an associated reduction in elastic recoil 
pressure and attempts to compensate for this 
would result in symptomatic hyperinflation. 
The rationale for surgery still exists but is 
likely to be successful because it repairs the 
elastic matrix of the lung rather than relieving 
compression (Fig. 22.2). 

22.4 CLINICAL FEATURES AND 
PHYSIOLOGY 

Exertional dyspnea is the usual presenting 
feature of bullous lung disease. There are no 
qualitative features which distinguish the 
symptom from associated emphysema but it 
is likely to occur at lower age than would be 
expected. Sometimes the bulla is a chance 

~ '.or ~'.::;.::; .. ;:~.~,~~i.ilib7 J :~~::;dE=;:!;~;:::~:=~;:E 
~ ~ mothorax which may be difficult to manage 
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em H20 misinterpreted as a pneumothorax in a 

Fig. 22.1 Schematic P-V curves of bulla and 
adjacent lung taken from Ting (1963). The 
pressure-volume curves from two excised bullae 
demonstrate that they are extremely compliant 
until full, i.e. they behave like paper bags. The P-V 
characteristics of adjacent lung (shaded) removed 
at surgery in the lower panel shows that the bulla 
will always be inflated fully over the range of tidal 
breathing. 

breathless patient and a chest drain inserted 
directly into the cavity. Another unusual pre
sentation is with coincidental infection within 
the bulla. The subsequent radiographic 
appearance of a spheroid abscess may be 
recognized, especially if the walls become 
thickened by inflammatory tissue. Sometimes 
bullae will resolve spontaneously following 
infection. Clinical examination of the patient 
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Fig. 22.2 A schematic view of the possible evolution of bullae. If a local defect occurs in the lung matrix 
(a) then the elastic properties of the lung may make it recoil and create a spherical space (b). The rationale 
for surgery should then be to reconstruct the lung matrix rather than to remove a space occupying bulla 
(c). 

with a large bulla will often demonstrate 
asymmetric hyperinflation and reduction of 
chest wall expansion. The percussion note 
may also be resonant but this feature cannot 
be relied upon if the bulla is not superficial. 

Like the presentation, the physiologic 
picture may be non-specific and can be con
fused by the associated chronic obstructive 
lung disease [12,13,14]. There is almost 
invariably some degree of airway obstruction 
with a reduction in FEV1 and FEVdFVC. This 
may reflect concomitant emphysema or can 
be accounted for entirely by a loss of pul
monary elastic recoil which accompanies 
large bullae [15]. There is always some degree 
of hyperinflation, more so of RV and FRC 
than TLC. Since most bullae do not ventilate 
in the course of tidal breathing there is dis
crepency between the plethysmographic TLC 
and helium dilution TLC or VA. The volume 
of trapped gas measured this way is an esti
mate of the volume of the bulla but does not 
correlate particularly well with postoperative 
improvement [13]. Gas exchange is usually 
impaired and manifest by hypoxia or reduced 
TLco. The Kco is useful when the bulla is 
non-ventilating as it is likely to reflect the 
quality of the non-bullous lung and may help 
to make a decision regarding surgery. 
Incremental exercise performance is reduced 
in a pattern associated with ventilatory limit-

ation and a high heart rate reserve as in other 
patients with COPD [16]. There may also be a 
greater dyspneaNo2 gradient on exercise but 
this has not been compared directly [17]. 
None of these features can identify bullous 
disease distinctly, though in comparison with 
generalized emphysema there is hyper
inflation and gas trapping with relative 
preservation of carbon monoxide transfer. 

OccaSionally a bulla may ventilate sig
nificantly during tidal breathing and exert its 
detrimental influence as a source of increased 
dead space. This is extremely unusual in 
patients with emphysematous bullae but is 
more common in other cystic conditions [18]. 
If it is present it may be recognized by lack of 
gas trapping, high VENo2 on exercise, and 
hypercapnia. 

22.5 RADIOLOGICAL APPEARANCE AND 
IMAGING 

Bullae may be clearly identified on the plain 
postero-anterior or lateral radiograph as 
round or oval hyperlucent areas with thin 
curvilinear boundaries [19] (Fig. 22.3). Septal 
lines may traverse the bulla and this feature 
helps to distinguish it from a pneumothorax. 
Incidental evidence of the effect of the bulla 
on surrounding lung may be visible as 
displacement of the fissures, mediastinum or 
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Fig. 22.3 Chest radiograph of patient with 
bullous disease. (a) There is an obvious large bulla 
in the right lung with collapsed lung below and 
against the mediastinum. There are a few septal 
lines which traverse the bulla. There is also bullous 
change in the top of the left lung. (b) One week 
after uneventful surgery the right lung has fully 
expanded. 

diaphragm. The appearance of a bulla on 
plain radiograph may be specific but sig
nificant bullae may go unrecognized for 
several reasons. 

The development of computed tomography 
of the lung has been invaluable in aiding the 
definition of bullae and their distinction from 
pulmonary emphysema [19-22]. The reasons 
for lack of sensitivity of the plain radiograph 
are obvious when the lung is imaged in the 
transverse plane. Bullae seldom occupy the 
whole thickness of the thorax and some lung 
is usually interspersed between the chest wall 
and the bulla (Fig. 22.4). This reduces the 
chances of definite identification on the plain 
film when it is obvious on the CT. The plain 
radiograph will also hide bullae when they 
are paramediastinal or in the posterior 
costophrenic sinus. CT displays the internal 
structure of the bulla - whether it is uni
locular or contains septa - but it has not yet 
been used to predict the pathologic 
classification, though this could be anti
cipated. With CT it is possible to estimate the 
volume of a bulla by measuring and 
summing the area of bulla in each slice [13]. 
This technique can be developed by meas
uring the volume in inspiration and expir
ation to assess ventilation, which cannot be 
assessed by the change in area of the bulla in 
a single slice since a bulla can distort con
siderably during a breath though its volume 
may not change (see also chapter 14). 

Other imaging techniques such as isotope 
scanning, bronchography and angiography 
have been applied to bullous lung disease. 
These tests have had more relevance to the 
assessment of the non-bullous lung prior to 
surgery rather than the description of the 
bulla itself. 

22.6 ASSESSMENT FOR SURGERY 

The assessment of suitability for surgery is 
central to the interest that bullous lung 
disease holds for clinicians. A few patients 
with severe airflow obstruction and dis-
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abling breathlessness may have their lives 
transformed by operation. Unfortunately the 
wrong patient selection may have disastrous 
consequences. The ability to make more 
detailed functional assessments now makes 
the decision easier and opens the possibility 
of surgery to patients with minimal symp
toms. It is probably still unreasonable to 
offer surgery to patients with asymptomatic 
bullae since some risk is present. How-
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Fig. 22.4 (a) CT scan of the thorax from the 
patient in Fig. 22.4. This confirms the presence of a 
large bulla in the right lung. Sometimes the adja
cent lung which in this case is flattened against the 
mediastinum may lie anteriorly or posteriorly and 
blur the definition of the bulla on the plain radio
graph. The opposite lung contains small areas of 
parenchymal destruction but no major area 
amenable to surgery. (b) The chest radiograph 
from another patient suggests a bulla in the left 
upper lung. In this case the CT (c) uncovers the 
presence of bilateral destructive emphysema 
which is worse on the left. There is no surgical 
opportunity in this case. 

ever, they should be followed-up until 
symptomatic. 

In patients with dyspnea the best surgical 
results will be in young patients with large 
bullae, minimal airway obstruction and 
normal surrounding lung. The definition of 
these patients has never really been difficult. 
The problem has been to identify which 
patients with chronic airflow limitation 
would benefit from bullectomy. In the past 
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the inability to identify bullae and assess the 
non-bullous lung has led to some proscriptive 
statements about the likelihood of success. In 
patients with bullae less than 50% of the 
hemithorax, FEV1 <1 1, hypercapnia or sig
nificant sputum production was considered 
to carry a high risk of failure. Prior to the use 
of CT, other techniques such as broncho
graphy, pulmonary angiography, endo
bronchial lung function and ventilation
perfusion isotope scanning have been used to 
improve the accuracy of judgement. 

The situation has been improved consider
ably by the introduction of computed tomo
graphy. The technique will describe the size 
and anatomy of the bulla and also describe 
the quality of surrounding lung. The presence 
and degree of surrounding emphysema can 
be judged by eye or by one of several visual 
scoring techniques [19,23]. Recent CT evid
ence suggests that the functional abnormali
ties relate more to the degree of emphysema 
in the non-bullous lung and not to the bulla 
itself [24]. The surgeon is therefore in a posi
tion to make an accurate assessment prior to 
operation and decide on the most appropriate 
technique. Some judgement is still required if 
the bulla is relatively small and surrounded 
by emphysematous lung. The improvement 

Table 22.1 Indicators of surgical outcome 

Good Neutral 

following removal of a bulla of 500 ml or less 
in a patient with associated emphysema is 
unlikely to balance the surgical damage. Even 
with CT some doubts will remain concerning 
the ability of the non-bullous lung to expand 
following bulla removal. Pulmonary angio
graphy may be used to demonstrate pre
served vasculature in the collapsed lung 
which would suggest that it is capable of a 
recovery of function. Quantitative isotope 
scanning has been promoted as a useful 
investigation but rigorous assessment of the 
predictive value of the technique has not been 
undertaken. Scans obtained before and after 
surgery may demonstrate retained perfusion 
in the collapsed peribullous lung which 
improves after operation [25]. However, good 
results can still be obtained in patients with 
poor scan perfusion in the surrounding col
lapsed lung. There appears to be no technique 
which will predict whether the surrounding 
lung will expand and function though in 
most cases it seems to do so. Other hopeful 
methods such as bronchospirometry and 
bronchoscopic inert gas techniques have also 
proved disappointing. This is not really 
surprising in view of our knowledge of the 
ventilatory behavior of the bulla and sur
rounding lung. If gas does not enter these 

Poor 

Large bulla size (> 1 1) 
Unilocular appearance on CT 
Demonstration of crowded airways 
or vessels in adjacent lung 

FEV1 

Hypercapnia 
Hypoxemia 

Bulla volume <11 0/3 hemithorax) 
Multiple or locular bullae 
Generalized emphysema 

(any technique) 
Lack of generalized emphysema 
onCT 
Preserved KCO 

Operative technique Lobectomy 

Sputum production 
Bronchiectasis 

Presentation of those features which are thought to be associated with surgical outcome. The 'good' features when 
present are likely to be related to a good symptomatic and functional improvement. 'Neutral' features are those attrib
utes that do not appear to effect the functional outcome. Obviously the risk of surgery is greater in patients with low 
FEV! or respiratory failure but the physiologic outcome may be good if the indications are correct. 'Poor' indicators 
are those factors which make surgery difficult or unlikely to be successful. 



regions the effect will not be recorded and 
lung function tests therefore generally describe 
the state of the non-bullous lung. The detailed 
description of pulmonary function and exer
cise performance prior to surgery should not 
determine whether the patient is suitable for 
surgery. It will, however, help to grade the risk 
and assess the improvement. Other general 
factors such as smoking behavior, sputum pro
duction, obesity and psychologic deter
mination are as important as with other forms 
of surgery (Table 22.1). 

Occasionally surgery may help patients 
with large ventilating bullae that act as dead 
space. Features which alert the clinician to 
this situation include excessive dyspnea, 
hypercapnia and high VoNr on exercise. 
Under these circumstances the ventilation 
may be confirmed by VA/Q scanning. 

22.7 SURGICAL TREATMENT OF 
EMPHYSEMA 

Radical surgical treatment of pulmonary 
emphysema has been the subject of experi
ment over the past few decades [26]. 
Transplantation which was initially thought 
to be impractical has developed into an effect
ive form of treatment (Chapter 23). Other 
forms of surgery for generalized emphysema 
such as lobectomy have not been as success
ful and ideas about the effective surgical 
management of emphysematous bullae have 
developed. Many procedures have been 
described to remove bullae. These include 
excision and plication, wedge resection, mar
supialization and intracavitary drainage [5]. 
Most surgeons do not have extensive experi
ence at dealing with bullae because they are 
unusual. However, the exact nature of the 
surgery may not be too important and 
improved knowledge about the behavior of 
bullae helps guide surgical principles. First, it 
is illogical to remove any functioning tissue 
and operations should aim to preserve as 
much non-bullous lung as possible. Lobec
tomy and pneumonectomy must be avoided, 
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if at all possible. However, there may be cir
cumstances where that is unavoidable, par
ticularly when there are large ventilating 
cysts [18]. The other expectation of surgery is 
to restore the elastic integrity of the lung by 
removing the space and repairing the defect 
in the lung matrix and allowing the collapsed 
lung to expand. In concept this is more like 
darning a ladder in a stocking than excising 
an expanding cyst. Successful surgery should 
therefore aim to obliterate the bullous space 
with as little disruption as possible. 

Most operations are performed through a 
conventional lateral thoracotomy but bilateral 
bullae can be simultaneously approached 
through median sternotomy [27,28]. Recently, 
more superficial bullae have been approached 
by thoracoscopy and coagulated by laser [29]. 
Bullae with large pleural surfaces and narrow 
necks can be excised with plication or over
sewing of the stalks. Larger, deeper, bullae 
will need to be opened and excised along the 
base. The base is a potential source of air leak 
and must therefore be closed carefully by 
suture, staple or teflon strip [30]. 

An alternative to thoracotomy is per
cutaneous intracavitary drainage. This was 
originally described by Monaldi for the treat
ment of tuberculosis and later modified for 
emphysematous bullae by MacArthur [31,32]. 
In this procedure a balloon catheter is inserted 
directly in to the bulla after pleurodesis is 
achieved by purse string suture and talc. 
Prolonged suction is continued after surgery to 
appose the walls of the bulla and effect col
lapse of the space. This operation can be per
formed under local anesthetic in poor risk 
patients but can be used routinely [33]. It will 
be interesting to see in future how this pro
cedure compares with thoracoscopic surgery. 

22.8 THE RESULTS OF SURGERY 

Unlike most forms of thoracic surgery, bullec
tomy can improve pulmonary function and 
produce dramatic results almost immediately 
following operation. Obviously there is an 
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operative risk to patients with very poor pre
operative lung function who may not survive. 
Those patients who have successful surgery 
can expect a short-term improvement in symp
toms and physiology while the long-term 
effects may be determined by the subsequent 
behavior of the underlying lung disease. 

The immediate consequences of surgery for 
bullous lung disease have been studied by 
several authors [13,24,34-39]. It is not a 
common procedure and most surgical series 
are relatively small and collected over a 
number of years. The average cardiothoracic 
center may have three or four cases per year. 
In most instances the risk of operation 
appears to be acceptable. The perioperative 
mortality in the published series ranges from 
o to 20%, but the deaths include patients with 
very poor preoperative function and incid
ental unavoidable complications. The post
operative improvement in symptoms and 
function is variable and depends upon the 
overall preoperative function, the size of the 
bulla and the condition of the surrounding 
lung. The best functional results occur in 
patients with minimal symptoms and nearly 
normal lung function tests. Patients with 
bullae less than about 1 1 in volume, poor 
overall function and widespread emphysema 
probably show insufficient improvement to 
justify the operation [39]. This does not seem 
a very strong argument for performing 
surgery but real gains can be obtained for 
patients with disabling disease who fall 
between these categories. As patients with 
lung disease progress, the functional 
deterioration may go unnoticed for a long 
time before it impacts on everyday life. When 
a patient is severely disabled by airway 
obstruction even modest improvements in 
pulmonary function can have a dramatic 
effect on the quality of life. 

Benefit from surgery may be detectable even 
during the course of the operation as the col
lapsed lung re-expands and gas exchange re
covers. In the short term after surgery, 
improvements can be expected in airway func-

tion with average gains of 20% in FEV 1, FVC, 
and sGAW. All series report reductions in 
plethysmographic lung volumes and gas trap
ping which are in proportion with the size of 
the bulla. This relationship is not exact 
however, perhaps because the effects of sur
gical techniques such as Monaldi drainage do 
not always ablate the bulla entirely. The 
changes in elastic recoil pressure have not been 
measured often and the results are not consis
tent [15,34]. There are no predictable changes 
in blood gases or carbon monoxide transfer 
though improvements have been noted, partic
ularly in bad cases. These laboratory changes 
are translated into symptomatic improvements 
which are reflected in reduction of dyspnea 
scores and better exercise performance. The 
latter shows improvements in Vo2, workload 
and reduction in VENo2. The beneficial im
provement in functional capacity may be con
siderable. Some of this improvement may be 
accounted for by a reduction in dyspnea;Vo2 
and dyspnea threshold which makes exercise 
more comfortable [17]. 

Although these changes can be expected 
from a population of patients with bullous 
disease it is quite difficult to predict the post
operative improvement from any preoperative 
measurements. A recent attempt to develop 
predictive correlations for preoperative tests 
suggest that the FEV1 (% predicted) and the 
slope of phase III of the single-breath nitrogen 
washout curve offer the best guess [40]. These 
two measurements presumably reflect the 
quality of the non-bullous lung. Nevertheless 
the correlation was not sufficiently high to be 
of value in an individual case. Such unpre
dictability of the degree of improvement high
lights the lack of sensitivity of lung function 
tests alone to predict outcome. There is no 
single test which is useful, but comprehensive 
tests of function and performance have valid
ity as objective baseline measurements and 
perhaps as estimates of operative risk. Bullous 
lung disease has attracted scientific interest 
over the past few decades but there are still 
many unanswered questions. It is still not 
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Table 22.2 Series of surgical outcomes 

No. Assessment Outcome Postoperative Follow-up FEV1 (pre-post) 
Mortality mean (/) 

Foreman et al. 13 CXR Lung function 0% 2-127 months 1.23-1.72 
1968 [25] Lung function Isotope scan 

Isotope scan 
Pride et al. 18 CXR (insp&exp) Lung function 5.5% 6-9 months 1.04-1.30 
1973 [34] ~u~g function 

V/Qscan 
Fitzgerald et al. 84 CXR Lung function 2.4% 1-20 years 1.09-1.79 
1974 [35] Lung function (mean 7.3 years) 

Various imaging 
Potgeiter et al. 21 CXR Lung function 9.5% nla 1.29-1.92 
1981 [36] Lung function 

Bronchograms 
Morgan et al. 12 CXR Lung function 0% 2-12 months 1.01-1.53 
1986 [13] Lung function 

CT scan 
Connolly and 19 CXR Lung function 0% 3-22 years anecdotal 
Wilson 1989 [38] Lung function 

Various imaging 
Nicholadze 46 CXR Lung function 0% 1/2weeks-2/5 2.1-2.0 
1992 [39] Lung function years 2.1-2.6 

CTscan 

Comparison of some of the series of surgical intervention in bullous lung disease. Many of the data are not comparable 
in terms of outcome or studied at similar times. None of the studies directly compare one mode of prediction with 
another, though informal comparisons are often made in discussion. 

possible to give clear advice about the timing 
or appropriateness of surgery other than in 
generalization. There is a lack of objectivity 
with regard to the recommendations that 
relate to the correct investigations to determine 
surgical outcome. The fundamental com
parative studies of different methods of pre
operative investigation, for example isotope vs 
CT scans, have not yet been done. This is 
understandably difficult because bullae are 
relatively uncommon and it would take time 
in a major center to collect sufficient cases. As a 
consequence, prediction of surgical success is 
based upon the limited amount of data that is 
available and the experience or prejudice of 
the clinician. 

Investigators of the long-term effects of 
surgery are agreed about the consequences. 
There have now been several examinations of 
function from 4 to 23 years after operation 

and one fear about surgery has been dispelled 
[35,41,42]. Once removed, giant bullae do not 
seem to recur and surgery is not a catalyst for 
the development of further bullae. The 
immediate improvement of function follow
ing operation seems to be maintained. The 
subsequent rate of deterioration is related to 
the condition of the remaining lung and 
varies from stability to an annual decline of 
FEVl which is similar to other patients with 
chronic obstructive lung disease. Those 
patients who continue to smoke following 
surgery have a more rapid decline in function 
than those who do not [42]. 

22.9 CONCLUSIONS 

In summary, bullous lung disease is an 
unusual variant of chronic obstructive lung 
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disease which has important surgical oppor
tunities for treatment. Large bullae may 
develop alongside normal lung or any grade 
of generalized emphysema. Current evidence 
suggests that bullae originate from a region of 
local degeneration which becomes a space 
from which the remainder of the lung 
retracts. Both the bulla and the lung are 
subject to similar pleural pressure changes 
but their mechanical properties determine 
different behaviors. Most bullae ventilate 
slowly and do not contribute to tidal ven
tilation or gas exchange. They produce symp
toms by acting as a space occupying mass 
which forces hyperinflation as a com
pensation. The hyperinflation may not be 
effective enough to maintain elastic recoil and 
prevent airway narrowing in adjacent lung. 

The principal aim of surgery should be to 
ablate the abnormal space and restore elastic 
integrity to the whole lung. Several surgical 
operations have been developed to achieve 
this purpose with the ability to conserve as 
much functioning tissue as possible. The 
assessment of suitable patients for surgery 
will always have a subjective element and 
physiologic tests alone do not allow the 
correct decision to be made when lung func
tion is poor. The development of pulmonary 
imaging has revolutionized assessment. It is 
now possible to define and measure the 
dimensions of the bulla and to judge the 
quality of the surrounding lung. This not only 
identifies the presence of an operable bulla 
but also may recommend a specific pro
cedure. It should now be possible to give 
serious consideration to surgery to all 
patients with bullae larger than 1 I irrespect
ive of the presence of additional obstructive 
lung disease. The complication rate of sur
gery, which is already acceptable, should 
become even lower with the development of 
minimally invasive surgical techniques. The 
patient with bullous disease should be con
sidered fortunate enough to have a form of 
chronic obstructive lung disease for which 
surgery can offer long-term benefit. 

REFERENCES 

1. CIBA Guest Symposium (1959) Thorax, 14, 
286-99. 

2. Freundlich, LM. (1981) Pulmonary Masses, Cysts 
and Cavities, Year Book, Chicago. 

3. Packe, G.E., Ayres, J.G., Citron, K.M. and 
Stableforth, D.E. (1986) Large lung bullae in 
sarcoidosis. Thorax, 41, 792-7. 

4. Kuhlman, J.E., Knowles, M.C, Fishman, E.K. 
and Seigelman, S.s. (1989) Premature bullous 
pulmonary damage in AIDS: CT diagnosis. 
Radiology, 173, 23-26. 

5. Klingman, RR, Angelillo, V.A and 
DeMeester, T.R (1991) Cystic and bullous lung 
disease. Ann. Thorac. Surg., 52,576-80. 

6. Reid, R (1967) The Pathology of Emphysema, 
Lloyd-Luke. 

7. Morgan, MD.L., Edwards, CW., Morris, J. and 
Matthews, H.R (1989) Origin and behaviour of 
emphysematous bullae. Thorax, 44, 533-8. 

8. Hayashi, J. (1914) Ueber totlichen pneumo
thorax durch infarckt und emphysema. 
Frankfurt Ztschr. Pathol., 16, 1-16. 

9. Head, J.R and Avery, E.E. (1949) Intra
cavitatory suction (Monaldi) in the treatment 
of emphysematous bullae and blebs. J. Thorac. 
Cardiovasc. Surg., 18, 761-76. 

10. Kaltreider. N.L. and Fray, W.w. (1939) Patho
logical physiology of pulmonary cysts and 
bullae. Am. J. Med. Sci., 197, 62-77. 

11. Ting, E.Y., Klopstock, R and Lyons, H.A 
(1963) Mechanical properties of pulmonary 
cysts and bullae. Am. Rev. Respir. Dis., 87, 
538-44. 

12. Pride, N.B., Hugh-Jones, P., O'Brien, E.N. and 
Smith, L.A (1970) Changes in lung function 
following the surgical treatment of bullous 
emphysema. Q. J. Med., 39, 49-69. 

13. Morgan, MD.L., Denison, D.M. and Strickland, 
B. (1986) Value of computed tomography for 
selecting patients with bullous lung disease for 
surgery. Thorax, 41, 855-62. 

14. Wade, J.F., Mortenson, R and Irvin, CG. (1991) 
Physiologic evaluation of bullous emphysema. 
Chest, 100, 1151-4. 

15. Gelb, AF., Gold, W.M. and Nadel, J.A. (1973) 
Mechanisms limiting airflow in bullous lung 
disease. Am. Rev. Respir. Dis., 107, 571-8. 

16. Wasserman, K., Hansen, S. and Whipp, B. 
(1987) Principles of Exercise Testing and Inter
pretation. Lea and Francis. 

17. Teramoto, S., Fukuchi, Y., Nagase, T. et al. 
(1992) Quantitative assessment of dyspnea 



during exercise before and after bullectomy for 
giant bulla. Chest, 102, 1362-6. 

18. Bateman, E.D., Westerman, D.E., Hewitson, 
R.P. and Ferguson, A.D. (1981) Pneumo
nectomy for massive ventilated lung cysts. 
Thorax, 36, 554-6. 

19. Sanders, C (1991) The radiographic diagnosis 
of emphysema. Radiol. c/in. North Am., 29, 
1019-30. 

20. Morgan, M.D.L. and Strickland, B. (1984) 
Computed tomography in the assessment of 
bullous lung disease. Br. J. Dis. Chest, 78, 10-25. 

21. Carr, D.H. and Pride, N.B. (1984) Computed to
mography in preoperative assessment of 
bullous emphysema. c/in. Radiol., 35, 43-5. 

22. Fiore, D., Biondetti, P.R., Sartori, F. and 
Calabro, F. (1982) The role of computed tomo
graphy in the evaluation of bullous lung 
disease. J. Comput. Tomogr., 6(1), 105-8. 

23. Morgan, M.D.L. (1992) The detection and 
quantification of pulmonary emphysema by 
computed tomography. Thorax, 47,1001-4. 

24. Gould, G.A, Redpath, A.T., Ryan, M. et al. 
Parenchymal emphysema measured by CT 
lung density correlates with lung function in 
patients with bullous disease. Eur. Respir. J., 6, 
698-704. 

25. Foreman, S., Wei!, H., Duke, R. et al. (1%8) 
Bullous disease of the lung. Ann. Intern. Med., 
69,757-67. 

26. Gaensler, E.A., Cogell, D.W., Knudson, R.J. 
et al. (1983) Surgical management of emphy
sema. c/in. Chest Med., 4, 443-63. 

27. Cooper, J.D., Nelems, J.M. and Pearson, F.G. 
(1978) Extended indications for median 
sternotomy in patients requiring pulmonary 
resection. Ann. Thorae. Surg., 26, 413-20. 

28. Iwa, T., Watanabe, Y. and Fukatani, G. (1981) 
Simultaneous bilateral operations for bullous 
emphysema by median sternotomy. J. Thorae. 
Cardiovase. Surg., 81, 732-7. 

29. Wakabayashi, A., Brenner, M., Kayaleh, R.A 
et al. (1991) Thorascopic carbon dioxide laser 
treatment of bullous emphysema. Lancet, 337, 
881-3. 

30. Parmar, J.H., Hubbard, W.G. and Mathews, 
H.R.W. (1987) Teflon strip pneumostasis for 

References 559 

eXCISIOn of giant emphysematous bullae. 
Thorax, 42, 144-8. 

31. Monaldi, V. (1947) Endocavitary aspiration: its 
practical applications. Tubercle, 28, 223-8. 

32. MacArthur, AM. and Fountain, S.W. (1977) 
Intracavitary suction and drainage in the treat
ment of emphysematous bullae. Thorax, 32, 
668-72. 

33. Venn, G.E., Williams, P.R. and Goldstraw, 
P. (1988) Intracavitary drainage for bullous 
emphysematous lung disease: experience 
with the Brompton technique. Thorax, 43, 
998-1002. 

34. Pride, N.B., Barter, CE. and Hugh-Jones 
P. (1973) The ventilation of bullae and the 
effect of their removal on thoracic gas volumes 
and tests of over-all pulmonary function. Am. 
Rev. Respir. Dis., 107, 83-98. 

35. Fitzgerald, M.X., Keelan, P.J., Cugell, D.W. and 
Gaensler, E.A (1974) Long-term results of 
surgery for bullous emphysema. J. Thorae. 
Cardiovase. Surg., 68,566-87. 

36. Potgeiter, P.D., Benatar, S.R., Hewitson, R.P. 
and Ferguson, AD. (1981) Surgical treatment 
of bullous lung disease. Thorax, 36, 885-90. 

37. Laros, CD., Gelissen, M.D., Bergstein, P.G.M. 
et al. (1980) Bullectomy for giant bullae in 
emphysema. J. Thorae. Cardiovase. Surg., 91, 
63-70. 

38. Connolly, J.E. and Wilson, A (1989) The 
current status of surgery for bullous emphy
sema. J. Thorae. Cardiovase. Surg., 97, 351-61. 

39. Nicholadze, G.D. (1992) Functional results of 
surgery for bullous emphysema. Chest, 101, 
119-22. 

40. Ohta, M., Nakahara, K., Yasumitsu, T. et al. 
(1992) Prediction of postoperative performance 
status in patients with giant bullae. Chest, 101, 
668-73. 

41. Pearson, M.G. and Ogilvie, C (1983) Surgical 
treatment of emphysematous bullae: late 
outcome. Thorax, 38, 134-37. 

42. Hughes, J.A, Macarthur, AM., Hutchison, 
D.CS. and Hugh-Jones, P. (1984) Long term 
changes in lung function after surgical treat
ment of bullous emphysema in smokers and 
ex-smokers. Thorax, 39,140-42. 



(a) 

(b) 

Plate 1 Photograph of bulla floor (a) and photomicrograph of the histology of junctional area (b). 
When they are opened at surgery the bullae contain thin septa. The floor of this bulla also has widely 
patent openings which communicate with the feeding airways. Microscopy of the junctional area does 
not demonstrate any physical valvular mechanism. The alveolar spaces simply merge into the bulla 
cavity at the top of the picture. (copyright). 



LUNG TRANSPLANTATION 23 

P. Carris 

23.1 INTRODUCTION 

The modern era for lung transplantation 
began in 1981 when Bruce Reitz and col
leagues from Stanford University introduced 
heart lung transplantation for patients with 
pulmonary vascular disease [1]. Indications 
for combined heart and lung transplants 
(HL T) were subsequently widened to include 
various pulmonary conditions [2]. Survival 
rates were good and in marked contrast with 
results obtained for single lung trans
plantation over the preceding 25 years [3]. 
The success of HLT was based on reliable 
healing of the tracheal anastomosis compared 
with the bronchial anastomotic breakdown 
seen frequently following single lung trans
plantation (SLT). This reliable healing 
reflected a good blood supply to the proxi
mal donor trachea via donor coronary 
artery /bronchial artery anastomoses, in con
trast to the lack of blood supplied to the 
proximal donor bronchus following trans
plantation of a single lung. The lack of 
success with SLT was also based on both poor 
selection of potential recipients, some of 
whom were septic and had multi-organ 
failure, and the apparently insuperable 
problems of rejection and infection. 

It was realized that many patients under
going HLT, however, received a new heart 
unnecessarily. After a period of research, 
success was reported with SLT in patients 

with fibrosing lung disease by the Toronto 
Group in 1986 [4]. 

Important potential factors were careful 
patient selection, restoration of a viable blood 
supply to the bronchial anastomosis by wrap
ping it with a pedicle of greater omentum and 
the introduction of cyclosporin A as the prin
cipal immunosuppressant. It has been shown 
subsequently that the bronchial anastomosis 
does not require a wrap of omentum for reli
able healing and very few centers now 
perform this procedure although the UK 
Harefield Group are now carrying out direct 
revascularization of donor bronchial artery to 
ensure good blood supply to the donor 
bronchus. 

In 1988 the double lung transplant opera
tion (DLT) using an en bloc transplantation of 
both lungs with a tracheal anastomosis was 
introduced by Patterson and colleagues [5]. 
However, this procedure was accompanied 
by much more frequent problems with 
airway healing than the HLT operation [6]. 
In addition, the operation was, if anything, 
more complex than HL T and the extensive 
mediastinal dissection frequently led to 
denervation of the recipient's native heart. 
Bleeding was at least as great a problem as 
that for HLT, and by 1989 the procedure as 
originally described has been largely aban
doned. Noirclerc [7] provided the solution to 
the problem of airway healing by performing 
two separate bronchial anastomoses, since as 
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Fig. 23.1 CT Scan following right single lung 
transplant in a patient with emphysema. There is a 
marked contrast between the vascularity and 
density of lung parenchyma between the trans
planted normal right lung and emphysematous 
left lung. 

in SLT, the donor bronchus is better vascular
ized initially if the anastomosis is close to the 
lung parenchyma. This concept was further 
developed by Pasque [8] with the bilateral 
sequential lung transplant. As its name 
implies, two separated lungs are implanted 
with separate hilar anastomoses (each of 
bronchus, pulmonary artery and left atrial 
cuff). The heart and mediastinum are left 
largely undisturbed. The incision is a trans
verse bilateral thoracotomy, dividing the 
sternum horizontally. In contrast to HLT, SLT 
and bilateral sequential lung transplantation 
do not in general require cardiopulmonary 
bypass with associated anticoagulation. 

23.2 EVOLUTION OF LUNG 
TRANSPLANTATION IN COPD 

It was originally believed that patients with 
end-stage COPD were not suitable for SLT. 
Objections to SLT for emphysema arose 
because of perceived problems with the native 
lung, which would be ventilated during a 
period of positive-pressure ventilation leading 
to air trapping, subsequent mediastinal shift 
and compression of the transplanted lung. 

Since perfusion would be directed towards the 
transplanted lung because of expected lower 
pulmonary vascular resistance, ventilation per
fusion (VAIQ) imbalance would result. These 
considerations proved to be more than theory 
and experience in the early 1970s demon
strated that severe ventilation perfusion imbal
ance and hyperinflation of the native lung 
actually occurred [9,10] . Therefore patients 
with emphysema including those with inher
ited a1-antitrypsin deficiency were initially 
treated with combined HLT. Moreover the 
successful results in patients with a1-

antitrypsin deficiency showed that such 
patients could undergo transplant procedures 
and retain normal lung function in the first 
12-18 months without replacement therapy 
[11]. The shortfall in donor heart lung blocks 
led to the introduction of the en bloc double 
lung transplant for emphysema but as pre
viously noted this operation was associated 
with tracheal anastomotic complications in 
50% of patients and quickly lost favor. 
Successful introduction of single lung trans
plantation for patients with fibrosing lung 
disease led to re-examination of this procedure 
for patients with emphysema since techniques 
of donor lung preservation and surgical tech
nique had improved dramatically from those 
methods used in the early 1970s. 

After a preliminary report of successful SLT 
for emphysema by Mal and co-workers [12] 
in France in 1989, the Washington Lung 
Transplant Group cautiously embarked on a 
program of SLT in patients with emphysema 
and demonstrated the utility and safety of this 
procedure in carefully selected patients [13]. 
Although the mechanics of the native lung 
remain the same, improvements in patient se
lection, lung preservation and anesthetic man
agement have contributed to the success. 
Subsequent experience from other groups in
cluding our own have demonstrated the po
tential problem of residual infection in the 
native lung [14]. Moreover, most patients with 
large bilateral bullae may still show evidence 
of gross hyperinflation of the native lung in the 
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Fig. 23.2 Chest radiograph of patient following 
bilateral sequential lung transplantation. 

early postoperative period after SLT and thus 
the bilateral sequential lung transplant was 
successfully applied to patients with emphy
sema who were not suitable for SLT [15]. 

There is now reasonable agreement about 
technical approaches to transplantation for 
COPD, in particular emphysema where 
experience is greatest. Those patients with no 
history of recurrent pulmonary sepsis and no 
evidence of large bilateral bullae are suitable 
for consideration of SLT. Those patients with 
frequent pulmonary sepsis or marked bullous 
disease may be considered for HLT or 
bilateral sequential lung transplantation, with 
the latter procedure being increasingly used 
as the procedure of choice. 

23.3 INDICA nONS, CONSIDERA nONS AND 
CRITERIA FOR LUNG TRANSPLANT A nON 

23.3.1 AGE 

The shortfall in suitable donor organs leads to 
an upper age limit of 50 years for trans-

plantation of heart and lungs or both lungs 
alone, with an upper age limit of 60 years for 
transplantation of single lung. The higher age 
limit for single lung reflects the increased 
availability of suitable single lungs. 

23.3.2 DISABILITY /LIFE EXPECTANCY 

Transplantation is usually considered for a 
patient when estimated life expectancy is less 
than 18 months. Clearly in COPD it is difficult 
to make an accurate prediction of survival. 
However, estimates are based on current 
level of lung function, the rate of decline over 
previous years and the date of onset of cor 
pulmonale. In Newcastle the first 25 patients 
with emphysema accepted for transplantation 
had a mean FEV1 of 22% predicted, a mean 
vital capacity of 48% predicted and a mean 
diffusing capacity for carbon monoxide by 
the single breath method of 29% predicted 
values. 

23.3.3 NUTRITIONAL STATE 

Many patients reaching the end stage of 
chronic pulmonary disease suffer from 
cachexia and malnutrition [16]. All recipients 
lose weight in the first week following trans
plantation and severe preoperative nutri
tional deficiency leads to an inability to 
withstand the rigors of the postoperative 
period, increasing susceptibility to infection 
and poor wound healing. Obesity, on the 
other hand, increases surgical risk, pre
disposing to atelectasis and impairing post
operative mobility which is essential 
following lung transplantation. Ideally recipi
ents should be within 15 kg of their ideal 
body weight. There is an increased mortality 
in adult patients whose body weight is less 
than 40 kg. The early unsuccessful transplant 
recipients were all bed bound and the major
ity of transplant centres now require that 
recipients are capable of self-care and able to 
participate in gentle exercise rehabilitation to 
maintain muscle bulk and physical fitness. 
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23.3.4 INFECTION 

Localized sepsis preoperatively may lead to 
severe systemic infection postoperatively 
because of the need for immunosuppressive 
therapy. Extrapulmonary sepsis therefore 
mitigates against successful transplantation. 
Patients with recurrent or persistent pul
monary infection are not suitable for SLT. 
Oral hygiene is important and all patients 
should have any dental sepsis eradicated pre
operatively. The presence of an aspergilloma 
is a contraindication to any form of lung 
transplant. Removal of the lung containing an 
aspergilloma is likely to result in seeding of 
the pleural space with Aspergillus leading to 
fungal empyema. Removal of the contra
lateral lung for single lung transplant leaves 
the aspergilloma in situ and subsequent 
immunosuppression inevitably will lead to 
disseminated Aspergillus infection. 

23.3.5 PREVIOUS SURGERY 

There is a risk of life-threatening hemorrhage 
when the native lungs are removed if there 
are pleural scars or adhesions. Clearly there is 
a gradation of risk from scarring due to pre
vious open lung biopsy via a limited thoraco
tomy to previous total pleurectomy and the 
latter is regarded as a contraindication for 
HLT. This has important consequences for the 
management of pneumothorax in potential 
recipients with emphysema. If pleurodesis is 
required, surgeons should be advised to 
perform limited anterior pleurodesis. The use 
of the anti-fibrinolytic aprotinin during trans
plant surgery reduces bleeding in patients 
who have undergone previous thoracotomy 
[17], and the recent development of bilateral 
sequential lung transplantation via a trans
verse bilateral thoracotomy allows the 
surgeon much better access to the pleural 
space than is afforded by a sternotomy. In 
this regard the bilateral sequential lung trans
plantation has advantages over the original 
HLT. 

23.3.6 SYSTEMIC CORTICOSTERIODS 

Although early lung transplant programs 
insisted on patients being weaned from cor
ticosteroids, this proved very difficult to 
achieve in practice, particularly in patients 
with COPO. More recent experience in 
Newcastle has shown that bronchial anas
tomoses are at no greater risks in patients 
receiving up to 20 mg of prednisolone a day 
compared with those on no prednisolone [18] 
providing there is no evidence of steroid
induced thinning of the skin, osteoporosis or 
myopathy. 

23.3.7 CARDIAC DISEASE 

Patients with COPO under consideration for 
SLT or bilateral sequential lung trans
plantation ideally should have sufficient 
preservation of right ventricular function to 
allow single lung anesthesia, obviating the 
need for cardiopulmonary bypass. The right 
ventricle has a very great capacity to show 
improved function after successful surgery 
when pulmonary vascular resistance falls to 
normal and the Toronto Group have success
fully performed a single lung transplant in a 
patient with a right ventricular ejection frac
tion of only 12%, although the mean right 
ventricular ejection fractions of a series of 
patients reported by this group were 31 % and 
38% for their SLT and OLT candidates respect
ively [19]. We have shown that following SLT 
for pulmonary fibrosis, pulmonary vascular 
resistance, pulmonary artery pressure and 
right ventricular performance returned to 
normal even when markedly abnormal pre
operatively [20]. The presence of cor pul
monale complicating COPO is not a 
contraindication for successful SLT. 

23.3.8 PSYCHOLOGIC FACTORS 

There is no procedure in medicine which pro
vides more stress for recipients and family 
than lung transplantation. The process begins 
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Fig. 23.3 Results of quantitative ventilation and 
perfusion scanning in the first six patients under
going single lung transplantation for emphysema. 
The results show immediate and sustained prefer
ential ventilation and perfusion to the transplanted 
lung. 

from the time of initial referral and lasts until 
postoperative rehabilitation is complete. Any 
potential recipient must be well motivated 
and want a lung transplant, be able to cope 
and have demonstrated a willingness to 
comply. A supportive family or circle of close 
friends is essential. Underlying psychiatric 
illness, abuse of alcohol or drugs including 
cigarettes constitute contraindications. 

23.3.9 PRESENCE OF OTHER MAJOR ORGAN 
DYSFUNCTION 

Good renal and hepatic function are essential 
particularly in view of cyclosporin toxicity 
[21]. A creatinine clearance of over 50 ml/min 
is required. Only minor abnormalities of liver 
function are acceptable. This is clearly of 
importance in patients with ll:rantitrypsin 
deficiency who may have abnormalities of 
hepatic function as a result of their disease. 
The presence of portal hypertension would 
preclude consideration of lung trans
plantation alone. Type I diabetes mellitus if 
well-controlled no longer rules out trans
plantation. 
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23.4 MATCHING DONOR TO RECIPIENT 

Donor matching is based on ABO compatabil
ity and size by calculating the predicted total 
lung capacity (TLC) of both donor and recipi
ent using height, age and sex. There is no 
direct measurement of donor lung TLC. In 
patients with COPD who have much greater 
lung capacities than predicted, it is preferable 
to give larger lungs than predicted as above, 
particularly if carrying out 5LT. The size dis
crepancy between the transplanted lung and 
hemithorax commonly prevents sealing of 
any parenchymal leak which if present may 
lead to pneumothoraces persisting for several 
days. The chest wall Temains compliant, and 
in practice is observed to change shape in the 
first few days after transplantation. A screen
ing lymphocytotoxic cross-match using 
recipient serum and a banked pool of lym
phocytes is carried out in all potential recipi
ents accepted for transplantation to exclude 
the presence of pre-formed antibodies. Direct 
cross-match with lymphocytes from a poten
tial donor is only carried out prospectively 
when this screening test is positive. Wherever 
possible donor and recipient are matched for 
cytomegalovirus (CMV) status. If a CMV
negative recipient receives a CMV -positive 
organ, serious CMV infection can be 
ameliorated by giving prophylactic CMV 
hyperimmunoglobulin [22]. 

23.5 POSTOPERATIVE COMPLICATIONS 
AND FOLLOW-UP 

23.5.1 IMMUNOSUPPRESSION AND 
POSTOPERATIVE MANAGEMENT 

Most patients are extubated within 36 hours 
of surgery and then begin an active pro
gramme of mobilization. Fluid intake is 
restricted in the early postoperative period 
with diuresis encouraged to avoid accu
mulation of fluid in the lungs. Prophylactic 
antibiotics in the form of flucloxacillin and 
metronidazole are given for the first five days 
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Fig. 23.4a,b 4a) Inspiratory, 4b) expiratory films 
following left single lung transplantation. Note the 
mediastinal shift towards the transplanted lung 
which occurs during expiration. 

and the donor lungs are lavaged with 
samples sent to microbiology, prior to im
plantation so that appropriate antibiotics may 
be started early to cover 'donor acquired' pul
monary sepsis. At present patients receive 
azathioprine, rabbit antithymocyte globulin, 

methylprednisolone and cyclosporin during 
the immediate postoperative period. Anti
thymocyte globulin is stopped after three 
days and methylprednisolone substituted by 
oral prednisolone at a rapidly tailing dose to a 
maintenance of 0.1 mg/kg. If patients have no 
evidence of lung rejection at six months main
tenance steroids are withdrawn. Rejection 
episodes are treated with pulsed methyl
prednisolone 10 mg/kg i.v. for three days 
followed by augmented oral prednisolone for 
one month. 

23.5.2 ASSESSMENT OF GRAFT FUNCTION 

Over the first few postoperative days analysis 
of blood gases and examination of chest 
radiographs are used to monitor graft func
tion. Thereafter chest radiographs are per
formed daily for approximately one week and 
lung function is monitored by continuous 
oximetry, daily spirometry and regular meas
urement of lung volumes and diffusing ca
pacity. Patients undergoing single lung 
transplantation for COPD undergo a ven
tilation perfusion scan in the first week to 
ensure good perfusion and ventilation to the 
newly transplanted lung. In patients with 
emphysema there is both early preferential 
ventilation and perfusion to the transplanted 
lung unlike the situation following single 
lung transplantation for pulmonary fibrosis 
when preferential ventilation appears to lag 
behind preferential perfusion by about three 
weeks [23]. The principal problem in the 
management of lung transplant patients is 
that clinically it is impossible to separate 
opportunist infections of the lung from lung 
rejection. Both complications can present with 
identical respiratory symptoms and identical 
respiratory physical signs. A chest radiograph 
is also unhelpful since pulmonary infiltrates 
may be common to both and in the early post
operative period may also occur as a result of 
reimplantation injury. Moreover the chest 
radiograph may be entirely normal in 
patients experiencing acute rejection. This is 



particularly true in the first month after trans
plantation. During most episodes of acute 
rejection and infection the FEV 1 and diffusing 
capacity show a sustained fall of greater than 
10% and thus unlike other solid organ trans
plant patients graft function following lung 
transplantation can be monitored with ease. 

A diagnosis of rejection is currently based 
on transbronchiallung biopsy using alligator 
forceps under radiologic screening [24]. The 
principal morphologic changes found in acute 
rejection are perivascular infiltrates which 
may extend into alveolar septa at the later 
stages of rejection. Additionally bronchial 
tissue may also show evidence of a lympho
cytic infiltrate. It is our practice to carry out 
three or four biopsies from each lobe of one 
lung since rejection may be patchy and the 
use of multiple biopsies from multiple lobes 
affords a greater chance of positive diagnosis. 
Moreover opportunist infection and rejection 
may coexist. In a series reported from 
Papworth Hospital just under 25% of the 
biopsies performed in the face of a deteriorat
ing clinical condition or a reduction in lung 
function showed the presence of both infec
tion and rejection. For this reason bron
choalveolar lavage is routinely combined 
with transbronchial biopsy and lavage fluid 
submitted for both viral culture, monoclonal 
staining for Pneumocystis and routine culture 
for bacteria and fungi. In Newcastle, as part 
of a series of prospective studies trying to 
determine the etiology of obliterative bron
chiolitis we carry out routine surveillance 
transbronchiallung biopsies on all patients at 
a week, a month, three months, six months, 
12 months and thereafter on an annual basis. 

23.5.3 RESUL IS 

Providing patients are appropriately selected 
the results of HLT, SLT and bilateral sequential 
single lung transplantation are good [11,13,15, 
25]. Approximately 10-15% of recipients will 
die in the first few weeks following trans
plantation generally due to problems with 
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poor lung preservation leading to diffuse 
alveolar damage, sepsis or both. The one-year 
survival for centers in the UK lies between 68 
and 75%, with a three-year survival of 55-60%. 
The most important complications leading to 
death comprise opportunist infections and the 
development of obliterative bronchiolitis (OB). 
Current data suggest approximately 30% of 
patients surviving the perioperative period 
will subsequently develop OB within 5 years 
of their transplant. This leads in the majority 
of cases to a progressive deterioration in lung 
function unresponsive to medical therapy and 
the ultimate progression to respiratory failure, 
death or consideration of retransplantation 
after 6-12 months. 

Functional results in survivors measured in 
terms of FEV 1 and exercise performance are 
good although better after HLT and bilateral 
sequential lung transplant compared with 
5LT alone [15]. Results one year following 
transplantation show a mean FEV1 of 50% 
predicted following single lung transplant 
and 70% predicted values following sequen
tial bilateral lung transplant. However, all 
patients should expect restoration of normal 
lifestyle with little or no functional restriction 
during normal activities of daily living. 
Exercise data from Newcastle comparing the 
six-minute walking distances and maximum 
oxygen consumption during an incremental 
symptom-limited exercise test show that in 
patients with emphysema all patients return 
to a normal six-minute walking distance of 
600 metres or greater by one year with no 
evidence of desaturation on exercise. The 
maximum oxygen consumption is sig
nificantly greater in HLT and bilateral 
sequential lung transplants compared to 
single lung transplantation alone. However, 
maximum oxygen during the symptom
limited test remains at around 50% predicted 
for a given subject in the first year probably 
due to decompensation on account of the pre
transplant disability. 

After SL T for COPD the transplanted lung 
receives approximately 80% of total ven-
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tilation and perfusion over the first year. As 
one would predict the flow volume curve 
after SLT for emphysema shows a two com
partment pattern, the initial high flow orig
inating from the transplanted lung and the 
subsequent 'tail' of low flow from the native 
lung. Lung function, computed tomographic 
scans and transbronchial lung biopsies have 
revealed normal results in patients up to five 
years after transplantation indicating the 
potential for prolonged survival in patients 
who do not develop OB. 

23.5.4 LONG-TERM COMPLICATIONS 

(a) Obliterative bronchiolitis 

This process may be defined physiologically 
by the development of progressive irrevers
ible airflow obstruction unresponsive to 
augmented steroids [26]. Pathology shows 
obliteration of bronchioles, the lumens of 
which are filled by organizing fibrin associ
ated with fibroblasts and mononuclear cells. 
Immunohistology has revealed that the walls 
of the bronchioles are infiltrated by CD8 lym
phocytes [27]. The small bronchioles are left 
as fibrous bands extending out to the pleura 
with associated dilatation and bronchiectasis 
of proximal airways. Vascular sclerosis affect
ing both pulmonary arteries and pulmonary 
veins may also be seen in conjunction with 
obliterative bronchiolitis. Current evidence 
suggests that the development of obliterative 
bronchiolitis is related to the incidence and 
severity of rejection occuring in the first 6-12 
months following transplantation and it is the 
presence of persisting rejection after six 
months which is probably most important. 
More recent evidence from Newcastle has 
demonstrated a clear relationship between 
the presence of organizing pneumonia and 
the subsequent development of obliterative 
bronchiolitis. 

The disease usually results in a progressive 
loss of function due to airflow obstruction 
over a 6-12 month period leading to respir-

atory failure and death. However, a few 
patients appear to 'stabilize' with evidence of 
inactive OB on biopsy and an attenuation of 
the loss in FEV1. Some patients with OB have 
demonstrated a clinical response to increased 
immunosuppression [28]. Continued research 
aims to identify those patients at risk of this 
most important complication at an early stage 
when augmented immunosuppression may 
be successful in preventing irreversible 
bronchiolar obliteration. 

(b) Lymphoproliferative disorders 

The association between immunosuppression 
and lymphoproliferative disorders has been 
well recognized and the most common form 
affects the B cell lineage resulting in B cell 
non-Hodgkin's lymphoma. These lymphomas 
are usually associated with the Epstein-Barr 
virus. Normal lymphatic tissue has been 
found within lung transplant parenchyma 
itself as well as in lymph nodes and spleen 
and the lymphoma usually responds to a 
reduction in the level of immunosuppression 
(particularly cyclosporin) and the admin
istration of high dose acyclovir. 

23.5.5 DISEASE RECURRENCE 

So far there is no evidence that patients with 
capo including those with al-antitrypsin 
deficiency and emphysema, have developed 
recurrence of their original disease. All trans
plant centers regard the cessation of smoking 
as an absolute requirement for acceptance 
onto the active waiting list and thus pro
viding that recipients do not take up smoking 
again it should reduce the potential risks. 

23.6 CONCLUSIONS 

Lung transplantation now offers an effective 
therapy for patients with end-stage capo. 
Debate remains as to which operation 
patients with capo and particularly emphy
sema are most suited but in practice well 



chosen recipients, without the presence of 
frequent pulmonary sepsis or bilateral bullae 
appear to do well with single lung trans
plantation. Patients with these complications 
do as well with bilateral sequential single 
lung transplants as HLT. The major problems 
facing lung transplantation at this time com
prise a shortfall in suitable donor organs com
pared to the number of potential recipients 
and for this reason we do not advocate that 
patients on the active waiting list should be 
intubated for chronic ventilation. In the early 
postoperative period opportunist infection 
and graft rejection remain major problems 
and in the long term obliterative bronchiolitis 
will affect approximately 30% of patients 
leading to potential graft failure. There is 
much current research aimed at reducing this 
figure and certainly patients with COPD who 
have received lung transplants and remain 
free of this complication enjoy an excellent 
standard of life with normal or near normal 
restoration of activity and good prospects of 
prolonged survival. 
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Cromakalim 409 
CT scanning 25,316,351,361, 

362-3,365 
bullous lung disease 552, 554 
high resolution (HRCT) 351, 352, 

361 
lung density 248 
studies 354, 355 

CV/VC% 26 
Cyanosis 313 
Cycle ergometry 331,332-3 
Cyclosporin A 559 
Cyst, definition 547 
Cystatins 116 
Cystic fibrosis 23,79,116,172 
Cytomegalovirus (CMV) status 563 

Danazol 102, 117 
Destructive Index 15,22 
Diagnosis, differential 338-9 
Diagnostic imaging 315-16 



574 Index 

Diaphragm 185 
activity in COPD 220 
contractile force 188 
dimensions and body weight 187 
exercises 532 
muscle mass 470-71 
tension-time index (TTdi) 194, 

196, 225, 475 
transdiaphragmatic pressure (Pdi) 

189-90,496,531 
Diazepam 233 
Dietary factors 62 
Diet supplementation 533-4 
Digoxin 438, 482 
Dihydrocodeine 233 
Disease 

concepti definitions 1-3 
diagnostic criteria 3 
recurrence 568 

Diuretics 438 
DLCO values 326-7 
Donor matching 563 
Doxapram 464-5 

hydrochloride 230 
Doxepin 382 
Doxycycline 470 
Dust 76,313 
Dutch hypothesis 74,79-80,86 
Dynamic tests 316-22 
Dyspnea 150,222-9,311,338,461 

exercise and 197-8 
historical overview 3 
mechanisms 224-9 

blood gas tensions 227-8 
central sensory processing 227 
mechanical loading 224-5 
respiratory muscles 225-7 
sensory pathways 225 

mental activity 229 
oxygen therapy 501-2 
respiratory sensation 222-4 
scales 224 

Echocardiography 259-61 
Edema 258,267,267-8,269 

peripheral 338,461 
pitting 314 
pulmonary 338, 368 

Elastase 
activity in therapy 119 
anti-elastases 112-16 
balance 105-6,108,109-11,116 
bronchiectasis 116 
burden increase 109-11 
cell content 110 

macrophage 112-13 
chemotactic factors 109 
degranulation 110-11 
model 94-6 

neutrophil (NE) 94-5,100-1, 
116--7,119 

PMN content 110-11 
see also Anti-elastases 

Elastin 21,22,35,94 
degradation products 120 
synthesis and starvation 121-2 

Elastolytic enzymes 112 
Electrocardiography 259,338 
Embolism, pulmonary 358, 483-5 
Emphysema 14-23,69,77,78 

arantitrypsin 93,98-100,105-13 
airspace walls 18-19,22 
airway obstruction 25, 28 
alveolar wall 15, 20-21, 22 
assessment 12,17-20 
autopsy findings 28 
bullae development 548-50 
carbon monoxide transfer 27 
centriacinar (CAE) 11, 12, 15, 16, 

17,19,361-2 
CT scans 22-3,361 
definitions 3, 4, 14 
diagnosis and classification 

14-17 
elastase 114-15 
fibrosis 4,5,14,21-2 
grading 17,36,39 
honeycomb lung 14 
hyperinflation 358-9 
increased markings 360 
irregular 4,5, 15 
lung elastic recoil 35 
lung mechanics 146--7 
lung transplantation 562-63 
mortality 51 
panacinar (PAE) 11, 12, 15, 16,47, 

362 
panlobular 11 
paracicatricial 4, 5 
para septal (PSE) 15,362 
passive smoking 57-8 
prevalence 50 
proteinase/ antiproteinase theory 

94,95 
pulmonary gas exchange 172 
pulmonary hypertension 253 
respiratory airspace enlargement 

4,5 
scar 15 
scintiscan 356 
smoking-related 14 
surgical treatment 555 
vascular changes 359 

Employment 51 
End-systolic index 265-6 
Endothelium 251-2 

derived relaxing factor (EDRF) 
251-2 

Energy expenditure, resting (REE) 
188 

Enprofylline 407,408-9 
Enzymes 

elastolytic 112 
lung disease 93-4 
respiratory muscle 188 

Eosinophilia 336-7 
Eosinophils 80, 82 
Epidemiology 47-63 
Erythromycin 408 
Esophageal pressure measurement 

335 
Euroscop 84, 339 
Exercise 

aerobic 528-9 
'critical gain' 188 
dyspnea 197-8 
oxygen therapy 500-502 
physiology 330 
progressive symptom limited 331 
pulmonary gas exchange 174-7 
self-paced tests 331-4 
steady state 331 
tests 330-35,537 
training 528-31 
upper limb 529 
ventilatory assistance 530-31 
ventilatory capacity improvement 

230,233 
ventilatory mechanics 150 

Expectorants 438 
Expiratory flow 

conductance determinants 143-6 
forced, pressures 35 
limitation 143,151,156-7 
maximum (MEF) 35,37,39-44 

determinants 141-3 
reductions and density depen

dence 137 
static recoil relationship 42-4 
volume (MEFV) curves 137, 138 

peak (PEF) 322 
Expiratory pressure, maximum 189, 

190 
Expiratory volume, forced, see FEV! 

Face masks 510-11 
Farmers 77 
Felodipine 180 
Fenoterol179-80,396--7,433,439 

hydrobromide 466--7 
FEV! (forced expiratory 

volume/second) levels 
69-74,84-6,135 

ageing 28 
alveolar attachment 26 
bronchopulmonary infections 

78-9 



COPD 137-8 
as mortality predictor 51 
post bronchodilator 258 
pulmonary arterial pressure 249 
small airway lumen size 27 
smoking 75, 84 

Fibrillation, atrial 482 
Fibrinogen degradation 120 
Fibrosis 

cystic 23,79,116,172 
emphysema and 4,5,14 

Finger-clubbing 313 
Finger stains 313 
Flow-volume loop 321-2,339 
Fluid balance 267-9 
Forced expiratory volume, see FEV! 
Forced vital capacity 139 
Formoterol392,408 
Forskolin 393 
Framingham study 85 
FRC (functional residual capacity) 

135,136,138-41,148,296 

Gallamine 406 
Gas exchange 164-71,461-2 

pulmonary 161-81 
drug effects 178-81 
during exercise 174-6 
mechanisms of abnormal 

164-72 
response to oxygen 177-8 
structure and function 172-4 
ventilatory control 198 

tests 327-8 
see also Blood gases 

Gas tensions, transcutaneous 328-9 
Gas transfer factor 326 
Gastric pressure 335 
Gastro-esophageal reflux 311 
Gastrointestinal bleeding 482-3 
Geographic epidemiology 55-6 
Glucocorticosteroids 85,447,448, 

450-51 
see also Corticosteroids 

Glutathione 117 
Glyceryl trinitrate 409 
Gold miners 76 
Graft function assessment 566-7 
Graft-versus-host disease 354 
Grain handlers 77 
Growth and nutrition 62 

Haldane effect 463 
Health and Lifestyle Survey 48 
Health education 534, 536 
Health services 51 
Heart-and-lung transplant (HLT) 

559 
Heart disease 

ischemic 311 
valvular 338 

Heart failure 256,257,265,368 
Helium dilution 323 
Hematology 336-7 
Hemodynamics 297-8,497-9 
Hemoglobin---<:arbon dioxide 

binding 463 
Hemophilus influenzea 469 
Hemoptysis 311-12 
Heparin 484-5 
Histamine 80-81,395-6,421, 451 
Hoover's sign 196,313 
HRCT, see CT scanning 
Hydralazine 272 
Hydrogen ion concentration 249 
Hypercapnia 148,207,208,222,462, 

463-4,517 
edema 267-8 
nutritionally associated 471 

Hyperinflation 148-9,149-50,151-2, 
186,194,212,313,358-9 

Hypermetabolism 533 
Hyperoxia 121, 207 
Hypertension, pulmonary 29 

arterial 248-51 
COPD 253-7, 263 
REM sleep 297 
untreated 254-5 
vascular abnormalities 29 

Hypnosis 378 
Hypnotics 302 
Hypogammaglobulinemia 79 
Hypokalemia 337 
Hypophosphatemia 337-8 
Hypopnea, see SAHS 
Hypotonia, postural 295 
Hypoventilation 293-6,297,463 
Hypoxemia 207, 293-8, 463 

autopsy findings 29,30 
chronic 336, 504-5 
fibrotic lung disease 267 
nocturnal 300,301-3 
sleep mechanisms 293-7 

consequences 297-8 
Hypoxia 207,208 

altitude simulation test (HAST) 
507 

isocapnic 217-18 

IgE 82-3 
Image analysis systems 17 
Imaging 315-16,351-68 

airspaces 358-65 
bullae 365 
central airways 351-3 
COPD 368 
cor pulmonale 365-8 
small airways disease 353-6 

Index 575 

trachea 351 
see also CT scanning; Radiography; 

Scintigraphy / scintiscans 
Immunoglobin, lung 117 
Inhibitors 114-16,117 
Inspiratory intercostals 185 
Inspiratory pressures, maximum 

189, 190 
Inter-a-trypsin inhibitor 116 
Interalveolar attachment 21, 26, 28 
International epidemiology 52-5 
Intervention therapy 117-20 
Intimal thickening 29 
Intrapulmonary shunt 168 
Intrinsic positive end-expiratory 

pressure, see PEEPi 
Intubation 472 
IPPB/IPPV, see Breathing, intermit

tent positive pressure (IPPB) 
Ipratropium 421, 432, 433 
Ipratropium bromide 179-80,405, 

406,409,421,426,427,429, 
432,439,454,456,466-7 

Isoetharine 469 
Isolde 84, 339 
Isoprenaline 392, 423 
Isotope scans 340 
Iso-volume pressure-flow (IVPF) 

curve 141-2 

Jugular venous pressure (JVP) 314, 
338 

K+ channel openers 409 
Krypton 356 

Laser coagulation 555 
Left heart failure 368 
Left ventricular dysfunction 338 
Leg weakness 331 
Lemakalim 409 
Leukoprotease inhibitor 114 
Linear intercept technique 17, 18 
Linear measurements 20-22 
Lipogenesis 471 
Liver/lung transplantation 105 
Lobectomy 340,555 
Lobeline 382 
London smog 47, 58 
Lung 

honeycomb 14 
three-compartment model 327 

Lung cancer 29,57,85 
Lung capacity 138-41,322-3 

total (TLC) 136,138,139-41, 146, 
563 

see also FRC (functional residual 
capacity) 

Lung deadspace 327 



576 Index 

Lung disease 
bullous 547-58 
chronic 5 
fibrotic 267 
obstructive 5 

Lung elastic recoil 27,35,38-9 
Lung function/ structure 35-44, 

69-86 
impairment 69-74 
peripheral 137-8 
prognosis 84-5 
risk factors 74-83,83-4 
smoking cessation 373 

Lung growth, childhood 48,74 
Lung Health Study 84 
Lung infections, childhood 79 
Lung lavage a-AT 106-8 
Lung mechanics 135-57 

acute respiratory failure 151-7 
airway disease 146-7 
compliance/resistance 136-7 
COPD 135-8, 138-50 
flow-volume curves 137, 138, 

147-50 
static tests 322-4 
work 152-3 

Lung recoil pressures 35-9,74,139, 
141, 142-3, 145 

maximal respiratory flow 37, 42-4 
pressure-area behavior 41 
pressure-volume wave 35,37-8, 

39 
Lung relaxation volume (RV) 138, 

141,148 
Lung transplantation 85,105,561-9 

bilateral sequential 562 
combined heart and 561 
complications 568 
donor matching 565 
double 561 
evolution in COPD 562-63 
immunosuppression 565 
indications/ considerations 563-5 
post-operative 565-8 
single 561 

Lymphoproliferative disorders 567 

Malnutrition 170,532-3 
Mast cells 112 
Maximum breathing capacity (MBC) 

150 
Mayow, John 495 
Mediator antagonists 410 
Medical Research Council (MRC) 

47, 48, 311, 497 
Medroxyprogesterone acetate 230, 

301 
MEF, see Expiratory flow, maximum 

(MEF) 

Mental attitude 229,233,311 
Metabolic rate, basal (BMR) 188 
Metallo-proteinase inhibitors 116 
Metaproterenol 423 
Metered-dose inhaler (MDI) 435, 

465-6 
Methacholine 80-81,421 
Methoctramine 406 
Methylprednisolone 449, 468-9 
Methylxanthines 199,467-8 
MIGET 161-4 
Migrants 54-5 
Miners, see Coal miners; Gold 

miners 
Monoamine oxidase 392 
Monocytes 112 
Morphine 233 
Mortality 50-51 

chronic bronchitis 55 
chronic respiratory disease 51-2 
historical 51 
pneumonia 51 
smokers 78 

Mouth occlusion pressure 212 
MRi 

right ventricular dimensions 
262-3 

Mucociliary clearance 420 
Mucolytic therapy 438 
Mucus 29 

hypersecretion 47,48,55,57,63, 
69,78 

secretion and anticholinergics 401 
Muscarinic antagonists 85 
Muscarinic receptors 401-6 

binding studies 403 
Muscles, respiratory 185-200 

actions 185-7 
bronchodilators 420 
diaphragmatic mass 470-71 
dynamics 192-4 
dysfunction in COPD 186-7, 

196-8 
exercise physiology 330 
expiratory 186 
fatigue 194-6,212,220-22,225, 

429-30,475-6,529 
fiber 187 
gas exchange 198 
length-tension 225 
load to power ratio 186 
mechanical properties 189-94 
morphology and energetics 187-9 
oxygen consumption rate 188 
PEEPi 194 
pharmacologic treatment 199 
rest 230 
spindles 225 
statics 189-92 

strength 471 
studies 225-7 
therapeutic possibilities 198-200 
thermic response to food 188 
tidal swing 192-3 
training 199, 529, 530 
upper airway support 186 
wasting 187 

Myocardial failure 257, 265 

NANC bronchoconstriction 394-5 
Nasal cannula 464,511 
Nebulizers 437-8,465-6 
Neoplasm, bronchial 311 
Neuron groups 206 
Neutrophils 

elastase (NE) 94-5,100,116,119 
function modification 118-19 
lung 109 

Nicotine 
addiction 374-5 
fading 377 
gum 380,384-5 
nasal spray 382 
replacements 375, 380-82, 384-5, 

387 
skin patches 380-81 

Nifedipine 180,271-2 
Nitrogen oxides 59,77,121,180-81, 

251-2,409 
Nitrogen test 26 
Nitrovasodilators 409-10 
Nocturnal oxygen 

prediction 299,300 
therapy 301 

Nocturnal Oxygen Therapy Trial, see 
NOTT 

Noradrenaline 392, 394, 406 
Nosology 1 
NOTT 254,301,497-9,500 
Nutrition 

acute respiratory failure therapy 
470-71 

COPD sign 313 
growth and 62 
parenteral 170-71 
pulmonary rehabilitation 532-4, 

535 
treatment 199 

Obstructive airway diseases 3-7 
Occupational risks 59-60, 76-7 
Omentum wrap 559 
Ondine's curse 210 
Opiates 220 
Opiodes 233 
Orciprenaline 325,423,425,427 
Orthopnea 311 
Osteoporosis 449 



Oximetry 464 
Oxitropium 439 

bromide 325,405,409,426,427-9 
Oxygen 233 

arterial content (Cao2) 496 
arterial saturation (Sa02) 515 
arterial tension (Pao2) 172, 496 
consumption 150, 330 
delivery 510-13 
domiciliary therapy 84,85,273, 

495-520 
circulatory effects 496-7 
clinical benefits 500-502 
complications 516-17 
during sleep 507 
during travel 507 
economic considerations 

517-19 
efficacy 505 
equipment 507-13 
future 519-20 
hematological effects 499-500 
historical background 495 
long-term (LTOT) 495,499, 

502-4,507,514,518 
monitoring 514-16 
neuropsychiatric function 500 
patient compliance 514 
patient selection 502 
physiologic changes 495-9 
portable 505-7 
smoking 507,514 
ventilatory effects 496 
see also NOTT 

inspired concentration (F102) 496 
mixed venous tension (PVo2) 516 
pulmonary gas exchange response 

177-8 
pulmonary toxicity 516-17 
supplemental 303,464 
supply 508-10 
tissue delivery (Do2) 496 
transcutaneous tension 515-16 
transport 255-7 
venous tension (Pvo2) 497 

Oxygenation 
improved 463-5 
during sleep 299-300 
tissue 516 

Ozone 59 

Pacemaker cells, respiratory 206 
P AE, see Emphysema, panacinar 

(PAE) 
Panbronchiolitis 338 
Parents Against Tobacco 376 
Paris study 79 
Peak expiratory flow (PEF) 322 

PEEPi 149,151,152,154-6,194,222, 
228-9,422,472-5,477-8,531 

Percussion 3 
Perfusion, lung (Q) 356 

see also Ventilation-perfusion ratio 
(VA/Q) 

PET (positron emission tomo
graphy) 358 

Phenobarbitone 408 
phenobarbitol 468 

Phentolamine 271,406 
Phenytoin 408 
Phosphodiesterase (PDE) 406-7,409 
Physiotherapy 471-2 
'Pink puffers' 165,205,212,233,248, 

254,312,501-2 
PIOPED 358 
Pirenzepine 402, 403 
Platelet activity 337 
Plethysmography 138-9,323,484 
Pleurisy 311 
Pneumonectomy 340,555 
Pneumonia 51,368 

nosocomial 485 
organizing 353 

Pollutants, photochemical 59 
Pollution, air 58-9 
Polycythemia 298, 300, 336, 337, 

499-500 
Polysomnography 300 
Positive airway pressure therapy 

303 
Positive end-expired pressure, in

trinsic, see PEEPi 
Positron emission tomography 

(PET) 358 
Posture 196-7,532 
Prazosin 271,406 
Prednisolone 325,448,449,450-51, 

455 
Priestley, Joseph 495 
Prophylactic infection control 438 
Prostaglandin 273,407 
Protease inhibitor (Pi) system 77, 

96-7 
Protein oxidation 188 
Proteinase/ antiproteinase theory 

93-4,95 
ProtriptyJine 301 
PSE, see Emphysema, paraseptal 

(PSE) 
Psychiatric morbidity 312 
Pulmonary anatomy 10-13 
Pulmonary circulation 243-57 

COPD 247-53 
normal 243-7 

Pulmonary mechanics / function, 
abnormal 25-7,249-50 

Pulmonary oxygen toxicity 516-17 

Index 577 

Pulmonary rehabilitation 527-39 
cost benefit analysis 538-9 
patient selection 534, 536-7 
program 528-34 
quality of life 537-8 
survival 538 

Pulmonary vascular bed 248 
Pulmonary vascular resistance 

245-6,253 
Pulse oximetry 328-9,464,515 

Radiography 315-16 
bullous lung disease 551-52 
cardiac function assessment 259 
chest 351-2,353,354-5,358-60, 

365,368 
Radionuclide assessment 261-2 
Receptors 207-9 
Reflux reflex 399 
Renal function 268 
Renin-angiotensin-aldosterone 

system 268-9 
Respiratory failure, acute 461-86 
Respiratory impedance 211 
Respiratory loading 220-22 
Respiratory muscles, see Muscles, 

respiratory 
Respiratory output modulation 

207-9 
chemoreceptor inputs 207 
cortical influences 210 
mechanoreceptor inputs 209-10 

Respiratory pressures 190,323-4 
Respiratory quotient 188 
Respiratory sensation 222-4,230, 

233 
Respiratory stimulants 464-5 
Respiratory system resistance 153-4 
Rest therapy 198-9 
Resting energy expenditure (REE) 

188 
Retroviruses 103 
Rib cage 185, 187 

tension time 225 
Right heart failure 257 
Right ventricular 

dimensions 262-3 
ejection fraction 261-2,264,265 
function 263-6, 266-7 
hypertrophy 29-30 

edema 258 
Rimiterol 392 
Risk factors 4,74-83,83-4,339-41 

SAHS (sleep apnea/hypopnea 
syndrome) 297, 299-300, 
303 
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Salbutamol 392, 395, 396-7, 401, 
423-4,427,432,433,437 

albuterol 465 
side-effects 434 

Salmeterol 392, 395, 397, 408, 439 
Salt Lake City study 79 
Saralasin 272 
Sarcomere resorption 191 
Scheel, Karl Wilhelm 495 
Scintigraphy / scintiscans 356-8 
Secretory leukoprotease inhibitor 

(SLPI) 115 
Sexes 56 
Silo-filler's disease 354 
Single nitrogen (SBN2) test 26,72, 

137-8 
Sleep 

apnea/hypopnea, see SAHS (sleep 
apnea/hypopneasyn
drome) 

breathing during 197,303 
COPD 293-303 

death 298 
hypoventilation 293-6, 297 
hypoxemia 293-8 
quality 298,312 

oxygen therapy during 507 
REM 293-6 
respiratory modulation 210 
studies 336 

Small airway, definition 10 
Small airways disease 7, 23-5 

airway measurement 23-4 
blood flow dispersion 174 
imaging 353-6 
lumen 

histological changes 23 
size and FEV 1 27 

pathology and MEF 39-44 
pulmonary abnormalities 25 
pulmonary gas exchange 171 
smoking-related effects 24-5,27--8 
resistance changes 27 
VA;Q abnormalities 173-4 

Smoking 4, 5 
a-antitrypsin deficiency 100 
active 57 
airways hyper-responsiveness 

80-82 
asthma 82 
atopy 82-3 
biochemical mechanisms 93 
cessation 373-87 

advice/treatment 376-82 
clinics 377-8 
counselling 377-8 
effects 84 
group therapy 379, 386 
motivation 377-8,383,384,385, 

387 
non-pharmacologic aids 378-9 
pharmacologic aids 379--82 

children 375-6 
COPD cause 9,13,14,16,18,19, 

47,48,62-3,312-13,373 
dose-related risk 19,312-13 
emphysema 14, 106 
interventions 375-82 
legislation 376 
life expectancy 387 
lung function impairment 69,70, 

74-6 
maternal 58 
mortality 78 
natural history 373-4 
nicotine 

addiction 374-5 
replacements 375 

oxygen therapy 507,514 
pack-year 312 
passive 57-8,376 
prevalence 373-4 
prevention 375-6 
prevention/ cessation strategy 

382-7 
small airways disease 24-5,27-8 
social class 57 
time trends 52 
withdrawal syndrome 375 

Snowbird workshop 316 
Social class 56-7 
Spacer devices 436-7 
Spasmogens 391 
Spirometry 316-22,339 
Sputum production 13 
Staphylococcus au reus 469 
Static deflation pressure-volume 

curve 27 
Static transpulmonary pressure, see 

Lung recoil pressures 
Static volume-pressure (VP) curve 

139-41 
Stenosis, mitral 338 
Sternotomy 553 
Stethoscope 3 
Streptococcus pneumoniae 469 
Stretch receptors 209 
Studies/surveys 48,78-9 

drug inhalation 84 
isocapnic hypoxia 217-18 

SuJcrafate 483 
Sulfur dioxide 58, 77 
Surgery 

assessment for 339-41 
'Superinhibitors' 117 
Swyer-James (MacLeod's) 

Syndrome 354-5, 368 
Sydenham, Thomas 1 

Sympathomimetic agents 465-6 
f32 adrenoceptor agonists 465 

Symptoms, COPD 309-12,314 

Tachycardia 481-2 
Tachykinin antagonists 410 
Tachypnea 151,461 
Tamoxifen 102,117 
Tecumseh index 79 
Telenzepine 403 
Tendon organs 225 
Terbutaline 179,392,397,423,468 
Tests 

bronchodilator reversibility 
324-6,433 

dynamic/ spirometric 316-22 
exercise 330-35 
flow /volume 321-2 
gas exchange 327-8 
lung mechanics, static 322-4 
shuttle 537 
walk 537 

Tetracycline 470 
Theophylline 272, 302, 406-8, 423, 

429-32,433,438,439 
acute respiratory failure 467-8, 

482 
anti-inflammatory action 420 
exercise capacity 429 
muscle fatigue 429-30 
oral 432 
pharmacokinetics 408 
side-effects 429, 434-5 

Therapy 
gene 103-4 
intervention 117-20 
replacement 102-3 

Thoracoscopy 555 
Thoracotomy 339,555 
Thrombosis 

deep venous 483 
pulmonary 248 

Tidal flow-volume 147-8 
Time trends 51-2 
Tiotropium 406, 439 
TLC, see Lung capacity, total (TLC) 
TLCO/VA 84 
Tobacco, see Smoking 
Tolazolin 271 
Trachea deformation 225 
Tracking' 70, 71 
Transcutaneous gas tensions 328-9, 

515-16 
Transitional Dyspnea Index (TDI) 

224 
Transplantation 

liver and lung 105 
lung 561-69 

Transversus abdominis 186, 187 



Travel and oxygen therapy 507 
Treadmill 331 
Tricuspid regurgitation 314 
Trimethoprim-sulfamethoxazole 

470 
Tuberculosis 3, 527 
Tucson study 70, 71, 82, 85 
Tumour, lung 340 

Ulcer, stress 483 
Ultrasonography 484 
Urapidil 271 

v A/Q, see Ventilation-perfusion 
ratio (VA/Q) 

Valvular heart disease 338 
Vasodilators 180,251-2,395 

pulmonary vascular disease 
270-73 

Ventilation 
collateral 146 
mechanical 154-5 

vveaning 169-70,472-8,471,478 
minute (VE) 496 
negative pressure 198-9,302 
voluntary 228 

Ventilation-perfusion ratio (VA/Q) 
316 

mismatching 161, 172,296-7,464, 
484 

scanning 327, 340, 484 
Ventilatory capacity 

non-pharmacologic improvements 
230-32 

Ventilatory control 
COPD 212-14 
dyspnea 205-33 
gas exchange 198 
mental activity 229 
oral stimulants 230 
organization 205-7 
therapy 229-33 
unifying hypothesis 210-11 

Ventilatory function 55,57 
Ventilatory mechanics, abnormal 

150 
Ventilatory response 

carbon dioxide reduction 212-15 
gas tension 218 
oxygen 215-16 
nutrition 471 

Ventilatory settings 153 

Index 579 

Ventilatory support 198-9 
Ventricular complexes, premature 

482 
Ventricular load 264-5 
Ventricular tachycardia 482 
Venturi mark 464 
Viral infection 469 
Visual analog scale (VAS) 223,311 
Vitamins 62 

Weber's lavv 228 
Weight loss 188 
West London Study 78,79 
Wheezing 310 
Whitehall study 79 
Women 56 
Work 

elastic 148,149,151 
inspiratory 149, 151, 152 
lung 152-3 
viscoelastic 152-3 

Xanthines, novel 409 
X-ray planimetry 323 




