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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 CO, 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.JM. 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
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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
vC
RV
FRC

Total lung capacity

(Slow) vital capacity

Residual volume

Functional residual capacity

(= end-expiratory volume)

Vr Relaxation volume of the respir-
atory system

SINGLE BREATH N, TEST

SBN, Single breath nitrogen test

Ccv Closing volume

CC Closing capacity (sum of residual
volume and closing volume)

CONTROL OF BREATHING

\%» Tidal volume

T1 Inspiratory time

TE Expiratory time

TtoT Total respiratory cycle time

VE Expired minute ventilation

Py 1 Mouth occlusion pressure 0.1 s

after onset of inspiration

FORCED VITAL CAPACITY MANEUVRES

FEV; Forced expiratory volume in one

second

FvC Forced vital capacity

MEFV Maximum  expiratory  flow-
volume

MIFV Maximum inspiratory flow-
volume

MBC Maximum breathing capacity

PEF Peak expiratory flow

PIF Peak inspiratory flow

VE max Maximum expiratory flow

AVmaxsy Difference between maximum
expiratory flow at 50% vital capa-
city breathing air and breathing a
helium-oxygen mixture

VisoV 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

PL max
Palv
Ppl

Ppl min
Prmax

PE max

Pab
Pdi

Pdi max

Static transpulmonary pressure
(syn. lung recoil pressure)

PL at 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-Pp))

Pdi during a maximum inspir-
atory effort



xvi Glossary

Pao Pressure at airway opening
(mouth, nose or tracheotomy)

PEEPi Intrinsic positive end-expiratory
pressure

TTdi Tension—-time index of diaphragm

CPAP Continuous  positive  airway
pressure

Resistance and compliance

Raw Airways resistance

SGaw Specific airway conductance

Rrs Total respiratory resistance

ARrs Additional total respiratory
resistance

Est,rs Static elastance of respiratory
system

Edyn,L Dynamic elastance of lungs

Cdyn,L Dynamic compliance of lungs

PV Static pressure-volume curve of
the lungs

k Shape factor of PV curve

Gus Upstream conductance (ratio of
maximum expiratory flow /PL)

Work of breathing

Wirs Total inspiratory work (static and
dynamic) on the respiratory
system

Wist,rs Static component of total inspir-
atory work

WiPEEPI  Static work required to overcome
PEEPi

Widyn,rs Dynamic component of total
inspiratory work

Wiaw Dynamic work to overcome
subject’s airway resistance

WiL Dynamic work due to time con-
stant inequality and viscoelastic
pressure dissipation

Wiw Dynamic work to overcome chest

wall tissue resistance

BLOOD AND ALVEOLAR GAS EXCHANGE
AND PULMONARY CIRCULATION

BLOOD AND ALVEOLAR O, AND CO,

SaOZ

C a0y
Do,
PaOZ
Paco,
PA02
PAOZ—P a0,
P\_/OZ
PtCOz
Paco,
Petco,
Vo,

VOZ max
Vco,
RQ

RE

Fio,

Q

Va
Va/Q
VD
Vbp/Vr

Qs/Qt

arterial O, saturation

arterial O, content

O, delivery

Arterial O, tension

Arterial CO, tension

Alveolar O, tension
Alveolar—arterial PO, difference
Mixed venous O, tension
Transcutaneous O, tension
Alveolar CO, tension

End tidal CO, tension

O, consumption

maximum O, consumption

CO, production

Respiratory quotient

Respiratory exchange ratio
Fractional concentration of O, 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/Va

PULMONARY CIRCULATION

Ppa Pulmonary artery pressure

Ppw Pulmonary artery wedge pressure

Ppv

Pulmonary venous pressure



DEFINING CHRONIC OBSTRUCTIVE 1

PULMONARY DISEASE

G.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 [1]

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
‘COPDY’. 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 [9,10].
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,
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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.

Scadding [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 Dbiologically
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. pneumonize (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 may or 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.

e 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.

e 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.

e 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 ‘paracicatricial 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,
[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;, 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

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.

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-

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 [1,2].

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.

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
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 al. [19] in their epi-
demiologic studies showed that there was
clearly no relationship between cough and
sputum and the rate of decline of FEV;.
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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

251 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 (PAE): 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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Paraseptal emphysema

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 paraseptal 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 overdistention 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 aj-antitrypsin (a;-AT)
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 0
to 100, where 0 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 pum 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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70-year-old with panacinar
emphysema

(@) (b) ©

22-year-old non-smoker 82-year-old non-smoker

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 AWUV
(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 AWUYV 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.
tAWUV is directly related to Lm using the formula:

Surface area = 2V / Lm (in the case of AWUV V = 1 mm?, 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/Lm
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/Lm.
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Mean AWUV plotted against age in 38 non-smokers
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Fig. 2.5 This figures shows the mean AWUV (expressed as mm?/mm? 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 AWUYV 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 AWUYV 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 PAE (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 AWUYV value. These authors raised the
possibility that there was a group who had a
genetic predisposition to developing PAE,
independent of the risk of developing CAE.

However, focal types of emphysema such
as centriacinar emphysema may not affect the
overall mean AWUV 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 (PAE 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 AWUYV 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
AWUYV 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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a b

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 paraseptal 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
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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 Saetta et al. [23] described a
Destructive Index (DI) 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 PAE. 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 AWUV 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.

Presence or absence of mucosal ulceration.
Goblet cell hyperplasia.

Squamous cell metaplasia.

Inflammatory infiltrate of the airway wall.
Amount of fibrosis in the airway wall.
Amount of muscle.

Degree of pigmentation.

PN U A WD

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, PAE 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; 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 FEV;, 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;; the relationship
between alveolar wall attachments and the
percent predicted FEV; 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, 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 FEV,
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 FEV; 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 [AAD
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
N, test (SBN,) [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 FEV; 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
FEV,, and the slope of the SBN, 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
COPD. 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 COPD 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 SAD score of Cosio et al. Using such
scoring systems relationships between these
inflammatory changes and reduced FEV;
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 FEV within normal limits.

We have not been able to confirm the rela-
tionship between a decreased small airway
lumen size and the FEV; [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 FEV;.

Epidemiologic studies of decline in FEV; in
patients with COPD [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 PAE [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, 1 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 FEV 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 FEV;, 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 may or may not be part
of the pathophysiology of vascular disease in
COPD, 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 1, 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 COPD. 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 COPD
including carotid body enlargement [111,112]
and enlargement of the renal glomeruli [113].
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LUNG STRUCTURE-FUNCTION 3

RELATIONSHIPS

P.D. Paréand ].C. 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
transpulmonary 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*P [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.
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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 transpulmonary 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-

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;% predicted (N = 163). There is no significant relationship.

Patients who have mild emphysema may be severely

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

obstructed and vice versa.

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 =

Table 3.1
Group 2 Group 4
No significant emphysema Significant emphysema
Normal k Increased k Normal k Increased k

Emphysema score 244 243 2617 29111
k %P 107121 176126 10719 180£19
Lm (um) 1884382 251174 239+50 260+75
PL max%P 91435 73+18 79133 66115

Mean + standard deviation; %P, percent predicted.
3Significantly different from Group 2 or 4.
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2T/r). 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 (Tk, T compliance
and | values for Prgy and Prg). 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 H,O. 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
Non-obstructed Obstructed

N 30 30
Age 6519 6418
Pack years 45136 704422
FEV,/FVC% 77+4 55+62
PL max (cmH;0O) 2518 18152
Membranous 126149 1544452

bronchiolar

pathology score

aSignificantly different obstructed vs non-obstructed
(P<0.05).

Table 3.3
Non-obstructed  Obstructed
Membranous airways 189 175
Luminal diameter 0.74+0.5 0.6110.42
(mm)
Luminal perimeter 3774221 3.47+22
(mm)
Wall thickness 0.106£0.06  0.132+0.082
(mm)

aSignificantly different obstructed vs non-obstructed
(P<0.05).

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 FEV,;, 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-

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-

Fig. 34 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/cmH,O (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 FEV;/FVC and FEV,% 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 26 26
Emphysema score 0.7+1.3 314152
Males/females 20/6 22/4
FEV,%P 85+10 8919
FEV;/FVC% 67+5 664
PL max %P 81+25 78426
k%P 125430 131438

Gus VC/sec/cmH,0 0.15+0.07 0.1610.05

%P, percent predicted; Gus, upstream conductance.
3Significantly different (P<0.05).

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

k<0.2058 k>0.2058
N 26 26
Emphysema score 1315 18+16
Males/females 21/5 21/5
FEV,%P 8849 86111
FEV,/FVC% 6816 6615
PL max %P 86122 76130
k%P 107+14 1484242
Gus VC/sec/cmH,O 0.12£0.03 0.19+0.052

%P, percent predicted; Gus, upstream conductance.
ap<0.05.

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 FEVy, or FEV;/ FVC. 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 4

PERSPECTIVE

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
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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-
cal or 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’” FEV;, 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 FEV].
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 COPD 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 (i.e. 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 19812
Chronic 45-64 32.7 29.6 12.3 12.9 12.0 6.7
bronchitis? 65-74 73.8 379 23.5 13.6
75+ 70.7 475 23.2 12.3
65+ 72.0 32.3
Emphysema 45-64 3.1 3.4 6.5 0.2 0.5 3.0
and COPDP 65-74 11.1 26.2 1.5 7.8
75+ 5.0 31.2 0.4 72
65+ 44 08
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 29.3 324
COPD and asthma 65+ 84.3 420

Sources: National Morbidity Surveys in General Practice [30-32].
Excludes bronchitis unspecified but includes bronchitis with mention of emphysema (in 1955-6).
"Emphysema 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 FEV; 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 19 963 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. 41 Age-standardized mortality rates (per 1000 per year) for chronic respiratory diseases
(ICD9Y 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
(ICD9 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

Hospital In-patient General practice
admissions bed-days consultations
Chronic bronchitis? 100 1500 4400
Emphysema and COPD 240 3300 2700
Asthma 410 1800 11900
Chronic bronchitis, 750 6600 19000
emphysema, asthma
and COPD

Modified from Anderson et al. [28].
aIncludes bronchitis unspecified for hospital use but not for GP consultations.

deaths attributed to COAD (ICD9 496) are not  piratory deaths attributed to COAD, rather
included. A special study among men and than bronchitis, emphysema or asthma. The
women aged 65-74 in 26 countries during proportion certified as COAD varied from
1984 showed considerable variation between almost none in Poland to about two-thirds in
countries in the proportion of all chronic res- the USA [44].
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Fig. 4.3 Age-specific mortality rates (per 1000 per year) for chronic obstructive lung diseases (ICD9
490493 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. 44 Age-specific mortality rates (per 1000 per year) for chronic obstructive lung diseases (ICD9
490493 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
[47].

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 I IIIN M v \%4
Standardized mortality ratio for Men 20-64 34 48 85 110 133 211
bronchitis, emphysema and Married women®  20-59 41 61 70 122 144 222
asthma
Standardized mortality Men 20-64 43 63 80 120 126 178
ratio for cancer of trachea, Married women?  20-59 50 73 81 122 138 170
bronchus and lung
Consultation ratio Men 45-64 48 77 123 161
for chronic bronchitis 65-74 53 95 113 141
All women? 45-64 69 72 140 177
65-74 56 64 150 127
Consultation ratioP for asthma Men 45-64 97 94 106 98
65-74 90 93 91 126
All women? 45-64 71 81 109 147
65-74 69 112 113 114

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

aMarried women classified by their husband’s occupation.

Proportion of patients consulting annually relative to the proportion in all social classes combined (=100).



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

441 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
FEV, 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



58 Epidemiology: a British perspective

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 FEV,
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 pug/m3 SO,, or
similar concentrations of black smoke, with
an increase in respiratory morbidity among
adult patients with chronic bronchitis. At
levels in excess of 500 pug/m? SO, 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 pg/m?3 (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
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 SO, 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

through
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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 pg/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 NO, 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 NO,
exposure [74]. In one small study where NO,
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].

4.44 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;,
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 [100]. 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
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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 [571.

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 FEV, at
ages 59-70, though not with FVC 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 FEV, (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 5
FUNCTION: NATURAL HISTORY AND

RISK FACTORS

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,, they suggested susceptible smokers
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Table 5.1 Some reported rates of change in FEV,
in chronic obstructive pulmonary disease

Mean change in FEV,
(ml/year)

Pre-clinical OLD

Tucson population, smokers -91
Relatively mild clinical illness

British chronic bronchitis -832

Chicago emphysema FEV; >1.241 -72

Salt Lake City chronic OLD —69
More severe clinical illness

Chicago emphysema, all patients ~ -56

Houston VA Hosp. COPD -52

Groningen CNSLD -54

IPPB study of COPD —48

Reprinted from Burrows [8].

aStudied FEV 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 FEV] 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
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Fig. 5.1 Hypothetical model of development of
impairment of FEV, 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
FEV,. 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-, © post-bronchodilator) in 4 men identified
when FEV; was about 2 L. 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 FEV;. 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; 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 FEV; 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 FEV, 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 FEV.

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
FEV,/H3 (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 FEV;/H3. (Reproduced from
Peto et al. [4] with permission.)

short-term repeatability of FEV; in an indi-
vidual is 190 ml [9] which is several years’
annual decline in FEV; even in smokers. But
the range of annual decline in FEV; 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 a;-AT 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 FEV; 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; 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 (SBN,) test or the later part of
the maximum expiratory flow-volume curve,
should therefore aid in interpretation of
slightly reduced values in FEV;. Six to ten
year follow-up of subjects in whom the SBN,
test has been measured at a time FEV; is
normal confirms that the SBN, is abnormal in
almost all subjects who subsequently develop
a reduced FEV, [10]; but many subjects with
an abnormal SBN, 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 (TLco/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 TLCO/VA are associated with the
presence of emphysema [12,13], mild reduc-
tions in TLCO/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 TLco/Va
[14]. Nevertheless occasional patients with
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Fig. 5.4 Distribution of rates of annual decline in FEV; in (a) 42 middle-aged male never smokers, average
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ference in scale from two upper panels). (Panel (c) modified from Buist et al. [51] with permission.)
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COPD have considerable reduction in
TLco/ VA 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 FEV,
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 FEV;; subjects in whom
TLco/Va was reduced at recruitment showed
further falls in TLCO/VA and a faster decline
in FEV;. 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 FEV; 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,, risk factors are usually investigated
either by studying related mortality or by
seeking evidence of accelerated annual
decline in FEV;. A further risk factor may be
impaired childhood lung growth and devel-
opment, so that subjects enter adult life either
with reduced FEV; 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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Risk factor

Comments

Increasing age
Gender
Smoking habit

Environmental pollution

Occupation

Socio-economic status

Diet

Genetic factors

Birthweight and childhood respiratory illness

Recurrent bronchopulmonary infections

Allergy and airway hyper-responsiveness

Ventilatory impairment predominantly reflects
cumulative life-time smoking history

After standardizing for smoking, males more at risk
than females

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

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

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

More common in individuals of low socio-economic
status

High fish intake may reduce risk in smokers

Homozygous aj-antitrypsin deficiency is strongest
single risk

Low birthweight predicts low FEV; and high COPD
mortality in later life. Chronic childhood disease
predisposes to chronic adult disease

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

Increased blood IgE and eosinophils and
hyper-responsiveness found in smokers but
significance as risk factors may be confined
to a subgroup of smokers

See text and Chapter 4 for further details.

occur in non-smokers (for instance with o;-
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; found in non-smokers
— about 50 compared to 30 ml per year - but
this average value conceals a considerable
range of decline in FEV; in individuals, in
particular a tail of smokers showing unusu-
ally rapid decline (Fig. 5.4). Annual decline in

FEV; in smokers probably begins at a
younger age than in healthy never-smokers,
who show a plateau of FEV, 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 FEV is found, but a wide
variation in annual rate of decline in FEV, 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 oy-
antitrypsin deficiency and dusty occupations;
interactions between smoking and other cur-
rently unidentified risk factors could account
for this difference in susceptibility between
smokers.

5.3.2 OCCUPATION

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 FEV;
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 FEV,,
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 SO, 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 a;-ANTITRYPSIN 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 a;-
AT measured in the basal state.

This is particularly convenient because
there is considerable separation between the
serum a;-AT 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
a;-AT levels 50-75% of mean levels of PiIMM
subjects, as is the much less common PiSS
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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 a;-AT, 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 «1-AT 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 PiIMZ 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;. 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 FEV;, they concluded that
neither mucus hypersecretion nor bronchial
infection caused FEV] to decline more rapidly
because after adjusting for age, smoking and
FEV level, there was no independent corre-
lation between indices of mucus hypersecre-
tion or bronchial infection and annual decline
in FEV;. 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 FVC 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 (1.35) 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 FVC
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
FEV,; 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; over 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 FEV;
[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

Asthma Smokers

Relation to

baseline FEV, Weak Strong

diurnal variation in PEF Strong Weak

blood eosinophil count Present Absent
Slope of dose-response curve Steep Shallow
Plateau of response when symptomatic Absent Sometimes present
Response to indirect stimuli Consistently 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 FEV;, percent predicted. .- = women,
<25 mg/ml; -0~ = men, <25 mg/ml; - -@- - =
women, <5 mg/ml; - T - = 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 Hj-antagonists 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 FEV; 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-

mately 30% rise in total leucocyte count
found in smokers [73,92,93]. An increase in
eosinophils (>5% of total leucocytes) 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].

() 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; in smokers. Some of the difficulty in de-
termining the importance of hyper-respon-
siveness in the pathogenesis of accelerated
decline in FEV, (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
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[99]. In this schema allergy and AHR would
be important for the pathogenesis of airway
disease in the first type of persistent airways
obstruction (as proposed by the ‘Dutch’ hy-
pothesis), but be without any pathogenic role
in the second type, where the AHR may be
acquired following structural and geometric
changes which are the consequence rather
than the cause of accelerated decline in lung
function. This does not mean AHR in
smokers with the latter type of obstruction is
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 play a 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 ;-
antitrypsin deficiency and smoking habit has
been demonstrated for rate of decline in FEV;
[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 oy-
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
FEV] 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 (SBNj, 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
FEV, after quitting smoking approach those
found in never-smokers [2,3,101,104]. There is
also a small early improvement in FEV;. 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 FEV; in ex-
smokers than current smokers [105-1071.
Longitudinal measurements in the Lung
Health Study show an improvement in FEV,

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; 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/Va 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/VA develops in a proportion of
subjects who develop impaired FEV; [14].

5.5 PROGNOSIS

Overall, age and baseline FEV; are the
strongest predictors of mortality [8,17]. Fewer
than 50% of patients with FEV; <30% pre-
dicted survive 5 years, and the prognosis is
still poor in patients with higher initial FEV,
(Fig. 5.7) [17]. Survival is more closely related
to post- than pre-bronchodilator FEV;.
Mortality is related to reduced body weight,
but because this in turn is related to reduced
FEV;, 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 FEV; (even in individuals who
have continued smoking) yet such individuals
must have had accelerated decline in FEV; 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, © >60 years at entry.
(Reproduced from Anthonisen [17] with
permission.)

The dominant role of FEV; 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 FEV;
is much greater than that on other potential
prognostic factors. Particularly when patients
with more advanced disease and a more
limited range of FEV; 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 O; 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 FEV;. Ongoing trials of inhaled glu-
cocorticosteroids in Europe should clarify
whether this widely used treatment slows
decline in FEV;. 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 FEV,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 FEV; 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; 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, 45-59% of predicted value.
Two groups of subjects identified in Arizona com-
munity survey (atopic and/or non-smokers e—e;
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 6

MECHANISMS

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 play a role in

Non smokers
- === Healthy smokers

Lung
Flow
Rates

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 alphaj-antitrypsin (a;-AT) 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 a;-AT 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 ay-AT 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
therapeutically.

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 a;-AT
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 a;-AT 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 a;-
AT deficient serum is shown in Fig. 6.2 and
studies confirm that a;-AT is the most potent
natural inhibitor of this enzyme [9]. In 1972
Lieberman demonstrated that leukocyte
enzymes could digest a;-AT deficient lungs
and that this could be prevented by a;-AT [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
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Fig. 6.2 Inhibition of neutrophil elastase is shown
for increasing volumes of normal (PiM) plasma
and aj-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 a;-AT
deficiency to develop emphysema, NE has
been considered the most likely cause of this
disease in man. Thus the proteinase/
antiproteinase 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 ALPHA;-ANTITRYPSIN

Alphay-antitrypsin 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 g/I 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 a;-AT it is generally believed that
most of the lung a;-AT 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 a;-AT 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 Met®8-Ser3% se-
quence at the active site is the crucial
sequence that gives a;-AT its specificity. This
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sequence has implications for both the func-
tion of a;-AT and potential therapy in em-
physema (see later).

6.3.1 ALPHA;-ANTITRYPSIN DEFICIENCY

Our current concepts concerning the cellular
and biochemical events underlying the patho-
genesis of emphysema relate directly to the
first description of a;-AT deficiency in 1963.
In the preliminary paper [4], Laurell and
Eriksson first described 5 subjects in whom
the o; band on paper electrophoresis was
absent (Fig. 6.3). Three of the original subjects

Fig. 6.3 Paper electrophoretic strips from normal
(lower track) and a;-AT deficient plasma (upper
track). Note the absence of the a; 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 a; 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].

(@) The Pi System

Isoelectric focusing showed that a;-AT 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
a;-AT: M homozygote approximately 2 g/1;

Fig. 6.4 Isoelectric focusing of a-AT 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 EJ.
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 a;-antitrypsin for more common phenotypes

Phenotype Average basal concentration Risk factor for emphysema
MM 2g/1 No

SS 12g/1 No

MS 1.6g/1 No

MZ 12g/1 No

MNull 1.0g/1 No

SZ 08g/1 Yes

ZZ 04g/1 Yes

ZNull 02g/1 Yes

Null Null - Yes

Relationship of phenotype to average a;-AT concentrations and risk for emphysema. Note, however, that the M and S
phenotypes show acute phase responses and the range for these phenotypes is wide (MM normal range 1.4-2.8 g/1
but may rise to 4-6 g/1). On the other hand the PiZ phenotype may only rise to 0.55 g/1. The arrow indicates threshold

for risk.

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

Since these early studies more than 75 dif-
ferent Pi types of a;-AT have been identified
and a complex system of nomenclature has
evolved, some Pi types being associated with
normal a;-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 «;-AT concentrations (indicated by
the amino acid variation): M1 (Ala?18), M1
(Val?18) and the rarer varieties with very low
concentrations (indicated by the town of
origin): Mpypiton- Finally there are some alleles
associated with no detectable a-AT at all:
Null Isola de Procidar and Null Mattawa- In the null
states no «@;-AT can be identified on
isoelectric focusing and if the subject is het-
erozygous (M:Null) the pattern will reflect the
a1-AT positive allele alone (M). The clue to
the presence of a null gene depends on the
demonstration of a low a;-AT concentration
(approximately 50% normal) or a family
including a homozygote null. Hence

identification of a;-AT 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 a;-AT 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 a;-AT 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 a;-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 ;-
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 ay-AT 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. Mypon (deletion of
phenyalanine at position 52 [31]) and S;jyama
(serine®® changed to phenylalanine™ [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: NuuBellingham [35] and NullGranite falls
[36];

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

4. normal secretion of «;-AT that is non-
functional as an inhibitor: Mpineral 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
ALPHA;-ANTITRYPSIN DEFICIENCY

The deficiency alleles are associated with de-
creased plasma concentrations of a;-AT. 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 oa;-AT alleles associated with
normal concentrations of a;-AT (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
a;-AT concentrations to emphysema is not
controversial and this has led to concept of a
threshold of a-AT concentration below
which susceptibility to emphysema increases.
This concept has implications for therapy (see
later).

Serum deficiency of a;-AT results in a com-
parable decrease in the plasma inhibitory
capacity for the enzyme NE (Fig. 6.2). Since
a1-AT enters the lung largely by diffusion
from plasma [18] the deficiency is also
reflected in lung fluids {47,48]. Studies have
suggested that a;-AT 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 a;-AT deficiency.
Indeed animal models have shown that gen-
eration of a;-AT deficiency increases the
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severity of emphysema following neutrophil
sequestration [15].

Thus it seems likely that the low a;-AT
levels in severe deficiency result in reduced
anti-elastase protection for the lung. In addi-
tion, the lungs of a-AT deficient subjects
contain more PMN [47] possibly due to the
release of chemotactic factors such as LTB4
[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

expectancy of a-AT 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
[531.

Nevertheless although mortality is in-
creased in early life in a;-AT 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
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after presentation with disease and other
members of the same family are then investi-
gated. Thus most a;-AT deficient subjects are
identified because of established disease in
themselves or a relative. Studies have shown
that factors other than a;-AT deficiency may
play a 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’
a;-AT deficient subjects [57]. Perhaps the true
risk in a;-AT 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 a;-AT 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 a;-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 a;-AT
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 a;-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 a;-AT 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 a;-
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 a;-AT production

Alpha;-AT 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 a;-AT gene transcrip-
tion is regulatable even in PiZ deficiency,
several approaches have been investigated in
an attempt to raise endogenous plasma a;-AT
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/1 [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 a;-AT found in pregnancy.
This has also been shown to have little effect
in PiZ patients [69]. Interestingly tamoxifen
does increase the levels of a;-AT alleles associ-
ated with increased cellular degradation of the
mature protein such as the S variant [70]. Thus
it may be that tamoxifen would be appropriate
therapy in the SZ 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 S allele.

It may be that other agents will be
identified with greater potential to increase
endogenous a;-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 a;-AT [73] but may
prove more acceptable to patients.

These replacement strategies depend upon
the availability of native a;-AT 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 a;-AT by
recombinant DNA technology [74] and thus
the demand could be met. However, recombi-
nant a;-AT (ra;-AT) 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 roy-AT directly
into the airways. Studies have shown that
aerosolization does not inactivate the ra;-AT
and a single administration of 200 mg raises
the levels in bronchial fluids above ‘normal’
for 12 hours or more [76]. In addition the ra;-
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 oy-AT
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 a;-AT 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 a;-AT into the plasma
and the lung [78]. More recently attempts
have been made to introduce the a;-AT 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 a;-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 a;-
AT gene) and part of the Ela coding sequence
to impair the viral replication. The a;-AT
gene expression cassette consists of the a-AT
gene and the adenovirus major late promoter
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encapsidation major late Signal (SV40)
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Fig. 6.7 Diagrammatic representation of the con-
struction of the adenovirus vector for delivery of
the 1-AT 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 a;-AT gene
has been delivered into the lungs of experi-
mental animals. The viral DNA undergoes
illegitimate recombination with the epithelial
cell genome and the a;-AT 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 ;-
AT to the lung interstitium to prevent lung
damage at this site.

(d) The Z defect

As mentioned earlier the Z a;-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 a;-AT deficiency transplantation of
both liver and lung have been undertaken
successfully. The former has been carried out
in advanced liver disease and the plasma «;-
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-a;-AT deficient subjects.

6.4 EMPHYSEMA IN THE ABSENCE OF a;-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 a;-AT
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 a;-AT. 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
antiproteinase 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 a;-AT deficiency, most of the
research has again focused upon the balance
between a;-AT and NE and in particular
factors which affect the function of a-AT.

Until the late 1970s extensive studies of
plasma «;-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 a;-AT

Functional deficiency of a;-antitrypsin
inactivation

inadequate acute phase response

Deficiency of other inhibitors

Increased elastase burden

Other enzymes

- 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-leukoprotease

- elafin

—raised cellular elastase content
—increased recruitment

— excess chemotactic factors

- greater cell response
- increased degranulation

- metalloelastase (macrophage)
— cathepsin B
- collagenase

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

Studies showed that a;-AT was present in
secretions of patients with COPD and that it
was partially complexed with NE [20].
Furthermore during clinical exacerbations the
a1-AT level rose but the degree of NE
complex fell and free elastase activity was
found suggesting the remaining a;-AT was in
some way inactivated [20].

Studies have shown that there are four
ways in which a;-At 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 a;-AT [85].

6.4.1 LUNG LAVAGE a;-AT

In 1979 Gadek and colleagues published a
key paper on lung lavage a;-AT. They studied
the function of &;-AT in lavage fluids from
healthy smokers and non-smokers. The
results shown that o-AT 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 a;-AT 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 a;-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 a;-AT 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 a;-AT in
vitro [90]. The net effect of these two mechan-
isms would be to reduce lung a;-AT function
in smokers’ lungs by oxidation of the active
site resulting in a significant disturbance of
the a-AT/elastase balance in the lung. It was
suggested that the reason most of the lavage
a;-AT remained active, even in smokers,
reflected the mixing of protein from wide
areas of the lung — some with fully active a;-
AT and some with completely ‘inactive’ a;-
AT [91]. It was hypothesized that the areas
where all the a;-AT 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 a;-AT 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 a-AT function following
smoking [92], other investigators have failed
to find any difference in a;-AT function in
lavage from healthy smokers and non-
smokers [93,94]. Furthermore there is also
disagreement concerning the inhibitory activ-
ity of lung a;-AT 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
a1-AT function. Furthermore the original
observation of oxidized a;-AT in smokers’
lavage fluid has not been confirmed. The only
direct study using a specific monoclonal
antibody failed to detect significant amounts
of oxidized a;-AT 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. 6.8 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 ay-AT [99] but failed to
alter a;-AT function in normal lavage fluids
[96].

On balance no clear picture emerges, which
makes it unlikely that oxidation of a;-AT is
the only explanation for the susceptibility to
emphysema in smokers. There are other
mechanisms that reduce the inhibitory
activity of o;-AT 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 a;-AT
making it smaller (49 000 KDa) or larger
(approximately 80 000 KDa) respectively
compared to native active a-AT (52 000-
54 000 KDa). Studies have shown that a;-AT
of these molecular weights can be present in
lavage fluids from emphysema patients [100]
but not in healthy subjects [96]. Thus the in-
activity of lung lavage a;-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 a-AT is
changed in a less dramatic way. Studies have
shown that the a;-AT in smokers’ lavage has
a slightly reduced association rate constant
for NE [101]. This change is small but may
affect the way a;-AT, 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 a;-AT 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 a;-AT 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 a;-AT/NE balance will
have been restored). Only one such study has
been carried out [100] and although there was
more evidence of cleaved a;-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 a;-AT 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 a;-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 a;-AT function at this
site is more relevant to the pathogenesis of
the disease. However, lung «a;-AT is thought
to derive from the plasma by transudation
through the lung interstitium and thus
lavage a;-AT should partly reflect the inter-
stitial @;-AT. Similarly if a direct effect of
cigarette smoke on a-AT is difficult to
demonstrate in lavage fluids it is even less
likely to affect a1-AT 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 a;-AT 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
a-AT 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 Tagl, 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 [105] 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 a;-AT. 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 macrophages
[108] and bronchial epithelium [109] release
chemotactic factors. The control of these
processes is poorly understood, although
inactivators of chemotaxis also exist and may
play a role in modulating the response in
individual subjects.

For instance lung lavage in a;-AT 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 «@;-AT
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 play a role in
patients with normal &;-AT 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



110 Biochemical and cellular mechanisms

Fig. 6.9 The chemotactic response of isolated neu-
trophils to the chemoattractant FMLP (108 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

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 a;-AT 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 a;-
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
a1-AT is present in the lungs of smokers [96],
emphysema patients [100] and even those
with a;-AT 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 a;-AT
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 a;-AT status. However, a;-AT 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 «;-AT (as in ay-AT
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 «;-AT. 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 a;-AT [123]. Thus the
neutrophil has the potential to degrade
elastin before, during and after migration,
even in the presence of a;-AT. This ability
suggests a mechanism whereby emphysema
can develop in subjects with normal a;-AT 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 ICAML. 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
[126], suggesting that reduced deformability
is a less important mechanism in the presence
of disease.

() 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 a;-AT thereby
reducing its inhibitory function

3. acombination 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 [129], 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 [131],
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 [136], 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
macrophages 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 a;-AT 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 a;-AT. Further studies of the role of these
and other enzymes need to be undertaken.

6.5 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 a;-AT
if the function of neither is known.

However, a;-AT also inhibits the enzyme
porcine pancreatic elastase (PPE) whereas ALP
does not. Thus in a mixture of a;-AT and ALP
it is possible to assess a;-AT function with PPE
and then o4-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 ay-AT [96,155]. Other workers have assessed
samples in different ways with opposite
results. For instance, Gadek and colleagues
specifically removed a;-AT from lavage fluids
and demonstrated that only 10% of the in-
hibitory capacity remained [49]. Furthermore
studies of lavage fluids from subjects with a;-
AT deficiency had little NE inhibitory capacity
compared to subjects with normal a4-AT [50].
However, this has not been confirmed by other
workers where adequate NE inhibition was
found in lavage fluids from a;-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-
centrated 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 a;-AT (which accounts for most of the PPE inhi-
bition). If a;-AT 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 a;-AT and ALP are present in airways se-
cretions. In addition an inhibitor distinct from,
but functionally similar to, a;-AT 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-leukoprotease 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 a;-AT [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 «;-AT [158,161,
162]. Nevertheless its lower concentration does
not mean that it is less important than o;-AT 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 a;-
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 «;-AT deficiency
and emphysema compared to patients with
normal a;-AT [48].

6.5.2 ALPHA-ANTICHYMOTRYPSIN (a;-ACh)

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
a;-AT [167]. Studies have shown that a;-ACh
is present in bronchial secretions [168] and
lavage fluids (Stockley, unpublished observa-
tions). However, studies have suggested that
lung a;-ACh 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 a;-ACh 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
macrophages possess the ability to produce
this inhibitor in vitro [139]. Its role has yet to
be studied although it is likely to play a role
inhibiting macrophage metallo-elastase at
sites where this enzyme may be destructive.

The only other metalloproteinase inhibitor
identified in lung fluids is a;-macroglobulin.
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 (a;-AT 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 bronchijectasis [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 play a role in the persistence of bacterial
colonization in many of the patients. Removal
of elastase activity by inhalation of antipro-
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 a;-AT
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 a;-AT 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 «;-AT 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
a1-AT than in a;-AT 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 a-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 a;-AT 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 a;-AT 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 wvalidity of this
approach uncertain. Furthermore the ability to
inactivate a;-AT by oxidation may in itself be
of major importance at times 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 «;-AT supplementation
since monthly augmentation in a-AT
deficiency (which markedly raises the a;-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
a;-AT which is not glycosylated (44 kDa) and
native a;-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



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 (1-5), 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/
antiproteinase 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



120 Biochemical and cellular mechanisms

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 a;-AT
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 peptides 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



Fig. 6.15 The concentration of elastin degradation
products (elastin peptides) in plasma and urine of
healthy non-smokers (normal), 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 NO, 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 play a role in some patients. Emphysema
has been described in several connective tissue
disorders, including Ehlers-Danlos 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 a;-AT
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 cell/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 COPD. Unlike
healthy smokers these patients have already
demonstrated their susceptibility to the devel-
opment of disease. Differences between
COPD 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 COPD.
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LUNG MECHANICS

N.B. Pride and |. 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 O, and CO,. 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 (FEV;) pro-
vides a surprisingly good summary of the

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 subsegmental
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.
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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 N,/1) 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 Po, (Pa0,) 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 (VQ),
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 N, rises con-
tinuously through the breath. The slope of
expired N, 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%
O,. Density dependence of maximum flow
(assessed by AVinaxs, 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 AVmaxs, 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 AVmaxs, 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 Vimaxs,
helium/Vmaxs, air (AVmaxsp); (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 AVmaxsg
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 AVimaxs,
[14], possibly because the site of flow limita-
tion remains in central airways; therefore
measuring AVmaxs, is unlikely to be a consis-
tently reliable method for detecting mild
COorPD.

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 FEV; had an ini-
tially abnormal single breath N, (SBN)) test at
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a time FEV, was normal; but many other sub-
jects with abnormal SBN, tests did not
progress to an abnormal FEV, 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 SBN; 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 FEV; 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 FEV; and airway re-
sistance, are usually abnormal and there are
increases in RV and FRC. 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 FEV;, FEV;/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 (MEFV, MIFV) curves in (left) a healthy
subject, (middle) a subject with mild intrathoracic airways obstruction, (right) advanced intrathoracic
airways obstruction. FEV; indicated on volume axis by vertical bar. TLC = total lung capacity, RV =
residual volume, FVC = 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, FVC and only small reduction in FEV,/FVC 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 (PL) 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. 74 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
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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-*P

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 cmH,0
has the dimensions cmH,0! (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).



Established chronic obstructive pulmonary disease 141

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 a;j-antitrypsin 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, FRC 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 (IVPF) 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 COPD 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 AV/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
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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 (indicated
by distance from e 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.

curve are less striking and both in normal sub-
jects and patients with COPD 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 COPD 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
COPD does not necessarily indicate altered
compliance of these airways (although
atrophic changes and loss of cartilage have
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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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
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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
[39]. Probably there is a similar change in the
sites of flow limitation. In patients with
COPD, 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%
VC.

As discussed above, there is an analogous
variability in the density dependence of
maximum expiratory flow in COPD [14].
Opverall, 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 (V) 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 COPD, 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 FRC. 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 (Gaw) vs lung volume plots, horizontal
interrupted line indicates a normal value of Gaw at FRC), (right) conductance vs static transpulmonary
pressure in 17 patients with COPD. Shaded area represents normal range. Both Gaw and lung volume
are corrected for height and gender by expressing as predicted TLC. (Data slightly redrawn from Leaver

et al. [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
(AV/APL) 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.

(i)Site 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 (AP/AV) than of con-
ductance (AV/AP). Hogg, Macklem and
Thurlbeck [44] studied the site of static intrin-
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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 cmH,0, 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 cmH,0.
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 O, 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 FRC 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
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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

TIDAL FLOW-VOLUME AND PRESSURE-VOLUME CURVES DURING PROGRESSIVE EXERCISE
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Fig. 7.8 Evolution of tidal flow—volume loops (top series) and tidal pleural pressure-volume loops
(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
(V1) [51], whereas inspiratory time (T1) in some
patients is a lower proportion of total breath
duration (TToT) [52]. Furthermore, inspiration
is initiated from an increased FRC, 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
Ti/Trort (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].

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 Vr. In case B,
the intrinsic PEEP is 15 cmH,0, 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 Vr.
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
(PEEPY)

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 cmH,O 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
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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 wused
during mechanical ventilation [56].

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

In 1954 Mcllroy 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 (AV), the static in-
spiratory work per breath is given by

Wist,rs = 0.5 Est,rs AV 1)
If PEEPi is present, Eq. (1) becomes
Wist,rs = 0.5 Est,rs AV + PEEPi AV 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, Wist,rs increases markedly when the
breath is taken at a higher lung volume. In this
example, the increase in Wist,rs is due mainly
to PEEPi, though an increase in Estrs (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 O, 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 cmH,0O 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 O, requirements of the
respiratory muscles have been estimated to
be as much as 40% of the observed O, con-
sumption [67]; thus, in contrast to normal
subjects, there is significant competition
between limb and respiratory muscles for
the available O, (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 COPD 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 Pco,; 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 COPD 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
COPD 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 COPD patients are in the
order of 7-9 cmH,0 [68] but with ARF values
up to 13 cmH,O during spontaneous breathing
[59] and 22 cmH,0 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 (Wi,rs) and its components in 10
mechanically ventilated sedated paralyzed
COPD 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; T1 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 1, frequency of 12.5
breaths per minute and inspiratory duration
of 0.92 s. Wi,rs was two-fold greater in COPD
patients than in normal subjects, the differ-
ence reflecting an increase of both static
(Wist,rs) and dynamic (Widyn,rs) work.

The increase in Wist,rs in these COPD pa-
tients was due entirely to the work due to
PEEPi (W1,PEEPI) which represented 57% of
the overall increase in Wi,rs exhibited by the
COPD patients relative to normal subjects.
These studies agree with those of Guérin et al.
[70] and Tantucci et al. [71] in finding normal
values of Est,rs in COPD patients with ARF.
By contrast, Broseghini et al. [69], who studied
COPD patients during the first day of
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Fig. 7.11 Average values of inspiratory work (W1)done on the respiratory system and its components in
10 COPD patients and 18 normal anesthetized paralyzed subjects with inflation flow of 0.8 1/s and tidal
volume of 0.73 1. 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; AWw viscoelastic work
of chest wall; AWL, work of lung due to time constant inequality and/or visoelastic pressure dissipations.
Work per liter of inspired volume (W1/VT) is shown on right ordinate. (From Coussa et al. [54].)

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 PEEPi.

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 (Wiraw) 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 COPD patients
reflects increased airway resistance (Raw).
According to Guérin et al. [70] and Tantucci et
al. [71] at similar inflation volume and flow,
Raw in COPD 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 cmH,O x 1
and even with tube size 9 was 2.0 cmH,0 x 1
compared to a value of 3.8 cmH,OxX], 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 COPD patients to
that of normal subjects. AWIL 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 AV 14 T, T PEEPi AFRC  Estrs Raw ARrs Rrs
[Reference] n  (days) (D) (I/s) (s) (s) (emH,0) () (cmH,Ofl)  (cmH,0flfs)  (¢cmH,0/lfs) (cmH,0!lfs)
Broseghini 8 1 0.69 0.62 1.20 2.14 136 0.66 179 15.6 10.8 26.4

et al. [69] +0.03 +0.01 =005 x0.05 *08 +0.10 +0.01 +3.1 +2.0 +4.7
Tantucci 6 14 0.80 1.01 0.93 3.35 4.6 0.42 11.1 8.0 5.5 13.5

etal [71] +0.04 +03 *004 =004 =*09 *0.18 +0.01 +18 +1.0 +1.0
Guérin 10 1-16 0.73 0.80 0.92 3.98 57 0.34 12.6 7.2 5.6 12.8

et al. [70] +0.02 =003 =001 =*020 =09 +0.06 +0.7 +0.6 +0.5 *1.1

n, number of patients studied; time, days from onset of ARF; AV, tidal volume; Vinspiratory flow; Tl, inspiratory time;
Tk, expiratory time; PEEPi, intrinsic end-expiratory positive pressure; AFRC, difference between the end-expiratory
lung volume during mechanical ventilation and the relaxation volume; Est,rs, static elastance of respiratory system;
Raw, airway resistance; ARrs, additional resistance due to time constant inequality and/or viscoelastic behavior; Rrs,

total resistance of respiratory system.

ing frequency of breathing, AWIL in normal
subjects predominantly reflects viscoelastic
behavior of the lungs which ‘confers time-
dependency of the elastic properties’ [73]. By
contrast, in COPD patients AWIL should
include a substantial component due to time
constant inequality [54,58]. This probably ex-
plains the higher values of AWIL found in the
COPD patients with ARF in whom AWIL was,
on average, 2.3 times higher than in normal
subjects. This increase of AWIL, however, rep-
resented only 9% of the overall increase in
Wi,rs observed in the COPD patients.
Predictably, the increase of AWIL 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 =1/Cdyn,L) to
inspiratory flow obtained at a fixed inflation
volume (AV=0.73 1) in 10 COPD patients with
AREF [70] and 18 normal subjects [73]. Because
inflation volume was fixed, an increase in in-
spiratory flow (V1) implies a shorter duration
in inspiration (T1), since VI is proportional to
1/T1, the data in Fig. 7.12 actually depict TI
dependence of elastic properties. While Est,L
was independent of Tt and V1 in both COPD
patients and normal subjects, Edyn,L in-
creased progressively with increasing V, or,
more appropriately, with decreasing duration
of inspiration (Tr). 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 (ARrs) 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, ARrs
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 ARrs exhibits marked
time-dependency, i.e. it decreases progress-
ively with decreasing T1 [70,73]. The values of
ARrs in Table 7.1 pertain to experimental T1
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 (AV = 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 COPD patients.
In both normals and COPD patients Rrs
(= Raw + ARrs) was highest at the lowest flow
and decreased progressively with Vup to 11/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 ARrs as
compared to the concomitant increase of Raw.
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Fig. 712 Change in average values of static (st) and dynamic (dyn) elastance (EL) of the lungs at con-
stant inflation volume (AVol of 0.73 1) delivered at varying inspiratory flow (V1) in 10 COPD patients with
ARF [70] left and 18 normal subjects [73] right. Because AV was constant, increasing Vi corresponds to

shortening T1. Bars = SE.
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Fig. 7.13 Average relationship between total res-
piratory system resistance (Rrs) and inspiratory
flow at constant inflation volume of 0.5 1 in 6
sedated paralyzed COPD patients with ARF [71]
and 16 normal anesthetized and paralyzed subjects
[741.

At V >11/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

flow range commonly used in the ICU setting
(0.5 to 1 1/ s). Fuller accounts of AWLL and
AWILw 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-
triggered mechanical ventilation (e.g. assisted
mechanical ventilation). This end is not
always achieved because the pressure which
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-
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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 PEEP;, 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
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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 cmH,O. Right: Records as in left panel, illustrating the measurement of AFRC 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 Vr.
AFRC in this patient amounted to 0.67 1. 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 AFRC
(i.e., 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 PEEPi [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,
CPAP 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
PEEPi. CPAP 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 PEEP;i [75].

7.3.5 DETECTION OF EXPIRATORY FLOW
LIMITATION 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 cmH,0O
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 cmH,0
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 COPD 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

R. Rodriguez-Roisin and |. Roca

8.1 INTRODUCTION

The ultimate goal of the respiratory system is
to exchange oxygen (O,) and carbon dioxide
(CO,), 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-endcapillary diffusion to O,
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 O, in the
inspired gas, the hemodynamic status (car-
diac output), and the metabolic demands (O,
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 O, 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 O, 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 O, 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 O,) and ex-
trapulmonary (inspired O, concentration, total
ventilation, cardiac output, and O, 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 wused 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 O, and CO,, 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=N/(\ +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 O 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 findings: symmetry, location
around a mean Va/Q ratio of 1.0, and a
narrow dispersion (Va and Q to Va/Qratio
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 alveolar ventilation (open symbols) and pulmonary blood flow (closed symbols)
(Y-axis) plotted against VA/Q ratio on a log scale (X-axis) from a healthy, young individual at rest,
breathing room air. The first moment of each distribution corresponds to its mean Va/Q ratio (blood
flow, Q, 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 (blood 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/Qratio (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) (1-2 % 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% O, 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% O, 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/VT).
While the Bohr’s formula includes the dead
space-like effects of all lung units whose alve-
olar Pco, values are less than the arterial
Pco,, the inert gas measurement represents
only the dead space-like effects of those
alveoli whose Va/Qratios 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
SDQ 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 multicompartmental lung model with a log
normal distribution of pulmonary perfusion
or alveolar ventilation, or both, West [13]
earlier demonstrated that log SD Q or log SD
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 averaged
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
O, because equilibration of inert gases is in
practice not diffusion limited [8,9]. Accord-
ingly, the technique can be used to compute
the Pao, predicted from the degree of both
VA/Q mismatch and shunting compared to
the measured actual Pao,. If the measured
Pao, is not similar to the estimated values,
this indicates that other potential mechanisms

of hypoxemia, such as diffusion limitation to
O,, increased intrapulmonary parenchymal
O, consumption or increased postpulmonary
shunt, are occurring [8]. Ventilation—
perfusion mismatch has been shown to
explain the measured Pao, in patients with
COPD [16]. In contrast, limitation of diffusion
of O, has been shown to explain at rest 20%
and during exercise 40% of the increased
alveolar-arterial Po, 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 O,
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



COPD

. 700

[
a 500 y
al ]
E_ 3001
EE  100]
5 E 80 - o/ " identity
o 60
2
i 40+
-8

20 “¥—r—r——rff—r———r—
20 40 60 80 100 300 500 700

Mechanisms of abnormal gas exchange 165
PULMONARY FIBROSIS
1101
(]

100 o

90 0 © K : o ° .

80 - o 0% © ..:

70 4 ) *

sof o ¢

o
501 - e rest
40 - identity o exercise

30 S s fer——r
30 40 50 60 70 80 90 100 110

MEASURED ARTERIAL Po, (mm Hg)

Fig. 8.2 Plots of individual predicted (estimated) Pao, (Y-axes) (reflecting Va/Q mismatch as assessed
by MIGET) versus actual Pao, (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% O,) and with cryptogenic fibrosing
alveolitis (right-hand panel). Note that whilst in the former there were no differences between Pao,, in the
latter predicted Pao, was always significantly higher than measured Pao,. This suggests the coexistence
of limitation of alveolar to endcapillary O, 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 Paco,, only a mild decrease of the Pao,
at rest, and a low carbon monoxide diffusing
capacity (transfer factor) (TLco) and Krogh
coefficient (Kco or TLco divided by alveolar
volume).

Wagner et al. [20] in the late 1970s, in choos-
ing 23 stable patients with advanced COPD
for study (FEV; range 19-58% predicted),
with mild to severe gas exchange dis-
turbances (Pao, range 38-71 mmHg; Paco,
range 25-64 mmHg; TLCO 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
showed the presence of lung units 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 Va/Q distributions in patients with advanced COPD (from left to right and from top to
bottom): Type H (high Va/Q mode) represents a Va/Q pattern characterized by a substantial amount of
ventilation distributed to high Va/Q regions; type L (low VA/Q mode) depicts a Va/Q profile in which
a marked amount of blood flow is diverted to low Va/ Q areas; and, type HL illustrates both former
abnormal Va/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 L. By contrast, in the 12 patients
characterized as Burrows’ Type B, the three
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
Wagpner 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 PO, increased and Paco, 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 of VA/Q distributions in a representative patient with COPD and acute respiratory
failure breathing spontaneously (Fi0, = 0.24) (from left to right and from top to bottom):On admission in-
equalities VA/Q (log SD Q and log SD V ranges 1.0-1.5) were moderately to severely abnormal. With
appropriate medical care there was a progressive, although partial, amelioration both inVa/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 COPD 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 COPD 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% O, for



30 minutes or more fails to increase Pao, 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 VAo/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

MECHANICAL
VENTILATION

Pao,: 87 mmHg
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the substantial increases in cardiac output and
mixed venous P0,. 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 O, concen-
tration (the higher the Fio,, 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 O,.

Another striking finding in the study of
Torres et al. [28] was that respiratory blood
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Fig. 8.6 Va/ Q distributions during weaning (Fio, = 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 abnormal ventilatory pattern dysfunction (rapid and shallow
breathing), which further deteriorated Va/ Q relationships. Cardiac output increased abruptly (not
shown) resulting in increased mixed venous PO, and, consequently, in less hypoxemia. (Taken from

reference [28] with permission).
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gases remained unaltered despite increases in
mixed venous PO, and O, delivery (arterial
O, content times cardiac output). In other
words, the potentially beneficial effect of the
increased cardiac output on Pao, was offset
by the deleterious influence of the change in
ventilatory pattern on Pa0,. Despite these
problems, weaning in these patients was suc-
cessful. When patients were removed from
the ventilator in this study [28], O, consump-
tion (calculated according to the Fick 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 O, 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/Qratio at the bases, and
the largest isotopic craniocaudal difference in
Va/Qratios. 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 O, consumption usually increases during
weaning which could tend to induce a

decrease in Pa0,. By computing a lung model
of VA/Q mismatch alone, Wagner showed
that Pao, can fall by 10 mmHg when there is
a 10% rise in O, consumption [45]. The behav-
iour of Pao, in this VA/Q model is more sens-
itive than in the shunt model because here the
Pao, 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 CO, production on
Paco,. Malnutrition is an important clinical
and therapeutic problem in COPD patients
which is receiving increasing attention [46].
Normally, the amount of CO, 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 CO,
output (from about 70 to 100 % of the O, 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 CO,
production can increase by approximately
50% [47]. With such an increase in CO, pro-
duction, presumably minute ventilation has
to be doubled to avoid arterial CO, 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 CO,
output increases markedly. Patients without
primary respiratory problems increase venti-
lation proportionately and accommodate to
the increased CO, 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 CO, load [48]. It has been suggested
that these patients should receive alimenta-
tion of fat emulsions, because these induce a
lower production of CO, 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 hypoventilation, 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
FEV,, 76% predicted). All but 2 patients had
normal TLco and total lung capacity was
within the normal range. Mean Pao, and
Paco, were normal, but mean AaPo, 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 FEV; above 80% predicted but abnor-
malities of maximum mid-expiratory flow
and single breath N, test). The results were
compared to 6 individuals with normal lung
function and also to 22 others with FEV;
below 80% predicted. Patients with small
airways dysfunction, but with normal Pao,,
showed a small but significant increase in

alveolar-arterial Po, 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 Pao,.

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 Pao,
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 Pao, < 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 Pao, (according to inert gases) and
measured Pao, (respiratory gases) (see
above), thereby excluding the coexistence of
diffusion impairment to O, 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 COPD, emphysema was the
morphologic variable that correlated best with
the respiratory gas indices. The emphysema
severity correlated positively with the alveo-
lar-arterial Po, difference (AaP0o,), negatively
with Pao, 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 Po, 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



174 Pulmonary gas exchange

1.4
1.2
1.0
0.8
0.6
0.4-
0.2-

o-o 1 ¥ L )
0 20

INFLAMMATION SCORE

Log SDV

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% O,, 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 O,
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,
O, transport can increase as much as 15 to 20
times compared to resting conditions [57]. By
contrast, in patients with severe COPD O,
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 O,
uptake and elimination of CO, to higher
levels of whole body metabolic O, consump-
tion and CO, production. Physical decondi-
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FACTORS DETERMINING ARTERIAL OXYGENATION DURING EXERCISE IN COPD
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Fig. 8.9 Arterial Po, increases because either cardiac output and/or minute ventilation (extrapulmonary
determinants) increase or VA/Q mismatching (intrapulmonary determinant) improves; other extrapul-
monary factors, such as increased O, uptake (consumption) and decreased of pulmonary capillary blood
transit time (due to increased cardiac output in the absence of pulmonary capillary recruitment/distensi-
bility), may tend to reduce Pao,. Arterial Po, is thus the end-point variable of the complex interaction
between all these elements. Similar interplay is observed in other situations, such as discontinuing from
mechanical ventilation or after the administration of vasoactive drugs.

tioning also plays a role limiting exercise per-
formance in these patients. The behavior of
both Pao, and Paco, during exercise in these
patients rely on complex interactions between
intrapulmonary (essentially Va/Q mismatch-
ing) and extrapulmonary factors (i.e. cardiac
output, total ventilation and O, consumption)
modulating respiratory gases (Fig. 8.9). As
during weaning, during exercise Pa0, and
Paco, do not necessarily reflect parallel varia-
tions in VA/Q inequality because of the
influential role of these extrapulmonary
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 O,. 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/Qrelationships and diffusion limitation)
but falls in Pa0o, and mixed venous Po, and a
rise in Paco, occurred during exercise.

Two further studies [30,58] have assessed
the effects of submaximal exercise (approx-
imately at 60% of maximal O, 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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Fig. 8.10 Overall improvement of Va/Q distributions during submaximal exercise (right-hand panel)
in patients with severe ajirway obstruction and mild gas exchange impairment. Qualitatively, compared
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ameliorated: they became unimodal, without low or high VA/Q regions, and narrower. Quantitatively,
both the meanVa/Q ratios of blood flow (Q) and ventilation /) distributions increased whereas their re-
spective dispersions (log SD Q and log SD V) decreased. These changes tend to optimize pulmonary gas
exchange along the same direction. Shunt and dead space remain unaltered. (Data correspond to the
mean for 8 patients, whilst Va/Q distributions represent one single patient.) (Taken from reference [30]

with permission.)

that, as a group, both Pao, and AaPo,
improved during exercise with no significant
changes in Paco,. 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 O, concentrations in
patients with COPD is broadly similar ir-
respective of the clinical severity of the
disease. With little VA/Q mismatch, Pao, rises
almost linearly as the inspired O, is increased.
As the severity of VA/Q inequality worsens,
the rate of rise of Pao, is reduced and becomes
more curvilinear [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 Pa0,. In clinical
practice, however, physicians administer low
inspired O, 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 Pao,
(of the order of 10-15 mmHg) without induc-
ing detrimental CO, retention, to optimize O,
delivery to peripheral tissues.

Although VA/Q inequality is no longer a
barrier to O, exchange when 100% O, is
breathed, 100% O, 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% O, breathing onVa/ Q distributions in a representative patient with COPD and
acute respiratory failure needing mechanical ventilation (right-hand panel) [59]. Compared to low
inspired O, 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 Pao, 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 O, 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% O,
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 O, 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% O, 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 O,
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 Fi0,,(65]. In contrast, in patients
with COPD, breathing high inspired O, con-
centrations reduces airways resistance [66].
This should tend to improve the distribution
of ventilation, and reduce the amount of areas
with low Va/Qratios and, consequently, the
dispersion of pulmonary blood flow.

An intriguing finding was that, irrespective
of the Fio,, 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 Fi0,, 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% O, 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% O, 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% O,
resulted in a remarkable increase in Paco,.
Since the respiratory muscles maintained
ventilation at nearly the same level as when
breathing room air, they suggested that the
increase in PacO, was mainly attributed to
an increased dead space; additional 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
Paco, could be explained entirely by the
latter two mechanisms together with that
from flattening the slope of the CO, pres-
sure/content relationship with a rise in
Paco,. Unfortunately, no information is
available with MIGET to assess the effects of
high O, 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 (B3,-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 Pao, decreased and mixed
venous PO, and O, delivery increased, Paco,
remained unchanged. There was further
VA/Q worsening, as assessed by increases
both in the perfusion to low VA/Q ratios and
in the dispersion of blood flow. Although
FEV; and minute ventilation increased, these
increments were not significant. Thus, the
VA/Q worsening could have resulted from an
increased dispersion of pulmonary blood
flow and/or a decrease in the overall 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 PO, 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 Po, 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 FEV; in comparison,
breathing 100% O, increased the dispersion of
pulmonary blood flow [35].

More recently, we have compared the
short-term effect on gas exchange of
fenoterol, a selective B;-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 Pao, (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
Pao, 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 8,-
agonists, despite having in vitro the same
potency as isoprenaline; furthermore, it is
suggested that fenoterol may be less selective
for f3, 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, Pao, 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 pulmonary
blood flow from regions of low VA/Q units
to areas with normal VA/Q ratios. An even
more dramatic improvement in pulmonary
gas exchange, 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

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 (Ppl) 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
IN COPD

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 COPD
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 COPD
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 COPD 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 COPD 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 COPD, 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 IIB);
they metabolize by either oxidative or gly-
colytic pathways (IIA) or predominantly by
glycolysis alone (IIB). Both in normal subjects
and patients with COPD 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 COPD
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 COPD. 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
COPD 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 COPD 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,
COPD has only a small effect on diaphrag-
matic length in vivo. At similar relative
volumes, however (e.g. RV or FRQO), 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 (VO,) by the respiratory muscles.
This results in a disproportionate increase in
Vo, as ventilation increases on exercise [15].
Otis [16] introduced the concept of ‘“critical
gain’, the point on exercise when the increase
in Vo, 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 CO, 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 FRC. 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 FRC. 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 (P1 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
(P1 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 ef 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 sarcomeres 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



192 Respiratory muscles

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].

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(I) - 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 (Ppl) 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 transdiaphragmatic
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 COPD
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].

(c) 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 COPD 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 COPD 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 Paco, 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 indrawing 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
Pimax [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 (CPAP) 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 P1 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 Paco,
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 Paco, 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
CO, 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 CO, 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 Paco, 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 pB-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 COPD 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 Dornhorst’s almost
apocryphal (and certainly unreferenced) de-
scription of the two extremes of advanced
COPD - ‘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 metronomically
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 (T1) 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 Vr1/TI X
Ti/Trot x 60 where VT/TI 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 T1/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 PO, 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. 10.1), 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
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Fig. 10.1 Classical concepts of the chemical
control of breathing in normal subjects. The rela-
tionship between alveolar ventilation and arterial
CO, tensions are shown in the top left panel. The
higher curve (B) represents a greater metabolic
CO, production and the dotted line the effects of
adding inspired CO,. These apply to steady-state
conditions only. The top right panel shows data
obtained during CO, rebreathing at three different
levels of arterial hypoxia. Note the critical depend-
ence of the VE/Pco, 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 Sa0, 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 CO,
tension at least when these occur acutely.
Changes in CO, 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 CO,; are thought to be the major
respiratory stimulus [28] although there is now
some evidence that CO, has a more complex
effect than that expected from changes in pH
alone [29] and that other sites can respond to
CO, [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 Paco, seen after
correction of hypoxemia during acute exacer-
bations of ventilatory failure as an increase in
medullary Pa0, 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 CO, 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 CO, ten-
sions for any given arterial CO, tension and
hence reduce ventilatory output. Although
direct data confirming this in COPD 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 CO, production in both normal
subjects and COPD 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 Paco,
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 CO, is removed from the venous
system even though Paco, is maintained
constant [42,43]. This follows from the classic
relationship between alveolar ventilation and
Paco, 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 COPD 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-
SOI 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 CO, in
normal subjects [47], whilst breathing chilled
air during exercise can reduce minute ven-
tilation for a given workload in COPD 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 hypoventilation 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 CO, 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 clearly not the case as the
apparent redundancy of hypoxic drive at rest
demonstrates. Changes in Paco, oscillations
may influence chemoreceptors but seem un-
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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 O, and
blood CO, 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 (P ) [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
IN COPD

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 CO, 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