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Foreword

Wheezing, as a sign and/or symptom, and asthma, as a
clinical diagnosis, are extremely common in childhood
and are increasing in prevalence. As many as a third of all
children may wheeze in the first three years of life and
nearly 50 per cent may wheeze by the age of six years.
Infants and young children wheeze because of smaller
airways, increased compliance of airways and the chest
wall, decreased lung recoil, increased airway reactivity,
more mucous glands and poor cough clearance, as well
as, perhaps, other anatomic and physiologic factors.
Since so many young children wheeze, it is possible that
it is the non-wheezing infant/child who is 'abnormal' and
deserves study! Why don't these children wheeze? The
prevalence rates for asthma vary around the world but as
many as 10 to 20 per cent of children receive this diagno-
sis. Clearly, not all children who wheeze are asthmatic.

Recent studies have described different wheezing
syndromes and their predisposing factors, associated
characteristics, prognosis, and therapeutic implications.
These studies have shown that a high percentage (as
much as 60 per cent) of wheezing that occurs in the first
three years of life is transient and disappears by the age of
three. Recognizing which wheezing infant will continue
to wheeze and subsequently be diagnosed as asthmatic
(loosely defined as a genetic disorder related to chronic
airway inflammation usually associated with atopy and
increased airway reactivity) remains difficult at the pres-
ent time. In the future, the outcomes from genetic and
immunologic studies may serve as predictive factors for
those infants and children who are destined to develop
asthma. Since the first edition of this book, additional
investigations have begun to elucidate mechanisms (e.g.,
hygiene hypothesis) which help to explain the increasing
rates of asthma and atopy worldwide. What all of these
studies have shown is that wheezing illnesses are a com-
plex group of heterogeneic disorders.

The morbidity and, perhaps, mortality from childhood
asthma continue to rise. The total impact - medical,
social, psychological, and economic - of these illnesses is

immense. In order to reduce the morbidity from these
illnesses and to avoid over-treatment and inappropriate
treatment of wheezing infants and children who do not
have asthma, or under-treatment of wheezing children
who do have asthma, it is incumbent upon physicians
and other health care providers involved with the care of
children to understand the causes of wheezing in child-
hood, the pathophysiologic processes involved, diagnos-
tic considerations, the clinical significance and prognosis
for the various causes of wheezing, approaches to treat-
ment, and primary and secondary prevention strategies.
The second edition of this outstanding textbook pro-
vides a most comprehensive review of all aspects of these
disorders in erudite, concise, and clearly written chap-
ters. The chapters are very current and provide an insight
into the new discoveries that surely will come in the next
few years and will allow us to understand these disorders
better. The new chapters added to this second edition
markedly enhance an already excellent book.

The authors of the individual chapters are world lead-
ers in their respective fields, making this an international
book of relevance and importance to anyone, anywhere,
caring for children. The authors are clinicians with
extensive experience with wheezing children as well as
investigators who have personally studied the subjects
about which they are writing.

Congratulations to Professor Silverman and the con-
tributing authors for what I consider the reference source
on childhood asthma and other wheezing disorders.

Lynn M Taussig, MD

President and CEO
The Carole and Albert Angel Family

Presidential Chair
National Jewish Medical and Research Center

Professor of Pediatrics
University of Colorado Health Sciences Center

Denver, Colorado, USA



Preface

Surely the era of the textbook is over! Are we not on the
threshold of an entirely paperless world of computer-
based information access? It seems not. Like others,
health professionals do not simply follow the dictates of
logic, but enjoy the traditional values embodied in books.
Predictions suggest that their conservatism is likely to
persist for many years to come, possibly until a generation
is produced whose learning has been largely conducted
via electronic media.

This particular book came to be published for several
reasons. The first was the need for a comprehensive inter-
national textbook dealing with childhood asthma. It is
surprising that paediatricians should have been so badly
served with information about the condition which pro-
vides their bread and butter. Most of the many textbooks
and monographs which deal with asthma in general or
with the genetics, immunopharmacology, or molecular
biology of asthma fail to consider those aspects which are
relevant to childhood. Obvious examples range from the
mundane, such as the range of problems encountered in
the management and clinical assessment of wheezy
infants on the one hand and teenagers on the other, to the
arcane, such as fetal and neonatal allergen handling and
its relationship to the origins of asthma. These important
themes, clinical asthma in the developing child and the
early life origins of asthma, permeate this book.

The methodology and many of the results of research
in adults into the epidemiology, clinical aspects, and
inflammatory processes of asthma clearly apply to older
children. It is not the aim of this book to replicate all of
this information, but to complement it.

The Second Edition not only brings up to date the
many advances in knowledge in existing chapters, but
incorporates significant topics which have emerged
recently. New chapters deal with the Natural History of
Asthma, Impact of Asthma and Asthma Around the
World. The chapters on Epidemiology, Viral Infection,
Passive Smoking, Asthma in Young People, Psychological
Factors, Growth, Primary Care, and Education have been
completely rewritten, often by new authors.

The book has been written for all those health profes-
sionals who deal with wheezy children and for those
whose patients may have begun their illness in childhood.
While general paediatricians, those in training, and
paediatric respiratory physicians (or pulmonologists) may
find relevant information throughout the book; others
will wish to delve selectively.

The timely completion of a multiauthor book depends
almost entirely on the enthusiasm of the team of contribu-
tors. Their professionalism and personal commitment as
clinical scientists is evident from their writing. I thank
them all.

Finally, thanks to my wife, who demonstrated the
patience of Penelope each time I vanished into 'hiberna-
tion' in order to indulge in the selfish pleasures of writing
and editing.

Michael Silverman
Children's Asthma Centre
Institute for Lung Health

Leicester, UK
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ASTHMA AND OTHER WHEEZING
DISORDERS

The type-form and its phenotypes

A steady but important change has been taking place over
recent years, quite as important as the explosions of genetic
and immunological knowledge, in our understanding of
the nature of childhood asthma. The title of this volume
with its suffix 'and other wheezing disorders', implies
that we are not facing a single disorder, but a number
of'asthmas'. This represents a 'paradigm shift' over the last
20 years from the era in which it was expedient to lump all
the non-specific childhood wheezing illnesses under the
diagnosis of asthma. One of the major themes running
through this volume is the awareness that, especially in the
youngest children (but also at all other ages - including the
elderly), 'other wheezing disorders', some of them ill-
defined, are emerging as distinct disorders under the
umbrella term 'asthma'.

From a clinical perspective, the time is not ripe for us
to cast aside the term asthma, but we should be more ready
to qualify it, in order to more clearly describe to each other
and our patients, its different forms, often referred to as
phenotypes.1 This brings us to the heart of the problem:
defining asthma.2

The term asthma, although initially based simply on
the physiological criterion of variable or reversible airway
obstruction,3 has been all but usurped by allergists and
clinical immunologists to imply variable or reversible
airway obstruction on a basis of (allergic, IgE-mediated)
inflammation. Thus almost all recent work on mech-
anisms has focused on the single nosological entity of

atopic asthma.4 This is the most frequent severe form of
reversible airway disease to occur in the young adult popu-
lation, an age group in which volunteers are readily avail-
able for invasive investigations such as bronchoscopy,
bronchial biopsy and bronchoalveolar lavage. This is an
acceptable approach, as long as its limitations are realized
by clinicians and epidemiologists. Atopic asthma in this
age group has de facto become the type-form.

Similar arguments are used to define asthma for epi-
demiological purposes: wheeze + allergy + bronchial
hyperresponsiveness = asthma.5 As well as creating prob-
lems when applied to the very young, for whom we do not
yet have the tools to measure bronchial hyperresponsive-
ness (BHR), or even allergy, definitions such as these create
statistical difficulties. Both allergy and BHR are continu-
ously distributed in the population. Where is the line to be
drawn between normal and abnormal? (Chapter 6c).

There have been attempts to squeeze all of asthma (or
physician-diagnosed asthma, a vague and confusing term)
in adult life6 and in middle childhood7 into this IgE inflam-
matory mould, despite the obvious problems posed by
chronic obstructive lung disease in later life.8 But the
main criticism of the physician-centred approach is that
it ignores population-based data which suggest that in the
community there is a huge and dimly recognized group of
people with perhaps only occasional wheezing with colds,
who do not easily fit the diagnosis of asthma and who
rarely if ever attend a hospital (Figure 1.1). Whether the
gradation of symptoms recorded in Figure 1.1 coincides
with the population distribution of IgE levels or of
bronchial responsiveness is unknown. I would suggest
that in the mild, intermittent, virus-associated wheeze
of adult life, we are seeing the cooling remnants of the



2 Introduction

The building blocks

Figure 1.1 Prevalence of asthma and asthma-like symptoms
in a general population (from ref. 9 with permission).

Big Bang - that enormous explosion of non-atopic air-
way disease of infancy and early childhood.10,11

It has become popular to label some of these variants
as 'phenotypes'. Is this a useful term, or simply a passing
fashion? Where a cluster of features associate to form a
distinct entity of clinical significance (as for example,
Type 1 and Type 2 diabetes), then phenotypic labels are
important. This is clearly the case for distinct forms of
asthma characterized by, for example, (a) episodes of non-
atopic viral wheezing of early childhood, or (b) chronic
variable wheeze with multiple triggers in atopic chil-
dren.10,11 But it would be wrong to label every individ-
ual variant of each aetiological mechanism (high or low
eosinophil levels, for example) or therapeutic response
(good or poor responders to inhaled corticosteroids) as
a new phenotype: this threatens to create a new Tower of
Babel, rendering the complex more opaque rather than
more transparent.

The evidence for distinct clinical varieties of wheezing
disease in childhood comes from several sources12 and
will be reviewed in depth at appropriate points in this
book (Chapters 2, 3 and 9).

We await techniques which will permit us to explore
the structural and cellular basis for some of these pheno-
types of asthma. In particular, the role of patterns of
inflammation is becoming clearer, as different invasive
techniques (biopsy or lavage) find an ethical place in clin-
ical research in children.13

The value of splitting asthma into several wheezing
disorders in childhood will be realized when:

• it is possible to focus therapeutic trials more precisely
on specific clinical problems;

• we have a better understanding of cause before
setting up programs of prevention;

• more accurate information on response to treatment
and prognosis are acquired.

Science and the practice of clinical medicine have one
important feature in common: uncertainty. Scientific
facts and clinical statements are provisional hypotheses,
coconuts awaiting the next accurate blow to send them
toppling. It should be no surprise to find that even our
most cherished assumptions are tottering and may be
about to fall. Wheeze is the cardinal feature of asthma,
but what is it? (Chapter 6a). Peak flow measurement is the
basis for diagnosis and monitoring - or is it? (Chapter 4b).
Allergy explains much of the recent asthma epidemic - or
does it?14,15,16 Even the concept that the eosinophil is
king has come under renewed scrutiny recently,15 while
the star of the mast cell is once again in the ascendant.17

NO may not always be the aggressor.18

New views incorporate the results of better science.
But part of the problem is that in the past, we have por-
trayed asthma as a simple model of cause and effect:
Trigger + BHR = Airway obstruction. It is, of course, far
more complex.

COMPLEXITY

A complex system

Life used to be simple. We could convey the story of
asthma in a few simple diagrams in which A B C
and responded to therapy with drug D. To some extent
this works. Simple protocols, such as those embodied
in the WHO Guidelines, help health professionals in
developing countries cope effectively with respiratory
illness in real situations - except that they tend to ignore
asthma!

Attempts to find 'the gene' or 'the cytokine' or 'the
inflammatory cell'... for asthma are doomed to fail,
because asthma is at the heart of a system, influenced by
genes on one hand and human behaviour on the other, in
a series of interacting processes of staggering complexity
(Figure 1.2). This is not to say that scientific endeavour
will not elucidate cause and effect (quite the contrary),
but that the results will be uncertain and often unex-
pected. Weather forecasting works and is improving -
despite the mythological effect of the butterfly flapping
in the Amazon rainforest on our weather. But El Nino
still surprises us. By analogy sudden death in a child with
asthma is devastating and baffling. It differs from 'usual'
severe asthma. It sometimes seems as if something has
flipped into an irretrievable positive feedback spiral - an
El Nino event in asthma?

On a more mundane level, the unpredictability of
asthma, embodied in daily symptom or PEF charts which
has the features of complexity, monitored at smaller
scales (minute to minute as airway resistance fluctuates)
and larger (year to year as asthma waxes and wanes) is

Image Not Available
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Figure 1.2 Asthma as a complex system. Although a linear process (gene protein cell physiology, etc.) is often assumed, the

interactions between one level and another are extremely complex.

reminiscent of the fractal pattern which describes a com-
plex system.

The important features of the complex illustration in
Figure 1.2 are as follows:

1 For each process, there are several independent
components (there may, for instance, be many
hundreds of relevant genes).

2 The interactions operate forward and backward, and
may skip adjacent processes, so that, for instance,
change in behaviour (sleep) may alter any physiology
or change in therapy (corticosteroid) may directly
alter gene transcription.

3 Individual components may have opposite effects
under different circumstances: NO, eosinophils and
PGE2 for example may have negatively damaging or
positively adaptive effects.

4 The techniques which we use to measure asthma
(or markers of asthma) are often context dependent;19

5 The weakest link is at the clinical level, where the
features are most poorly characterized (Chapter 6a);

6 We intervene to alter any one of these processes at
our peril, since the more distant the process from
the clinical level, the more unpredictable the clinical
outcome.

Evolution

In the final analysis, asthma and allergy need to be under-
stood on an evolutionary timescale. Modern man evolved
in (rural) Africa, and emerged in relatively small numbers
to populate the rest of the world. Our immune systems,
both adaptive and innate, have had insufficient time
to adapt to the modern world. This could be a clue to

the 'epidemic' of allergic disease,20,21 in which vigorous
immune responses more appropriate to host defence
against parasitic infection, are directed at trivial envi-
ronmental allergens. An alternative explanation for the
discrepancy between the prevalence of asthma inside
and outside Africa is a founder effect: the emigrants who
populated the rest of the world bore the relevant genes.
Could Adam and Eve have had asthma?

DEVELOPMENT AND DISEASE

Age and development affect clinical asthma

Asthma provides excellent examples of the way in which
development during fetal life and childhood, and chronic
disease may interact. The developmental theme runs
throughout this book, as befits a paediatric text. The
terms infant (under 12 months in the UK, but up to
24 months in many reports from N. America), preschool
child (1 or 2 to 5 years), schoolchild (6 years to adoles-
cence) and 'young person' (post-pubertal teenager) have
more than terminological simplicity. They may match:

• clinical features, such as bronchiolitis and episodic
viral wheeze which predominate in infancy;

• the clinical approach to children and families;
• possibilities for physiological measurement, which

are being rapidly extended to the former Dark Ages
of the preschool child;

• immune mechanisms and expression of allergy;
• therapeutic techniques, especially aerosol therapy and

devices;
• prognosis in the growing child.
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Asthma affects development

Conversely, there are ways in which asthma and its therapy
alter childhood growth and development. Stunting is a
feature of chronic severe and poorly controlled asthma.
This is thankfully a thing of the past, with modern therapy
(Chapter 15). More insidious, and as yet unquantified, is
the possibility that high-dose inhaled corticosteroid ther-
apy given to infants with asthma, could impair lung devel-
opment at a time of rapid alveolization (Chapter 4a). We
lack the tools to measure alveolar development and cannot
therefore assess the risk/benefit balance for young infants.

Psychological development too may be affected by
chronic disease, an issue which is addressed in Chapter 13c.

PATTERN, DIAGNOSIS AND CONTROL

Patterns of disease

The variability of asthma seems to be far greater in children
than in adults. Changes are apparent in pattern and sever-
ity between children and over the passage of time within
individuals. This variability is at the same time both prob-
lematic, if one tries too vigorously to apply adult-based
management protocols to children, and illuminating, since
analysing its causes can help to improve management at
all ages.

For example, paediatricians have been aware for many
years that troublesome acute episodes of wheeze are espe-
cially common in young children, usually in association
with viral respiratory tract infections. The prevention and
management of such episodes is a major task, since they
constitute the severest aspects of asthma, cause much dis-
comfort, lead to about 25% of all hospital admissions in
childhood in the UK and are occasionally fatal. There is
good reason to believe that standard management proto-
cols do not work very well in young children with episodic
asthma (Chapter 9).22 This is not simply because the
majority of troublesome attacks occur in children too
young to use peak flow meters (in any case, lower respira-
tory tract symptoms are more sensitive than peak flow
measurements in guiding self-management in children).23

The protocols work well for relatively stable adults whose

asthma varies gradually but are inadequate for childhood
asthma with its sudden changes.

It is useful to consider the pattern of asthma at any age
as being composed of three component parts (Figure 1.3):

acute episodes of airway obstruction, usually provoked by
viral respiratory tract infection, but sometimes by anti-
gen exposure or other environmental factors, which cause
a sudden decline in PEF or worsening of symptoms, usu-
ally lasting for a few days and with a variable degree of
reversibility during the episodes;

day-to-day (interval) symptoms which include nocturnal
cough or wheeze, antigen-, exercise- or laughter-induced
wheeze, wheeze triggered in a variety of situations or
early morning symptoms; reversibility is a feature; acute
viral episodes may also occur;

suboptimal function, even in the steady state, which
represents adaptation to a functionally inadequate level
as a result of persistent airway obstruction; in the
absence of symptoms, only physiological measurement
will pick up the problem; this is often referred to as the
irreversible element of asthma, since by definition, there
is a poor response to usual therapy, even a trial of oral
corticosteroids.

Recognition of the pattern of symptoms in an individ-
ual has major implications for management, whether by
altering lifestyle or by drug therapy. Patterns change with
time, from year to year. They also change with age, par-
ticularly in the preschool period and around puberty. The
reversible element may change quite rapidly over hours or
days in an acute episode, from poorly responsive to bron-
chodilators early in an attack to highly responsive later.

The empirical approach to asthma which is embodied
in consensus management protocols makes few assump-
tions about the underlying mechanisms or pathophysi-
ology of these patterns of airway obstruction. The 'science'
of medicine has yet to make an impact here.

Severity

An aspect of self-management terminology which often
confuses is the difference between severity and control.
An excellent set of definitions has been provided in con-
junction with one International Consensus Management

Figure 1.3 Disease patterns in
childhood. There are three
components to the pattern of
asthma, whether measured by
symptom score or lung function:
acute episodes; intercurrent
reversible features; chronic
unremitting features (which are
rare in children).
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statement.24 Severity during treatment is defined by the
level of treatment required to maintain control. Thus,
in the hierarchy of severity, the use of high-dose topical
corticosteroids indicates more severe asthma than do
low-dose steroids or intermittent bronchodilators. Unfor-
tunately, this system is of little value in young children.
How can a single term describe the level of management
of the three largely independent features of asthma illus-
trated in Figure 1.3? If it is necessary to define severity for
epidemiological purposes or for therapeutic trials, then a
new classification is needed, describing separately the three
features: steady state - reversible element; steady state -
irreversible element; episodic element.

Diagnosis

Diagnosis may seem to be impossible if asthma is both
difficult to define and split into several phenotypes. The

topic is discussed at several points in this book, in relation
to symptoms, lung function, inflammatory markers, and
clinical management. The diagnosis can be considered as
an empirical process (Figure 1.4). This is simply a descrip-
tion of good clinical practice! At the heart of the process
is the question 'Is it asthma?' This implies a questioning
approach at all stages in the process. The final step is the
response to a treatment plan. Failure to respond triggers
a re-iteration of some of the steps. In practice, this sort of
algorithm defines asthma as a disease which responds to
anti-asthma therapy!

Control

The adequacy of control is defined by the degree to which
symptoms (or lung function or inflammation) deviate
from normality during treatment. Again, the term is
unsatisfactory unless the various components of asthma

Figure 1.4 A diagnostic algorithm for asthma. At its heart is the key question 'Is it asthma?'
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are all considered. In young children, steady-state (interval)
symptoms may be easy to abolish with preventer therapy,
but acute severe episodes are often difficult to control.
Since self-management plans depend on symptom (or
PEF) based steps, definitions of good or poor control and
consequent action should cover the three components in
Figure 1.3 separately and explicitly.

As professionals, it is important to remember that con-
trolling asthma has different implications from the per-
spective of the child or parents (Table 1.1). Understanding
what motivates our patients and ourselves is an important
prerequisite to good practice, and therefore to better
control and better outcomes!

Outcome measurement

One of the key themes of this book relates to clinical assess-
ment and measurement (Chapters 6a-e and 7a-e). These
are essential tools to monitor the outcome of our inter-
ventions in individual patients, i.e. clinical trials or in

Table 1.1 Perspectives on control of asthma

Relief of symptoms

Safety of treatment

Good symptomatic
outcome

Demonstration of
personal skill and
sensitivity

Application
of evidence-based
practice

Good functional
outcome (lung
function, BHRor
inflammation)

Prevention of
disease

Early
diagnosis by
screening

Value for
money

Figure 1.5 The dimensions of outcome measurement. The
appropriate measure of outcome depends not only on the
type of intervention (environmental change, short-term
or long-term drug therapy) but on the age of the patient,
the duration of outcome and the complexity of the
measurement target.

populations.25 Many of the techniques have been described
in greater detail elsewhere.26

No investigation should be performed in clinical prac-
tice, without a clear aim. The same stricture applies to the
measurement of outcome. It is not just a matter of per-
forming the technique properly, but of choosing the
appropriate measure. The choice will depend on the age
of the child, the complexity of the outcome variable and
the interval over which outcome is to be monitored
(Figure 1.5). For instance, measuring the response to a
bronchodilator in a schoolchild requires spirometry and
takes 15 minutes. Measuring the impact of allergen avoid-
ance in infancy on the prevalence of atopic asthma may
require a large population to be studied over 5-10 years
by clinical, immunological and physiological methods.

PROFESSIONAL PERSPECTIVES

Clinical practice

The advances in clinical practice have been significant
since the first edition of this book appeared in 1995. The
first new class of drugs to be introduced for thirty years
(discounting long-acting b2 agonists as variations on a
theme), the (cysteinyl) leukotriene receptor antagonists
(LTRA), are finding their place in clinical care (Chapter 8a).
Other agents have had their places properly evaluated for
the first time by systematic review conducted in a thorough
and transparent manner. Some 20 reviews of childhood
asthma therapy have been published by the Cochrane
Airways Group and many more will emerge, providing
both a secure base for evidence-based practice and an
agenda for further research to fill the gaps.27 These reviews
and others dealing with issues such as allergen avoidance,
from the backbone of the advice on management pro-
vided in this book.

Evidence-based practice has its detractors. It is clear
that subjectivity creeps into the process at several points.
The selection of studies for systematic review, the degree
to which the results are generalizable and the uniqueness
of each clinical consultation, all require individual judge-
ment. Even when the evidence is incontrovertible, effecting
change in clinical practice can be challenging. It demands
commitment, training and resources to break the habits
of many years.28

Advances in some areas of practice have been disap-
pointing. We still struggle to measure lung function in
children under 5 years, although advances have been
achieved using both spirometry and the interrupter
technique in older preschool children (Chapters 6b and 9).
In the next few years, non-invasive methods to moni-
tor airway inflammation will change clinical practice for
wheezy children of all ages, and at the same time lead to
greater understanding of mechanisms and targeting of
therapy.
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The public health impact of childhood asthma has
received relatively little attention. This is surprising, since
the cost of wheezing disorders in the under-5s, a group
which places great demands on primary care and inpa-
tient services, must be substantial. Similarly preventive pro-
grammes await development, the fruits of research into
the hygiene hypothesis (Chapter 2).

RESEARCH

There has been an explosion of research in all aspects of
asthma genetics, cell and organ physiology, clinical meas-
urement and pharmacology over the recent years. New
ideas continue to emerge from epidemiology, to be tested
in clinical populations or to provide clues for geneticists.
The hygiene hypothesis, the effect of diet, ethnicity and
migration and air pollution (including passive smoking)
have all provided important clues. Research into the early
life origins of allergy and asthma, reinforced by the work
of Barker,29 will lead to strategies to divert the developing
immune system over the next decade (Chapters 4c and 14).

A number of important issues remain to be resolved.
The contribution and control of viral infections in wheez-
ing disorders has barely been explored, despite their
personal and public cost. Fetal lung growth and its contri-
bution to lifelong respiratory health is being investigated
in only a handful of laboratories world-wide. Translation
of new immunopharmacological information into new
therapies takes many years of developmental work. Even
so, the benefits only reach a tiny proportion of the world's
asthmatic children. It is also in the Developing World that
the political fight continues to reduce children's exposure
to tobacco smoke.

One of the greatest challenges is to be able to measure
chronic inflammation and remodelling in the airways of
young children,13 and to demonstrate that early inter-
vention can modulate these processes, thereby altering
the natural history of asthma lifelong.30 This is the Holy
Grail.

THE SCOPE OF THIS BOOK

The purpose of this book is to educate and enthuse the
reader, but above all to provoke thought and to encour-
age change. Better management of childhood asthma and
ultimately prevention of asthma at all ages are the goals.

The emphasis is on clinical science and its application
to the management of children. With a plethora of text-
books and reviews on the basic mechanisms and pharma-
cology of asthma, we have not attempted to complete,
but rather sought to complement existing literature. Each
chapter forms a comprehensive review of its subject, pre-
senting the scientific background which informs clinical
management.
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INTRODUCTION

Epidemiology is defined as 'the study of the distribution
and determinants of disease frequency in human popu-
lations' under the assumption that through systematic
investigation of different populations or subgroups of
individuals within a population in different places or at
different times, causal and preventable factors of human
disease can be identified. Thus, the first task in epidemi-
ology is to quantify the occurrence of illness, i.e. its fre-
quency and distribution within populations. The goal
is then to evaluate hypotheses about the causation of
disease by measuring the effects of people's character-
istics and their environment on the occurrence of illness.
Thirdly, epidemiology has great potential to improve the
understanding of disease mechanisms by longitudinally
observing and meticulously describing different pheno-
types of chronic diseases and their natural course from
infancy, through childhood and adolescence into adult-
hood. The advent of modern genetic and statistical tools
has created the new field of genetic epidemiology, which
attempts to tackle the role of a subject's genetic make-up
in the development of chronic, multifactorial disease.
These techniques may in the future help to overcome
one major drawback of epidemiological studies, relating
population data to individual subjects. Since most epi-
demiological studies describe group characteristics,
a prediction for an individual patient on the basis of
findings from epidemiological studies is often difficult,
if not impossible. Eventually, by combining individual
information on a subject's genetic background with
knowledge about that subject's exposure to environmental

determinants, epidemiological findings may be made
more relevant to clinical practice and to preventative
programmes.

This chapter summarizes the contribution of
epidemiology to the understanding of childhood asthma
and wheezing. Although limitations exist, epidemiology
has proven to be a valuable tool in documenting the
increase of wheezing disorders in childhood over the last
decades and pointing out the differences in disease
prevalence between populations. Furthermore, epidemi-
ological studies have identified risk factors for the devel-
opment of childhood asthma and wheezing illnesses
thereby influencing the formulation of a disease hypo-
thesis. Last, but not least, epidemiology has provided
insight into the natural history of wheezing illnesses and
their prognosis.

DISEASE DEFINITION

A major problem in studying asthma is the lack of a
gold standard for the definition of the disease. In clinical
practice asthma is often defined as bronchial hyperre-
sponsiveness (BHR), the excessive response of the air-
ways to a variety of stimuli leading to a reversible airway
obstruction, in an IgE-mediated disease. Wheezing is a
common symptom associated with airway obstruction
due to asthma. However, wheezing also occurs with other
airway diseases such as viral infections, bronchopul-
monary dysplasia and cystic fibrosis. Furthermore, a wide
range in the clinical expression and severity of asthma
symptoms exists. Wheezing, chest tightness, nocturnal
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cough and exercise-induced shortness of breath are all
regarded as typical asthma symptoms but they might not
share the same underlying disease mechanisms. The
individual expression of asthma symptoms depends on
numerous environmental as well as genetic factors. It is
not possible to relate specific symptoms to certain bio-
chemical, immunological and structural changes in the
lungs.

In epidemiological studies a number of different dis-
ease definitions have been used to characterize asthma.1,2

In children, assessment of disease status often relies on
parental questionnaire-derived data. Life-time prevalence
of asthma can be ascertained either as physician-diagnosed
asthma or as wheezing symptoms, ever based on parental
recall. Both definitions are subjected to parental recall
bias. While the term physician-diagnosed asthma reflects
a more specific disease definition it also tends to focus
on a more severe form of the disease. Conversely, parental
reports of lifetime prevalence of wheeze are more inclu-
sive but less specific, reflecting milder forms of asthma.
Another common variable used in cross-sectional studies
of asthma is 'current wheeze' which is defined as wheezing
during the 12 months prior to the survey. This also relies
on recall by the parent or child. To distinguish current
wheezing due to asthma from other respiratory diseases
further criteria may be included. Thus, current wheeze in
children with a prior diagnosis of asthma by a physician
may be labelled current asthma. Some authors have sug-
gested incorporating measurements of bronchial chal-
lenge testing, so that the definition of current asthma
includes BHR as well as recent wheeze.1,2 However, BHR
is not equivalent to asthma and cannot be used as a sin-
gle disease marker. BHR alone is sometimes referred to
as an 'intermediate' or 'partial' phenotype. Overall, dis-
ease definitions of childhood asthma in cross-sectional
studies should be based on a number of intermediate
phenotypes and different methods of assessment. These
definitions represent a rather broad view of the disease.
In longitudinal studies early onset, late onset, transient
and persistent wheezing can be distinguished which
may better reflect the natural history of asthma, and its
phenotypic variation, during childhood3 (see Figure 2.1
and Chapter 3).

None of these epidemiological disease definitions
relates directly to the causes of asthma. In particular, only
rarely is distinction made between wheezing phenotypes
caused by viral infections alone and those caused by
other agents too, in addition to viral infections.4

This may be a task for future prospective studies of
childhood asthma. Due to the lack of a global disease
definition for asthma, it is the hypothesis to be answered,
that must determine the formulation of the disease
definition for each epidemiological study. A number
of tools are available for phenotype characterization
in study subjects and the most important ones are dis-
cussed here.

Figure 2.1 Schematic depiction of putative development of
wheezing during childhood. Difference in prognosis and
natural history of symptoms in three distinct groups of
wheezing children. (Data extracted from ref. 3.)

Questionnaires

For epidemiological studies of childhood asthma, a prag-
matic disease definition is often required with the danger
of oversimplification. Questionnaires are widely used to
assess asthma in population-based studies. Physician-
diagnosed asthma is a key variable in most of these ques-
tionnaires. There is, however, substantial variation between
doctors in labelling a wheezing disease as asthma. Further-
more, if information about a certain diagnosis is based
only on parental reports, their response may be influ-
enced by access to medical care resources, recall bias and
language problems. Although efforts to standardize these
questionnaires have been made5,6 and translations as well
as video questionnaires exist, cultural differences may still
influence the response. One has to further keep in mind
that by solely using a physician's diagnosis of asthma, sub-
jects with more severe disease may be selected. Conversely,
relying only on parental reports of wheezing may result
in an overestimation of asthma prevalence because of
misinterpretation of other respiratory noises as wheeze
(Chapter 6a), and because some wheezing episodes may
be attributable to other conditions. Therefore, it seems
reasonable to seek additional information on the fre-
quency and pattern of wheezing and on other symptoms
such as cough and shortness of breath. Such an inclusive
approach may help to evaluate the overall burden of res-
piratory disease.

Bronchial hyperresponsiveness (BHR)

It is well known that asthma is strongly associated with
BHR and allergy. By measuring these indirect markers,
a further characterization of asthma by more objective
techniques is possible. While the assessment of pulmonary
function and bronchial hyperresponsiveness in infants
and toddlers is technically difficult and therefore not well
established in epidemiological studies, these techniques
have been successfully applied in surveys of school-
children. In a clinical setting BHR can be measured



Prevalence of childhood asthma 11

in several different ways (Chapter 6c), using 'indirect'
challenge with cold dry air, nebulized hypertonic saline,
exercise or 'direct' challenge with increasing doses of
pharmacological bronchoconstrictors such as histamine
or methacholine. However, due to the equipment involved,
the time-consuming procedures and the potential for
side effects, bronchial challenges are difficult to imple-
ment outside a clinical setting, and thus rarely performed
on a wide scale.

Although BHR is highly associated with asthma in
childhood, it is not synonymous with asthma. In some
individuals BHR can be shown in the absence of symp-
toms. Conversely, BHR is a condition which varies over
time and therefore can be missed by a single assessment
in epidemiological studies, even among asthmatic sub-
jects. Thus, measurements of BHR are not an objective
'gold standard' for asthma diagnosis in epidemiological
studies, but can help in determining the nature of differ-
ent lower respiratory tract illnesses among participants
of field studies. Therefore, measures of airway respon-
siveness should be included in field studies whenever
possible.

Assessment of atopy

Asthma, allergic rhinitis and atopic dermatitis (eczema)
are atopic diseases which share numerous characteristics
such as elevated total serum IgE levels, specific sensitiza-
tion to ubiquitous allergens, eosinophilic inflammation
and alterations in T-cell dependent immune responses.
As many of these features are easily accessible to objective
measurements they are frequently included in epidemi-
ological studies of childhood asthma. Total serum IgE can
be determined by simple laboratory tests while atopic
sensitization to one or more allergens can be assessed by
skin-prick tests or with blood-based detection systems.
These measurements can be used as an indicator for the
presence and degree of atopic sensitization and may
therefore be used to further characterize childhood
asthma as atopic or non-atopic. As with BHR, measure-
ments of atopy are not synonymous with asthma (Figure
2.2). Although most school-children with asthma are
atopic (increased production of total and specific IgE),
not all atopies are asthmatic. This fact is obvious, as the
prevalence rates for atopy in any given population are
generally significantly higher than the prevalence of
asthma itself. At this point it is not entirely clear why
some children develop atopy alone while others suffer
from asthma.

PREVALENCE OF CHILDHOOD ASTHMA

Although many reports of asthma prevalence in childhood
have existed for different populations and for different age

Figure 2.2 Schematic depiction of the relationship between
asthma, bronchial hyperresponsiveness (BHR) and atopic
sensitization in school-children. While most school-aged
children with asthma also display signs of BHR and atopic
sensitization the majority of children labelled atopic do not
suffer from respiratory symptoms.

groups, the lack of standardization in disease definition
and methodology makes it difficult to compare these
data. Only recently have efforts been successful to stand-
ardize questionnaires and other methods, thereby pro-
viding the opportunity to compare the prevalence of
the disease between different countries all around the
world.7,8 While comparing disease prevalence and their
changes over time within a country has immediate bene-
fits for healthcare planners, comparisons between coun-
tries are important in generating hypotheses concerning
the development of childhood asthma. The wide range of
genetic and environmental differences between countries
and populations allow for a better analysis of putative
disease related factors. Only when differences between
lifestyle or environmental factors are significantly differ-
ent between populations, as is the case between Western
European countries and those in Eastern Europe, can the
effect of these factors on disease development be studied
adequately.

World-wide variation in childhood asthma
and allergy

In general, asthma rates are higher in affluent, western
countries with a high degree of industrialization than in
developing countries with a large rural population. In the
large scale International Study of Asthma and Allergy in
Childhood (ISAAC) the world-wide prevalence of aller-
gic diseases was assessed in the 1990s.8 More than 450 000
school-aged children from 56 countries participated in
this survey. Identical methods in all study centres were
used in an effort to draw a picture of present-day asthma
prevalence around the globe (Figure 2.3). A 20-fold dif-
ference between study centres was found for childhood
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Figure 2.3 World-wide variation in asthma prevalence. Schematic depiction of asthma prevalence (in %) in arbitrarily
selected countries around the world. (From ref. 8.)

asthma, while the variation for other allergic diseases
was between 20 and 60-fold. The highest prevalence of
current asthma symptoms (assessed by questionnaire as
'Wheezing in the last 12 months') was found in the UK,
New Zealand and Australia while most developing coun-
tries had comparatively low prevalence rates. In general,
centres with low asthma rates also showed low levels
of other atopic diseases. However, countries with the
highest prevalence for atopic rhinitis and atopic eczema
were not necessarily identical to those with the highest
asthma rates, indicating either differences in aetiology
and risk factors for these disorders or problems in disease
definition and recognition.

Furthermore, within European countries a west-east
gradient in the prevalence of childhood asthma is appar-
ent. German re-unification in 1992 opened a window of
opportunity to study a genetically homogeneous popula-
tion that had lived under very different economic and
environmental circumstances for 40 years. At that time,
allergic rhinitis and atopic sensitization was significantly
higher in West Germany than in the East.9 Likewise, in a
study from the Baltic area of northern Europe, Swedish
children had a higher prevalence of atopic sensitization
and asthma than did those from Poland and Estonia.10,11

When a cross-sectional survey was repeated in 1996,
atopic sensitization measured by skin-prick tests had
increased significantly in East German children though
not as much as to attain prevalence rates of atopy
previously observed among school-children in Munich.12

The children from East Germany participating in this
repeated survey were born 3 years before the downfall of

communism and were therefore only exposed to Western
living conditions after their third birthday. This may
indicate that factors early in life are particularly import-
ant for the development of asthma, while environmental
factors beyond infancy may influence the development
of other allergic disorders. Thus it could be shown that
the prevalence of hay fever more than doubled in chil-
dren from East Germany within 4 years after exposure to
Western lifestyle coming closer to prevalence rates found
in the West. It remains to be seen whether the prevalence
of asthma will increase in the countries of the former
communist Eastern Europe, once children are born and
raised in a more 'western' lifestyle.

Migration

Migration studies may be helpful to determine the rela-
tive effects of genetic compared to environmental factors
in the world-wide variation of childhood asthma and
atopy. However, as the interactions between these two
factors are very complex, it seems difficult to predict the
effect immigration may have on the development of these
diseases. Migration from countries with lower to coun-
tries with higher prevalence of asthma and atopy may
either result in increased13,14 or decreased15,16 disease
prevalence in immigrants compared with the indigenous
population of their adopted country. Moreover, children
of immigrants may have a lower prevalence of asthma
and atopy than those still living in the country of origin.15

In Turkish children living in Germany, the prevalence of
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atopy depended on the degree of adaptation to a western
lifestyle.17 Adoption studies from Sweden further investi-
gated the relationship between age of arrival in a new
country and the development of atopic diseases.18

Adopted children who came to Sweden before the age
of 2 years suffered from asthma, hay fever and eczema
significantly more often than those who came to Sweden
between 2 and 6 years of age. Moreover, differences existed
in the prevalence of hay fever and eczema between chil-
dren of different ethnic origins. These findings would
suggest that both genetic and environmental factors,
operating early in life, have a profound influence on the
development of atopic disorders.

Urbanization

In some developing and developed countries a lower
prevalence of childhood asthma in rural compared with
urban areas has been reported, but the evidence is not
conclusive. Airway challenges performed in urban and
rural areas of Africa suggested that bronchial hyperre-
sponsiveness was almost non-existent in rural areas in
the late 1980s and early 1990s.19,20 In turn, among the
more affluent urban populations of South Africa and
Zimbabwe BHR reached a prevalence of 3.2% and 5.9%,
respectively. Similar results have been reported from
other studies in Africa. However, over the last decade
BHR seems to have increased also in rural Africa.21

Differences in childhood asthma between rural and
urban populations in Western countries are less pro-
nounced. In a large British study only marginal differ-
ences in the prevalence of childhood asthma between
rural and urban areas were observed.22 However, children
from rural Scotland tended to show a lower prevalence of
severe asthma symptoms.23 Data from Sweden indicated a
higher prevalence of atopic sensitization to aeroallergens

in children from urban centres compared with rural areas,
but no information was available for childhood asthma.10

The increased risk for children to develop an atopic dis-
ease in an urban environment was largely attributed to
increased levels of air pollution, particularly related to
heavy car traffic exposure. However, recent findings from
Switzerland,24 Austria25 and Southern Germany26 provide
evidence that lower prevalences of atopic diseases in rural
populations may rather be attributable to the presence of
protective factors in a farm environment than to the
absence of urban risk factors.

TIME TRENDS IN ASTHMA PREVALENCE

Numerous studies have investigated the trends in the
occurrence of childhood asthma over time.27 Data
collected over the last 40 years in industrialized countries
indicate a significant increase in asthma prevalence. A
wide array of survey methods, disease definitions, sample
populations and age groups have been used by different
investigators, making direct comparisons between stud-
ies difficult. However, many reports have used identical
questionnaires in similar population samples at different
time points and are therefore relatively reliable indicators
of changes in prevalence (Table 2.1). Unfortunately, most
studies lack the assessment of more objective measure-
ments related to asthma such as BHR or atopic sensitiza-
tion. Studies relying only on parental questionnaires may
be subject to potential bias, as the perception of child-
hood asthma may have changed considerably over recent
years due to increased public awareness.

In some studies but not in others, the prevalence
of diagnosed asthma increased much more rapidly than
the prevalence of wheezing,28 suggesting either that a
loosening of the definition of asthma has occurred, or

Table 2.1 Changes in prevalence of asthma and wheezing symptoms in children and adolescents

USA
Wales

Weitzman44

Burr29
0-17
12

Australia
Canada
England
England
England
New Zealand
Norway
Scotland
Scotland
Taiwan
USA

Peat33

Manfreda147

Whincup148

Anderson35

Kuehni38

Shaw34

Nystad149

Ninan36

Omran37

Hsieh& Shen150

Gergen151

8-10
5-14
6-7.5
7-8
1-5
12.4-18.9
6-16
8-13
11-13
7-14
6-11

1982-1992
1983-1988
1966-1990
1978-1991
1990-1998
1975-1989
1981-1994
1964-1989
1989-1994
1974-1985
1974-1980

1981-1988
1973-1988

Asthma diagnosis
Asthma diagnosis
Lifetime wheezing
Current wheezing
Current wheezing
Asthma diagnosis
Asthma diagnosis
Asthma diagnosis
Asthma diagnosis
Asthma diagnosis
Asthma diagnosis or
current wheezing
Current asthma
Asthma diagnosis

11.0
1.9

18.3
8.8

12.4
7.9
3.4
4.1

10.2
1.3
4.8

3.1
5.5

31.8
4.2

21.8
11.6
23.7
13.3
9.3

10.2
19.6
5.1
7.6

4.3
12.0
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that former under-diagnosis has been corrected. Another
possibility is an increase in the severity of asthma symp-
toms over time, leading to a more easily recognisable
disease pattern. This was observed in a survey of
Welsh school-children,29 where exercise-induced BHR
was assessed alongside questionnaire-derived informa-
tion over a time period of 15 years. An increase in the
prevalence and severity of exercise induced symptoms,
which matched the increase of asthma as reported by the
parents, was reported. Other surveys have, however,
failed to document an increase in the severity of asthma
symptoms as assessed by speech limiting attacks, school
absenteeism and activity restriction.30 Interestingly, over
the same time period a declining trend in the prevalence
of bronchitis was found,31,32 suggesting that at last some
of the increase in the prevalence of asthma may have
been due to diagnostic transfer.

A well documented study from Australia, applying a
histamine challenge, skin-prick tests and questionnaires,
showed that the prevalence of BHR had almost doubled
between 1982 and 1992.33 In this study the increase in the
prevalence of BHR was mainly observed among atopic
children, while the total prevalence of atopy remained
unchanged. Furthermore, during the same period of
time the prevalence of current wheeze (assessed as wheez-
ing in the last 12 months) also doubled in this study
population of 8 to 10-year-old school-children. Another
study from New Zealand investigated trends of asthma
prevalence in adolescents in 1975 and 1989.34 The preva-
lence of self-reported asthma or wheeze increased signifi-
cantly in children from European origin as well as in
those from Maori families.

Though using different methods and definitions of
asthma, these studies from countries all over the developed
world suggest an overall increase in the prevalence of
asthma and concurrent wheezing symptoms between
1960 and 1990. This is not the case for other respiratory
diseases such as bronchitis. While Anderson et al. sug-
gested that the prevalence of wheezing illnesses and
childhood asthma may have reached a plateau in the
mid-1980s,35 studies from Scotland indicated a continu-
ous rise of self-reported asthma and asthma related
symptoms from 1964 well into the 1990s.36,37 In fact,
between 1989 and 1994 the prevalence of diagnosed
asthma increased from 10.2% to 19.6% in this study,
while the prevalence of hay fever stayed almost the same.
The prevalence of both viral wheeze and of wheeze due
to multiple triggers has increased over the 1990s in
preschool children.38 The increase in prevalence may be
even greater for non-atopic than for atopic wheeze and
asthma.39 Therefore, it cannot be determined with cer-
tainty if the peak in asthma prevalence has yet been
reached.

Another study from Scotland investigated the changes
in prevalence of different types of wheezing over two
generations.40 In this study, children from individuals
originally studied as children in the 1960s were selected

as probands. Children of probands classified as having
wheezy bronchitis (wheezing with viral infections alone)
in the 1960s had a lower prevalence of current wheezing
symptoms than those children whose parents had been
diagnosed with asthma during their childhood. Thus it
can be speculated that virus induced wheezing (wheezy
bronchitis) and multiple cause wheezing (childhood
asthma) differ in their heritability. However, it has been
shown in the same study population, that atopic asthma
increased significantly within one generation. This is
occurring in children from families with no pre-existing
history of asthma or atopy, previously considered to be of
low risk of developing asthma.41

Trends in hospital admission rates for
childhood asthma

The increase in prevalence of childhood asthma during
the last decades was accompanied by an increase in
hospital admissions during the same time period. The
association between these two observations is not
necessarily straightforward. When interpreting hospitali-
zation data additional factors have to be taken into
consideration.

A striking increase in hospital admissions for asthma
has been reported in children between 0 and 14 years of
age since the 1960s in many parts of the world (Table 2.2;
Figure 2.4). Hospital admission data in the form of the
international classification of disease (ICD-9) was avail-
able in all these countries for analysis except for the US,
where disease data was obtained at the discharge from
the hospital. In this international comparison hospital
admission showed a 10-fold increase in New Zealand
between the mid-1960s and the early 1980s, while rates
in England and Wales rose by six-fold. In the US a three-
fold increase was observed and in Australia the increase
varied between three and eight-fold dependent on the
study region. This increase was strongest in the 0 to 4-year-
olds but rates in the 5 to 14-year-olds have more than
doubled since the early 1970s. There are indications,
however, that the increasing trend in hospitalization has
stopped in the late 1980s and even a small decrease in
hospital admission has been reported from some coun-
tries in the 1990s.42

In many countries the rate of hospitalization has risen
much faster than the prevalence of asthma. There is,
however, little evidence to suggest that asthma requiring
hospital admission has increased in severity. Changes in
coding of respiratory conditions might have contributed
to the increasing trends observed, since the diagnosis of
bronchitis seems to overlap with that of asthma in some
cases. While a US study suggested a sudden 40% shift
from a diagnosis of bronchitis to asthma as a conse-
quence of changes in the ICD coding that occurred in
1979, no such trends were found in studies from New
Zealand, England and Wales or Australia. However, in
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Table 2.2 Changes in admission rates for asthma and wheezing in children and adolescents

*Total admissions per year.
a First admissions.
b Re-admissions.

Australia
Netherlands
New Zealand
New Zealand
Norway
Norway
Spain
Sweden
USA, CA
USA, NH
USA, NY

USA, Maine
USA, Vermont
USA, national

Carman43

Wever-Hess154

Jackson157

Norwood158

Jonasson159

Jonasson159

Benito153

Wennergren152

Von Behren42

Goodman155

Goodman155

Goodman155

Goodman155

Gergen156

0-17
0-4
0-14
0-13
0-14
0-14
2-14
2-18
0-15
0-17
0-17
0-17
0-17
0-17

1971-1987
1980-1994
1966-1981
1974-1989
1980-1995
1980-1995
1987-1992
1985-1993
1983-1996
1985-1994
1985-1994
1985-1994
1985-1994
1979-1987

3.25
1.02
0.6
1.4
0.8a

0.7b

2.98
350*
2.17
1.4
3.55
1.74
1.98
1.73

10
2.1
6.29
6
2.9a

0.4b

4.05
200*
1.90
1.03
4.77
1.33
1.09
2.57

Figure 2.4 Trends in the rate of hospital admissions for

asthma by age group for England and Wales. (From ref. 160.)

a Western Australian study a significant shift from the
diagnosis of bronchitis to asthma was observed over a
17-year time period and this at least partly contributed to
the increase in hospital admissions attributed to asthma
over recent decades.43 In the United States, the prevalence
of childhood asthma and respiratory symptoms was
assessed in 1981 and 198844 showing a significant increase
of asthma symptoms without evidence for an increase of
disease severity or hospitalization due to asthma.

Apart from changes in disease coding other factors
may also have contributed to the increasing rate of hos-
pitalization for asthma between the 1960s and 1980s.
Changes in the accessibility of hospital care compared
with primary care may play a role. Indeed, a five-fold
increase of self-referrals for asthma attacks in children
was observed in a British study.42 This reflects the
increasing tendency of parents to take their children
directly to emergency departments in the event of an
asthma attack instead of consulting their primary care

physician first.45,46 A lack of accessible primary care facil-
ities may also be a reason why children of minority back-
grounds such as African-American children in the US
or Polynesian children in New Zealand show much higher
admission rates for asthma than their Caucasian peers.
The availability of appropriate healthcare for children is
clearly linked to the economic status of families. Thus,
when controlling for family income, black and white
children of comparable poverty levels showed nearly iden-
tical rates of hospitalization for asthma in a US study.47

Asthma treatment in primary care settings may also
be expected to influence the rate of hospital admissions.
A Swedish study demonstrated a drastic reduction in
the total number of hospital days as well as hospital
admissions for childhood asthma between 1985 and
1993, which coincided with the introduction of inhaled
steroids for anti-inflammatory treatment of asthma in
this age group in Sweden. These findings were confirmed
by a second study from Sweden, which correlated the
decrease in numbers of childhood asthma hospitaliza-
tion days with increased regional sales of inhaled cortl-
costeroids.48 An alternative explanation for the decrease
in hospitalization rates observed lately in some US
surveys was suggested by a very recent study from
Rochester.49 Investigating the severity of asthma by meas-
uring oxygen saturation levels within the first 24 hours
of admission, a three-fold increase in severe asthma admis-
sions was observed between 1991 and 1995 while the
overall hospitalization rate remained almost constant.
This might indicate that the threshold for asthma admis-
sions has increased during the 1990s to keep hospitaliza-
tion rates low.

Many hospital admissions for asthma are re-admissions.
There is evidence that re-admission rates are falling,
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especially in preschool children, and that this could be
hiding a continued rise in first admissions.158

Trends in childhood asthma mortality

Asthma is a rare cause of death during childhood, and
mortality rates due to asthma have remained fairly low
for the second half of the 20th century in most developed
countries. However, there appeared to be two major epi-
demics of asthma deaths in children and young adults;
one in the 1960s and a second in the late 1970s. Both epi-
demics were linked to the overuse of certain high-dose
bronchodilators but the evidence was not fully conclu-
sive. However, when these drugs were removed from the
market, the death rate fell accordingly.50

Trends in death rates differ greatly between countries.
An increase in asthma related deaths in childhood
between the mid-1970s and mid-1980s was observed in
the UK,51 Australia and Germany.52 In the US, the mor-
tality rate for childhood asthma almost doubled between
1978 and 1987.53 Furthermore, asthma mortality in
non-Caucasian Americans was found to be three times as
high as in white children. Other countries like Japan,
Switzerland and France showed little variation in mortal-
ity rates over the same period of time.52 However, more
recent studies from the UK showed a decrease in asthma
mortality beginning in the late 1980s.54 Thereafter death
rates remained stable in the 1990s, approximately below
1 per 100000 in the 15 to 24-year-olds and below 3 per
100000 in the age group 0-14 years.55 For the US a fur-
ther increase in asthma mortality was reported until
as recently as 199456 at which point death rates for
asthma among children and young adults were similar to
those reported from England. This increase was observed
despite growing sales and use of anti-inflammatory
drugs during this period.

Data on asthma mortality in developing countries are
sparse. However, a survey from Mauritius reported an
overall dramatic decline of asthma deaths in children.57

Between 1982 and 1991 asthma mortality steadily dropped
from 20 to 5 per 100000 in 0 to 4-year-old children while
numbers dropped from 2.6 to 1.0 per 100000 in the 5 to
34-year age group. This probably reflects improvements in
general healthcare and better availability of treatment. At
the beginning of the 1990s, there was no significant differ-
ence in childhood asthma mortality between Mauritius
and other more industrialized countries.

RISK FACTORS FOR CHILDHOOD ASTHMA
AND WHEEZING

Risk factors are characteristics present more frequently
in people that have or develop a disease than in those that
do not. However, not all risk factors are causally involved
in the development of a given disease and some risk

factors can be associated indirectly. So it can be argued
that drinking alcohol is a risk factor for lung cancer as it
is found more frequently in people with the disease
than without it. However, it has been shown that people
who drink also smoke cigarettes more frequently. Thus,
although drinking alcohol is associated with lung cancer
and therefore is a risk factor, a causal relationship exists
only between smoking and the occurrence of the disease.
Conversely, all causes are also risk factors. However,
in chronic diseases such as asthma causal factors and
expression of the disease will generally be separated by
a period of time thus making it more difficult to estab-
lish causal relationships. Therefore, even if risk factors
assessed by epidemiological studies are not causally
related to the disease, they may be a necessary first step
towards the identification of causal factors.

Risk factors for the development of childhood asthma
may not be identical to risk factors for the exacerbation
of symptoms or triggers for asthma attacks. Furthermore,
risk factors may vary between different subtypes of asthma
such as viral induced wheezing and atopic asthma. Some
risk factors will also play a role in determining the prog-
nosis of the disease as well as the severity of symptoms
over time.

Which risk factors are necessary and what is sufficient
to lead to the expression of childhood asthma? Without a
necessary factor disease expression is not possible while
sufficiency indicates a threshold of factors that permits
disease expression. As for many other chronic disorders,
childhood asthma is likely to be determined by multiple
factors, some of which constitute host characteristics
such as gender, race and genetic background while others
consist of extrinsic, environmental influences. These
factors interact on several different levels. In addition, cer-
tain windows of opportunity for different exposures may
exist and differ between types of wheezing and atopic
conditions. Therefore, the timing of exposure may play a
crucial role for a certain factor to affect either the onset
or the progression of illness.

Most studies of risk factors have used cross-sectional
study designs, which are less suitable to allow different
wheezing phenotypes to be identified. Studies performed
in infants and preschool children are therefore likely to
identify different risk factors than surveys of school-
children or adolescents. Unless wheezing phenotypes are
carefully characterized in a longitudinal study, a substan-
tial misclassification bias is likely to significantly hamper
the understanding of factors determining the onset and
persistence of childhood asthma and wheezing illnesses
(Chapter 3).

Potential gene by environment interactions must
become a focus of attention since complex diseases such
as asthma and allergic conditions are likely to result from
interactions between multiple major and minor genes
and important environmental factors. The search for
genes and for environmental determinants relies on
increasing knowledge about the mutual cofactors.
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Genetic factors

Convincing evidence exists for a strong genetic compon-
ent in asthma and other atopic disorders. Twin studies
estimated the genetic contribution to preschool and child-
hood asthma as high as 75%.58,59 Segregation analysis
has suggested that in large family pedigrees the patterns
of asthma occurrence match best with models of either
polygenetic or oligogenetic inheritance.60,61 This would
indicate that multiple genes are involved in determin-
ing the susceptibility for childhood asthma, which may
thereby contribute to the variability in the phenotypic
expression of the disease. Purely genetic models were
rejected in theses studies stressing the importance of
environmental cofactors for the development of child-
hood asthma.

Our knowledge about the genetic mechanisms
involved in the development of asthma is beginning to
evolve as more candidate genes are identified and screened
for polymorphisms. Since numerous genes are likely to
be involved in these putative gene-by-environment inter-
actions, a great effort is needed to fully understand the
impact of genetics in childhood asthma (Chapter 4d).

Environmental tobacco smoke

development of childhood asthma and atopic diseases
are further discussed in Chapter 7e.

Nutrition

Tobacco smoke has been identified as a main source of
indoor air pollution. The effects of exposure to environ-
mental tobacco smoke (ETS) on children have been
extensively studied and numerous surveys have reported
an association between ETS exposure and respiratory
diseases. Strong evidence exists that passive smoking
increases the risk of lower respiratory tract illnesses
such as bronchitis, wheezy bronchitis and pneumonia in
infants and young children. Maternal smoking during
pregnancy and early childhood has been shown to be
strongly associated with impaired lung growth and
diminished lung function62,63 which in turn may predis-
pose infants to develop transient early wheezing. In chil-
dren with asthma parental smoking is independently
associated with increases symptoms and frequency of
asthma attacks.

A series of epidemiological studies has been per-
formed to determine the effect of ETS exposure on the
inception, prevalence and severity of asthma and other
wheezing illnesses during childhood. In most cross-
sectional studies ETS exposure appears to be an import-
ant risk factor for the development of childhood asthma.
Furthermore, in the longitudinal Tucson Cohort Study
maternal smoking was related to both transient early
wheezing and persistent wheezing.3 A recent meta-
analysis of 51 publications investigating the effect of
ETS exposure on the development of asthma estimated
a 37% increased risk for acquiring asthma up to the age
of 6 and a 13% increased risk after the age of 6 if the
parents smoked.64 The effects of ETS exposure on the

The rise in childhood asthma prevalence over the last
30 years in industrialized countries has coincided with a
substantial change in dietary habits. Therefore, the hypoth-
esis was proposed that dietary change may be a contribu-
tory factor for the development of atopic diseases. In
general, the intake of fresh fruit and vegetables, milk,
and fish has been replaced by the consumption of highly
processed foods in western societies and increasingly
in many developing countries.

Furthermore, breast-feeding rates declined in most
affluent countries over the last decades as feeding formu-
las became more popular. Breast-feeding has shown
a transient protective effect towards the development
of eczema, food allergy and wheezing during the first
3 years of life in some studies but not in others. These
studies are confounded by the frequency with which
transient viral wheeze (as distinct from atopic asthma)
occurs in the first 2-3 years of life (Chapter 3). Recently,
prospective cohort studies from Australia investigating
the association between infant nutrition and asthma
have shown protective effects of breast-feeding in 3 to
5-year-olds65 and 6-year-olds.66 In contrast, recent data
from the Tucson cohort suggested that the effects of
breast-feeding may differ between children at high and
low risk of asthma.67 Among children of non-asthmatic
mothers, breast-feeding was associated with a lower
prevalence of recurrent wheezing during the first two
years of life (transient wheeze) and was unrelated to the
occurrence of wheezing after the age of 6 years (late or
persistent wheeze). Conversely, in children of asthmatic
mothers breast-feeding was associated with a higher
risk of developing wheezing after the age of 6 years. A
meta-analysis of published evidence suggests an overall
protective effect from breast-feeding.68 Based on current
knowledge it seems impossible to predict the effects of
breast-feeding on the development of asthma and atopic
diseases in an individual child. Breast milk has been
shown to contain various fatty acids and immunomodu-
latory agents which may influence a child's susceptibility
to develop asthma and wheezing illnesses.

Intervention studies in a cohort of high-risk children
(determined by a strong familial background of asthma
and atopy) showed a benefit when a combination of
maternal allergen avoidance during pregnancy and hydro-
lysed formulas was applied.69 However, the effects were
only transient, resulting in a reduction of early wheeze,
eczema and gastrointestinal food allergy. No protective
effect on the development of asthma later in childhood
was found. Obesity in children is an increasing problem.
The Tucson Cohort study has shown a 7-fold increase in
the incidence of new asthma symptoms as well as BHR in
girls who become obese in middle-childhood.70
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In the late 1980s it was first suggested that high levels
of sodium intake may contribute to the development of
asthma.71 This was based on the ecological observation
that asthma mortality was highest in those regions of
England and Wales, with the highest levels of salt intake.
In subsequent studies, an association between sodium
intake and BHR was reported,72 although population-
based studies did not confirm a relation between asthma
and salt intake.73

Magnesium is involved in a wide range of biological
pathways. In adults aged 18 to 70, low levels of magne-
sium intake were related to a decrease in lung function,
the occurrence of airway hyperreactivity and self-reported
wheezing within the past 12 months.74 However, data on
the effect of magnesium in childhood are sparse. A study
from Saudi Arabia indicated that low levels of magne-
sium, together with a low intake of milk, vegetables,
and fibre may be associated with wheezing illnesses in
children.75

Furthermore, the balance between unsaturated and
saturated fatty acids may have shifted towards a higher
consumption of unsaturated oils and trans-fatty acids
over recent decades. While meat and margarine have
high levels of unsaturated arachidonic acid, deep-sea fish
like tuna, salmon and herring provide high levels of
unsaturated eicosapentanoic acid.76 In population based
studies subjects who regularly consumed fresh oily fish
showed a lower prevalence of asthma and BHR as well as
better baseline levels of lung function.77-79 Among asth-
matic children interventional studies failed to document
a positive effect of oily fish consumption on the severity
of symptoms.80 In preschool children, a diet high in
polyunsaturated fats significantly increased the risk of
recent asthma.65

Finally, low levels of intake of the antioxidant vitamin
C have been associated with the increasing prevalence of
childhood asthma in Western societies. An ecological
study found evidence that fresh fruit intake was associ-
ated with reduced allergic sensitization.81 Epidemi-
ological studies have reported lower levels of lung function
in individuals with a low intake of vitamin C.82,83 In a
large British study of young adults the frequency and
severity of asthma attacks was negatively associated with
the intake of fresh fruit and positively associated with
smoking.84 Furthermore, it was reported that the intake
of fresh fruit during winter was inversely correlated with
the presence of asthma symptoms in more than 4000
Italian children.85 The results suggested that the con-
sumption of fruit rich in vitamin C, even at a low levels,
may reduce wheezing symptoms in childhood, especially
among already susceptible individuals. To date, however,
the majority of supplementation studies have provided
only inconclusive evidence for the effects of short-term
vitamin C administration in adults. No intervention data
are available in childhood asthma.

In summary,86 based on the current knowledge from
epidemiological studies some evidence exists that a diet

low in sodium and rich in fish and vitamin C has a posi-
tive effect on the course of asthma symptoms. However,
intervention studies in childhood are needed to test the
hypothesis that nutrition may be involved in the devel-
opment of childhood asthma. After all it seems unlikely
that changes in nutrition alone are responsible for the
increase in asthma prevalence in Western societies over
the last decades. Nevertheless, changes in diet may have
contributed to other disease patterns observed today in
industrial societies.

Air pollution

Air pollution is perceived by the public as a major health
problem all around the world. What would be more
obvious than to suspect that it may also play a role in
the development of respiratory diseases and especially
asthma? Thus numerous studies have been performed to
investigate if an association between ambient air pollu-
tion and childhood asthma exists. However, based on
evidence derived from many epidemiological surveys, it
seems very unlikely that air pollution significantly con-
tributes to the development (inception) of childhood
asthma.87 Nevertheless, findings from a number of stud-
ies suggested that air pollution is a trigger of symptoms
in individuals who already suffer from asthma.88,89

Prior to re-unification in 1990, differences between
East and West Germany were not limited to political and
economical systems but differences also existed in the
amount and quality of environmental pollution. Areas of
heavy industry in the East reached excessively high levels
of classic air pollutants such as sulphur dioxide and
smoke particles. Conversely, West German cities showed
considerably higher levels of pollution with nitrogen
dioxide reflecting the higher density of vehicular traffic.
Surveys in the now reunited Germany90,91 have consist-
ently shown that the prevalence of childhood asthma,
BHR and atopy were significantly lower in East than in
West Germany. Confirmation of these observations has
been obtained in other parts of Eastern Europe.10,11

As the comparisons between East and West Europe
indicated, a higher prevalence of childhood asthma was
observed in Western cities.90 Hence, it was argued that
other components of air pollution other than sulphur
dioxide and smoke particles are associated with child-
hood asthma. Pollutants characteristic for Western cities
are traffic related and therefore some interest in the
potential effects of automobile exhausts on the develop-
ment of asthma arose. Diesel exhaust is the single most
important component of particulate matter in most
urban areas in cities world-wide.92 Diesel particles are
ultrafine (<1 micron) and therefore small enough to
penetrate deep into the peripheral airways.93 In addition,
they can act as carriers for ubiquitous airborne allergens
thus facilitating their deposition in the lung. Several
experimental studies have established that the exposure
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to diesel exhaust increases levels of IgE and allergy-
specific cytokines in previously sensitized subjects.94

These results suggest that diesel particles are capable of
aggravating pre-existing allergic symptoms but do not
necessarily imply that exposure to diesel fumes also
induces the development of new cases of atopy. In fact,
epidemiological studies suggested no major role for the
exposure to car and truck traffic, which are the main
sources of diesel particles, on the inception of asthma
and atopy.95,96

A potential role for ozone was implied by the observa-
tion that a single high-dose ozone exposure can evoke
respiratory obstruction, cough and chest pain. In add-
ition ozone can induce neutrophilic inflammation of the
airway submucosa and increase airway reactivity in sen-
sitive subjects.97 These effects are, however, at least in
part reversible after continuous exposure indicating
adaptation of subjects exposed for more than two days in
experimental studies. Epidemiological data on the effects
of ozone on childhood asthma are sparse. While the
prevalence of childhood asthma was shown to increase
according to the level of long-term ozone exposure in an
American study,98 no such relation was observed in a
Swiss survey.99 However, neither of these two studies
included objective measures of atopy or BHR. Likewise,
results in adults are inconclusive.

Socio-economic status and housing

A higher prevalence of asthma has been found in affluent
Western societies compared to developing countries.
Thus it has been suggested that the socio-economic status
of countries and individual families may influence the
development of childhood asthma. Low prevalence rates
of asthma in rural and poor areas of Africa seem to
support this hypothesis, as children from more affluent
centres in these countries showed a higher prevalence of
asthma symptoms.20 Results from British studies indi-
cated an increased risk for atopic diseases in children
from high social class families compared to those
from lower classes.100 However, asthma rates were less
affected by socio-economic status. Moreover, the associ-
ation between socio-economic status and an increased
prevalence of asthma is inverted in urban areas of the
USA.101 Here, poverty and living in run-down inner
city districts were shown to be strong predictors for
the development of childhood asthma in a number of
studies.

These results, which seem contradictory at first sight,
may indicate that socio-economic status may be a surro-
gate for living conditions and lifestyle, rather than a risk
factor for asthma in itself. Factors influenced by social
status include availability of and access to healthcare,
nutrition and physical exercise, housing conditions,
exposure to allergens and family size.

The quality of housing, which is strongly related to
family income, has been suspected to influence the

prevalence of asthma diagnosis, asthma symptoms and
asthma severity. Indoor dampness99 and exposure to cer-
tain fungal spores102 have repeatedly been shown to be
associated with a higher risk of asthma and respiratory
symptoms in children, independent of parental socio-
economic status. Furthermore, an American case control
study, which quantified the asthma symptoms and the
severity of dampness at home in more than 200 adults,
reported a dose-response relation between the extent of
dampness and the presence of asthma and asthma like
symptoms.103 In children with asthma, exposure to
dampness at home may be a significant risk factor for the
persistence of BHR and respiratory symptoms.104

Allergen exposure

There is increasing evidence to suggest that the level of
allergen exposure is a risk factor for the development
of atopic sensitization in children.105-107 In the German
Multicentre Atopy Study,108 a large birth cohort follow-
ing newborn children up to the age of 7 years, house-dust
mite and cat allergen concentrations in domestic carpet
dust were strongly related to the development of atopic
sensitization to that specific allergen in the first three
years of life and up to the age of 7 years. A clear dose-
response relationship was found as well as a strong effect
modification by the family background. In children with
a positive family history of atopy, mite allergen concen-
trations below 750 ng/mg dust resulted in a sensitization
rate of 3%, whereas in the group of children with a nega-
tive family history an exposure up to 25 000 ng/mg dust
(over 30-fold higher) was necessary to achieve the same
sensitization rate. These findings indicate that no general
exposure threshold can be proposed and that in fact chil-
dren with a genetic risk are susceptible to even very low
levels of exposure. The relevance of allergen concentra-
tion for the inception of atopic sensitization extends
beyond infancy, since similar findings have been reported
for new-onset house-dust mite allergy in school age chil-
dren.106 These observations question the effectiveness of
primary prevention procedures to reduce dust mite sen-
sitization in infancy, especially in those at greatest risk.

Whether environmental allergen exposure affects the
inception of asthma in similar ways as the development of
atopic sensitization remains doubtful. In a prospective,
longitudinal study of infants born to atopic parents,
Sporik and colleagues109 showed a strong correlation
between wheezing and sensitization to mites at the age of
11. Exposure to house-dust mites in infancy was weakly
associated with sensitization at age 11 (p = 0.062). There
was considerable overlap in the degree of exposure in
infancy and no difference in mean exposures between
asymptomatic and wheezing school-children was found.
However, a significantly increased risk of current asthma
was apparent if a subject had in infancy been exposed to
an arbitrary value of more than 10 mg per gram dust of
Der p I, a major mite allergen.
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If the level of exposure to mites in early infancy is
indeed crucial for the expression of asthma, children
brought up in a mite-free environment at high altitude
or in a desert zone should have a significantly lower
prevalence of asthma and wheeze than children from
humid, mite-infested areas.

The results of two studies performed in the Alps and
in New Mexico failed, however, to document a significant
effect of a mite-free environment on the occurrence
of asthma.110m111 Furthermore, in desert areas such as
Tucson, Arizona, US or inland Australia, where mites
are rarely detected, asthma is just as common as else-
where.112,113 A recent report from the German Multi-
centre Study has pointed out that while allergen levels
strongly predict specific sensitization the incidence of
asthma up to the age of 7 years remains unaffected.108

Thus, in contrast to the immunological processes involved
in the production of specific IgE antibodies, the mecha-
nisms inducing asthma might not be susceptible to
changes in allergen exposure levels. The characteristic
feature of an asthmatic subject may rather lie in that per-
son's capacity to mount particularly strong IgE responses
towards perennial, but not seasonal allergens, the
strength of response being dependent on the level of
exposure to that respective allergen.

Family size

Strachan first reported that sibship size is inversely
related to the prevalence of childhood atopic diseases.114

This observation has since been confirmed by numerous
studies,115-119 in relation to hay fever, atopic eczema and
positive skin-prick tests and levels of allergen-specific
IgE. In the majority of large studies the protective effect
of having older siblings was stronger than having
younger ones.

However, a number of earlier studies did not see a
protective effect of a large family size for the develop-
ment of asthma and BHR.120

Several hypotheses have been examined in an effort
to explain the intriguing association between sibling
numbers and the occurrence of atopic diseases. The effect
of a larger family size is independent of parental socio-
economic status. Furthermore, maternal age at birth is
not responsible for the protective effects of having older
siblings, since a lower prevalence of atopic diseases was
still observed after adjustment for maternal age. Some
studies have even linked increasing maternal age to an
increase in the prevalence of atopy.115 Having more older
siblings increases exposure to more viral infections thereby
possibly directing the development of the immune
system in a non-atopic direction (Chapter 4d). However,
it is also conceivable that multiple pregnancies alter the
immune status of the mother in a way that protects a
child from developing atopic diseases. What causes the
strong protective effect for asthma observed in children
from large families still remains a topic of investigation.

Infections

The role of infection in the development of atopy and
childhood asthma is still a matter of heated debate. Until
some years ago it was commonly assumed that respira-
tory infections during infancy increased a child's risk of
subsequently developing asthma. Conversely, recent epi-
demiological data have suggested a more complex and
potentially protective effect of infections.

Viral infections of the upper as well as the lower respir-
atory tract are very common during infancy and early
childhood, and most children do not suffer any after-
math.121 There is, however, still an ongoing debate about
a potential causal role of non-specific virus infections
such as respiratory syncytial virus (RSV), for the subse-
quent development of childhood wheezing illness, asthma
and atopy. Two major hypotheses have been proposed to
explain the association between respiratory tract infec-
tions and subsequent respiratory abnormalities. One
hypothesis states that viral infections early in life damage
the growing lung or alter the host immune regulation.
The second hypothesis holds that respiratory infections
are more severe in infants and children with an under-
lying predisposition to wheeze, such as lower pre-morbid
airway calibre.126 In the latter case, the symptomatic viral
infection is merely an indicator of an otherwise silent
predisposition, whereas if the former hypothesis holds
true, viral infections were causal risk factors. These two
arguments are not mutually exclusive. It is conceivable
that severe viral lower respiratory tract infections occur
primarily in infants and children with an inherent pre-
disposition, and that both the infection and the pre-
disposition contribute to the development of wheezing
illness or other long-term respiratory abnormality.

RSV infection is very common in the first year of life.
According to Long and colleagues121 80% or more of all
infants are infected with RSV by their first birthday, but
only approximately 1% of all infants are hospitalized for
RSV disease, and 0.1% require intensive care. Thus, most
children undergo an inapparent RSV infection (causing
only cold symptoms) in the first year of life suggesting
that there is at least one host factor which determines the
development of bronchiolitis after RSV infection.

Several investigators have followed children with
proven RSV bronchiolitis for several years. Most authors
reported reductions in lung function and increased
prevalence of symptoms and airway hyperresponsiveness
in the early years, compared with controls. These results
are, however, also consistent with the notion of an
underlying premorbid respiratory abnormality rather
than a subsequent damage of the airways through the
RSV infection. Pullen and co-workers122 followed 130
infants with proven RSV bronchiolitis admitted to hos-
pital at a mean age of 14 weeks and compared them with
matched controls. Of the RSV group 6.2% were wheez-
ing at the age of 10 years as compared with 4.5% of
the control group. A slightly increased prevalence of



Risk factors for childhood asthma and wheezing 21

repeated mild episodes of wheeze was found during the
first 4 years of age (38% vs 15%), but no increased rate of
atopic sensitization was seen in the cases as compared
with the controls. A recent report from the longitudinal
Tucson Birth Cohort Study corroborated the previous
observations in a general population sample devoid of
potential selection bias through follow-up of a selected
hospital population. In the Tucson study, RSV lower
respiratory tract illness was associated with a diminish-
ing risk of recurrent wheezing with increasing age, with
a 4-fold increased risk at age 6 years falling to no additional
risk at age 13.123 The occurrence of RSV lower respira-
tory tract illnesses was unrelated to the development
of atopic sensitization. Other forms of virus-associated
wheezing may be less related to atopy and BHR and have
a better prognosis than atopic asthma.124 The evidence
for an inverse relationship between asthma and the over-
all burden of respiratory viral infections is reviewed in
Chapter 7b.

A recent report from Southern Italy showed that mili-
tary recruits who were sero-positive for hepatitis A,
Toxoplasma gondii or Helicobacter pylori had a signifi-
cantly lower prevalence of atopic sensitization to com-
mon aeroallergens and a lower prevalence of allergic
asthma than their peers who did not have antibodies.125

A dose-response relationship was observed: the more
oro-fecal, the lower was the prevalence of allergic asthma.

In a recent study from East Germany the development
of asthma at the age of 5-14 years was reduced in chil-
dren from small families entering day nursery between
6-11 months of age compared with those entering day
care after the first year of life.126 These findings have
recently been confirmed by a report from the Tucson
Children's Respiratory Study showing that children in
day care in the first 6 months of life were at significantly
reduced risk of wheezing at school age and adoles-
cence.127 Likewise, frequent episodes of runny nose in
the first year of life were inversely associated with the
incidence of asthma and BHR up to the age of 7 years in
the German multicentre study.128

The potential protective effect of parasitic infections
in the developing world has not yet been explored
adequately. The link between nematode infection and
the host adaptive response129,130 may hold the clue to the
difference in prevalence of asthma between children
in rural Africa and those in the industrialized world.131

Microbial stimulation, both from normal commensals
and pathogens in the gut may be another route of expos-
ure, which may have altered the normal intestinal colon-
ization pattern in infancy. Thereby, the induction and
maintenance of oral tolerance of innocuous antigens,
such as food proteins and inhaled allergens may substan-
tially be hampered.132,133 These hypotheses, though
intriguing, have to date not been supported by epidemi-
ological evidence since significant methodological diffi-
culties arise when attempting to measure the microbial
pattern of the intestinal flora.

A 'human model' which may prove interesting in this
context is the recent observation reported by several
authors that growing up on a traditional farm confers
significant protection against the development of asthma
and atopy.24-26,134,135 This protective effect was not seen
in children growing up in a rural environment in non-
farming households. Living conditions on farms differ
in many respects from those of other families: more
pets, larger family size, heating with wood and coal, less
maternal smoking, more dampness and different dietary
habits. None of these factors could sufficiently explain
the strong inverse association between atopy, asthma and
growing up on a farm. Therefore, it was suggested that
the exposure to certain immune modulating agents spe-
cific for farm life may prevent the occurrence of these
conditions. Frequent contact with livestock seems to
explain the protective effect of farm life. A dose-response
relationship between exposure to farm animals and the
prevalence of atopic disease was reported among farm-
ers' children in Bavaria.26 This protective effect was not
limited to children growing up on a farm. Frequent con-
tact with farm animals by children who did not live on a
farm, but had exposure through their peers, was reported
to confer significant protection against the development
of atopic sensitization.25

These findings suggest that factors prevalent in ani-
mal houses and presumably thereby also in the homes of
farming families, confer the protection which is asso-
ciated with a farming lifestyle. A potential candidate
among other factors is exposure to bacterial products
such as the endotoxin lipopolysaccharide (LPS) which
may through binding with the CD 14 receptor result in
increased production of IL-12 and thereby activation of
the Thl pathway136,137 (Chapter 4c). Polymorphisms in
the CD 14 gene have recently been identified138 which
may be of importance for a subject's response to the
environmental exposure to bacterial products. Increased
or altered microbial exposure may also arise through the
consumption of unpasteurized milk. Further investiga-
tions including measurements of microbial contam-
ination, a child's immune response and his/her genetic
background in farming households are needed.

These findings have prompted investigators to specu-
late about a potential harmful effect of vaccinations and
antibiotic use. This discussion was further fuelled by a
report that, amongst BCG immunized Japanese school-
children, asthmatic symptoms and several indices of
atopy were significantly less likely in positive tuberculin
responders compared with negative responders, and that
remission of atopic symptoms between the ages of 7 and
12 years was much more likely in positive tuberculin
responders.139 The interpretation of these findings has
been debated intensively. The inverse association between
allergic status and tuberculin reactivity may simply
reflect the imbalance of Thl/Th2 responsiveness charac-
teristic of atopic individuals who have been shown
to express smaller delayed type hypersensitivity skin
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reactions to recall antigens than non-atopic subjects.140

This imbalance may relate to genetic or other constitu-
tional factors rather than to exposure to Mycobacteria.
Such an interpretation is supported by findings of a
Swedish group showing that a single immunization for
BCG after birth does not affect the prevalence of atopic
diseases at school age.141

Likewise, the role of vaccination for measles has been
questioned. The generalization to western populations
of the findings from Guinea-Bissau, West-Africa, that
measles infection (in contrast to vaccination) reduced
the risk of atopic sensitization,142 must be called in
question. Several studies have been unable to detect an
adverse effect of childhood immunization on the devel-
opment of allergic diseases.143,144 Moreover, there is no
evidence to date to suggest that the use of antibiotics may
causally be related to the inception of childhood asthma
or allergies. A recent retrospective study by Farooqi
and Hopkin145 showing a positive association between
antibiotic use and asthma must be interpreted with great
caution since there is potential severe bias by reverse caus-
ation: children with pre-existing symptoms of asthma
may receive more antibiotics because of their respiratory
symptoms. This study also pointed towards a potential
risk associated with pertussis immunization, as seen in
another investigation from New Zealand.146 In the latter
study, no recorded asthma episodes or consultations for
asthma or other allergic illness before age 10 years were
seen in the 23 children who received no diphtheria/
pertussis/tetanus (DPT) and polio immunizations. These
numbers are, however, quite small and other studies have
failed to show significant associations with immuniza-
tion status.143,144

THE FUTURE OF ASTHMA EPIDEMIOLOGY

There are several ways in which we can improve our
understanding of causal factors in epidemiological stud-
ies of childhood asthma. Firstly, informative study popula-
tions must be identified. These may include populations
over a broad range of exposure to a suspected risk factor,
where after adjustment for confounding factors a poten-
tial dose-response effect can be investigated. Alternatively,
populations with significant differences in the prevalence
of asthma can be sought. Ideally, such populations should
not differ in many exposures, which should furthermore
not be strongly interrelated, otherwise the specific effect
of an individual factor is almost impossible to identify.
A comparison of envir-onmental influences in ethnically
similar groups with presumably similar genetic back-
ground may prove particularly interesting.

Genetic epidemiology will open new avenues for
research into the causes of asthma. Recent developments
suggest that no single gene will be identified as explaining
the clinical manifestations of asthma. Rather, a complex

interplay of different genes will form a subject's genetic
predisposition to disease. Such predisposition will, how-
ever, only result in illness in the context of exposure to
certain environmental stimuli. The future challenge may
thus consist in the identification of the relevant environ-
mental exposures for a given subject's genetic make-up.
These approaches may lead away from group data, which
lumps subjects with very different susceptibilities in expos-
ure groups, thereby increasing the ability to individually
predict disease. When considering childhood asthma
such gene-by-environment interactions will need to take
one other element into consideration: the timing of the
exposure. There is accumulating evidence to suggest that
it is the very early years of life (including fetal life) which
confer a risk for the inception of asthma whereas later
exposures do not significantly affect the risk of disease,
except in special circumstances, such as occupational
exposures.
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CHILDHOOD ASTHMA AS A HETEROGENEOUS
DISEASE

There is renewed interest in the patterns of expression
of different forms of asthma-like symptoms during child-
hood. The main reason for this interest is the understand-
ing that at least some forms of asthma (often referred to as
'asthma phenotypes') begin during the early years of life
and later become lifelong conditions associated with sig-
nificant morbidity, need for chronic therapy and frequent
use of healthcare resources. For years, clinical experience
indicated that these forms of more severe, persistent dis-
ease, co-exist with other forms of asthma, characterized by
intermittent and less predictable symptomatology. It was
not known, however, if this diversity was the expression of
a spectrum of severity within a single disease caused by
the same underlying pathogenetic mechanism or if asthma
was heterogeneous in nature. Perhaps the most important
advance in our understanding of childhood asthma in the
last 30 years is the realization that asthma is not a single
condition and that the same clinical manifestations may
be the expression of different disease mechanisms.

In describing the natural history of childhood asthma,
therefore, we will subdivide the disease into three main
clinical expressions. We caution the reader, however, that
in classifying childhood asthma we are faced with prob-
lems similar to those rheumatologists have to deal with
in classifying the wide spectrum of autoimmune diseases.
Although we believe that there is strong evidence indicat-
ing that the three basic conditions described below do
exist as separate entities, there is wide overlap between

them and they no doubt share common risk factors.
No single risk factor has a one-to-one relation to any of
the three main forms of childhood asthma. Therefore,
it is often difficult to unmistakably classify every single
patient into one group or the other. The fact that the preva-
lence of each group predominates during specific age
periods no doubt helps, but at no age is there only one form
of asthma.

It could be argued that distinguishing different forms
of childhood asthma in order to describe the natural his-
tory of the disease may be artificial. It is true that, from
a therapeutic point of view, it may be presently of little
benefit to accurately classify any single patient as having
a specific form of asthma. None of the treatment currently
available has been unequivocally shown to be more effect-
ive in the control of asthma symptoms for one form or
the other. However, this speaks more about the limitations
of current asthma treatment, than against the existence
of different forms of the disease in children. None of the
treatments currently available for asthma truly address
the underlying 'cause' of the disease because there is sim-
ply no way to know what that cause may be for each indi-
vidual patient. Therefore, available treatments are either
broadly 'anti-inflammatory' or symptomatic. It is thus
not surprising that they are used in all forms of child-
hood asthma, with different (and often unpredictable)
degrees of effectiveness. As well as potential therapeutic
differences, there are other good reasons to differentiate
different forms of asthma (Table 3.1).

There is little doubt that this situation will change in
the near future. Studies of the genetics, immunology and
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Table 3.1 Clinically important reasons for
differentiating between types of asthma
(phenotypes)

• Responses to treatment
• Causes (therefore preventive programmes)
• Natural history (prognosis)
• Genetic basis

cellular biology of asthma will help us to identify forms
of the disease in which certain underlying disease mech-
anisms are predominant. The final goal of these studies is
not only to identify therapies that will control symptoms,
but to identify interventions to prevent lung damage or
restore normality.

TRANSIENT WHEEZING OF INFANCY

The fact that infants and very young children are more
likely to wheeze during viral infections has been known
for many decades.1 Although there has been controversy
on the right nomenclature, for many years this condition
was usually called 'bronchiolitis', and it was widely recog-
nized that it was 'for the most part an acute, usually non-
recurrent infection occurring in infancy and very early
childhood'.1 Recent longitudinal studies have indeed dem-
onstrated that the majority of infants and young children
who develop airway obstruction during acute viral infec-
tions will only have one or at most a few such episodes
confined to the first 2-3 years of life.2,3 We have proposed
to call this condition transient early wheezing (see also
Chapter 9).

The cumulative incidence of all episodes of bronchial
obstruction associated with viral infection during the
first years of life varies depending on the methods used
to ascertain such episodes. However, the results of studies
that have used prospective methodologies in general popu-
lation samples suggest that no less than 30% of all children
have at least one attack of bronchial obstruction during
the first three years of life.4 Peak incidence rates occur
between the ages of 3 and 6 months,5 and the frequency
of new cases decreases markedly after the end of the first
year. Epidemiologic studies have suggested that over
two-thirds of all incident cases are due to respiratory
syncytial virus (RSV), with parainfluenza and other viruses
accounting for only a minority of such events.6 In devel-
oped countries, no less than 60% of all infants and young
children who have one or more episodes of wheezing dur-
ing the first three years of life will have stopped wheezing
by the early school years.3 Thus up to 20% of all children
will have transient early wheezing.

For the most part, transient early wheezers have mild
symptoms that seldom occur away from concurrent upper
respiratory illnesses. Longitudinal studies have demon-
strated that infants who will stop wheezing are less likely
to be hospitalized for this condition, and usually have

fewer and shorter episodes of bronchial obstruction than
those who will have wheezing episodes that persist beyond
the early years.3 When compared with children who do not
wheeze, these children are not more likely to have eczema,
rhinitis apart from colds, or a maternal history of asthma.

The factors that determine this transient form of airway
obstruction have been difficult to study, because there is
no reliable way to distinguish these infants from those who
will go on to have more persistent forms of asthma. Most
of the data thus come from a small number of longitu-
dinal studies.7,8 The two main risk factors for transient early
wheezing that have been quite conclusively identified are
maternal smoking during pregnancy9-11 and lower levels
of lung function measured usually during the very first
weeks of life and before any lower respiratory tract illness
(LRI) developed.4,11,12 Interestingly, young children whose
mothers smoked during pregnancy have been consistently
reported to have lower values for different parameters of
lung function.13 This has suggested the possibility that
exposure to tobacco smoke products during pregnancy
may alter the development of the lung in utero, thus
predisposing to airway obstruction during LRIs. However,
the relation between lower levels of lung function and
transient early wheezing is also observed in children not
exposed to tobacco smoke, so that factors other than mater-
nal smoking must influence lung function in early life.
Among these factors, it is important to consider the role of
genetic predisposition. Several studies of familial aggrega-
tion have shown that levels of spirometric lung function
are significantly correlated between siblings and between
parents and offspring.14,15 Many genes may determine lung
size and airway size and tone, and it is thus unlikely that
a single inherited factor may be responsible for the types
of abnormality observed in transient early wheezers.

The nature of the alteration(s) in lung function in
transient early wheezers is not well understood. A more
detailed analysis of the characteristics of children who
wheezed at different times during the first two years of
life has been recently reported.4 These studies show that
children who started wheezing during the first year of life
but were not wheezing during the second year of life, those
who started wheezing during the second year of life, and
those who wheezed both during the first and second year
of life had significantly diminished levels of VmaxFRC
(maximal flows obtained by the chest compression tech-
nique) before any LRIs occurred.4 However, for those
children who only wheezed during the first year of life, the
neonatal lung function deficits had resolved by 12 months
of age. On the contrary, among children who started wheez-
ing during the second year of life or whose wheezing per-
sisted into the second year of life lung function differences
remained throughout the first year of life. The authors
also found that children who wheezed only during the first
year of life had significantly increased compliance of the
respiratory system when measured shortly after birth
and before any LRI. Conversely, children who wheezed
during the first and second year of life had significantly
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decreased compliance of their respiratory system meas-
ured shortly after birth. Although these studies did not
assess persistence of wheezing beyond the first two years
of life, the results clearly suggest that different mechanisms
may lead to transient infant wheezing, but all of them
seem to point towards a final common pathway of reduced
airway calibre predisposing to airway obstruction in this
age group. In children with increased respiratory system
compliance shortly after birth, this reduced airway calibre
may spontaneously resolve with lung maturation during
the first year of life, while in those with reduced compli-
ance of the respiratory system shortly after birth the abnor-
malities appear to be more persistent and associated with
recurrent wheezing during the first years of life.

It goes without saying that any of the abnormalities
described above, especially those that persist beyond the
first year of life, may predispose to forms of childhood
asthma other than transient infant wheezing, especially if
they are associated with risk factors that are more specific
for these other forms of asthma. However, in the absence of
such risk factors, it appears that the alterations in airway
function that are responsible for transient infant wheezing
reverse spontaneously with age. Since this reversion occurs
concomitantly with remission of respiratory systems, it
seems plausible to surmise a causal relation between
pre-existing airway abnormalities and the likelihood of
transient early wheezing.

PERSISTENT WHEEZING AFTER RSV
INFECTION

Observations made in the 1980s first suggested that chil-
dren who were infected with RSV and developed airway
obstruction were more likely to have continued wheezing
episodes years after the original RSV infection than those
who did not.16 This has been recently confirmed by the
results of several long-term longitudinal studies.17,18 The
factors that determine this association have been the
matter of intense controversy. One proposed explanation
has been that RSV could cause damage to the airways and
lungs, thus predisposing to subsequent recurrent obstruct-
ive illnesses. This contention was not devoid of empirical
support. It has been known for years that some infants
with severe acute adenoviral infection develop oblitera-
tive bronchiolitis, with persistent airflow limitation and
marked abnormalities in lung function years after the
initial episode. A consistent observation among children
with a history of LRIs due to RSV in early life has been the
presence of abnormalities in lung function many years after
the original episode.16,18,19 It was thus plausible to surmise
that, as in the case of adenovirus, RSV could also cause lung
and airway damage in susceptible children. As explained
earlier, longitudinal studies have demonstrated that, in
children who were destined to become transient early
wheezers, lower levels of lung function were consistently

found during the first months of life, before any sign of
airway obstruction had occurred. However, among chil-
dren with confirmed acute RSV infections whose wheez-
ing episodes persisted up to age 6 and beyond (called
'persistent wheezers') lung function measured shortly after
birth was only slightly (and not significantly) lower than
that of children who never wheezed during the first years
of life. When mean lung function in these same children
was again assessed at age 6 it was found to be significantly
lower than that of children who never wheezed before that
age.3,20 It was thus apparent that there was indeed a group
of children who had RSV-LRIs and who showed pro-
gressive deficits in (pre-bronchodilator) airway function.

We also showed that children with a predisposition to
allergic disease (eczema, parental history of asthma and
allergies, high total serum IgE levels, among others) were
more likely to become persistent wheezers than those
who did not have such predisposition (see below: Atopic
Asthma). Nevertheless, for the purpose of this discussion,
it became relevant to assess if the association between
RSV infection, low lung function, and subsequent asthma-
like symptoms could be explained by the development of
an acute, IgE-mediated response to RSV. This idea was first
suggested by Welliver et al.,21 who reported RSV-specific
IgE in nasal secretions of a high proportion of infants who
wheezed during RSV infection and subsequently developed
recurrent wheezing episodes. Studies done by other groups
could not confirm this.22 Following those studies it was
suggested that RSV infection could activate a Th2-type
immune response not only against the virus itself but also
facilitate the development of IgE responses against local
aeroallergens.23 We could not confirm this hypothesis. We
found that children with confirmed RSV-LRI during
the first 3 years of life were no more likely to have at least
one positive skin test against aeroallergens at ages 6 or 11
than those with no such a history. Children with confirmed
RSV-LRI were 4-5 times more likely to have wheezing
episodes at age 6 than their peers, but this risk dimin-
ished significantly with age up to age 1318 (Figure 3.1).

These results apparently contradict a recent report in
a Swedish study by Sigurs et al.17,24 These authors fol-
lowed 47 infants hospitalized with RSV bronchiolitis
and 89 controls up to age 7 years. They found that the
RSV group had a 23% prevalence of current asthma at
age 7 compared with only 2% among control subjects.
Allergic sensitization was reported in 41% of the RSV
children and 22% of controls. The authors suggest that
their data support the contention that RSV increases the
mechanisms involved in the development of both asthma
and allergies in children. The population under study,
however, was different to that in our study in Tucson:
whereas all their subjects were hospitalized with severe
bronchiolitis, over 95% of the children with RSV-LRI
in our study were seen and diagnosed as outpatients. It
is possible that a pre-existing predisposition to allergies
may make it more likely that subjects with RSV infection
develop severe airway obstruction needing hospitalization.
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But in addition, their controls had a very low prevalence
of current wheezing episodes (<5%) at age 7, compared
with other reports from Sweden suggesting 2-3 times
higher prevalence of current wheezing in school-age chil-
dren.25 It is thus possible that Sigurs et al.24 may have used
controls that were inadvertently biased towards less asthma
and atopy than the general population.

An inherited or acquired predisposition for atopy does
not seem therefore to explain the association between
RSV-LRI and subsequent persistent wheezing. Support
for this contention comes from our own observation (and
that of others) of changes with age in the risk of subse-
quent wheezing after RSV-LRI.18 We observed that, after
adjusting for several known risk factors for asthma, chil-
dren with confirmed RSV-LRI were 3-4 times more
likely to have either infrequent (<3) or frequent (>3)
episodes of wheezing during the previous year at age 6.
However, this risk decreased significantly with age and
was barely significant by age 13 (Figure 3.1). Conversely,
the association between asthma symptoms and sensitiza-
tion to local aeroallergens increased significantly with age:
60% of children with current wheezing were skin test
positive at age 6, compared with over 90% at age 11-13.
The pattern of the association between current wheezing
during childhood and RSV infection during infancy was
thus exactly opposite to that between current wheezing
and sensitization to local aeroallergens.

All of the factors that explain the association between
RSV-LRI and subsequent wheezing/LRI have not been

Figure 3.1 Adjusted odds ratios for infrequent and
frequent wheeze associated with RSV lower respiratory
infections before age 3. (From ref. 18.)

clearly identified. An important clue may come from our
own observation (also reported by others) that, as a group,
children with a history of RSV-LRI have lower levels of
lung function and increased airway hyperresponsiveness
when compared with those without such a history.26 We
observed, for example, that the abnormalities in FEV1 after
RSV-LRI could be entirely reversed by the administration
of a single dose of albuterol (salbutamol). It is not clear
whether the increased airway responsiveness precedes the
development of the first episode of LRI or is a conse-
quence of some direct and persistent effect of the virus on
the regulation of airway tone. It is possible that both
mechanisms may exist, in different children.27

Recent observations also suggest that, in some chil-
dren, persistence of wheezing after RSV may be the con-
sequence of alterations in the nature of the immune
response to the virus. Bont and co-workers28 studied cyto-
kine responses of peripheral blood mononuclear cells to
non-specific stimuli (LPS/IFN--y and PHA) during the
acute and convalescent phase of RSV infections requiring
hospitalization. They then compared these responses in
children who did or did not have episodes of wheezing
during the subsequent year. They found that subsequent
wheezing was unrelated to IL-12 or IFN-yiL-4 responses
during the acute or convalescent phase of the infection.
However, children who had continued wheezing episodes
had significantly higher IL-10 responses during the con-
valescent phase of the acute illness than those who did
not have subsequent wheezing episodes. Moreover, there
was a strong positive correlation between the number of
wheezing episodes during the subsequent year and the
intensity of the IL-10 response (Figure 3.2).

The mechanisms by which IL-10 responses could
predispose to persistent wheezing after RSV remain
unresolved. Bont et al. did not specifically determine the
cells responsible for the production of IL-10 in their stud-
ies, but speculated that most likely these were antigen
presenting cells, since the results were obtained after
stimulation with lipopolysaccharide and IFN-"y. IL-10 is
a potent down-regulator of both Thl and Th2 responses

Figure 3.2 Relation between IL-10 production and number
of wheezing episodes during a 1-year follow-up period.
(From ref. 28.)
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in humans.29 It is thus possible that individuals with
strong IL-10 responses may foster the activity of an inva-
sive virus such as RSV by excessive down-regulation of the
immune response to the infectious agent. However, an
alternative explanation is also possible. Recent studies in
animal models suggest that IL-10 may have a direct effect
in airway smooth muscle and in the regulation of air-
way tone.30 Mice sensitized to certain allergens developed
increased responsiveness of their airways and of isolated
smooth muscle. However, when the same experiments
were performed in animals in which the IL-10 gene had
been rendered dysfunctional and which were unable to pro-
duce IL-10, no such bronchial responsiveness developed.
These results suggest that IL-10 not only has direct activity
on immune cells, but may also have a direct role in the
regulation of airway tone. The mechanisms involved are
not well understood but open a new field in our under-
standing of the potential role of cytokines that, until
recently, were not known to be able to exert their func-
tion in cells other than those of the immune system.

The finding of a potential role of interleukins such as
IL-10 on airway function/responsiveness independent of
the Thl/Th2 paradigm may offer a new basis for our
understanding of those forms of recurrent wheezing
during childhood that are not associated with increased
risk of allergic sensitization.

ATOPY-ASSOCIATED ASTHMA

The most persistent and usually the most severe form of
recurrent airway obstruction is almost invariably associ-
ated with evidence of IgE-mediated immune responses
to local aeroallergens. Both prospective and retrospective
studies have shown that most cases of atopy-related
asthma have their first asthma-like symptoms during
early life.3132 Recently the pattern of initiation of symp-,
toms has become clearer from the analysis of results of
longitudinal studies started at birth. Based on data from
the Tucson Children's Respiratory Study, Halonen and
co-workers 33 divided a population of children who had
recurrent wheezing episodes during the early school
years into two groups: one group was sensitized against
Alternaria, the main local aeroallergen associated with
asthma, whereas a second group was not sensitized against
this particular antigen. They observed that symptoms
had started preferentially during the second and third
years of life for the group sensitized against Alternariay

while in the group that was not sensitized against
Alternaria, symptoms had usually started during the first
year of life. Moreover, children who were sensitized against
Alternaria were much more likely to have continued symp-
toms by the age of 11 years. This type of analysis prob-
ably addresses the same issues discussed above in relation
to the long-term consequences of RSV-LRIs, because
wheezing episodes that start during the first year of life are

usually associated with virus (often RSV) infection and
have a better prognosis than those that start during the
second or third years of life, which are more likely to be
associated with an atopic predisposition.

Results of a similar longitudinal study undertaken in
Perth, Australia, point in the same direction. Young et al.4

reported that approximately 50% of 160 infants wheezed
during the first two years of life. Of these, 28 wheezed
during the first year of life only, 21 during the second
year of life only, and 32 in both the first and second years
of life. Although all groups of children who wheezed had
lower levels of lung function measured during the first
months of life and before any lower respiratory illness
had occurred, abnormalities were more persistent among
those who wheezed during the first and second years
of life. Moreover, bronchial hyperresponsiveness (BHR),
which was measured by use of histamine during the first
month of life, was significantly increased mainly in chil-
dren who wheezed during the second year of life.4

A subsequent re-analysis of this same data set,27 in
conjunction with data at the age of 6 years, enhanced the
understanding of the natural history of asthma in early
life. BHR measured during the first month of life was
strongly associated with the likelihood of having physician-
diagnosed asthma and wheezing, both with and without
colds, at the age of 6 years. Of great interest was the obser-
vation that bronchial responsiveness to histamine at
1 month was unrelated to lung function at that same age,
and was also unrelated to BHR to histamine at the age of
6 years. However, bronchial responsiveness at the age of
1 month was strongly correlated with the level of lung
function observed at the age of 6 years. There was also a
strong correlation between BHR at 6 years and wheezing
and asthma at that same age.

Taken together, these results suggest that level of lung
function and response to bronchoconstrictors measured
shortly after birth measure different properties of the
airways. The former seems to be strongly associated with
the likelihood of wheezing very early in life, but in the
absence of other risk factors, the effect tends to rapidly
subside with age. The effect of 'congenital' BHR, on the
other hand, is not readily observed during the first year
of life, perhaps because it is masked by the strong role of
'congenital' lung function on early wheezing. The effect
of 'congenital' BHR is first observed during the second
year of life and persists up to age of 6 years.

Of particular importance in the Australian data set is
the observation that 'congenital' BHR and BHR observed
at the age of 6 years are not correlated with each other
and have independent effects on the likelihood of wheez-
ing at the age of 6.27 Studies from our Tucson group sug-
gest that one of the most important determinants of BHR
at the age of 6 is the development of allergic sensitiza-
tion.34 The data thus suggest the existence of two separate,
independent determinants of BHR: 'congenital' BHR is
unrelated to allergic markers27 whereas BHR measured at
age 6 seems to be an acquired characteristic of the lung,
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most probably associated with allergic sensitization. Both
forms of BHR are strong determinants of the level of lung
function observed at the age of 6.

The observations made both by the Tucson study
and the Perth study, therefore, provide new insights as
to the factors that determine persistence of BHR and,
therefore, persistence of asthma symptoms beyond the pre-
school years. This is an important observation, because in
developed countries, most children with persistent asthma
during the school years show evidence of sensitization
against local aeroallergens. The evidence clearly suggests
that, in these children, BHR is the consequence of the
process that leads, on the one hand, towards allergic
sensitization, and on the other hand, towards the develop-
ment of BHR.

The nature of the relation between allergic sensitiza-
tion and the development of atopy-related asthma is not
well understood. For years it was believed that atopic
asthma was the direct consequence of exposure to aeroal-
lergens and that it was this exposure, in susceptible indi-
viduals, that triggered the disease mechanisms responsible
for the disease.35,36 The fact that children who develop
asthma and live in different environments become sensi-
tized to different allergens, however, suggests that the
association between sensitization to aeroallergens and
asthma is not simply one of cause-effect. More likely,
atopic asthmatics have a defect in immune development
that determines, on the one hand, an increased likelihood
of becoming sensitized to local aeroallergens and, on the
other hand, an increased likelihood of developing asthma-
like symptoms.

Studies of the development of IFN--y responses dur-
ing the first year of life strongly suggested that this could
indeed be the case. Both in environments where the pre-
dominant aeroallergen is Dermatophagoides pteronyssi-
Hus37,38 and in an environment where Alternaria is the
main asthma-related allergen,39 subjects who became sen-
sitized to these allergens were more likely to show impaired
development of IFN-'y responses by peripheral blood
mononuclear cells during the first year of life. Interest-
ingly, this impairment was not usually observed or was
much less pronounced at birth, as assessed by studies of
cord blood. However, in both locales, IFN--y responses were
markedly impaired during the first year of life in subjects
who would go on to become sensitized to asthma-related
allergens, and 'caught up' with those of non-atopic chil-
dren between the ages of 3-6 years.40 These results clearly
suggest that atopy-associated asthma may be the result of
a delay in the maturation of normal, IFN-g mediated
responses in the immune system. Clearly, genetic factors
may be important,41 but environmental influences also
seem to be significant.

Of clear relevance are the recent observations that, in
environments where exposure to microbial burden in
early life is quite significant, both allergic sensitization
and asthma tend to be much less prevalent in school-age
children.42,43 Several studies have suggested that exposure

to endotoxin, a component of the cell wall of Gram-
negative bacteria, may be an important consequence of
the level of microbial burden during the first years of life.
Studies by Gereda and co-workers showed that subjects
exposed to higher levels of endotoxin in the dust present
in their homes during the first year of life were less likely
to become sensitized to aeroallergens during these first
years.44 These same subjects were more likely to show
enhanced IFN-g responses to non-specific stimuli by
peripheral blood mononuclear cells. It has been suggested
that decreased microbial burden during the last 50 years
may have delayed the normal maturation process of
the immune system thus explaining, at least in part, the
recently observed increases in the prevalence of asthma.

The factors that determine the persistence of asthma
symptoms in children who are sensitized against local
allergens has been the matter of considerable debate.
Large studies performed in the United States suggest that,
among subjects who are sensitized against local allergens,
exposure to these allergens is an important risk factor for
the persistence and severity of symptoms.45 Unfortunately,
few controlled studies are available to support the hypoth-
esis that decreased exposure to allergens would decrease
asthma symptoms in sensitized subjects. Nevertheless, it
is unlikely that exposure to aeroallergens is a cause of
the development of asthma, as clearly shown recently by a
carefully performed study in Germany,46 in which expo-
sure to house-dust mites was measured in the homes of a
large number of children. The likelihood of becoming
sensitized to house-dust mite increased with increased
exposure, but the likelihood of developing asthma dur-
ing the early school years was similar in children with
very high and very low exposure to house-dust mites in
their homes. These results clearly suggest that the thresh-
olds for sensitization to house-dust mites among subjects
who are destined to become asthmatics are extremely
low. Moreover, most asthmatic children by the age of 7
are pluri-sensitized47 and therefore, their basic abnor-
mality is not their susceptibility to becoming sensitized
to one aeroallergen in particular. For this reason, strate-
gies to prevent asthma by preventing sensitization to sin-
gle allergens are very likely to fail.

CONCLUSIONS

Recently longitudinal studies have uncovered the com-
plexity of the phenotypic presentations of childhood
asthma. Recurrent airway obstruction with wheezing
is the final common pathway for many different disease
mechanisms. All these disease mechanisms can be sum-
marized in two main potential alterations: a structurally
narrow airway or an airway that is narrowed functionally
by either, smooth muscle contraction, oedema, or mucus
secretion. Naturally these mechanisms may co-exist and
overlap, determining different degrees of severity and
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persistence of symptoms. Wheezing in infancy and during
the toddler years is determined by a combination of 'con-
genital' BHR, congenitally narrow airways, and potential
sequels of abnormal immune responses to RSV and other
viruses. Atopy-associated asthma, on the other hand, also
starts during the toddler years, but only becomes the most
frequent expression of asthma during the school years.
This form of asthma appears to be determined by a com-
bination of genetic and environmental factors that predis-
pose to a delay in the maturation of the immune system
during the first years of life. The main consequences of
this delayed maturation are the development of early
allergic sensitization, increased BHR, and losses in lung
function that persist until adult life.
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INTRODUCTION

It is important to understand normal lung development
when considering childhood disease and its treatment
since the lung's response to either will differ depending
on the stage of development.

The lung at birth is not a miniature version of the
adult lung. Each of the structural components of the
lung has it own timetable of development and at any one
time each will be at a different stage of maturity. External
factors such as air pollution or infection will affect imma-
ture or small lungs differently from those of older sub-
jects. Any change in normal development is likely to have
a long-term effect. A small lung at birth tends to remain
small during growth: so-called tracking. Also, the 'Barker
hypothesis' suggests a link between early morphogenesis
and long-term outcome in adulthood.1

Much lung development occurs during fetal life and
the lung is unique in growing while failing to fulfil its
main postnatal function, suggesting that the pattern of
fetal lung growth is genetically determined. By term the
lung has grown sufficiently to support the respiratory
needs of the infant and is able to adapt rapidly to its new
function. During infancy and childhood as the body sur-
face increases, the lung grows in size, increasing the size
of airways and the surface area for gas exchange in the
alveolar region with a concomitant increase in the size of
blood vessels and number of capillaries. The structure of
these components also matures.

Although the development of the conducting airways
is of primary interest in relation to asthma, other struc-
tures are important in the pathophysiology of the disease
including the respiratory acinus.2 The airways regulate
and direct the flow of air and they also act as a barrier to
prevent harmful substances reaching the alveolar region.

The branching system is an efficient method of increas-
ing surface area within a given volume. The alveoli,
which make up the greatest volume of the lung, have
evolved to produce the largest possible gas exchange area:
thin walls interdigitating into the air space. A single bal-
loon would give little gas exchange area for the volume of
gas involved. The conducting airways are supplied with
oxygenated blood (epithelial cells probably get their oxy-
gen directly from the airway) via the bronchial arteries,
which originate from the aorta and are at a high internal
pressure. The low pressure pulmonary arteries carry deoxy-
genated blood to the alveoli. Both systems are drained via
pulmonary veins. The blood supply to the alveoli must
pass through the capillary bed at a linear velocity that will
allow gas exchange to take place and at a bulk flow which
matches ventilation. All these structures and their func-
tions are controlled by the nervous system, by circulating
humoral factors and by local homeostatic mechanisms.

The growth of all these structures is complex and
though each follows its own timetable, they are not inde-
pendent of each other. In humans, by birth all the major
components of the lung have developed but during child-
hood they mature in structure and grow in size and in the
case of peripheral structures, in number.

NORMAL LUNG DEVELOPMENT

Fetal development

The classic descriptions of lung growth have divided
fetal development into four major stages based on the
appearance of the lung tissue: embryonic, pseudoglan-
dular, canalicular and alveolar; the last is sometimes
divided into an earlier saccular or terminal sac phase and
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Table 4a.1 Phases of lung development

Embryonic

Pseudoglandular

Canalicular

Alveolar (or terminal sac or saccular)

Postnatal

0-7 weeks gestation

6-17 weeks gestation

16-27 weeks gestation

27 weeks to term

Up to 18 months
Up to adulthood

Lung buds form
Blood vessels connect to heart

Preacinar airways and blood
vessels develop

Respiratory (intra-acinar) region develops. Thinning
of peripheral epithelium and mesenchyme. Type I
and II pneumonocytes

Development of saccules and then alveoli

Alveoli and small blood vessels multiply
All structures increase in size

Figure 4a.1 Photomicrograph of a longitudinal section
through the left lung of a fetus at nine weeks of gestation.
The lung is in the glandular phase of development with
a large number of airway branches within the matrix.
The main bronchus has cartilage plates in the wall and
pulmonary arteries can be seen running alongside
proximal airways (X64).

a later alveolar stage3 (Table 4a. 1). The alveolar stage con-
tinues after birth and in some species is entirely post-
natal; the time span varying between different species.
There is also considerable individual variation and one
stage gradually merges into the next.

During the embryonic period the lung appears as a
ventral diverticulum from the endodermal foregut in the
fourth week after ovulation. The complete lining epithe-
lium of the lung is derived from the endoderm. A first
division produces the left and right bronchi by 26-28
days of age. Further dichotomous division of airways into
the surrounding mesenchyme continues until the end
of the pseudoglandular stage (17 weeks) by which time all
preacinar airways to the level of the terminal bronchiolus
are present. The majority of divisions occur during the
10-14th weeks of gestation4 (Figures 4a.l and 4a.2).

As successive airways form, their walls first develop
smooth muscle closely followed by cartilage, submucosal
glands and connective tissue. Epithelial differentiation

also begins during this period. These structural elements of
the airway wall appear from the hilum towards the periph-
ery from 6 weeks of age, and by 24 weeks of gestation the
airways have the same structure as they do in the adult.4'5

Smooth muscle cells are present in human trachea and
lobar bronchi by 8-10 weeks of gestation (Figure 4a.3).6-8

As in adult lungs, fetal airway smooth muscle expresses
contractile smooth muscle specific myofilaments such as
smooth muscle a-actin and smooth muscle myosin heavy
chains (SM-MHCs). However the relative content of
SM-MHC in immature and mature smooth muscle is
different.9 Fetal smooth muscle cells are smaller than
adult cells and express a wider repertoire of potassium ion
channels, the proteins that control their resting mem-
brane potential.10 In vitro studies of first trimester human
tracheal ASM7 and peripheral lung explants of first trimes-
ter human lung have shown that 'fetal' airway smooth
muscle cells have a fluctuating resting membrane poten-
tial which is associated with the spontaneous development
of tone and peristalsis-like contractions of the compliant
airway. These contractions cause active movement of
intraluminal fluid and rhythmic distension of more per-
ipheral airways, at least in vitro, and may stimulate 'strain-
induced' growth of airway cells especially in epithelial tubes
lacking airway smooth muscle.6 Blocking spontaneous
contractions leads to lung hypolasia in vitro.11 The smooth
muscle contractions are not blocked by agents which abol-
ish neural transmission, indicating their myogenic nature,
but are sensitive to acetylcholine and isoproterenol suggest-
ing that neuro-humoral factors could modulate smooth
muscle activity.6'7 Airway smooth muscle activity during
lung development in utero may therefore contribute to
airway wall growth in a number of ways. 'Synthetic' airway
smooth muscle activity such as cell proliferation, hyper-
trophy and elaboration of extracellular matrix will thicken
the airway wall. In addition, smooth muscle contractile
activity will promote growth and development of cells in
more distal parts of the lung.

Viewed microscopically during the pseudoglandular
stage the lung has numerous airways lined by columnar
epithelium separated from each other by a meshwork
of mesenchyme containing capillaries (Figure 4a.3).
Throughout this period, new capillaries appear around
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Figure 4a.2 The number of airway
generations in the human lung and
the stage and gestational age at
which they appear.

Figure 4a.3 Photomicrograph of a peripheral airway in an
8-week-old fetus. Section immunostained for a-smooth
muscle actin. Muscle cells (arrowheads) are seen around the
airway epithelium except in the final branch. Smooth
muscle cells also surround the pulmonary arteries (a) lined
up alongside the airways.

the end of the lung bud. These coalesce to form the pul-
monary arteries, which line up alongside the airways, as
are seen in the adult lung.8 During fetal life the arteries
and airways develop together and all preacinar arteries,
including supernumerary arteries which will eventually
supply the alveoli, are present by the end of the pseudo-
glandular period.12 The pulmonary veins grow at the same
time as the arteries. They do not accompany the airways
but lie in the inter-segmental planes.8a However, the num-
ber of veins is similar to the number of arteries.13

During the canalicular period (16-27 weeks), the per-
ipheral airways continue to divide to form the prospective

respiratory bronchioli (2-3 generations in humans) and
beyond these the prospective alveolar ducts, alongside
which arteries and veins also develop. The preacinar air-
ways increase in diameter and length. The mesenchymal
region between the airways thins and capillaries come to
lie beneath the epithelium of the peripheral airways appar-
ently causing the epithelium to become thinner.

The larger (prospective bronchi) airways are lined by
columnar epithelium (Figure 4a.4) but the distal bron-
chioli are lined by cuboidal cells. At the level of the pro-
spective respiratory bronchioli part of the wall is lined by
flattened cells, as are the prospective alveolar ducts which
at this stage are sac-shaped (saccules). By 20-22 weeks of
gestation type I and type II alveolar epithelial cells can be
identified lining all saccular air spaces. The type I cells are
flat and elongated and cover the majority of the surface.
The type II cells maintain a cuboidal shape and develop
lamellar bodies around 24 weeks of gestation which is
4-5 weeks before surfactant can be detected in the amni-
otic fluid. By the end of the canalicular stage the air to
blood barrier is thin enough to support gas exchange
(about 0.6 ujn) but the gas exchange units are the large
thin walled saccules.

At the beginning of the alveolar stage the saccules have
discrete bundles of elastin at intervals around their luminal
edge forming small crests which are subdividing the sac-
cules (Figure 4a.5).14 Between 28 and 32 weeks of gesta-
tion these crests elongate sufficiently to form primitive
alveoli.14'15 The walls of these alveoli are still quite thick,
having a double capillary supply and mesenchymal tissue
between the epithelial cells. With age the crests increase
in length, become thinner and have only a single capillary
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Figure 4a.4 The cell types lining
the airways during the canalicular
phase. The preacinar airways are
lined by columnar epithelium
mainly of ciliated cells. The most
peripheral airways, which are
destined to become the respiratory
bronchioli are lined by cuboidal
cells. In the region of canalization -
the prospective alveolar ducts - the
capillaries (cap) lie under thinned
epithelial cells, the type I
pneumonocytes (I). The type II
(cuboidal) pneumonocytes contain
lamellated bodies (II). There is still
considerable mesenchymal tissue
(mes) between adjacent air spaces.
B: basal cell; G: goblet cell;
F: fibroblast

Figure 4a.5 Alveolar development illustrated by
photomicrographs of lung, (a) At 28 weeks' gestation,
saccules (s), many with shallow thick walled alveoli (A),
are separated by relatively thick interstitial tissue, (b) At 34
weeks' gestation, a respiratory bronchiolus (rb) leads into
an alveolar duct lined by alveoli. Saccules are present at the
edge of the acinus, (c) At term, alveoli are mature in shape
and thin walled (from ref. 14 with permission) (x 187).

Image Not Available
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Figure 4a.6 The number of alveoli in the developing lung
related to postconceptional age in weeks. •: control lungs;
o: prematurely born infants not artificially ventilated;
their number is not different from normal.

network.16 The formation of these alveolar walls has been
described in detail in the rat where the alveoli develop
from the saccules in the postnatal period.17,18 Eventually
mature cup-shaped alveoli line the elongated saccules,
now called alveolar ducts, and they are also found lining
part of the walls of the respiratory bronchioli.

Counts of the alveoli (Figure 4a.6) show an increase
with gestational age and by term between one third and
one half of the adult number is present, around 150
million14'15 (adult number 300-600 million19). The increase
in lung volume seen during this stage is due mainly to the
increase in number of the alveoli. The alveolar surface
area increases and shows a linear relationship to age and
body weight.

The lung at birth

At birth the lung has the adult number of airways with an
airway wall consisting of the components found in the
adult lung. Within the respiratory portion of the lung the
majority of respiratory airways are present and there
are up to half the adult number of alveoli present. The
alveoli, though smaller than in the adult, have a blood-
gas barrier of mature thickness. The blood supply to the
lung is complete save for the blood vessels that will supply
the enlarging alveolar region.

During fetal life the lung is filled with liquid but imme-
diately after birth fluid is removed, triggered by a large rise
in the fetal adrenaline (epinephrine) level which leads to
the opening of sodium channels and hence salt and water
reabsorption. In fetal lambs absorption rates of up to
50 ml/h have been recorded.20 The presence of adrenaline
also triggers the release of surfactant by the lamellar bodies
of type II pneumonocytes. Surfactant synthesis which
begins at the start of the second trimester of pregnancy and
normally accelerates as partuition approaches can be phar-
macologically accelerated by stressor hormones, especially
glucocorticoids.21

During fetal life blood flow is directed away from the
lung due to high pulmonary artery resistance. The pul-
monary arterial lumen is small with a relatively thick wall.
Immediately after birth, pulmonary vascular resistance
falls, there is a decrease in the wall thickness of the small
muscular arteries in the first few days. In the larger vessels
the low adult level is reached by three months of age.22"24

Studies on neonatal pigs have shown that the rapid thin-
ning at the periphery is due to reorganization of the shape
and orientation of both pulmonary vascular smooth
muscle and endothelial cells.24'25 The rapid dilation of the
pulmonary vasculature is stimulated by the rise in arterial
oxygen partial pressure that occurs with air-breathing and
is mediated, in part, by the release of prostacyclin and
bradykinin.26 Endothelial-derived relaxation factor or
nitric oxide27'28 also plays an important role in vascular
dilatation. Studies suggest that nitric oxide is produced
during fetal life, blocking its production increases pul-
monary vascular resistance.29 The enzyme nitric oxide
synthase which is present in the endothelial cells at birth,
increases in amount at 2-3 days of age, suggesting a role
in the adaptation process,30 and shows a rapid increase
in activity immediately after birth.31 Nitric oxide is used
successfully in treatment of infants with persistent pul-
monary hypertension of the newborn.

Postnatal development

AIRWAY DEVELOPMENT

Increase in airway size in the perinatal period is linear
and continuous with antenatal growth. Premature deliv-
ery does not alter this rate of growth. After the first year
of life there is a slowing in the growth, there being an
approximately two-fold increase between 22 weeks of
gestation and eight months postnatal age and a two- to
three-fold increase between birth and adulthood.32 A pre-
vious study measuring airway length and diameter for all
generations along main and lateral pathways in children
from birth to adulthood showed symmetrical growth
throughout the lung.33 During infancy and early child-
hood the airways are large relative to total volume. Girls
have wider and or shorter airways than boys during early
childhood and this may explain their lesser tendency to
wheeze, but by adulthood males have relatively large air-
ways.34 The enhanced growth in males at puberty may
be a factor in the relative decline in reversible obstructive
airways disease in teenage boys.

AIRWAY WALL STRUCTURE

In the newborn, airway wall structure is similar to that
of the adult, containing cartilage, submucosal glands,
smooth muscle, connective tissue; with bronchial arteries
and veins the amount of each component for a given sized
airway is generally less than in the adult (Figure 4a.7).32'35

During the first year of life there is a rapid increase in
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Figure 4a.7 Transverse section through a bronchus from an
8-month-old infant stained with periodic acid Schiff stain,
c: cartilage; m: bronchial smooth muscle; g: submucosal
gland. The goblet cells can be seen in the epithelium (X50).

Figure 4a.8 The area of bronchial smooth muscle per mm
of airway perimeter in cross-section small bronchi related .
to postconceptional age. • : normal fetus and infant;
o: premature infant; *: ventilated premature infant.

submucosal gland and bronchial smooth muscle mass
relative to airway size with cartilage mass only increasing
at the same rate as the increase in size of the airways. After
infancy the airway wall increases in proportion to airway
diameter. The increase in airway smooth muscle is particu-
larly rapid in the first few weeks after birth. The relative
amount of airway smooth muscle in the bronchioli is close
to the adult level by 8 months of age whereas there is still
a considerable increase in muscle mass in the bronchi
after this time.32 In children there is therefore a greater pro-
portion of airway smooth muscle in the smaller non-
cartilaginous airways than in the bronchi. This rapid
increase is probably related to the change to air breathing
since it occurs at a similar postnatal age and therefore an
earlier gestational age in babies that are born prematurely
(Figure 4a.8). Airway smooth muscle mass increases
above normal in artificially ventilated babies32 and in
children and adults with asthma where airway wall thick-
ness is also increased by connective tissue.36 An increased
airway smooth muscle mass, whether absolute or due
to premature development, may predispose to airflow
obstruction by a number of mechanisms including

increased force generation for a given amount of smooth
muscle cell shortening.

Human airway smooth muscle responds to acetyl-
choline and isoproterenol as early as the glandular stage
of fetal development.6 Postnatally there is reactivity
to methacholine and subsequent bronchodilation after
addition of metaproterenol in healthy infants less than
15 months of age.37 The drop in the bronchoconstrictor
response with age is controversial (Chapter 9), but if true
could be related to changes in muscle cell myofilament,
ion channel or receptor expression or to the relative
amount of muscle mass at different stages of lung growth.
Alterations in the nerve supply of airway smooth muscle
could also account for the differences in bronchodilator
response with age although structural studies have
shown that the distribution and density of nerves at birth
is similar to that seen in the adult.38

The submucosal glands are responsible for producing
most of the mucus found in the airways. They are located
in the submucosa between the cartilage and the surface
epithelium and are made up of acinar regions of mucous
and serous cells which lead to the surface via a ciliated
duct which is continuous with the airway epithelium.
They appear in the trachea of the human at ten weeks
of gestation and gradually extend towards the periphery
of the lung. During childhood there is relatively more
submucosal gland mass than in the adult,35'39 but it is only
at 13 years of age that the glands have the adult appearance.
They continue to grow in size in normal subjects until
28 years of age.

The airways are supplied with oxygenated blood via
the bronchial arteries which originate from the aorta or
intercostal arteries and there are commonly two to each
lung entering at the hilum. They divide to form a subep-
ithelial plexus and an adventitial plexus on either side of
the bronchial smooth muscle layer. True bronchial veins
drain the trachea and upper bronchi and return blood to
the right atrium while the veins in the more peripheral
airways drain via the pulmonary veins to the left atrium.40

The bronchial supply appears at the end of the first tri-
mester and extends down the airway wall as the bronchial
smooth muscle, cartilage and glands differentiate.

AIRWAY EPITHELIUM

The epithelium is the first line of defence in the lung and
also responds to environmental stimuli. The epithelial
cells develop by differentiation and maturation of the
primitive endodermal cells. In the adult human, four cell
types predominate in the surface epithelium of the con-
ducting airways. Ciliated cells are found from the trachea
to the respiratory bronchioli and at all levels are the most
numerous cells. Mucous-secreting or goblet cells are found
from the trachea to the end of the bronchioli. Basal cells
are found in the larger airways and in addition, indeter-
minate cells can also be found. During development neu-
roendocrine cells are identified. In the terminal bronchioli



Normal lung development 43

a further cell type, the Clara cell is found in addition to
ciliated cells.

Maturation begins in the proximal airways and pro-
gresses distally. In the early pseudoglandular stage all air-
ways are lined by elongated cells overlying basally situated
cells over a basement membrane. The elongated cells have
a prominent nucleus and a cytoplasm containing a large
amount of glycogen.

Ciliated cells first appear at 11 weeks of gestation.41

Cilia develop from centrioles which are formed by div-
ision of the pre-existing single centriole or by aggrega-
tions in the Golgi region to form a generative complex
of precentrioles. By the time cilia reach one third of their
final length the internal microfilaments have formed first
as single strands and then as doublets. Cilia can be motile
before they achieve mature length and from this time
they can develop a coordinated beat. There are 200-300
cilia per cell in the adult.42 The ciliated cells do not divide
but originate from basal or secretory cells.

The presence of intracellular mucus has been demon-
strated in the human fetal lung at 13 weeks of gestation
but at this age the goblet cells are sparse. There is exten-
sion of goblet cells from the bronchi into the bronchioli
but at birth there is still a relatively low number of goblet
cells, less than 10% of the total number of epithelial cells.
After birth there is a rapid increase in the number of gob-
let cells, reaching up to 40% of the total in the bronchi
by three months of age.32 The goblet cells are predomi-
nantly mucous in type and they produce mainly acidic
mucus.43 The mucous cells increase in airway disease
such as chronic bronchitis and with inhalation of sulphur
dioxide, cigarette smoke and ozone. They also increase in
asthma relative to ciliated cells.44

Basal cells can be identified from 12-14 weeks of
gestation and have been considered to be the stem cell in
the tracheobronchial epithelium. Cells from basal cell
colonies grown from rabbit trachea have been able to
establish a columnar, pseudostratified epithelium when
inoculated onto denuded tracheal grafts. This epithelium
had basal, ciliated and goblet cells.45 It is not known
whether basal cells form ciliated cells directly or whether
they form via goblet cells. Basal cells also aid the adher-
ence of columnar cells to the basal lamina since they are
firmly attached via hemidesmosomes to both the basal
lamina and the columnar cells.

Clara cells are thought to develop in the second half of
gestation from glycogen-containing, non-ciliated cells in
the terminal bronchioli.42 The Clara cell 10-kDa protein
(CC10) has been shown to have immunomodulatory
and anti-inflammatory activity and may play a role in
controlling airway inflammation. Lower serum levels than
normal have been found in asthmatics.46 They are also the
source of some surfactant apoprotein, under b-adrenergic
control. Clara cells are progenitors for the ciliated cells in
peripheral airways.47

Neuroendocrine (dense-core granulated) cells are the
first types of cell to differentiate within the primitive airway

epithelium. They are peptide-producing and are often
innervated and probably derive from the neural crest.
They are distributed singly or in pairs by eight weeks of
gestation when they are weakly argyrophilic and show
immunoreactivity for serotonin and neurone-specific
enolase. It has been suggested that they play an important
part in cell differentiation48 since they are not found in
such large numbers in the adult and they increase in num-
ber in babies with chronic lung disease of prematurity.49

The epithelium, as well as producing the fluid and
mucus for the ciliary escalator to remove particles from
inside the lung, also produces a number of factors that can
modulate the function of airway smooth muscle.50

Removal of the airway epithelium results in an increase in
the contractile response to histamine and muscarinic ago-
nists in human airways. The nature of the epithelium-
derived inhibitory factor is unknown. The increase in
sensitivity of smooth muscle strips to these agonists per-
sists in the presence of prostanoid and nitric oxide synthe-
sis inhibitors.51 Although these observations indicate that
airway epithelium is a source of smooth muscle inhibitory
factor(s), it can also generate endothelin which is a con-
tractile agonist as well as a smooth muscle cell mitogen.

Airway epithelial injury and denudation is a charac-
teristic feature of atopic asthma and airway epithelial
cells are an important source of locally acting mediators.
Some of these mediators may modulate airway smooth
muscle force generation. Others may promote the thick-
ened basement membrane and the increased fibrosis and
airway smooth muscle characteristic of chronic asthma
(Chapter 5).

However, the role of the epithelium in wheezing dis-
eases of infancy and early childhood is unclear.

ALVEOLAR DEVELOPMENT

After birth the alveolar region of the lung grows rapidly.
There is proportionately much less growth in the airways
than in the alveolar region in the first years after birth. Up
to half of the alveoli are present by birth14 and it is likely
that the adult number is almost complete by 18 months of
ag£_ 15,16,52 Durmg mis postnatal period blunt crests with
elastic bundles at their tips can be seen dividing the air
spaces (similar to those seen in the alveolar stage of fetal
development) and then lengthening and thinning by loss
of interstitial matrix and loss of the double capillary bed.

The formation of alveoli is dependent upon the depo-
sition of elastin. Mice lacking elastin have impaired
peripheral airway development.53 The elastin is thought
to be produced by smooth muscle cells that have
migrated from terminal bronchioli since failure of alveo-
genesis is coupled to lack of distal spreading of alveolar
smooth muscle cell progenitors during lung develop-
ment in PDGF-A-deficient mice.54 At first elastin is seen
only at the tips of alveolar crests, that is, at the mouth of
the alveolus. With age the amount increases but at 5 years
of age is still only at the luminal edge. By 12 years of age



44 Structural development

it extends around the alveolar walls and by 18 years there
are many fibres throughout the walls.3 The relative lack
of elastin in the young lung allows the growth in size of
the alveoli. Babies ventilated after birth have abnormal
deposition of elastin and this may lead to the failure of
normal shaped alveoli to develop so that the total num-
ber may be reduced.55

Males generally have a greater number of alveoli56 than
females at all ages over one year, independent of size as
well as age. In the first 18 months the increase in lung vol-
ume is brought about by an increase in size of air spaces as
well as their multiplication while the relative amount of
tissue decreases52 due to a loss of interstitial cells while the
endothelial and epithelial cells continue to grow. After
18 months all lung compartments of the gas exchanging
region increase equally relative to body mass, so by this
time the lung is a miniature version of the adult lung.
Lung volumes (as measured by the vital capacity) contin-
ues to increase until the early twenties in normal adults.

DYSANAPTIC GROWTH

Many authors have concluded that airways and lung
parenchyma develop disproportionately in size, that is,
there is dysanaptic growth, during the first few years of
life.34,57 The conducting airways are complete in number
at birth and increase only in size,33 whereas alveoli increase
both in size and in number. After about 2 years of age,
parenchyma! growth is mainly due to alveolar enlarge-
ment. It is therefore likely that airways and air spaces grow
isotropically (i.e. in proportion to each other) thereafter
throughout childhood. A recent longitudinal study sug-
gested that airways and air spaces continue to grow isotro-
pically in boys during adolescence, whereas in girls airway
growth lags behind that of the parenchyma at this stage.58

PULMONARY VASCULATURE

During childhood as new alveoli form and enlarge, new
pulmonary blood vessels develop at the periphery of the
lung. The majority of these new vessels develop in the first
18 months of life.23 After the newborn period the ratio of
pulmonary arteries and veins to alveoli remains similar,
there always being more veins than arteries. The small
pulmonary arteries reach adult wall thickness within the
first few days of life while the larger vessels take up to
three months.22,23 Beyond this period there is an increase
in lumen diameter and capacity as arteries and veins
increase in size along with the increase in lung volume.

Neural development

of gestation the trachea has a nerve supply to smooth
muscle, submucosal glands and epithelium and there are
nerves present in all but the smallest bronchi and the
arteries and veins. By term and in the neonate the distri-
bution and density of nerves is similar to that seen in the
adult with parasympathetic nerve fibres forming a mesh-
work within the airway wall (Figure 4a.9).38 Sensory nerves
are also found in the epithelium. There are few nerves
within the air spaces of the alveolar region of the lung.

The efferent innervation to airways consists of para-
sympathetic (cholinergic) excitatory nerves and inhibitory
non-adrenergic, non-cholinergic (NANCi) nerves. Release
of acetylcholine by cholinergic nerves stimulates airway

The nerves of the lung develop from neural crest cells
which migrate via the vagus to the future trachea and
lung before it separates from the gut. There is progressive
extension and increase in complexity of the nerve supply
as the structures of the lung develop.59,60 By four months

Figure 4a.9 Photomicrographs of a section of (a) bronchus
and (b) bronchiolusfrom a newborn infant immunostained
for the general neuronal marker PGP 9.5. Nerve fibres
supply epithelium (e), submucosal gland (g), bronchial
smooth muscle (m) and submucosal region (s). Bar -50 m
(from ref. 38 with permission).

Image Not Available
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smooth muscle contraction and an increase in submu-
cosal gland mucous production. NANCi nerves provide
inhibitory signals via vasoactive intestinal peptide (VIP)
and perhaps, as recent evidence would suggest, through
generation of nitric oxide which stimulates cyclic-GMP
production in airway smooth muscle cells. The effect of
NANCi innervation is greatest in the trachea and decreases
towards the periphery.61 p-receptor-induced bronchodi-
lation is mediated by circulating epinephrine (adrenaline)
since there are no functional adrenergic nerves to airway
smooth muscle. Circulating epinephrine also contributes
to the regulation of mucus production and bronchial and
pulmonary blood flow, pi-receptors on the epithelium
probably induce production of an epDRF, that affects the
airway smooth muscle.50

We have little information on the development of
receptors, although functional studies by Tepper37 sug-
gest that they are present in the first year of life. Current
data suggest that the number of b2-receptors on airway
smooth muscle may remain relatively consistent through
life. However, the level of sensitivity appears to peak in
early adult life with a progressive increase throughout the
early childhood years and a decline in responsiveness
with increasing age in patients over 40 years of age.62

REGULATION OF LUNG GROWTH

Factors associated with early lung growth

The development of the human lung is regulated by a
number of mechanisms which, although poorly defined

at present, interact at many levels including the molecu-
lar and cellular. The complexity of this regulation is
highlighted by the fact that the interplay between the
various mechanisms alters with the phase of lung growth
and that their outcomes depend and build upon the
growth sustained in preceding stages. The normal develop-
ment of the lung can be altered in utero and postnatally
(Figure 4a.lO). During early intrauterine life, adverse fac-
tors will influence airway growth while factors having their
effect in later weeks of gestation and infancy will affect
alveolar development. Abnormalities in airway branching
cannot be corrected once the period of airway multiplica-
tion is complete. Thus airflow is likely to be abnormal in
these subjects throughout life. Indeed it is now recognized
that major adverse events occurring during the period of
rapid growth and development in early life may have long-
term and irreversible effects.63-65 This leaves the probability
that many subtle changes in lung development could
contribute to the risk of subsequent wheezing disease.

GENES AND TRANSCRIPTION FACTORS

Early studies showed the importance of the interaction
of endoderm and mesenchyme in lung morphogenesis.
Recent studies at the molecular level have extended our
knowledge on the control of lung growth but the mech-
anisms are still not fully understood. Approaches used to
define the molecular control of lung development have
hitherto largely relied on loss- or gain-of-function pheno-
types of candidate genes or gene families in fruit flies
(Drosophila) and mice. These studies indicate that despite
the vast phenotype divide between various species there

Figure 4a.10 The factors which may affect the growing lung.
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is a marked degree of conservation of gene function so
that homologues of genes are found across species
including humans.66,67 The studies have also shown that
early lung development is largely controlled by transcrip-
tion factors but at present, many of the target genes of
the transcription factors so far implicated in lung devel-
opment are unknown.

The earliest event in lung morphogenesis, the develop-
ment of foregut endoderm cells committed to the forma-
tion of the lung bud, appears to be critically dependent
on the transcription factor, hepatocyte nuclear factor-3(3
(HNF-3b). Foregut endoderm morphogenesis from an
apparently normal endoderm is severely affected in HNF-
3(3~'~ knockout mice.68 The next stage of lung develop-
ment clearly associated with a specific transcription factor
is cleavage of the tracheal tube from the primitive foregut
and branching morphogenesis. Thyroid transcription fac-
tor (TTF-1) also known as Nkx2.1 and thyroid enhancer-
binding protein (T/ebp) is expressed in the endoderm of
the foregut, the thyroid gland and the developing edge
of the lung bud and in addition in specific respiratory
epithelial cell lineages later in lung development. It is not
expressed by lung mesenchyme. TTF-1 null mutant mice
have a common tracheo-oesophageal tube which fails to
branch significantly. Inhibition of TTF-1 mRNA with
anti-sense oligonucleotides results in restricted branching
morphogenesis and a hyperplastic, poorly differentiated
respiratory epithelium in fetal mouse lung explants.69'70

Gli proteins form yet another group of transcription
factors controlling lung development. Gli proteins are
implicated in the mesenchymal-epithelial cell inter-
actions that characterize much of lung branching morpho-
genesis. In developing mouse lungs, Gli proteins are
activated in pulmonary mesenchymal cells in response
to the product of a gene called smoothened which is also

associated with segmentation in early embryonic develop-
ment. Smoothened is released by the binding of the
morphogenetic protein sonic hedgehog (SHH), which is
produced by the respiratory epithelium, to the patched
gene receptor on pulmonary mesenchyme. Abrogation
of any of the factors in this signalling pathway has similar
effects on mouse lung development, namely right lung
hypoplasia, left lung agenesis and a tracheo-oesophageal
fistula.71,72 In man, mutation of one member of the
Gli protein family (Gli3) is linked with three dominant
genetic disorders associated with polydactyly. One of
these disorders, Pallister-Hall syndrome, is also associated
with foregut abnormalities including lung lobulation
defects, tracheal stenosis and tracheo-oesophageal fistula
in some patients.73 The linkage of transcription factors to
non-lethal human lung disorders serves to indicate that
their effects on lung development may range from the
subtle to the catastrophic.

GROWTH FACTORS

A wide variety of biochemical factors have been linked
with lung cell proliferation and growth. Most belong to a
super-family of polypeptide ligands, which bind to cog-
nate, membrane-spanning receptors with intrinsic tyrosine
kinase (RTKs) activity (kinase = phosphorylation). Lung
cell growth mediators which are not part of the RTK super-
family form a heterogeneous group. Some 'non-RTK'
growth factors mediate their intracellular effects through
membrane-spanning receptors coupled to guanine tri-
phosphate (GTP) binding proteins (G-proteins).

The potential role of some growth factors in lung devel-
opment is listed in Table 4a.2. Two of these deserve fur-
ther mention. Fibroblast growth factors (FGFs) are a key
group of polypeptides involved in lung cell proliferation,

Table 4a.2 Some growth factors associated with lung development

RTK super-family
EGF

Acidic- and basic-FGF family

PDGF family

IGF family (IGF-1 and-2)
VEGF

G-protein coupled receptors
Endothelin-1

Serine-threonine kinases
TGF-pO, II and III)

Miscellaneous
Factors associated with PNEC cells (bombesin-like
peptides, calcitonin gene related peptide)

Epithelial cell proliferation and differentiation
Branching morphogenesis, epithelial cell differentiation,
angiogenesis, fibroblast and endotheliai cell proliferation
Mesenchymal cell proliferation (PDGF-BB), airway smooth
muscle cell migration and alveolar septation (PDGF-AA)
Airway epithelial and smooth muscle cell proliferation
Vascular (fibroblasts, smooth muscle and endothelium)
cell proliferation and differentiation

Vascular development

Promotion of matrix synthesis
Inhibition of matrix degrading enzymes and branching
morphogenesis

Lung cell proliferation
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differentiation and branching morphogenesis. All FGF
receptors are expressed in the lung although their expres-
sion is regulated in time and in space. Acidic FGF
(FGF-1) is linked with epithelial cell branching whereas
paradoxically FGF-7 (keratinocyte growth factor), which
binds to the same receptor subtype as FGF-1 (FGFR-
llllb), induces epithelial cell differentiation. FGF-10 also
appears to be critical to branching morphogenesis. It is
expressed by distal lung mesenchyme and may act as a
guidance signal for distal epithelial cells. Fetal mouse lung
cultures treated with FGF- 10-coated beads show increased
amounts of airway branching at the site of a bead. In
contrast, FGF-10 null mutant mice show no lung forma-
tion distal to the carina. The integration of the FGF-10
signal in the lung appears to be modulated or controlled
by SHH. In SHH null mutant mice, FGF-10 is broadly
expressed in distal mesenchyme whereas in wild-type
mice FGF-10 expression is localized to areas of the lung
where SHH is lacking. Thus, SHH produced by develop-
ing epithelium appears to control epithelial tube branch-
ing by spatially restricting the expression of FGF10.74"77

The platelet-derived growth factor (PDGF) family of
mitogens is another important group of growth factors
linked to lung development. Three biologically active
forms of PDGF are recognized. Studies of mouse lung
explants exposed to PDGF-AA and -BB anti-sense oligo-
nucleotides suggest that the PDGF-AA is important for
branching morphogenesis whereas PDGF-BB stimulates
lung cell proliferation. PDGF-AA probably also plays an
important role in alveolar development since PDGF-AA
null mutant mice show absence of alveolar septation linked
to a failure of ASM migration from terminal airways.54

Disorganized airway wall smooth muscle migration could
explain the increased alveolar smooth muscle and reduced
alveolar septation associated with chronic lung disease of
prematurity and bronchopulmonary dysplasia.78

EPITHELIAL MESENCHYMAL INTERACTIONS

Airway branching requires the presence of both the
endodermal tube lined by epithelial cells and the sur-
rounding mesenchyme. An airway tube will continue to
grow in length but will not branch if its mesenchyme
is stripped away79,80 whereas mesenchyme transplanted
from an area of active branching will stimulate an other-
wise dormant epithelial tube to divide. Bifurcation may
be initiated by local contraction of filaments within the
cytoplasm of the epithelial cells causing a cleft or alterna-
tively by some cells migrating while others remain sta-
tionary and thus forming a cleft. The process is partly
dependent upon interactions between cell adhesion mol-
ecules and matrix proteins.81

CELL ADHESION

It has become evident over the last few years that cell
adhesion is crucial to the proper progression of lung
development. Lung cells adhere to each other and the

various extracellular matrix (ECM) proteins through a
large family of transmembrane receptors called integrins
which recognize, as ligands, components of the extracel-
lular matrix or cell surface counter-receptors of the cad-
herin and immunoglobulin families. Evidence for the role
of cell adhesion comes from studies of SPARC (secreted
protein acidic rich in cysteine, or osteonectin), a secreted
glycoprotein that inhibits cell adhesion. SPARC is widely
distributed expressed in airways during the pseudoglan-
dular stage of lung development and the mesenchyme
around airways during the canalicular and saccular stage
of lung development. Addition of anti-SPARC antisera
or synthetic SPARC antisera or synthetic SPARC-like pep-
tide to rat lung explant cultures reduced epithelial bud
formation and altered bud morphology but did not affect
cell proliferation during branching morphogenesis.82

INTEGRATION OF LUNG GROWTH REGULATORY
SIGNALS

Initiation of lung development from the embryonic
foregut requires transcriptional factors. Subsequent airway
branching events and pulmonary vasculogenesis involve
reciprocal epithelial-mesenchymal interactions mediated
by growth factors and their receptors as well extracellular
matrix and proteins and their cognate receptors on cells.
In general, receptor tyrosine kinases and their ligands
(bFGF, PDGF-AA and EGF) positively modulate lung
growth and branching morphogenesis while transform-
ing growth factor-beta (TGF-P) family members have an
inhibitory effect on branching morphogenesis. An inter-
play may also occur between soluble negative and positive
growth factors and physical stimuli such as spontaneous
airway contractions and fetal breathing movements. For
the present, much of the integration of positive and
negative signalling pathways is unknown.83

GENDER, ETHNICITY AND LUNG GROWTH

Gender and ethnicity also affect lung growth. Tracheal size
does not differ between the sexes during early life84 but
adult males have a larger trachea than females.34 Although
lung volume and alveolar number are greater in boys
than girls,56 girls have larger expiratory flows than boys in
infancy85 and the narrower peripheral airways of boys may
predispose them to wheeze.63'86'87 This is not just a growth
effect, since dexamethasone given to infants leads to a
better outcome in females,88 and studies in sheep using
lung function tests to study the growth and function of the
lung after prenatal treatment support this finding.89

Marked ethnic differences in infant mortality and
respiratory morbidity have been reported.90 Prematurely
delivered Afro-Caribbean infants are less likely to develop
respiratory distress syndrome (RDS) than white infants
of similar gestational age, which suggests that the respira-
tory system is either more mature or that airway function
is enhanced in black preterm infants.91 Some of these
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differences may be attributed to their lower nasal
resistance.92

PHYSICAL FACTORS AND LUNG GROWTH

Lung growth in utero is also influenced by a number of
biophysical factors, including the space available in the
chest cavity, fluid in the lungs and the amniotic sac, pres-
sures within the chest cavity and fetal breathing move-
ments all of which interact to contribute to overall lung
growth.

The space available within the thoracic cavity has con-
siderable impact on growth of the lung. Infants with
congenital diaphragmatic hernia (CDH) have lungs with
reduced airway number and size suggesting that the
effects of space restriction begin before airway branching
is complete.93 Indeed, the diaphragm normally separates
the thoracic cavity between weeks 8 and 9 of human ges-
tation, well before the completion of branching mor-
phogenesis. Increase in space available as seen after
pneumonectomy leads to an increase in lung volume.
Experimental studies show that the increase is both by
increase in alveolar number during development and in
size after multiplication is complete.94 There is evidence
of similar factors in human lung expansion after correc-
tion of hypoplastic lungs.95'96

Sufficient quantities of lung fluid are needed for nor-
mal lung development: babies with oligohydramnios as
a result of renal anomalies have small lungs and in these
the airways are reduced in number.97 Premature rupture
of membranes reduces the number and size of alveoli.
Even removal of amniotic fluid as in amniocentesis affects
alveolar and airway growth.98 Increased fluid in fetal
lungs as seen in laryngeal atresia accelerated lung growth99

and experimental studies on lambs in which the lung is
overdistended by plugging the trachea promotes lung
growth100 and has been used to overcome the effects of
CDH.101-103

The role of fetal breathing in lung development
has been reviewed recently.104 Intermittent lung expan-
sion stimulates lung growth105 whereas ablation of the
phrenic nerves leads to lung hypoplasia in fetal rabbits106

and diminished alveolar growth and maturation in
lambs.105 Studies on fetal lung explants have shown that
repetitive stretch results in cell proliferation.107 Fetal
breathing movements are diminished by exposure to
hypoxia, nicotine and various drugs.

The association between disorders of lung growth and
wheezing disorders is discussed in Chapter 4b.

NUTRITION

Recent epidemiological evidence showing a relationship
between adult airway function and birth weight suggests
that intrauterine nutrition in humans may be more
important than recognized previously.108 Malnutrition
will affect lung growth both pre and postnatally and

will have the greatest affect at the time of rapid alveolar
development.109,110 This suggests that in humans the most
important time for nutrition is during late fetal life and
up to 2 years of age. However, a study on rats found that
re-feeding resulted in catch up growth of both lung
volume and gas exchange area.111 In children with cystic
fibrosis (CF), nutritionally reduced body weight is asso-
ciated with reduced lung function parameters although
wheezing in CF has other causes.112 Asthma may itself
lead to poor weight gain.113 In addition to calorie intake,
Vitamin A (retinoic acid) has been shown to be essential
for normal alveolar development114; deficiency decreases
alveolar septal development. More importantly Vitamin
A supplementation led to redevelopment of alveoli in
rats with elastase-induced emphysema115 and retinoic
acid treatment given to young rats with dexamethasone
induced failure of alveolar development induced new
septal formation. This may be an important finding in
improving alveolar growth in prematurely born infants
(see below).116 It is worth noting that Vitamin A tran-
scriptionally regulates the expression of a number of
genes including some cytokines.117'118

INFECTION AND MATERNAL TOBACCO SMOKING

Intrauterine infection may affect lung growth. Low-
grade amniotic infection and chorioamnionitis is asso-
ciated with an increased risk of bronchopulmonary
dysplasia.119-121 Experimental administration of endo-
toxin in utero also affects the development of alveoli.122

Maternal smoking during pregnancy leads to an
increased risk of low birth weight, preterm delivery, and
sudden death in infancy.123-125 The risk of lower respira-
tory illness, wheezing and asthma is also increased among
young children whose mothers smoke126-128 (Chapter 7e).
However, cessation of smoking during pregnancy has
been associated with improved morbidity.129 A marked
reduction in fetal movements lasts for at least an hour
after the mother has smoked a cigarette.130 Animal studies
have shown maternal exposure to cigarette smoke results
in offspring with small lungs and decreased air spaces,114

reduces elastin production,131 produces up-regulation of
nicotinic receptors in the lung132 and leads to an increase
in collagen around airways.132 Decreased coupling between
parenchyma and airways in guinea pigs exposed to pas-
sive smoking in utero may explain their increased airway
responsiveness.133 These findings may explain results from
functional studies in human infants shortly after birth,
which show changes in the pattern of breathing and dimin-
ished airflows in those whose mothers smoked during
pregnancy.126 Recent measurements in preterm infants
have shown that these changes are evident at least seven
weeks before an infant is due to be born.134 The mech-
anisms associated with tobacco smoke-induced airflow
obstruction in humans may involve abnormal airway
modelling as in animals. An increased airway wall thick-
ness and smooth muscle mass have been reported at
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postmortem in SIDS infants whose mothers smoked
during pregnancy.135

Factors associated with abnormal lung
growth in infancy and later childhood

Many prenatal factors will continue to have an effect after
birth. The most common factor is preterm birth. Preterm
birth on its own does not seem to affect normal alveolar
development (Figure 4a.6).55 However the airways are
small for postnatal age and have an increase in smooth
muscle mass and mucus secreting cells (Figure 4a.8).32

These structural changes are accentuated by ventilator
therapy.55 Babies who go on to get bronchopulmonary
dysplasia (BPD) have a reduced number of alveoli beyond
the age when normal alveolar development is complete.136

Experimental studies on baboons show that extreme pre-
maturity can lead to impaired alveolar development.137

Early respiratory disease and subsequent
airway function

Childhood respiratory problems such as inhalation of
foreign or toxic material and infectious or non-infectious
respiratory disease may interfere with the normal devel-
opment of the respiratory tract and lung parenchyma.

There is a well-established association between viral
bronchiolitis in infancy and recurrent wheezing in later
childhood (Chapters 3 and 7b). However, the role of
viruses such as respiratory syncitial virus (RSV) in the
initiation of asthma is controversial.138 Some viruses, in
particular adenovirus, may cause permanent airway and
parenchymal lung damage in infants although such cases
are the exception rather than the rule. Virus-induced
wheeze in rats is modulated by age (neonatal vs weanling
vs adult) and the strain of rat suggesting the importance
of host susceptibility factors.139 The mechanisms associ-
ated with viral infections and recurrent wheezing in
humans or in experimental rats have yet to be elucidated
although in rats viruses have been shown to impair both
alveolar and airway development.140

Pulmonary bacterial infections appear to affect preterm
neonates more than term infants. Neonatal bacterial infec-
tion is synergistic with high oxygen levels in produ-
ing abnormal alveolar development in baboons,141 and
is a risk factor in the development of BPD and chronic
lung disease of prematurity (CLD).142 However, BPD and
CLD are multifactorial diseases with lung immaturity,
hyperoxia, barotrauma, inflammation as well as chronic
pulmonary infection being major factors in their
pathogenesis.143'144 Wheezing occurs more frequently in
adolescents and young adults who had BPD in infancy
than in age-matched controls of similar or normal birth
weight (Chapter 13b).145,146

Chronic airway inflammation in asthma might be
expected to interfere with lung development. However,

despite intensive investigation, this remains a very con-
troversial area. While reduced expiratory flows prior to
bronchodilator therapy have been documented in several
studies of asthmatic or ex-asthmatic subjects, these do
not necessarily reflect disturbed airway growth providing
such abnormalities are reversible by adequate broncho -
dilator and anti-inflammatory treatment.147 The issue of
airway remodelling, which is affected by many of the
same factors that control airway growth, is dealt with in
Chapter 5.

Effects of treatment

Abnormal lung development has been linked to manage-
ment strategies associated with the treatment of broncho-
pulmonary disease (BPD) and chronic lung disease (CLD).
There are also major concerns regarding the effects of
glucocorticoids and bronchodilators on long-term lung
development and function.

ARTIFICIAL VENTILATION

Experimental evidence suggests that normal oxygen
tensions are necessary for normal alveolar development.
In preterm baboons, ventilation with appropriate oxygen
levels allowed alveoli to develop normally while high
oxygen tensions led to reduced alveolar septation.148

In neonatal rats hyperoxia also prevented alveolar
multiplication and led to enlarged alveoli in adulthood.149

Animal studies have shown that hyperoxia is associated
with fibroblast hyperplasia and up-regulation of growth
factors,150'151 alveolar damage and reduced septa-
tion,148,149,152 parenchymal thickening153 and increased
airway responsiveness.154

High-volume ventilation (previously referred to as
barotrauma) may also be associated with airway and alveo-
lar mal-development. In a study on piglets where high
oxygen and volutrauma were used together or independ-
ently Davis et al.152 found that high oxygen tensions had
a much greater effect on alveolar appearance than baro-
trauma. The independent effect of these factors are much
more difficult to determine in human infants who are
usually exposed to both insults simultaneously.143,144

THERAPEUTIC AGENTS

Glucocorticoids are administered before birth to
accelerate maturation and prevent surfactant deficiency
syndrome. In the airways of asthmatics, glucocorti-
coids reduce inflammation, restore the airway epithelium
as manifested by a return of the normal proportions
of ciliated and mucus epithelial cells155 and partially
reverse basement membrane thickening.44 Cell culture
studies show that production of matrix is altered
by dexamethasone.156 Similarly, in cultured adult human
airway smooth muscle cells, glucocorticoids reduce
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mitogen-stimulated thymidine incorporation, an indirect
marker of cell proliferation.157-159 All of these processes
will tend to reduce both airway obstruction and bronchial
responsiveness. The use of glucocorticoids in children
may affect total lung growth, especially since lung mor-
phogenesis is regulated by glucocorticoid-affecting growth
factors.160,161

Structural studies in sheep and rats162-164 treated
with prenatal and postnatal dexamethasone have shown
accelerated alveolar wall thinning and maturation, at the
expense of subsequent normal alveolar development.165

Glucocorticoids have been shown to reduce elastin,
decrease procollagen mRNA and reduce cross-linking,
all of which may alter the stability of the alveoli and the
calibre of the peripheral airways, possibly leading to
enhanced 'small airways disease' in the long term.

The mechanism by which glucocorticoids affect alveo-
lar formation is unclear.

New interalveolar walls (septae) are formed by pleat-
ing up of part of the wall166 producing a double capillary
system. This is reduced to a single layer by an apoptosis-
dependent process which leads to thinning of the inter-
alveolar septa and loss of interstitial tissue. Glucocorticoids
induce thinning of the septal wall probably by promoting
the fusion of the microvasculature. If this occurs before
the alveolar development is complete it will truncate the
period of development of new alveolar walls.165 Too few
alveolar septae will eventually lead to alveoli that are too
large and more smoothly contoured, an apparent emphy-
sematous appearance.167 In addition to causing abnor-
mal gas-exchange physiology, reduced septal growth will
decrease the 'load' placed on the airways and airway
smooth during normal tidal breathing and thus increase
the risk of airway collapse and excessive smooth muscle
shortening. The clinical effects of such events may not
become apparent until the ageing process is well estab-
lished and may be similar to those found in patients with
chronic obstructive pulmonary disease. Recent experi-
mental studies have shown that the failure of alveolar
growth can be overcome by the use of transretinoic
acid.116

The largely experimental data in relation to glucocor-
ticoids shows that therapeutic intervention at critical
stages of development may have unwanted or unexpected
sequelae. Even brief treatment at low doses may have a
profound effect even at a later stage in development.

Little is known about the effect of b2-adrenoreceptor
agonists on growth, but glucocorticoids given during
fetal life increase the number of b-receptors. Inhaled
terbutaline exerted no effect on epithelial appearance168

but (3-agonists do appear to inhibit proliferation of adult
human airway smooth muscle cells169 and long-term use
of bronchodilators may lead to abnormally small amounts
of muscle in the airway walls. Improvement in lung func-
tion as a result of use of anticholinergics has been
reported, but nothing is known of the effect on the
airway smooth muscle cells of the developing lung.170

Lung growth and asthma

In recent times a number of researchers have re-
emphasized the fact that processes active during lung
development can impact on lung function in later life.
The quest now is to identify the biological mechanisms
underlying their observations so that their effects can be
ameliorated.

It is not difficult to imagine that processes acting dur-
ing lung morphogenesis could contribute to the develop-
ment of asthma, its severity and/or the responsiveness of
individuals to treatment. Sparrow and colleagues have sug-
gested that phasic, myogenic airway contractions during
the pseudoglandular phase of lung development may be
important in airway wall and lung development.171 The
airway contractions are dependent on the activity of fetal
airway smooth muscle which like adult airway smooth
muscle is influenced by a number of contractile agonists.
Nicotine could interfere with the phenotype and/or the
contractile and synthetic functions of airway smooth
muscle either directly or indirectly by its effect on the
developing autonomic nervous system or the airway
epithelium.

Major advances have been made over the past decade
using candidate gene approaches in determining the func-
tion of several important molecules such as HNF-3b and
TTF-1 in lung morphogenesis. Over the next decade the
role of many more genes and their products in human
lung development are likely to be determined as a direct
result of powerful molecular biology techniques such as
DNA 'chip' technology and rt-PCR.83 In relation to asthma
diagnosis, some of the products of these genes may be
markers of lung disease or alternatively may be thought of
as risk factors and used to identify children at high-risk of
developing asthma. Moreover, these genes and their prod-
ucts are also likely to be amenable to therapeutic interven-
tion in such a way that their downstream effects on lung
structure and function can be manipulated.

The last decade has seen a shift towards earlier use of
corticosteroids in children with atopic asthma/recurrent
wheezing, based on the premise that early treatment
with corticosteroids will suppress inflammation-mediated
airway modelling. However, the majority of children with
recurrent wheezing have a good prognosis and only a
minority is at risk of impaired growth of lung function
during childhood due to their disease.172 For the majority,
the risks of early steroids on lung growth may be greater
than the clinical benefits. Using inhaled corticosteroids
and bronchodilators at an early age also raises questions
relating to drug delivery. The importance of particle size
for lung deposition and clinical effect has been deter-
mined for adult patients. The optimal particle size for
infants and children is not known but it may be smaller
(because of their smaller calibre airways) than delivered
by currently available aerosol devices.

Thus, future research will need to focus on method-
ologies to measure lung development in fetal or early
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postnatal life and to relate alterations in function to
subsequent clinical outcomes and continue to assess
lung growth into adulthood.
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INTRODUCTION

There is no doubt that environmental factors influence
the expression of a genetic tendency to produce the wheez-
ing illnesses that have been called asthma. In addition, the
different expressions of asthma at different stages of life
can be influenced both by aspects of normal anatomical
and physiological development and by environmental
factors.

Current thinking suggests that three patterns of wheez-
ing lower respiratory illness (wLRI) occur during child-
hood: transient early wheezing, persistent wheezing and
late-onset wheezing. Almost two-thirds of all children
who wheeze during the first 3 years of life fit into the
category of 'transient early wheezers' (Chapter 3). This
group of infants is characterized by impaired pulmonary
function prior to the onset of any wheezing illnesses, and
lower lung function in later childhood, despite the absence
of clinical wheeze or asthma. These children are thought
to have inherently small airways, although this conjecture
is based on studies that did not measure airway calibre
directly. On the other hand, children who have persistent
wheeze are more likely to have a family history of asthma
and allergies and present with allergic symptoms early in
life. Unlike transient early wheezers, children with persist-
ent wheeze have, on average, normal lung function in early
infancy but reduced lung function in later childhood. It is
thought that chronic inflammation may lead to structural
abnormalities in these children. The two most common
causes of acute wLRI during early life are the respiratory
syncytial virus (RSV) and parainfluenza. Infants hospital-
ized with RSV bronchiolitis have a very high rate of sub-
sequent wheezing, but not necessarily of atopy. Debate
exists as to whether this is due to asthma.

If these patterns of wheezing disorder are produced by
differences in the normal pattern of physiological devel-
opment of the respiratory system, some understanding of
physiological development is necessary for those carrying
out research in this area and for the rational treatment of
childhood wheezing illnesses.

NORMAL INTRAUTERINE LUNG
DEVELOPMENT

At the moment of birth, the lungs have to be capable of
air breathing and gas exchange. In order to achieve this
function, the lungs need to have developed a large surface
area, consisting of thin walled alveoli containing a dense
capillary network. There is now considerable evidence that
the intrauterine environment has a profound influence on
the growth and structural maturation of the lungs both
before and after birth (Chapter 4a).

During development, fetal lungs are maintained in an
expanded state by the active secretion of a lung liquid.
Rate of secretion of lung liquid in fetal sheep increases
from around 1.6 ml/kg/h in mid-gestation to 3-4 ml/kg/h
during the last 30 days of gestation (term 150 days).1

After entering the lung lumen, this fluid moves along the
trachea into the pharynx of the fetus, where it is either
swallowed or enters the amniotic sac, making a substan-
tial contribution to amniotic fluid volume. The total fluid
volume held in the lungs of fetal sheep increases from
3 ml/kg in mid-gestation to 50 ml/kg just prior to term,
substantially more than the air-filled lung volume at end-
expiration after birth (20-30 ml/kg).

Thus the lungs are hyper-expanded during late
intrauterine life. The degree of lung expansion during
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development is a critical determinant of growth and
structural maturation. Reduced lung expansion induced
by gravitational drainage of lung liquid leads to lung
hypoplasia and structural immaturity.2 Conversely, sus-
tained over-expansion, as a result of tracheal obstruction,
results in lung hyperplasia and the formation of'air-spaces'
with thinner than normal walls.2

Fetal breathing movements (FBM) are coordinated,
rhythmical contractions of the fetal respiratory muscles
caused by brainstem neural activity. FBM occur in epi-
sodes of 20-60 min interspersed by periods of apnoea,
and can be detected in mammalian fetuses throughout
the final two-thirds of gestation. Individual FBM cause
small reductions (3-4 mmHg) in intra-thoracic pressure,
small changes (1-2%) in thoracic dimensions and small
oscillations (<1 ml) of fluid flow in the trachea.3-5 FBM
are central to the control of fetal lung growth because
they influence the movement of lung liquid. Episodes
of FBM are associated with a net efflux of lung liquid, as
a result of lowered upper airway resistance.6 During the
intervening apnoeic periods, the lungs become increas-
ingly distended with newly secreted liquid, due to tonic
contraction of laryngeal constrictor muscles and narrow-
ing of the glottis. Abolition of FBM in the womb reduces
the expansion of the fetal lungs by 25-30%.7

Our limited insight into the mechanical changes that
occur in the developing lung during late gestation comes
through studies in preterm infants. During the last weeks
of gestation chest wall compliance decreases; chest wall
stability in the presence of resistive loads improves and
thoraco-abdominal asynchrony decreases; extrathoracic
airway stability increases; dynamic lung compliance
increases; and minute volume displacement of the dia-
phragm and diaphragmatic work decrease.11-14 Studies
in preterm sheep also indicate marked changes in the
weeks preceding birth. Respiratory system elastance (Ers,
inverse of compliance) decreases four-fold between 121
and 135 days gestation (term =150 days)15 and a further
2.5-fold between 135 days and term. The fall in Ers is due
mainly to a fall in lung elastance (El), which corresponds
to a 10-fold increase in lung volume. While chest wall
elastance (Ew) falls slightly, its proportional contribution
to Ers increases. Total respiratory system resistance (Rrs)
decreases five-fold during this period, although it is likely
this reflects mainly tissue resistance (Rti), as our own
estimates using the forced oscillation technique suggest
there is little change in airway resistance (Raw).

PERINATAL INFLUENCES ON POSTNATAL
LUNG FUNCTION

Preterm birth

Primitive alveoli have been identified as early as 29-30
weeks and are uniformly present by around 36 weeks

gestation.16'17 At birth up to about half of the full adult
complement are present.16'17 The remaining alveoli are
formed during the first two years after birth, with most
being formed during the first 6 months of life. For infants
born prematurely, alveolar development maybe an entirely
postnatal event. By contrast, airway branching is complete
by the 16th week of gestation and cartilage and submu-
cosal glands extend as far down the airways as they do in
adults by 24 weeks gestation (Chapter 3a). Between 22
weeks gestation and 8 months of age, the normal infant
has a linear increase in airway diameter with age and the
growth of the airway tree is symmetrical, i.e. the relative
growth of airways being similar at all generations.18 The
area of the airway wall occupied by muscle and sub-
mucosal glands also increases linearly with age, when
related to the size of the airways.18 Infants born pre-
maturely have relatively small airways with relatively more
bronchial smooth muscle and submucosal glands than
infants born at term, when compared at the same post-
natal age. These changes are exaggerated in infants born
prematurely who required mechanical ventilation.18 In
addition, the development of the lung parenchyma is
abnormal, with fewer alveoli and an increase in intersti-
tial collagen and elastin. Throughout childhood the lungs
of children who have been ventilated during the neonatal
period have fewer alveoli and a lower surface area than
expected for lung volume19 or for airway size.18

There is unequivocal evidence that preterm birth and
subsequent early postnatal events impact on lung func-
tion and respiratory health in childhood and beyond,
although it is only recently that researchers have begun
to identify the relative contribution of various perinatal
factors to respiratory outcome. Prematurity (i.e. lung
immaturity at birth) and low birth weightier se appear to
have only a minor impact on long-term lung function.20,21

However the development of respiratory distress syn-
drome (RDS) and progression to chronic neonatal lung
disease (CLD) are associated with more prolonged impair-
ment of lung function.22-24 Prematurity is also associated
with an increased incidence of recurrent wheeze and
asthma.25-27 It is difficult to distinguish between the effects
of low birth weight (intrauterine growth retardation) and
prematurity, as the two are often closely linked, but recent
studies suggest that low birth weight is an independent
risk factor for asthma and wheezing both in preterm and
in term infants.21,28,29 Schaubel et al recently found that
birth weight <1500g, prematurity, the development of
RDS and progression to CLD are all significant risk fac-
tors for physician diagnosed asthma.30 In this and other
studies it is clear that infants who develop CLD are at
greatest risk for impaired lung function in later child-
hood22,24 and for an increased incidence of asthma and
wheeze.30 The detrimental effects of CLD may relate to the
injurious effect of hyperoxia, as duration of oxygen therapy
appears to increase the risk of respiratory problems.31

It is important to identify and minimize any factors
that threaten normal lung development during this
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critical period of rapid lung growth and development.
Any perinatal event that increases the risk of preterm
birth (e.g. intrauterine infection or maternal hyperten-
sion) or impairs normal lung growth and development,
for example by impacting on fetal breathing movements
(e.g. maternal smoking), can ultimately impact on lung
function and respiratory health during childhood and
beyond. Conversely, interventions that reduce the sever-
ity of neonatal respiratory disease (pre- and postnatal
steroids, postnatal surfactant) can potentially minimize
the risk of childhood respiratory problems.

ventilatory response to hypoxia.43 The impact of maternal
smoking on lung function appears to be more pro-
nounced in girls than in boys.44 Importantly, prenatal
smoke exposure has a more pronounced effect on postna-
tal lung function than does postnatal smoke exposure.42

This observation highlights the extreme vulnerability of
the lung to adverse influences during fetal development.
In addition to impaired lung function, there is also a well-
established link between in utero smoke exposure and the
risk of developing asthma and other wheezing disorders
during childhood.45,46

Intrauterine smoking

One of the most harmful, yet totally avoidable agents to
adversely affect the developing lung is maternal smoking
during pregnancy. During the nine months of pregnancy,
a woman who smokes 20 cigarettes a day will inhale toxic
chemicals, capable of affecting growth and development
of the fetus, more than 50 000 times.32 The major com-
ponents of cigarette smoke known to harm the developing
mammalian fetus are nicotine and carbon monoxide.
The major effects of nicotine on the fetus include: con-
striction of the utero-placental circulation, resulting in
decreased uterine arterial blood flow with hypoxia and
acidosis in the fetus; and release of catecholamines within
the fetus. Carbon monoxide crosses the placenta and
reaches a stable concentration in the fetus after 14-24h
at a level 10-15% higher than in the maternal circulation.
The washout time required to reach half of the peak level
is 2 h in the mother and 7 h in the fetus.32

The effects of intrauterine smoking on the fetus
include: a reduction in birth weight by a mean of about
175-200 g; reduction in fetal head growth; increased risk
of preterm birth, especially through an increased inci-
dence of placenta praevia, placental abruption and pre-
mature rupture of membranes; and an increase in
perinatal mortality.32 Animal experiments have demon-
strated that nicotine results in a decrease in FBM and
fetal hypoxia.33 A similar reduction in FBM following
maternal smoking has been reported in humans.34'35

In utero exposure to cigarette smoke leads to the forma-
tion of hypoplastic lungs with fewer, larger air spaces of
reduced surface area in experimental animals.36 Paradox-
ically, chronic intrauterine smoking is associated with a
reduced incidence of respiratory distress syndrome and
earlier maturation of lung surfactant,37 possibly due to
the increased fetal catecholamine levels. The net effect on
postnatal lung function is therefore complex.

Numerous studies over the last decade have docu-
mented the detrimental effects of intrauterine smoke
exposure on postnatal lung function (see also Chapter 7e).
Impaired lung function is present in early infancy38"41

and continues during childhood and into adolescence.42

As well as impaired lung function, infants born to smok-
ing mothers have reduced respiratory drive and blunted

LUNG FUNCTION DURING CHILDHOOD

The first year of life

Advances in the knowledge of the postnatal development
of the lungs have come about from studies measuring
lung function in infants. The rapid thoracic compression
(RTC) or 'squeeze' technique has been used extensively
to measure forced expiration in infants.47 The RTC tech-
nique produces forced expiratory flows by the sudden
application of a pressure to the thorax and abdomen at
the end of a tidal inspiration, using an inflatable thoraco-
abdominal jacket connected to a positive pressure reser-
voir (Figure 6c.3, p. 147).

Prior to the RTC manoeuvre, a reproducible end-
expiratory volume (FRC) is established from at least
three tidal breaths. RTC, initiated at end-inspiration,
then produces a partial expiratory flow-volume (PEFV)
curve, with exhalation continuing to a volume below
FRC. The maximal flow occurring at the previously estab-
lished tidal FRC is known as Vmax, FRC (Chapter 6b). The
RTC has several limitations: flows are measured only in
the tidal range, flows at FRC are highly variable, and it is
uncertain whether flow-limitation can be achieved in
healthy infants. A later adaptation of the RTC, the raised
volume RTC (RVRTC), measures expiratory flow over an
extended volume range (by inflating the infant's lungs
prior to jacket compression) and produces forced expira-
tory volume-time (FEVt) measurements analogous to the
FEV\ in older subjects.48 More recently Hall et al. meas-
ured lung mechanics in healthy infants using the forced
oscillation technique (FOT).49 The FOT involves the
application of a composite sinusoidal signal either to the
airway opening (input impedance) or to the thorax (trans-
fer impedance). Responses derived from perturbations
of the respiratory system provide detailed information
about its mechanical behaviour. FOT data can be
modelled to provide information on airway and tissue
(parenchymal) damping and elastance.

Tissue damping, or frequency dependent resistance,
describes the energy dissipated in moving the tissues of
the lung parenchyma. As there is no bulk flow of gas at
this level, this is not a true Newtonian resistance.
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Figure 4b.2 Forced expiratory volume in 0.5s (FEV05) vs
length, for 28 infants, data adapted from Hall et al.,
(ref. 49). Solid line represents the fitted regression equation.
Variation in data representing one ( ) and two
( ) standard variants are shown. Points represent
z-scores for each infant.

Lung function, assessed by the RTC technique, shows
an essentially linear increase with somatic growth and
with lung volume throughout the first year of Iife50,51,51a

(Figure 4b.l). In contrast to the wide variability of
V'maxFRC measurements for a given length, FEVt meas-
urements are much less variable.48 The relationship of
FEV0 5 to length is non-linear, this parameter increasing
more rapidly than V'maxFRC during the same interval49

(Figure 4b.2). Airway resistance decreases rapidly during
the first year in an essentially linear fashion (Figure 4b.3).
The decreases in parenchymal elastance and damping
(resistance) with length are not linear (Figure 4b.3) and
neither is the increase in lung volume (Figure 4b.4). Thus
complex relationships exist between the flow-resistive and

Figure 4b.3 Airway resistance, parenchymal elastance and
parenchymal damping versus length in 28 infants, data
adapted from Hall et aI., (ref. 49). Solid line represents the
fitted regression equation. Variation in data representing
one ( ) and two ( ) standard variants are
shown.

elastic properties of the lungs and airways to produce the
apparently linear increase in V'maxFRC reported during
the first year of life.

Childhood and adolescence

Lung size increases with increasing height in children
and adolescents (Figure 4b.5); lung volume is generally
reported to increase as a power function with height, with
an exponent between about 2.75 and 3.52,53 The increase
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Figure 4b.5 Changes in respiratory mechanics with age.
Data adapted from Lanteri and Sly, (ref. 56).

in compliance with height has also been described by a
power function, with exponents reported between 1.75
and 2.4.54-56 The increase in compliance does not occur
equally at all age ranges, the greatest increase occurs with
increasing height in the youngest children56 (Figure 4b.6).
If the age range of the children studied is restricted to
those under 2 years of age, the exponent of the power
function increases to as high as 3.2.57 The decrease in
resistance, both of the airways and of the respiratory
system, can also be described by a power function with
increasing height, with exponents of —1.3 and —1.7,
respectively56 (Figure 4b.6).

Longitudinal estimates of lung growth demonstrate a
high degree of 'tracking' within individuals, i.e. individ-
uals tend to remain in their relative position within a
population.58-60 This means that those individuals who
have low lung function at birth are likely to remain low,
relative to their peers, and vice versa. Tracking remains
high throughout adolescence, the period of most rapid
growth.59 When comparing growth in pulmonary func-
tion from one study to the next, one must realize that the

Figure 4b.6 Plot of regression equations for the increase
in lung volumes with height, reported by Hibbert et aI.,
(ref. 53).

estimates of increase with height differ depending on
whether the data have been collected longitudinally or
cross-sectionally, with the estimated increase with height
being greater from cross-sectional analyses.61

The symptoms and signs of asthma occur most com-
monly in the preschool and early school years. This tim-
ing has been attributed (partly) to an increase in the
exposure to upper respiratory viruses due to increased
social contact with other children. Symptoms typically
become less severe and less frequent as children grow.
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One explanation has been that children contract fewer
viral infections as they become older. However, the rapid
increase in lung size in children of this age group could
also contribute to the decrease in wheezing. This is particu-
larly prominent as children enter puberty, when lung
growth is most rapid (Figure 4b.7). Changes in airway wall
compliance may also contribute to the loss of symptoms.

Dysanaptic growth

Although the subject of some controversy, the lung par-
enchyma and airways are considered to grow at different

Figure 4b.7 Changes in forced expiratory volume in one
second (FEV-,) and in growth velocity with age for male
subjects, reported by Sherrill et al., Pediatr Pulmonol
7990/8:745-54.

rates.62 Hibbert et al.,59 however, suggested that the rate
of growth of different parts of the lung remain constant
relative to one another, based on the demonstration of
'tracking' of measurements of forced expiratory flow,
the good correlation of volume-corrected flow over time,
and the consistency of the shape of forced expiratory
flow-volume curves for an individual over time. Lanteri
and Sly56 concluded that the different rates of growth of
airway resistance and compliance, measured at the same
lung volume cross-sectionally in children between the ages
of 3 weeks to 15 years, supported the concept of dysanap-
tic growth as the increase in compliance occurred at a
greater rate than the decrease in resistance in this age range.
A schematic representation of isotropic and dysanaptic
growth is shown in Figure 4b.8.

The importance of dysanaptic growth is demonstrated
by the differing patterns of wheezing illnesses seen at
different ages. During the first year or two, viral LRI can
cause widespread airway obstruction, hyperinflation and
wheezing. In later childhood, the airway obstruction
associated with viral LRI is usually less severe and hyper-
inflation is less common. Hogg and co-workers demon-
strated that resistance of the central airways remained
constant, when corrected for lung weight, throughout
childhood.63 However, the resistance of the peripheral
airways (expressed the same way) fell dramatically around
5 years of age. They suggested this may be due to a change
in the mechanism of increase in lung size around this age.
In early childhood most of the increase in lung size occurs
by the development of new alveoli, whereas later in child-
hood the predominant mechanism for increasing lung

Figure 4b.8 Schematic
representation of isotropic and
dysanaptic growth of airways and
lung volumes. During isotropic
growth, the airways and lung
parenchyma grow in proportion
with one another, such that at any
given time the ratio of airway size
to lung volume remains constant.
By contrast, during dysanaptic
growth the airways and lung
parenchyma grow at different
rates, and the relationship
between airway size and lung
volume may vary depending on
when it is measured.
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size is an increase in the size of each alveolus. This could
lead to an increased 'pull' on the small airways, via the
mechanical interdependence of the airways and air
spaces, resulting in an increase in small airway calibre.
This suggestion would certainly fit with the clinical pat-
tern of obstructive airway disease in children. If airways
are relatively small for the air spaces they subtend, flow-
limitation (Chapter 6b) is more likely to occur, particu-
larly at times of increased ventilatory requirement,
during forced expirations, or with acute lower respira-
tory infection, which results in mucosal oedema and
further airway narrowing.

Gender differences in lung growth and
development

Throughout childhood, male infants have a higher
incidence of respiratory illnesses. In preterm boys, the
incidence and severity of RDS and mortality due to
respiratory complications are considerably higher than
in girls.64'65 There is some evidence in both humans and in
experimental animals to suggest that in utero lung matur-
ation is delayed in males compared with age matched
females. Human amniotic fluid lecithin to sphingomyelin
(L/S) ratio is higher in females than in males during the
third trimester of pregnancy, the difference in degree of
maturity being in the order of 1-2 weeks.66'67 Similar devel-
opmental and functional differences have been reported
in experimental animals.68"70 Male sex hormones are
thought to contribute, at least in part, to sex differences
in fetal lung development.71

During infancy and childhood, boys are more likely
than girls to develop wheeze28 and asthma.30,72,73 There
is a widely held belief that boys are more susceptible to
wheezing illnesses because they have smaller airways than
their size-matched female counterparts, although this
conjecture is based primarily on reports examining forced
expiratory flows. Numerous studies measuring forced
expiratory flow in infants74'75 and in older children76,77

have reported higher flows in girls than in size-matched
boys, although in the majority of studies this is true only
when flows are adjusted for lung volume. Both functional
and anatomical studies have demonstrated that lung
volume is smaller in girls than boys of the same length or
height.78,79 Interestingly, Taussig et al found that V^FRC
derived from maximal expiratory flow-volume (MEFV)
curves was higher in girls than boys, but when derived
from partial expiratory flow-volume (PEFV) curves there
was no difference, suggesting that girls, but not boys, are
able to increase V'max with deep inspiration.80 In a later
study, Landau et al. reported that boys had improved
V'max on partial flow-volume curves after atropine admin-
istration, suggesting that boys may have greater resting
airway tone than girls.81

Forced expiratory flows, especially in the absence of
expiratory flow-limitation, may not only reflect airway

calibre, but other aspects of airway dynamics, as well as
the elastic properties of the lungs. Therefore caution
should be exercised when drawing inferences about air-
way size from forced expiratory flow measures, given the
lack of confirmatory data from measurements more closely
correlated with airway calibre, such as airway resistance.
Most studies suggest that airway resistance is comparable
in size-matched males and females during childhood82-84

although there is some disagreement over this point.
Hanrahan and co-workers reported that boys had higher
respiratory resistances than girls at birth, but the rate of
decline in resistance over the ensuing 18 months was more
rapid in boys.40 In contrast, Cuijpers et al. reported that
below 140 cm, resistance was higher in girls than in boys,
whereas above this height, the reverse was true.85 There is
no anatomical evidence to suggest that boys have smaller
airways than girls. Hislop and Haworth examined airway
size and structure in normal infants between 22 weeks
gestation and 8 months postnatal age.18 There were no
gender differences in airway size, from main bronchus
through to respiratory bronchioles. Tracheal volume and
cross-sectional area also do not appear to differ between
boys and girls.86

POSTNATAL INFLUENCES ON NORMAL
GROWTH

The major adverse influences that have been reported on
the growth and development of lung function in infants
and children include active and passive smoking87-89

(Chapter 7e) and family history of asthma.44 Longitudinal
studies, beginning in mid-childhood, have suggested that
early childhood LRIs may alter growth potential.58

However, prospective studies strongly suggest that low
lung function precedes LRIs. Martinez et al. first docu-
mented this phenomenon, reporting that infants whose
values for total respiratory conductance (inverse of
resistance) were in the lowest third of the range for all
infants had a 3.7-fold higher risk of having a wheezing
illness.90 Several investigators have also reported a link
between the pattern of breathing (as a surrogate for airway
mechanics) and subsequent wheeze.45-91 More recently,
Dezateux and colleagues demonstrated that specific air-
way conductance was significantly lower in infants who
subsequently wheezed during the first year of life.92 Of
particular interest in this study, the authors found that
the group of infants with low lung function were more
likely to be born to mothers who smoked during preg-
nancy or to have a first degree relative with physician
diagnosed asthma. The association between specific air-
way conductance and subsequent wheeze was greatly
diminished after adjusting for these variables. Similar
findings have been reported by Young et al.93

Asthma may be associated with a delay in the onset
of puberty,94-97 leading to apparent growth retardation
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(Chapter 15). Most studies report catch-up growth,
with children eventually reaching normal adult height.95

Treatment with high doses of corticosteroids can lead to
stunting, but treatment with moderate doses of inhaled
steroids is unlikely to have any adverse effect on growth
and is more likely to promote normal growth by control-
ling the underlying asthma. Longitudinal population
studies have mainly shown that asthmatic children and
adolescents exhibit growth of lung function parallel to
but at a lower level than non-asthmatics.98-100 Gold and
colleagues studied the gender and race specific effects of
asthma/wheeze on pulmonary function level and annual
growth velocity in a cohort of 10 792 white and 944 black
children aged 6-18 years.100 In comparison with white
boys who never reported wheeze, FEVj and FEF25-75 levels
were 5.7% and 16.9% lower respectively for white boys
with a diagnosis of asthma who had wheezed in the
preceding 12 month period. Corresponding values for
white girls were 3.4% and 13.6% lower. The prevalence of
asthma was higher among blacks, but no race differences
were found in the effect of asthma/wheeze on FEV1 or
FEF25_75. In general, children with asthma did not have
slower growth of lung function in per cent terms, but in
absolute terms, growth of FEVj and FEF25_75 were slower
for asthmatic boys with wheeze, and for girls with asthma
and wheeze, growth of FEF25_75 was slower. The authors
found no difference in associations between asthma/
wheeze and growth deficits in the preadolescent and ado-
lescent periods. It should be stressed that apparent growth
of FEV1 may differ from growth of lung volume (FVC)
in asthmatic children, as demonstrated recently by Xuan
et al77 Where FEV is not measured after administering a
bronchodilator, as was the case in the study by Gold et al.73

it may reflect current reversible airflow obstruction.
The influence of treatment with corticosteroids on

long-term outcome of asthma is difficult to assess, due to
changes in treatment approaches over the years.101-103

Agertoft and Pedersen104 compared a group of children
studied at 6-month intervals for 1-2 years without
inhaled budesonide and then for 3-6 years on inhaled
budesonide. A further group of children (controls) were
treated with theophylline, b2-agonists and sodium cro-
moglycate over the same period. Although both groups
experienced a substantial improvement in the level of
FEVu during the observation period, the improvement
was greater in those children treated with budesonide.
Furthermore, in those children not treated with budes-
onide, a small annual decrease in percentage predicted
FEVj was seen. The authors also reported an inverse rela-
tionship between duration of asthma symptoms prior to
budesonide treatment and the relative improvement in
FEV. These findings suggest that earlier intervention with
inhaled corticosteroids may prevent airway damage that
could otherwise occur during the course of childhood
asthma.104-107 Studies in experimental animals clearly
demonstrate that corticosteroid exposure during the early
neonatal period can impair alveolar development.108

We do not yet know whether these observations might
also apply to human infants.

CONCLUSIONS

Many factors can adversely affect lung function and
respiratory health in childhood. Some can be modified,
others cannot. Perinatal events and initiation of treatment
early during the onset of asthma have the greatest poten-
tial to influence long-term lung health. Over the last
decade we have become increasingly aware that the lung
is especially vulnerable during perinatal development,
therefore it is important, wherever possible, to minimize
the risk of adverse influences during this critical time. Of
no less importance, we have recently begun to appreci-
ate the contribution of persistent airway inflammation
to abnormal lung growth during childhood and adoles-
cence, and to recognize that by reducing the degree of
airway inflammation through early therapeutic inter-
vention more favourable growth of lung function maybe
achievable.

Despite the considerable progress we have made in
recent times, there remain many gaps in our knowledge
of the normal pattern of the physiological development of
the respiratory system. Perhaps the most glaring is
our lack of understanding of the relative development of
the different parts of the respiratory system and the
effect this has on clinical disease. We know very little
about the pattern of development of the mechanical
properties of the chest wall and of the tissues of the pul-
monary parenchyma. The influence of the pattern of
development of the pulmonary and bronchial circula-
tions on wheezing illnesses has been largely ignored.
Better comprehension of these influences can only lead
to a better understanding of the nature and mechanisms
of wheezing illnesses and to more appropriate methods
of treating them.
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INTRODUCTION

Immuno-inflammatory mechanisms are acknowledged
as major aetiological factors in wheezing disease. The clear-
est example is atopic asthma, a process which is driven
by CD4+ T helper 2 (Th2) cells responding to inhaled
antigens from a variety of non-microbial sources. The
cytokines secreted by CD4+ T-cells recruit a variety of
other cell populations, either directly through cytokine
receptors on the secondary effector cells or indirectly via
IgE antibody. This increasingly wide cascade of cells initially
includes B-cells, neutrophils, mast cells, macrophages and
also platelets and eventually eosinophils and the secreted
products of these cells produce the airway tissue pathology
characteristic of chronic asthma. However, it is clear that
wheeze can also be produced by acute and chronic respira-
tory infection and in this situation the inflammation
underlying the symptomology does not involve IgE and
therefore must result from Th2-independent adaptive
immunity and/or innate immuno-inflammatory mech-
anisms involving cells such as granulocytes, macrophages,
etc. A wide range of cell-mediated inflammatory reactions
represent potential avenues for airway tissue damage
(Table 4c.l). A clear understanding of the functional
capacity of these different classes of defence mechanisms
in early postnatal life is accordingly a prerequisite to eluci-
dation of the aetiology of wheezing disorders in infancy
and early childhood. The review below focuses on aspects
of innate and adaptive immune function in early life,
in particular those mechanisms which are believed to be

of direct relevance to the aetiology and pathogenesis
of asthma.

Immune function in the fetal
compartment: incompetence or
tight regulation?

The transition from the protected intrauterine
environment to the hostile outside world presents a
major challenge to the developing immune system, and
there is increasing evidence that the adaptation process
set in motion in the newborn by early contact with
antigenic stimuli can have far reaching consequences in
relation to susceptibility to inflammatory diseases in
later life.

It also appears possible that initial contacts between
the developing immune system and antigens from the
outside environment may occur in utero, and the general
concept that responsiveness to exogenous antigens does
not develop until after birth is now being challenged by
an increasingly wide body of information. In particular,
a variety of studies on cord blood have demonstrated the
presence of putative memory T-cells which proliferate in
response to dietary and inhalant allergens (see below),
autoantigens,1 bacterial and viral antigens,2'3 and parasite
antigens.4'5 Moreover, the offspring of mothers infected
by parasites express parasite-specific immunity at birth,
evidenced by the presence of IgM antibodies in serum,6

and tetanus-specific IgM also appears in the serum of
newborns of vaccinated mothers.7
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Table 4c.1 Cell populations which potentially mediate direct tissue damage in the respiratory tract

CD4+ T-cells Protein antigens

CD8+ T-cells Viral antigen

Gamma-delta T-cells Heat shock (stress)
proteins

Macrophages FcR (IgG and IgE*) bacterial
lipolysaccharide fungal
B-glucan viruses
complement components
cytokines; microbial DMA

Polymorphonuclear FcR (IgG) cytokines (esp IL8)
leukocytes

Mast cells High affinity IgE* receptor
C5a; cytokines

Eosinophils

Natural Killer Cells

IgG FcR; low affinity IgE*
receptor; cytokines
(esp. IL5*); PAF

Altered surface antigens on
virus infected cells

Cytokine secretion

Lysis of infected cells;
cytokines

Cytokines

Cytokines; chemotactic
factors; leukotrienes;
prostaglandins; PAF;
cytotoxic enzymes;
respiratory burst

Major basic protein;
cytokines; respiratory burst

Vasoactive amines; cytokines;
leukotrienes; chemotactic
factors; PAF; prostaglandins

Eosinophil cationic protein;
major basic protein;
respiratory burst

Lysis of infected cells;
cytokines

Help for antibody synthesis (incl.
IgE*); recruitment/activation of
macrophages, PMN, eosinophils;
direct triggering of mast cells
(via cytokines); direct tissue
damage (e.g. via TNF)

Direct tissue damage

Direct tissue damage;
modulation of CD4/CD8
T-cell functions

Direct tissue damage;
recruitment of granulocytic and
mononuclear cells; platelet
activation (via PAF); modulation
of local T-cell activation

Direct tissue damage

Direct tissue damage

Direct tissue damage

Direct tissue damage;
modulation of T-cell activation

^Th^-dependent allergy.

Given that IgM cannot cross the placenta, these latter
findings imply that antigens experienced by the preg-
nant mother can cross the placenta and trigger primary
immune responses in the fetus. However, it is also clear
that there are significant limitations on the degree to which
such fetal responses can mature e.g. there is no evidence
of class switching in the tetanus-specific responses in the
offspring of vaccinated mothers until the infants are
themselves vaccinated.7

Accepting that the fetal immune system indeed devel-
ops at least partial competence before birth, the question
arises as to how immune responses resulting from interac-
tions between fetal and maternal bone marrow derived
cells at the fetomaternal interface are regulated, particu-
larly given that trafficking of fetal cells into the mother
(which can potentially sensitize the maternal immune
system against paternal HLA antigens expressed on fetal
cells) is readily demonstrable.8"12 This 'tolerance' process
has intrigued experimental immunologists since Medwar's
prediction 50 years ago that on the basis of the self-non-
self model of the immune system, mothers should
reject their fetuses.13 However, recent studies14 indicate
that the maternal immune system maintains the capacity
to eliminate fetal cells penetrating into the maternal

circulation, while remaining 'tolerant' to the fetus. This
suggests that tolerance in this context is a regionally con-
trolled process, localized at the fetomaternal interface
itself.

The mechanism(s) which maintain immunological
homeostasis within this milieu are beginning to be under-
stood. At one level, it is clear that generalized 'immunosup-
pression' is maintained firstly via constitutive production
of high levels of IL-10 by placental trophoblasts15 and
by local production by both trophoblasts and macrophages
of tryptophan metabolites generated via indoleamine
2,3-dioxygenase, which is highly suppressive to T-cell acti-
vation and proliferation.16 A further level of suppression is
provided via expression of FasL on fetal cells within the
placenta as a means of elimination of activated T-cells
which escape IL-10/tryptophan suppression.17'18

However, it is inevitable that occasional T-cell acti-
vation events will escape attrition via these pathways.
Studies in the mouse model indicates that if such respon-
ses generate significant amounts of toxic Thl cytokines
locally, such as IFN-y, the likely result is placental detach-
ment and/or fetal resorption.19'20 To protect against this
possibility, a further level of control operates at the feto-
maternal interface, in the form of local production at
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high level within the placenta of a range of molecules which
selectively antagonize Thl responses or which are trophic
for Thl-antagonistic Th2 responses. As well as IL-10 which
essentially programs antigen presenting cells (APC) for
selective Th2 priming,21 these include IL-415 which is the
specific growth factor for Th2 cells, prostaglandin E2
which selectively stimulates Th2 immunity via effects on
APC,21 and progesterone22-24 which inhibits IFlSfy gene
expression. The constitutive production of this cocktail
of mediators during fetal life effectively skews immune
function towards the Th2 cytokine phenotype;25 while this
plays an important protective role in damping potentially
toxic Thl immunity in this microenvironment, it has
certain downstream consequences in relation to postnatal
development of immune competence, which may be sig-
nificant in later disease expression (see discussion below).

GENERAL IMMUNE COMPETENCE
DURING INFANCY

Resistance to bacterial and fungal infections26 and in par-
ticular viral infections27'28 is diminished relative to adults
during infancy, suggesting deficiencies in both innate and
adaptive immune mechanisms in early life. The capacity to
generate virus-specific immunological memory following
infection in infants is diminished29 as is the expression of
cellular immunity during the course of the infection.30-32

The cellular and molecular mechanism(s) underlying
this apparent maturational deficiency in immune func-
tion are the subject of increasingly intensive research,
driven by the expanding immunological literature indi-
cating that in many countries the prevalence and severity
of a range of immune-inflammatory diseases is increas-
ing, concomitant with progressively decreasing age of
onset. Salient findings relating to the functional capacity
of the principal immune effector cell populations during
the perinatal period are summarized below.

Surface phenotype of lymphocyte
populations in peripheral blood

Leukocyte populations (in particular lymphocytes)
express a wide range of function-associated molecules
which have been identified via generation of appropriate
monoclonal antibodies. Flow cytometric analyses of the
expression of these 'surface markers' on cord blood
cells reveals the presence of a substantial proportion of
lymphocytes in the neonate exhibiting phenotypic char-
acteristics of fetal/immature cells. Within the T-cell com-
partment, the most noteworthy characteristics are frequent
expression of GDI,33 PNA antigen34 and CD.35'38 The lat-
ter, designated 'common thymocyte' antigen, is expressed
on up to 95% of cord blood CD4+ T-cells and is ten-
fold less frequent on CD4+ T-cells in adults.35 The pres-
ence of this surface antigen generally designates mature

thymocytes as opposed to adult naive peripheral
T-cells,33,34 and this suggestion is consistent with the find-
ing that in vitro exposure to thymic hormones upregulates
surface expression of CD38 on cord blood T-cells whereas
adult T-cells are unresponsive.36

The rate at which these surface expression patterns
change postnatally has not been investigated in detail for
the full range of markers, however some have attracted
particular interest. Of particular significance is the pres-
ence in neonates of a high proportion of T-cells which
co-express both CD4 and CDS, which is characteristic of
immature cells.37,38 The proportion of circulatory T-cells
which express IL-2R and HLA-DR, both indicative of pre-
vious activation, are low during infancy and do not move
into the adult range until the early school years;37 CD57
expression on T-cells, which marks non-MHC-restricted
cytotoxic lymphocytes, is also low during infancy.37

T-cells emigrating from the thymus express the
CD45RA isoform of the leukocyte common antigen CD45,
and after antigen stimulation switch to expression of
CD45RO. The majority of these activated CD45RA~RO+

T-cells die within a few days, but a subset enters the
long-lived recirculating T-cell compartment as 'memory'
cells committed to recall responsiveness to their respective
antigens.39 CD45RA is expressed on approximately 90%
of CD4+ T-cells in cord blood, and these are progressively
replaced with age by CD45RO+ cells with accumulating
antigen exposure.39"44 The proportion of CD45RO+ cells
enters the adult range in the teen years37'44 and the rates of
increase are equivalent for TcRl and TcR2 populations
and are slightly higher for CD4+ cells than CD8+ cells.44

L-selectin is expressed on both T and B-cells and is a
marker of naive cells. The percentage of CD4+ L-selectin+

T-cells is similar to that of CD4+ CD45RA+ cells.35 CD19
and CD20 mark B-cells, and the percentage and absolute
number of these in peripheral blood decline during
infancy.37 CDS is expressed on the majority of B-cells
during infancy while a lesser proportion express L-selectin
and CD23; expression of the latter two markers increase
in frequency with age whereas CDS declines with
maturation.37

NK cells are most frequent in the circulation when they
comprise around 20% of circulating lymphocytes,37 and
the majority express the immature HNK+T3-M1-surface
phenotype.45 After an initial decline during early infancy
the percentage of NK cells rapidly climbs to adult levels.37

T-LYMPHOCYTE FUNCTIONS DURING
INFANCY AND EARLY CHILDHOOD

T-cell activation

Polyclonally induced T-cell proliferative responses in
short term cultures are high at birth and decline to adult
levels during later during infancy.46,47 However, activation
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induced via TcR stimulation48 or via stimulation
through CD2,49'50 is diminished. Studies from our labora-
tory suggest that this deficiency in CD2 signalling is sec-
ondary to a maturational defect in CD3 function,51 and
we have further established that while initial activation
may proceed rapidly in T-cells from infants, proliferation
is not sustained and their capacity to expand to generate
stable clones is diminished relative to adults.52 These
deficiencies may be due in part to decreased capacity for
IL-2 production following stimulation.50'53

It has also been observed that cord blood T-cells are
more susceptible to tolerance/anergy induction in response
to bacterial superantigen, employing stimulation proto-
cols which do not tolerize adult-cells.54

These differences have also been linked to variations
in IL-2 production,54 but may also reflect defective acti-
vation of the Ras signalling pathway, which has been
suggested to underlie the development of secondary
unresponsiveness to alloantigen stimulation by neonatal
T-cells.55 Developmental aberrations in a range of sig-
nalling systems have been reported in neonatal T-cells
including protein kinase C,56 phospholipase C and asso-
ciated Lck expression,57 and CD28, the latter being asso-
ciated with dysfunction in FasL-mediated cytotoxicity58

and reduced production of NFKB.59

T-cell effector functions

Evidence from a variety of studies indicates that both
cytotoxic effector60'61 and B-cell helper functions60"62 are
deficient in infancy. These developmental deficiencies
may be due to a combination of factors including reduced
expression of cytokine receptors,63,64 decreased produc-
tion of a wide range of cytokines,53,65-71 and decreased
expression of costimulator molecules such as CD40L.72,73

Of particular relevance to discussions below is the find-
ing that cord blood but not adult T-cells respond poly-
clonally to IL-4,74 and their capacity to produce IFlSfy
appears to be reduced to a greater degree than capacity to
secrete T-helper 2 (Th2) cytokines such as IL-452 i.e. their
responses are 'skewed' to favour Th2 cytokine production.

It is also pertinent to note that development of Th-cell
(in particular Thl) immunity to both vaccines75 and
natural viral infections such as measles76 is diminished
and/or Th2 skewed during infancy. Nevertheless, highly
potent stimuli given during infancy77 or even in utero78

are capable of eliciting vigorous Thl responses, indicat-
ing that the deficiency in Thl function in neonates is
not absolute. These findings are consistent with other
observations which suggest that one of the principal
differences between neonatal and adult naive T-cells may
be a requirement for more powerful costimulator signals
for effective activation in neonates.71

It has also been suggested that the disparity in T-cell
function between adults and neonates may simply be a
reflection of the differing proportion of CD45RA" naive

Th cells in the two age groups, and that these differences
disappear rapidly after activation and conversion to the
CD45RO+ 'memory' phenotype. However, direct compari-
sons between purified CD45RA" Th-cells from adults and
cord blood indicate that following activation under identi-
cal conditions, the neonatal cells fail to achieve the same
level of activation as the adult T-cells.50 Moreover, even
after expansion and cloning, a high proportion of Th-cells
from infants still express the low cytokine-producing phe-
notype characteristic of the neonatal period.52

B-cell functions

Production of antibodies in neonates following vac-
cination or infection is reduced relative to adults,29 and
in vitro studies suggest that this is associated with reduced
capacity for isotype switching from IgM to other immuno-
globulin classes.79 It has been widely debated as to the
relative importance of deficiencies in the T-cell vs B-cell
compartment in this context,60,80-82 and recent studies
suggest contributions from both cell types. In particular,
it is evidence that while polyclonally induced Ig produc-
tion by neonatal B-cells is low in the presence of neo-
natal T-helper cells, if mature T-cell help or soluble signals
from them is provided, production levels markedly
improve.62,83,84 However, overall production remains
below adult levels.83,84

One of the most critical signals in the induction of class
switching involves the interaction between B-cell CD40
and its ligand expressed on activated T-cells.85,86 As noted
above, CD40L expression has generally been reported as
low on neonatal T-cells,72,73 and this may be a major
factor in the reduced capacity for Ig production in this
age group. However, in vitro hyperstimulation with anti-
CD3 in the presence of IL-2 and IL-4 can induce suffi-
cient CD40L expression on neonatal T-cells to promote
isotype switching in neonatal B-cells,87 but it is not clear
how these findings relate to the in vivo situation.

In addition to their primary role in Ig production,
B-cells are now recognized as important APC, particu-
larly in secondary immune responses.88,89 The APC func-
tions of B-cells has not been studied in human neonates,
but are reportedly deficient in infant mice and do not
develop full competence until after weaning.90

Mononuclear phagocytic cells (MFC) and
dendritic cells (DC)

It is evident from recent studies that MPC and DC repre-
sent two sides of the same cellular coin, and in some cases
are virtually interchangeable, depending upon the bal-
ance of molecular differential signals present within the
local tissue microenvironment. However the mature stage
of these cell types are phenotypically and functionally
distinct, the major role of MPC being the clearance of the
bulk of incoming foreign antigens from challenge sites
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and the provision of antigen-specific activation signals to
pre-primed 'memory T-cells', whereas the DC appear
involved principally in the initial 'sensitization' of naive
T-cells to individual antigens.

In relation to ontogenic studies in humans, the
MFC population most studied are blood monocytes.
They appear similar to their adult counterparts in the
steady state with respect to numbers in blood and overall
phagocytic capacity,91,92 and also with respect to random
migration characteristics, enzymatic profiles and bacteri-
cidal activity.93 However, subtle differences in expression
of function associated surface markers have been noted
between adult and neonatal blood MFC, including
decreased expression of CD16 (FcgRl 11) and CD62L on
neonatal cells with a concomitant elevation in expression
ofCD36.94

It has also been noted, however, that neonates are
susceptible to rapid depletion of mature phagocytes under
conditions of stress such as overwhelming bacterial sep-
sis; this indicates developmentally immature myelopoiesis,
and is associated with instability of mRNA specific for
the key regulatory cytokines M-CSF and GM-CSF.95

Additionally, neonatal MFC express lower levels of
HLA-DR than their adult counterparts,96 and this is asso-
ciated with diminished capacity to present viral and
alloantigen97 and to support polyclonal activation of
T-cells leading to IFN-y production.98'99 This deficiency
in AFC functions can be redressed to a degree by pre-
treatment of the neonatal MFC with IFN"/ to upregulate
HLA-DR,96 however murine data suggests that this regu-
latory mechanism may be attenuated in neonates due to
high level production by neonatal monocytes of IFN(3
which inhibits the effects of IFN-y.100

MFC migration into inflammatory foci in peripheral
tissues is delayed and attenuated,101'102 due in part to
reduced capacity for chemokine-induced expression of
integrins (in particular Mac-1) required for adhesion to
endothelium.103 Neonatal MFC are also reportedly defi-
cient in capacity to produce a range of cytokines includ-
ing IL-IO,67,70 IL-6,104 TNF,105,106 and IL-12,65 the latter
being associated with a similar instability of mRNA as
reported above for GM-CSF.

The decreased capacity of MFC in newborns to pro-
duce the acute phase cytokines TNF and IL-6 may under-
lie their diminished febrile responses to infection.107

TNF secretion by neonatal MFC is also less susceptible
to IFN-y-mediated stimulation,105 and this may act in tan-
dem with their decreased overall capacity for IFN*y pro-
duction to limit the intensity and duration of acute
inflammatory responses during infancy.

The function of specific MFC populations at periph-
eral tissue sites has been less intensely studied, with
the exception of the pulmonary alveolar macrophage
(AM) population. In experimental animals, these appear
functionally deficient relative to adults by a variety
of criteria, including chemotactic, phagocytic and
bacteriostatic/fungistatic activities.108"111 Studies in sheep

and in non-human primates suggest that functional mat-
uration of this MFC population is relatively slow post-
natally and takes at least 6 months for completion.109,111

Studies in human neonates are very limited, but the
available evidence does suggest a similar maturational
deficiency in microbicidal activity during early infancy.112

Studies on the ontogeny of DC populations are even
more limited, and restricted almost entirely to experimen-
tal animals. However, the tissue distribution and pheno-
typic properties of these important cells appear very
similar between mammalian species, which may be
expected in the light of recent information indicating the
central role of these cells in host defence, as the essential
link between the innate and adaptive arms of the immune
response.113-115 Additionally, comparative functional
studies on mucosal tissue-derived DC populations from
experimental animals and humans indicate very similar
functions,116 and hence cautious extrapolation from the
animals studies appears justified.

On this basis, it appears that bone marrow derived DC
precursors start to seed into peripheral tissues in late
fetal life, and at birth the numbers of DC117-120 and their
expression of MHC n120-122 are low relative to adults.
This is particularly the case with respect to the airway
mucosa.120 Airway DC from infant rats express poor AFC
activity in vitro, and also exhibit markedly reduced cap-
acity to upregulate this function in response to cytokine
signals such as GM-CSF.123 An important function of the
airway mucosal DC population in adults is to respond
rapidly to inhalation of inflammatory stimuli including
soluble recall antigens, and the nature of the response
involves rapid recruitment of fresh DC precursors to the
challenge site (presumably to sample the incoming anti-
gens) and their subsequent trafficking to draining lymph
nodes.114,124 This response is also markedly reduced in
infant animals, and does not attain adult equivalent
levels of activity until after weaning.123

We have recently demonstrated that in resting airways
tissues, the resident DC selectively stimulate low level
Th2 responses which is associated with production of
IL-10 by the DC.125 However, after receipt of GM-CSF
maturation signals they switch functional phenotype
(via up-regulation of production of Thl-trophic IL-12)
and now prime for more Thl-skewed immunity125

(Figure 4c.l). The finding that infant airway DC are
relatively refractory to GM-CSF signals123 implies that
the capacity for these important AFC to divert Th-cell
responses to inhalant allergens away from the potentially
pathogenic Th2 cytokine phenotype is relatively low, and
this finding has implications in the aetiology of atopic
asthma, as discussed below.

Polymorphonuclear leukocytes (PMN)

PMN represent the first line of cellular defence against
incoming pathogens, in particular bacteria, and are
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Figure 4c.1 Antigen presentation by airway dendritic cells
(DC) in regulation of Thl/Th2 responses. Antigen-bearing
airway DC migrate to draining lymph nodes and present
antigen (•) to precursor T-cells (Thp) together with IL-10,
inducing differentiation of primed T-cells down the Th2
pathway. If the DC receive a GM-CSF signal they switch to
IL-12 production and instead stimulate Thl differentiation.

usually the first bone marrow derived cells to arrive at a
challenge site. The impaired production and delivery
of PMN to sites of infection126 appears to be an important
factor underlying the increased susceptibility of neonates
to infection. This is partly due to a reduced PMN storage
pool and a relative failure to increase the stem cell prolif-
erative rate during sepsis.127,128

A recent report suggests that reduced production of
.GM-CSF (the principal cytokine stimulus for PMN pro-
duction) by neonatal monocytes and T-cells in response
to infectious challenge may contribute to this defi-
ciency.129 However, a much wider literature (reviewed in
detail in ref. 130) indicates that functional deficiencies
intrinsic to the PMN themselves are likely to play a much
more important role. It is clear from work in many inde-
pendent laboratories that neonatal PMN exhibit a variety
of functional defects in adherence, aggregation, move-
ment, phagocytosis, and intracellular killing, which are
reflected in deficiencies in signal transduction, cell surface
receptor up-regulation and mobility, cytoskeletal rigid-
ity, microfilament contraction, oxygen metabolism, and
antioxidant mechanisms.130

More recent reports also implicate deficiencies in regu-
lation of expression of L-selectin and Mac-1 in the failure
of neonatal PMN to efficiently 'home' to inflammatory
foci,103 and defective diapedesis associated with excessive
plasma membrane fluidity131 is also likely to play a

significant role in limiting the effective migration of these
cells into tissues. PMN are now recognized to secrete the
full gamut of cytokines previously thought to be restricted
to mononuclear cells.132.,133 The reduced contribution of
this potentially important source of cytokines at inflam-
matory sites in the neonate is likely to have significant,
but as yet unknown, effects on local immunological
homeostasis.

Mucosal lymphocyte populations in
neonates

The mucosal tissues most studied in the neonate are those
associated with the gastrointestinal tract. T-cells infiltrate
human fetal small intestine from 14 weeks' gesta-
tion,134'135 and by 19 weeks there are well defined Peyer's
patches with primary B-cell follicles and T-dependent
zones present.135 There are also numerous T-cells in the
epithelium and the underlying lamina propria.135'136 The
intraepithelial (IEL) T-cell population in the fetus ranges
between 3-5 per 100 epithelial cells, compared with 6-27
per 100 in postnatal and adult tissue;137 no data are
available on the kinetics of the postnatal expansion of
this population. Tgd cells comprise a significantly greater
proportion of fetal lELs, being up to 20% of the overall
CD3+ population. In addition, a much higher percentage
of fetal T-cells are CD4-8", the range being 35-70% in
fetal intestine compared with 6% in postnatal tissue.137

It has been reported that activation of gastric mucosal
T-cells during infancy in the rat, particularly associated
with weaning onto solid food, is a normal phenomenon,
and provides obligatory signals for growth and matur-
ation of the small intestine138'139; indirect evidence suggests
that a similar process is operative in human infants.140

Considerably less information is available concerning
the respiratory tract. Lung parenchymal tissue in rodents
demonstrates a steady accumulation of T-cells during the
period birth-weaning, and a slower increase in corres-
ponding populations in the lamina propria of the con-
ducting airways.120 No data are currently available on the
distribution of T-cells in human neonatal lung tissue,
and the limited information on airway tissue suggests a
similar pattern of postnatal T-cell influx to that reported
for rodents.141

The frequency of plasma cells, in particular those
secreting IgA and IgM, increases rapidly in mucosal tis-
sues of the gastrointestinal and respiratory tracts of human
infants, in response to exogenous (especially microbial)
antigen stimulation,142"144 and this is reflected in the pro-
gressively increasing concentration of secretory IgA in
saliva.145'146

The significance of organized lymphoid aggregates
in mucosal tissues of the human respiratory tract is con-
troversial, and their presence is now generally acknowl-
edged to reflect a recent history of active local antigenic
stimulation.147 These structures, known as bronchus
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associated lymphoid tissue (BALT) are found frequently in
heavy smokers but only rarely in healthy non-smokers.148

However, they are also frequent in tissues from children
with chronic or recurrent pneumonia.149 BALT is rare in
fetal tissue, but is present as small lymphoid aggregates in
a large proportion of lung tissue samples from children
under the age of 10 months;149'150 given the fact that these
structures are comparatively rare in the normal adult,
their more frequent occurrence in infants suggests that
they may have a transient role in local host defence in the
respiratory tract during the early postnatal period.148

Postnatal maturation of mast cell (MC)
populations

The expression of allergic reactions at mucosal surfaces
requires the presence of functional mast cells, and adult
GIT and respiratory tract tissues typically contain dis-
tinct mucosal mast cell populations (MMC) within the
epithelium, plus connective tissue mast cells (CTMC) in
the underlying lamina propria; these MCs exhibit unique
enzymatic and mediator profiles and respond differently
to anti-inflammatory drugs.

There is virtually no definitive information available
on the postnatal maturation of these populations in
human neonates, although some indirect evidence sug-
gests that the GIT population seeds into local tissues as
immature precursors during infancy, in response to local
antigenic stimulation.137 Information on the kinetics of
postnatal development of these cells is limited to a single
study from our laboratory on rats, which indicates that
both MMC and CTMC populations in the respiratory
tract are established entirely postnatally.151 The popula-
tions develop slowly after an initial lag in early infancy,
and do not resemble adults until after weaning.151 More-
over, at around the time in late infancy that tissue seeding
rates start to accelerate, significant levels of MC products
(such as specific proteases) are transiently detected in
serum, suggesting that the immature MC in the neonates
are either spontaneously unstable or are undergoing local
stimulation.151 Similar observations have been reported
for infant mice.152

Aetiology and pathogenesis of atopic
asthma: the significance of postnatal
development of immune function

The scheme depicted in Figure 4c.2 represents a working
model for the aetiology and pathogenesis of atopic
asthma, based upon recent findings from several labora-
tories (reviewed in refs 153,154).

The salient findings upon which this model is based
are as follows:

1 Initial priming of the human immune system against
inhalant allergens can occur in wtero,155"158 stimulated

by either transplacental transport of allergen to which
the mother is exposed, or via cross-reacting antigens.

2 The resting fetal Th-cell responses are strongly Th2
polarized159 due to the operation of Thl-inhibitory
mechanisms at the fetomaternal interface25 as detailed
above.

3 During early infancy, the weak Th2 responses
to inhalant allergens are subjected to Th-cell
cross-regulation driven via direct allergen stimulation,
resulting in either boosting/consolidation of Th2
reactivity (most commonly in children with positive
atopic family history) or diversion towards Thl
polarized immunity in non-atopic subjects via 'low
zone tolerance' or 'immune deviation'
mechanisms.153,160,161

4 In contrast, the high levels of dietary allergens
commonly encountered during infancy are sufficient
to trigger a more potent set of regulatory mechanisms
(T-cell deletion or induction of specific anergy) which
in all but a small minority of subjects lead to the
development of classical tolerance ('high zone
tolerance' known in this context as 'oral tolerance') to
the allergens.153,162 During this process, Th2 responses
are transiently induced, resulting in transient IgE
production, often accompanied by positive skin-prick
test reactivity and symptoms of food allergy.162

5 By the age of 5-6 years T-cell reactivity to dietary
allergens is rare, whereas children display patterns
of inhalant allergen-specific Thl or Th2 polarized
Th-cell memory identical to those seen in non-atopic
or atopic adults, and these are associated with
predictable patterns of skin-prick test reactivity to the
inhalant allergens.160,163

6 Persistent wheezing symptoms, however, develop
in only a subset of the atopic children,154,164 in
particular in those who manifest early sensitization
to inhalants.165,166

7 Persistent wheeze is marked by characteristic
histopathological changes in the airway wall indicative
of excessive local Th2 cell activation and chronic, non-
resolving inflammation;167 the findings reported in (5)
suggest that the occurrence of these events during
active lung growth represents the worst case scenario
with respect to long-term wheezing outcomes.

The fact that Th2 immunity to inhalant allergens results
in persistent wheeze in only a subset of children and young
adults, and yet >90% of those with wheeze are atopic,164

suggests that atopy provides a 'matrix' for chronic disease
development, but other cofactors are required.

We have argued earlier that the best candidates for the
latter are agents which directly add to Th2-mediated
airway inflammation such as virus infection,154,168 or
host factors which upregulate the intensity/duration of
allergen-driven Th2-cell responses in the airway mucosa,
in particular those associated with dysregulation of
airway DC function.



Figure 4c.2 Two stage model for postnatal development of persistent atopic asthma. The two stage model envisages an initial phase in infancy/early childhood involving
consolidation of Th2-polarized inhalant allergen-specific immunological memory, which in a subset of atopies in phase 2 results in chronic non-resolving airways inflammation,
in turn producing phenotypic changes in airway tissue responsible for the manifestations of airways hyperresponsiveness (AHR).
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However, 'risk' for development of persistent atopic
asthma may be determined largely by earlier developmen-
tal events in the scheme in Figure 4c.2, which precede the
final compartmentalization of inhalant allergen-specific
Th-cell immunity into Thl vs Th2 memory.

We demonstrated several years ago51 that genetic risk
for atopy was associated with delayed postnatal matur-
ation of CD4+ Th-cell function, in particular capacity to
generate the Thl cytokine IFN-y, and several groups have
subsequently confirmed these findings.169-174 We hypothe-
size that diminished Thl competence during the critical
period in infancy early childhood during which fetally
primed Th2 responses to allergen are normally 'immune
deviated' towards non-pathogenic Thl-polarized immun-
ity (see refs 160,161) reduces the efficiency of this process,
thus increasing the risk for boosting/consolidation of Th2
polarized memory.

The mechanism(s) underlying this genetically deter-
mined maturational defect have yet to be determined,
but they may involve an exaggeration and/or prolonga-
tion of the normal fetal situation discussed above, in
which Th2 polarization of immune function is the norm.
That is, during infancy the balance between capacity to
secrete Thl vs Th2 cytokines progressively shifts in all
children to eventually favour Thl, but the rate of transi-
tion from the fetal to adult-like phenotype proceeds
slower in children at genetic risk of atopy.

As noted above, the immune deviation process which
ultimately results in development of low level Thl immun-
ity to inhalant allergen in non-atopies is driven by direct
exposure to allergen. The key APC which regulate this
process are airway intraepithelial DC, and the available
evidence indicates that these are also functionally imma-
ture at birth,120,123 and variation in the rate at which they
mature postnatally may be an additional determinant of
risk for atopy/asthma.175 It is well established that the
impetus for postnatal maturation of Thl function is pro-
vided via stimulation by microbial signals (such as bacter-
ial LPS) which are unique to the extrauterine environment,
from both pathogens and in particular commensal
microflora.153'162 In this regard it is pertinent to note the
recent description of a polymorphism in the gene encod-
ing the high affinity LPS receptor CD 14, which is associ-
ated with intensity of atopy.176,177 In this context irritant
stimuli,120 in particular microbial agents such as LPS,178,179

provide potent activation/maturation signals for DC,
which may account for recent findings suggesting that LPS
present in house-dust protects against allergen sensitiza-
tion in infants at high risk of asthma by enhancing Thl
immunity.180

It is interesting to speculate that the maturational
defect in Thl function in children at genetic risk of atopy
may also influence asthma development via an alterna-
tive route. Thus, a further consequence of this deficiency
appears to be attenuated capacity to respond efficiently
during infancy to microbial vaccines such as BCG181 or
diphtheria-pertussis-tetanus.182 However in addition,

reduced capacity to generate the Thl cytokines IL-12183

and IFNg,184'185 is observed in subjects who develop severe
bronchiolitis during infancy, suggesting that reduced
Thl immunity increases the intensity and/or duration of
respiratory viral infection and hence increases risk for
spread to the small airways. This finding is consistent with
the recent suggestion that viral wheeze during infancy
may be a 'flag' for an underlying maturation deficiency in
Thl-mediated defence, rather than direct promoter of
Th2 functions.186 Thus it is conceivable that diminished
capacity for expression of Thl-mediated immunity dur-
ing the critical stage of rapid lung growth during early
life may increase susceptibility to virus induced damage
to airway tissue, which may synergize with that resulting
from local allergen-induced Th2-mediated responses, set-
ting in motion the second phase of the process described
in the model in Figure 4c.2.

CONCLUSIONS

An increasing body of evidence implicates maturational
deficiencies in adaptive immune function as an aetio-
logic factor in the development of atopy and atopic
asthma. The cellular site(s) of the defect(s) are not estab-
lished, and may include antigen presenting cells as well as
the T-cell system. The molecular nature of the defect(s)
also awaits elucidation, and it appears likely that several
will be involved.
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INTRODUCTION

Asthma has been observed to run in families for many
years, yet the mechanism of its inheritance remains unclear.
Knowledge of how asthma is inherited should help clarify
the relative contributions of genetics and environment in
the aetiology of asthma, and also has the potential to allow
different varieties of asthma to be identified as particular
genetic entities. More practically, some genotypes are
likely to be associated with specific responses to pharma-
cological therapy. Eventually, individuals may be targeted
for therapy against particular environmental factors
according to their genetic profile.

Whether any individual can develop asthma if environ-
mental stimuli are strong enough remains unclear. The
possibility remains that genes determine which individ-
uals are susceptible, and environment determines whether
or not asthma develops in susceptible individuals only.

EPIDEMIOLOGICAL EVIDENCE

Reviewing epidemiological evidence of the inheritance
of asthma and asthma-related traits is useful, as this infor-
mation can guide molecular genetic studies to gather
relevant phenotypic data.

Family studies

Epidemiological data suggest that asthma has a genetic
component, but inheritance does not usually follow
simple Mendelian patterns.1 This suggests that there may
be many genes involved or that environmental differences

between family members are strong enough to obscure
the genetic component. The observation that asthma
clearly runs in some families,2 cannot be taken as proof
of genetic transmission, since families share environment
as well as genes. History taking does not reliably ascer-
tain phenotypic status for families, as the family member
interviewed is likely to have recall bias and be more likely
to remember their own respiratory history than that of
other family members. There are also problems in the
change in perception of asthma over the last few decades,
change in diagnostic labels used by doctors, and family size.
Nonetheless, some studies demonstrate a consistent pat-
tern of increased positive family history for allergic disease
(of 40-80%) in those with allergic rhinitis or asthma com-
pared with those without allergic disease (20% or less).3

The risk of allergy developing in offspring is about 66%
if both parents are allergic, 50% if one parent is aller-
gic and about 20% in the general population.2 Atopy
(increased IgE-related responses such as total IgE, spe-
cific IgE and skin reactivity) also runs in families and
history of atopy in the parents is a strong risk factor for
atopy in children. In another study, if atopy was present
in neither, one or both parents, the percentage of chil-
dren with atopy increased from 0-20% to 30-50% and
60-100%, respectively.4

Twin studies

Studies comparing monozygotic (MZ) and dizygotic (DZ)
twins have also shown that the environment exerts a
stronger effect than genetics. MZ twins have an identical
genetic make-up and DZ twins share only 50% of their
genetic material. Studies of MZ and DZ twins assume
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that environment will be much the same for each pair of
twins. For MZ versus DZ twins, concordance was higher
for asthma,5'6 serum IgE and skin reactivity,7 but envi-
ronment exerted a greater influence than genetics
on total IgE level, skin reactivity and RAST responses.8

Concordance for airway responsiveness was greater in
MZ than DZ twins in some7 but not all studies.9 A
genetic contribution to asthma as high as 68% has been
recorded in one study of 4 year old twins.93 Thus, twin
studies suggest that genes influence individual suscepti-
bility for asthma and atopy, and perhaps for the level of
airway responsiveness. High levels of discordance in
some studies is strong evidence for important environ-
mental influences.

Gender

In the first decade of life, boys appear more likely to
develop asthma than girls.2 In a longitudinal study in
New Zealand, 1056 children were followed from soon
after birth to 6 years of age and 14.3% of the boys and
only 6.3% of the girls developed asthma during the study
period.10 The difference between the sexes disappears
during the second decade when asthma prevalence is much
the same in males and females.11 Whether the gender dif-
ferences are due to genetic or environmental factors has
not been established, but data collected in early life in
Tucson suggests that a genetic component is very likely.
This group studied infants longitudinally and found an
association between lower respiratory function meas-
ured soon after birth and wheeze in the first few years of
life in males but not in females.12""14 In those aged 3 to 6
years, this predictive effect of lower respiratory function
was no longer evident.14

Why should male infants be predisposed to asthma?
Several further lines of evidence suggest that boys are
genetically predisposed to being born with smaller air-
ways than girls, and that these small airways are the cause
of their increased susceptibility to asthma in early life.
Forced expiratory flows are lower in male infants than
female infants,15 whereas by late adolescence, flows are
equal in the two sexes.16 Both the incidence of respiratory
illness17 and the prevalence of atopy are greater in male
than female infants.18

Race

Early studies examining the prevalence of asthma in
racial groups in developing countries reported very low
incidences of asthma. For example, in a study in Papua
New Guinea, only 0.6% of children were observed to have
asthma19 and no asthma could be found in children in
the Gambia in a report from 1975.20 These low figures
for prevalence may be related to a rural environment,
as a more recent study of rural Australian Aboriginal
people found a prevalence of only 0.5% in 8"- to 12-year-old

children21 and rural prevalence of asthma was half that
for urban Aboriginal people in the Northern Territory.22

Data on the world-wide prevalence of asthma in differ-
ent countries have recently become available. The Inter-
national Study of Asthma and Allergies in Childhood23

study has used questionnaire data to assess the prevalence
of asthma in many different countries in the world.23

These data have shown striking differences in prevalence
between different countries,23 but whether these differ-
ences are due to race or environment is not known. How-
ever, the very strong environmental effects, especially
those related to a rural compared with an urban environ-
ment, are likely to account for much of the difference.

Nonetheless, studies of different racial groups living
in the same country demonstrate differences in asthma-
related parameters that could reflect genetic racial dif-
ferences. An example is the study of 2053 Auckland
school-children, in which correction was made for socio-
economic status, smoking and other parameters. Bron-
chial hyperresponsiveness (BHR) was present in 20% of
Europeans, 13% of Maoris and 9% of Pacific Islanders.24

BHR rates for the groups contrasted with incidence of
current wheeze, with the highest level of 22% in Maoris,
compared with 16% in Europeans and Pacific Islanders.

In a UK study of young children, when all significant
confounders were accounted for, the odds ratio for
wheeze in South Asian compared with Caucasian children
was 1.82.25

Airway responsiveness

The level of airway responsiveness in rats is strain depend-
ent. Since rats within a strain are virtually identical gen-
etically, inter-strain differences may be due to a genetic
effect. Airway response to 5-hydroxytryptamine after expo-
sure to aerosolized endotoxin varies between strains,26

and strain dependent differences in airway response to
intravenous substance P have been demonstrated.27 In
contrast, no difference was found between strains for
response to inhaled methacholine, but wide variability in
the level of response within strains was shown,28 suggest-
ing that airway responsiveness in these rats was mainly
determined by environment.

Airway responsiveness in humans also appears to be
determined by genetic factors. In children from families
with asthma, a bimodal distribution of the levels of air-
way response to methacholine was reported, with a uni-
modal distribution being noted for those from normal
families.29 A segregation analysis was used to determine
that the results could not be explained by genetic segre-
gation at a single autosomal locus. It is unclear if the level
of airway responsiveness in infants is set by genetic fac-
tors. Infants with a family history of atopy studied within
a few weeks of birth were noted to have increased respon-
siveness compared with those without this history, but a
subsequent larger analysis did not confirm these findings.30
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Airway size

As noted above, boys may have smaller airways than girls
in early life and the development of asthma-like respira-
tory symptoms in the first few years of life in boys may
correlate with airway size. The reason that girls did not
show the same relations between parameters reflecting
airway size and respiratory symptoms12 is not known.

MOLECULAR GENETICS

Molecular genetic research undertaken in the last decade
into the genetics of asthma has established important
new information.

Polygenic nature of asthma

Several extensive genome screens have been completed
and these have shown that many regions of the human
genome are linked to asthma or its associated phenotypic
features.31"39 While some regions have shown up consist-
ently in different genome screens, many regions have
been identified in only one of the studies.1 Whether such
unique regions are detected due to type I statistical errors
or due to unique interactions between environment and
genotype specific to that geographical location and popu-
lation remains unclear.

Lack of dominant genes in determining
genetic susceptibility

The lack of strong, consistent data linking genomic
regions to asthma also shows that there are no powerful
asthma susceptibility genes. Data obtained to date suggest
that no single allele contributes more than 10% of the
susceptibility to asthma in any given population.40'41

Extensive numbers of genes with
polymorphisms associated with
the asthma phenotype

Candidate gene studies have been completed on a large
number of genes and in many of these, polymorphisms
have been discovered that have been associated with
asthma or its related attributes in population studies.1'41

At this stage, many of the findings require confirmation
in other populations, as some of them are likely to be the
result of type II statistical errors.

Environmental interactions

Whether or not a genetically susceptible individual
develops asthma is strongly dependent on environmental

Figure 4d.1 Wheeze in Wagga children aged 9 years

7982-7997. The same protocol was used to evaluate each

group of children.43 Recurrent wheeze, asthma diagnosis

ever and atopy increased over the three study periods, but

airway hyperresponsiveness (AHR) did not.

factors. Changes in such factors over the last 20 or 30
years are likely to be responsible for the large increase in the
prevalence of asthma that has been observed over this
period. For example in an Australian study, the preva-
lence of wheeze in previous 12 months increased in
Belmont, a coastal town, from 10.4% in 1982 to 27.6%
in 1992 (p < 0.001)42 and similar increases were noted
in Wagga, an inland town in Australia43 (Figure 4d.l).
Despite extensive research, the most important epidemi-
ological factors responsible for this observed increase in
asthma prevalence are still not known. The strong envir-
onmental effects have the advantage of maximizing the
phenotypic expression of a genetic susceptibility and this
would assist the task of detecting genetic effects. On the
other hand, the strength of the environmental effects is
so great that identifying the smaller genetic effects for
asthma susceptibility may have become especially diffi-
cult and the problem of determining interactions between
environment and genetics even more complex.

Pharmacogenetics

A promising advance in the knowledge of asthma has come
from studies in which response to a pharmacological
agent has been compared with the presence or absence
of an allele in a particular gene.44 The most consistent
data to date involve beta-2 sympathomimetic drugs and
the beta-2 adrenoreceptor polymorphisms.45'46 Asthma
pharmacogenetics may provide key information on the
basic mechanisms in acute asthma. If a strong response
to treatment is seen for one allele and no response is seen
for the other allele, this would suggest that the response
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allele makes a major contribution to the establishment
of the imbalance of airway tone and inflammation in
a proportion of acute asthma. It also offers the exciting
prospect of greatly improving the proportion of patients
responding to an anti-asthma medication by directing
therapy according to an individual's genetic profile.
In these ways, pharmacogenetic studies may provide a
way of classifying acute and potentially chronic asthma.
Molecular genetic studies in asthma to date have used
other pathways and have not been able to shed much
light on either mechanisms of classification of asthma.

Evolution of immune responses in humans

A recent hypothesis suggests that the human immune
system has adapted genetically to improve survival in
broad climatic regions.47 The hypothesis is that popula-
tions originating in hostile tropical environments have
immune responses with a more proinflammatory profile
than populations that have moved and resided for many
millennia in a temperate, cold or desert environment.
The rationale for this hypothesis is as follows. When
human ancestors emigrated from East Africa, their
immune function would most likely have been relatively
up-regulated or proinflammatory in order to cope with
life in a tropical environment, where infective disease is
common and parasitic infection, particularly helminthic
infection, is endemic.48 The proinflammatory responses
one would expect to be most involved would be the
T-helper 2 (Th2) lymphocyte and IgE-mediated responses,
as these are important in anti-helminthic defences49

(Table 4d.l). People moving to a temperate, cold or
desert environment would not have needed such pro-
inflammatory immune responses, as many infective
organisms, including helminthic parasites, are less

Table 4d.1 Comparison of Ascaris infection and IgE in

a two different tropical Venezuelan environments.49

Prevalence (%)
Intensity (epg)a

Anti-Ascaris IgE
(%+ve)
(Cone PRU/ml)

Total IgE (IU/ml)a

51
1435(6531)

61
0.91 (2.48)
941 (3126)

57
7621 (20464)b

37b

0.30 (0.90)b

2172(5649)b

The intensity of infection in Coche Island was lower with higher
anti-Ascaris IgE levels but lower total IgE levels. These data
suggest that the ability to mount a greater specific IgE response is
associated with reduced parasitic infection and reduced
polyclonal (non-specific) production of IgE (epg: egg count per
gram of faeces; ID: international unit; PRU: Phadebas RAST units;
SD: standard deviation).
aGeometric mean (SD).
bp< 0.001.

aggressive, since they rely on both heat and humidity to
thrive.50 Proinflammatory responses would have caused
a modest increase in mortality from allergy and auto-
immune diseases and gradually been lost.

A great deal of data supports this hypothesis
including: (i) the higher prevalence of proinflammatory
alleles in inflammatory genes in population groups
with an ancestral location over recent tens of thousands
of years in a tropical versus a non-tropical location
(Figure 4d.2),50~59 and (ii) the increased prevalence of
Th2-related diseases, including atopic disease and asthma,
found in those relocating from a tropical to a temper-
ate environment (Table 4d.2).60~68 The populations
in which there are most data are African-Americans, in
whom asthma is approximately twice as common as in
European-Americans.47'61"65 In other words, at least
half of the asthma seen in African-Americans may be
explained by this population's tropical ancestry. Similar
data have been published for other groups, including
Asians living in Britain. For example, South Asian chil-
dren in Blackburn had twice the admission rate for
asthma compared with non-Asians (OR 2.03, 95%CI
1.32-3.12, p<0.01)67 and South Asian children in

Figure 46.2 Proportion of individuals with the Clara cell

16 kDa protein (CC16) A38G polymorphism in two different

populations in Australia. The proinflammatory 38A allele

is much more common in the Aboriginal-Australian

population than the European population fp < 0.001 ).47

Table 4d.2 Comparison of rates of asthma between

African-American (AA) and European-American (EA)

children. The former have more asthma than the latter

Asthma age 7-14 yr58

Asthma in children59

Asthma in children60

Emergency admission rates61

AA vs EA children

OR1.57(CI 1.17-2.10)
OR 2.9
12%vs6%
4-fold higher

OR: odds ratio; Cl: 95% confidence intervals.
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Leicester had an odds ratio of 1.82 for wheezing.25 Clearly,
many of the world-wide differences in inflammatory
disease susceptibility and prevalence may be due to
relatively recent evolutionary effects on the immune sys-
tem. Thus, the importance of the evolutionary data is
that it has broad implications towards understanding
the nature of the immune system and disease suscep-
tibility.

FINDINGS FOR SPECIFIC GENES

Over the last ten years, asthma genetic studies have
focused on examining either previously known or new
genes, identifying polymorphisms that are associated
with an increased risk of developing asthma. These stud-
ies have been highly successful in identifying associations
between polymorphisms and the presence of asthma or
asthma-related phenotypic features.1 Several polymor-
phisms are known to be important as risk factors for
asthma and there are many others for which a relation-
ship is suspected.1'69 The polymorphisms that are most
strongly suspected of involvement in asthma are those
that fulfil certain criteria.

Inflammatory function: the gene's product has a function
related to inflammation.

Linkage data: exists for phenotypic attributes related to
inflammation and the gene's location.

Site of polymorphism: the polymorphism is located in a
part of the gene that is likely to significantly affect morph-
ology, function or quantity of protein produced.

Functional data, tissue or fluid levels: the polymorphism
has been shown to affect in vitro gene function, or tissue
or serum levels of the gene's protein.

Association data: data from more than one cohort associ-
ates an allele with an attribute related to inflammation.

Allele frequency: alleles are in sufficient prevalence to
allow differences between populations to be detected.

Tumour necrosis factor alpha (TNFa.) gene, G-308A:
The TNFa gene is located on chromosome 6 within the
class III region of the MHC. TNFa is a central mediator
of inflammation and a —308 promoter polymorphism
has been reported.1 G-308A was associated with asthma
in children74 and, for the G and A alleles, frequencies
were -308A 76.5% and -308G 23.5%.74

Interleukin-4 (IL-4), C-589T: IL-4 is important in IgE
production and the — 589T allele has been associated
with raised serum IgE levels,73 reduced FEV10

54 and
asthma severity.55 Allele frequencies were — 590C 73%
and -590T 27%.75

IL-4 receptor (IL-4R) gene, Ile50: The IleSO allele has been
associated with atopic asthma and specific IgE.56 Allele
frequencies were IleSO 74% and ValSO 26%.57

Clara cell 16kDa protein (CC16), A38G: CC16 is
secreted from the airway epithelium and has strong anti-
inflammatory activity. An A38G polymorphism in the
first exon was reported and an association noted between
the 38A allele, asthma76 and reduced serum levels of
CC16, consistent with CC16's anti-inflammatory role.77

Allele frequencies in European-Australians for 38A were
33.3% and 38G 66.7%.76

CD 14, C-159T: This gene has a major role in direct-
ing whether a Thl or Th2 response will occur and the
promoter polymorphism has been associated with
asthma severity.78 Allele frequencies were — 159C 51.4%
and-159T48.6%.78

Beta chain of the high affinity IgE receptor (Fee Rl-ft),
E237G: The 23 7G allele has been associated with skin
allergy responses and airway hyperresponsiveness (AHR)
in European-Australians.79 Allele frequency for 237G was
20% in European-South Africans.53

RANTES promoter polymorphism: RANTES is a chemo-
kine with increased activity in inflammatory lung disease
and its gene is on chromosome 17qll.2, a region linked
with asthma in African-American families.58 A func-
tional promoter polymorphism,58'59 was associated with
atopic dermatitis in German children.59

DATA FROM SELECTED CANDIDATE
GENE STUDIES

Beta-2 adrenoreceptor gene, Arg Glyl6 (G46C) and
Gln^>Glu27 (G76C): These polymorphisms are common,
functionally significant and associated with differences
in asthma symptoms and severity in adults,70 wheeze and
AHR in children71 and increased IgE in asthmatic fami-
lies.72 They have also been associated with specific IgE
levels and parasite load in endemically parasitized
Venezuelans, suggesting an important role in IgE
regulation.73 Allele frequencies in European-Australians
were - arg!6: 45.9%; gly!6: 54.1%; gln27: 61.3%; glu27:
38.7%.71

SUMMARY AND FUTURE DIRECTIONS

Asthma results from complex interactions between
genetic and environmental influences. Data from epi-
demiological studies suggests that many genes could have
the potential to contribute to the genetic susceptibility to
asthma and these could include genes controlling airway
size in infant boys, atopy, gender, and race. Over the last
decade, molecular genetic studies have provided import-
ant information about the genetics of asthma:

• asthma is polygenic and there are no dominant genes
in determining genetic susceptibility;

• many genes have polymorphisms that are associated
with asthma;
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• pharmacogenetic studies can improve the selection
of responders to certain medications;

• immune responses in humans that currently cause
asthma are likely to have arisen as defences against
parasites;

• interracial differences in allergy and asthma
susceptibility may be due to evolutionary pressures.

Molecular genetic studies have the potential to allow
different varieties of asthma to be identified as particular
genetic entities, but little progress has been made on this
aspect to date, perhaps due to the predominant use of
cross-sectional rather than longitudinal populations in
association studies.80 More practically, some genotypes
are likely to be associated with specific responses to
pharmacological therapy. Eventually, individuals may be
targeted for therapy against particular environmental
factors according to their genetic profile.
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INTRODUCTION

Bronchial asthma has recently come to be denned as a
chronic inflammatory disorder of the conducting air-
ways,1'2 with clinical expression in the form of recurrent
breathlessness and wheeze. As such, asthma shares its dif-
ferential diagnosis with a variety of obstructive disorders
of the airway, in the adult chronic obstructive pulmonary
disease (COPD) and in the child episodic viral lower
respiratory illness, of which acute viral bronchiolitis is an
extreme form. The clinical features of asthma are the end
result of variable obstruction of the conducting airways
by a variety of processes including: vascular congestion,
airway wall oedema, smooth muscle contraction and
accumulation of debris and mucus in the lumen. The rela-
tive contribution of each of these processes to thickening
of the airway wall and the disease state is uncertain, even
in adult disease.3 The airway walls in asthma are thick-
ened by the remodelling process by between 50 and
300% of normal and there is lumenal narrowing, which
is further compromised by excessive mucus admixed
with an inflammatory exudate. In cases of fatal asthma,
the longer is the duration of asthma, the thicker becomes
the airway wall.4 However, it has been suggested that air-
way wall thickness per se is not a requirement for asphyxic
fatality as a group of relatively young asthmatics (i.e. with
a relatively short history of asthma) had an airway wall
thickness not significantly different to that of non-asthma
controls. Lumenal secretions and plugging are likely the
greater contribution to asthmatic death in these young
cases of fatal asthma.4 All tissue structural components,
as well as inflammatory cell infiltration and oedema, can
contribute to the observed thickening, however in the
last mentioned study it was thickening of the adventitial

layers that was most pronounced in the older group with
the longest duration of disease. The present chapter focuses
on structural alterations that occur in the airway wall
(now commonly referred to as 'remodelling') and on the
associated chronic inflammation of asthma.

It should be born in mind that the inflammatory reac-
tion, in its acute phase, is designed to protect the host and
to restore tissue and its function to normal. One gener-
ally accepted proposal is that the accelerated decline
in forced expiratory flow over time, which occurs in an
important subset of asthmatics, is the direct result of a
switch from acute, episodic, to chronic inflammation and
to consequent airway and parenchymal remodelling.5'6

The proposal is compelling but, as yet, there is no unequivo-
cal evidence that the remodelling process is dependent
upon the prior development of chronic inflammation. It
is equally plausible that the processes responsible for the
development of chronic inflammation are distinct to those
responsible for remodelling.7 The last consideration has
important implications for the design of disease modify-
ing therapy: those agents that are effective anti-inflam-
matory drugs may not necessarily prevent or attenuate
the process of remodelling.

The concept of 'remodelling' implies that a process of
'modelling' must have preceded it. The lung, in utero,
undergoes extensive modelling and remodelling yet these
processes are entirely appropriate to the normal process
of lung development. Many of the cytokines and growth
factors thought to be proinflammatory in asthma and in
COPD are also expressed normally without detriment to
the developing lung: indeed they appear to be essential to
it.8 Accordingly the working definition of remodelling
proposed herein recognizes that the process of remodel-
ling per se is not of necessity abnormal. It is: An alteration
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in size, mass or number of tissue structural components
that occurs during growth or repair, in response to injury
and/or inflammation. It may be appropriate, as in nor-
mal lung development or that which occurs transiently
during normal repair, or 'inappropriate' when it is chronic
and associated with abnormally altered tissue structure
and function as, for example, in asthma or COPD.7

In wound healing (in the skin) the components of an
appropriate response include: formation of a clot, swelling/
oedema, rapid restitution of the denuded areas by epithe-
lial de-differentiation, proliferation and migration from
the margins of the wound. These responses are normally
associated with an inflammatory reaction: i.e. early infil-
tration of the injured tissue by neutrophils and later by
lymphocytes and macrophages. Reticulin is deposited
within days and this may mature to form collagen, a scar,
within 2-3 weeks. In addition healing may involve con-
traction of the surrounding tissue (in the case of an open
wound), by myofibroblasts that may proliferate tran-
siently in relatively large numbers.9 Thus, normal tissue
architecture and function is restored consequent to an
entirely appropriate inflammatory reaction with which
there has been an associated remodelling process. Each
of these stages in normal wound healing and many of the
inflammatory cell types and cytokines involved appear
also in asthma, but in contrast, both the inflammation
and remodelling persist. The consequence of the per-
sistence is exaggerated remodelling inappropriate to the
maintenance of normal (airway) function. The reasons
for the persistence of the inflammation in the airway wall
are unknown but may be the result of repeated inhalation
of allergen or exposure to high concentrations of allergen,
persistent infection, a genetically influenced abnormal
host inflammatory response or a defective repair process.

THE AIRWAY WALL

Two different approaches to the study of asthma in adults
have focused attention on the importance of inflamma-
tory processes in the airway wall in the pathogenesis of
this condition. Firstly, pharmacological manipulation of
the responses to allergens have shown that while the
immediate asthmatic response is alleviated by b2 agon-
ists, the subsequent late phase response to allergen chal-
lenge is relatively refractory to these agents and instead
responds to corticosteroids.10 This would indicate that
mechanisms other than simple mast-cell degranulation
and smooth muscle contraction (which should be blocked
by b2 agonists) are involved in allergen-induced airway
obstruction. Secondly, the cellular basis of asthma, the
study of which was previously confined to autopsy mater-
ial, has been revolutionized by the easier, safe access to
the airway by application by experienced investigators
of fibreoptic bronchoscopy, bronchoalveolar lavage and
biopsy.11

Bronchial epithelium

The conducting airways are lined by a complex epithe-
lium which, in the larger human airways, appears to be
stratified with the most superficial ciliated and mucus-
secreting goblet cells being, at least in part, dependent
underlying basal cells for their attachment and structural
support.12'13

The presence of goblet cells is confined to larger air-
ways except in asthma and chronic infective disorders
where they extend to the bronchioles and contribute to
the secretion of mucus which aggravates airway obstruc-
tion.14 The majority of the mucus is secreted into the
bronchial lumina from glands deep in the walls of the
bronchi which develop from buds of the epithelium
(Plate 1). These glands have ducts lined by ciliated
epithelium which connect to collecting ducts that drain
the secretory acini. The necks of these glands may become
enlarged in asthma and have been described as bronchial
diverticula or bronchial duct ectasia. Rupture of the ducts
has been associated with the development of interstitial
emphysema in adult patients with asthma.15

The bronchial epithelium has a number of important
roles to play in airway homeostasis: to act as a barrier to
infective and noxious agents; to actively contribute to host
defence mechanisms; to warm and humidify inspired air;
and to play a role in inflammatory and neural networks.
This major interface between the host and the environ-
ment is exposed to a wide variety of insults, including
inhaled allergens, viruses and pollutants. The shedding
of the bronchial epithelium in asthmatics has been rec-
ognized by the presence in the sputum of epithelial clus-
ters such as Creola bodies16 and the observation that only
residual basal cells remain attached to the basement mem-
brane in postmortem histology with the accumulation of
sloughed epithelial cells in the bronchial lumen.

The assessment of epithelial damage in mild asthma
awaited the development of endoscopic biopsies and
lavage (Figure 5.1). Although biopsies can be difficult to
assess because of forceps-induced damage, the use of
rigid bronchoscopy allowed for the demonstration of
intraepithelial oedema in the relatively large biopsies
taken by this technique.17 Similar findings were subse-
quently reported in fibreoptic bronchoscopy biopsies
and correlated with the number of eosinophil leukocytes
which infiltrated the epithelium.18 Other workers pro-
duced evidence from biopsy, bronchoalveolar lavage and
bronchial washings of correlations between epithelial
shedding and bronchial hyperreactivity.11'19'20 There is
recent evidence that epithelial disruption may be less
severe in non-atopic (intrinsic) asthma.21

Loss of superficial epithelium is accompanied by
mitotic activity in the remaining epithelial cells in nor-
mal healthy individuals.22 There is repeated epithelial
regeneration in the form of simple and then stratified
cells prior to restoration of the normal ciliated and
goblet-cell phenotypes: experimental studies indicate the
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Figure 5.1 Bronchial biopsy from an asthmatic subject
showing intraepithelial oedema, cell separation and
inflammatory cells. E: eosinophils; M: mast cell (electron
microscopy, X2200).

The mechanism of epithelial cell damage can only
really be understood in the light of a model of the
bronchial epithelium as a truly stratified structure. Bron-
choalveolar lavage fluid from asthmatic subjects contains
superficial epithelial cells and is usually devoid of basal
cells (Plate 2): this is in keeping with autopsy findings of
the shedding of superficial columnar epithelial cells with
the presence of residual cells on the basement mem-
brane.27 Furthermore, cells shed into bronchial lavage are
viable, as demonstrated by persistent ciliary activity, sug-
gesting that epithelial loss may be related to a specific
failure of intercellular adhesion mechanisms rather than
generalized cell death.28 The desmosome is the principal
intercellular adhesion structure present at the site of basal-
suprabasal cell adhesion and in asthma, epithelial loss
may be due to specific loss of desmosomal function.

The pattern of epithelial loss in asthma is consistent
with experimental studies involving the exposure of
guinea pig epithelium to purified eosinophil leukocyte-
derived major basic protein. This induces intraepithelial
separation at the basal-suprabasal cell junction at concen-
trations less than those which cause epithelial cell death.29

Furthermore, the separation between basal and suprabasal
cells is also seen in virus30 and pollutant-induced epithe-
lial cell damage.31 In asthma, the eosinophil leukocyte is
the most likely effector cell to be involved in this damage
and the secretion of granule-derived cationic proteins
into the epithelium has been detected by the immuno-
histochemical demonstration of their persistence in
postmortem samples from patients dying of acute severe
asthma.32

entire process normally takes approximately two weeks.23

However there are reports that such mitotic activity
is deficient in asthma and this has led to the suggestion
that there may be defective repair of epithelium in
asthma.24,22 Aggregations of platelets together with fib-
rillary material, thought to be fibrin have been observed
in association with the damaged surface.25 Such fibrin
deposits are also seen during the late phase response
following allergen challenge (personal observation). The
greater the loss of surface epithelium in biopsy speci-
mens the greater appears to be the degree of airways
hyperresponsiveness.11'25 It is recognized that there is
inevitably artefactual loss of surface epithelium during
the taking and preparation of such small biopsy pieces,
even normally, which makes interpretation of the epithe-
lial loss seen in bronchial biopsies both difficult and
controversial.26

Such damage to the epithelium may have a number of
physiological consequences including the loss of modu-
lation of smooth muscle function, induction of endo-
thelin synthesis, increased permeability to antigens and
proinflammatory cytokine production by the epithelium.
All of these factors can potentially contribute to the
abnormal bronchial microenvironment and find clinical
expression as airway obstruction.

Basement membrane, collagen
and elastic tissue

One of the most characteristic histological features of
bronchial asthma is an apparent thickening of the
bronchial epithelial 'basement membrane'. This is an early
event in asthma and occurs in patients with a short clin-
ical history, mild disease and also in children (Figure 5.2
and Plate 3).33,34,35

The epithelial reticular basement membrane, to which
the epithelium is attached and which has been referred to
as the 'true' basement membrane, is about 80 nm thick
(i.e. below the resolution of the light microscope) and is
composed of non-fibrillar collagen IV, non-collagenous
proteins such as laminin and fibronectin, and proteo-
glycans.33 The true basement membrane is anchored to
underlying connective tissue by fibres that immunostain
for collagen VII similar to the arrangement found in
skin.36 Additionally, in humans and primates (but absent
from the airways of many laboratory animals used to
model asthma) the true basement membrane is sup-
ported by an adjacent thicker fibrillary layer, the lamina
reticularis or 'reticular basement membrane', normally
about 8 (Jim in thickness (albeit estimates vary dependent
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may be important both for their contribution to airway
structure and immunopathologically.43 While the clini-
cal significance of reticular basement membrane thick-
ening in the larger airways (bronchi) has yet to be
appreciated, the extension of its thickening to small dis-
tal airways (i.e. bronchioles) may be of greater functional
significance.

There is no consensus as to whether there is increased
interstitial collagen in asthma nor whether it increases
with disease severity or duration. A recent study of bron-
chial biopsies obtained from asthmatics of varying sever-
ity reports increased collagen44 whereas another reports
no difference in collagen content.45 Electron microscopic
quantitative assessment of interstitial collagen in biopsies
of mild asthmatics found no difference in the area of the
mucosa occupied by collagen fibres.46 There is similar
controversy over loss of elastic tissue in asthma, one
study demonstrating there is not46 and others indicating
that there is either elastolysis or altered ultrastructure of
elastic tissue.5,47

Figure 5.2 Bronchial biopsy showing subepithelial fibrosis
(bar) and eosinophil leukocytes (*) in the mucosa of an
asthmatic subject (electron microscopy, X6000).

on the technique used to measure it and the processing
schedule used to prepare the tissue for analysis) com-
posed largely of reticulin. The thickening remains even
when asthma is mild and well controlled by anti-asthma
treatment37 and is present in patients with a long history
of asthma but who have not died of their asthma.38 The
thickening is not progressive (as in fibrosis): it is maximal
early on in childhood when asthma frequently develops
and does not appear to increase significantly with age,
duration or with severity of disease.39

As with interstitial collagens the reticular basement
membrane immunostains for epitopes associated with
collagens III and V, and, to a lesser extent, collagen I and
this has led to the term 'subepithelial fibrosis' being
applied to the layer.40 Whether or not this represents an
ongoing fibrotic process in asthma is much debated.
Additionally the reticular basement membrane immunos-
tains for tenascin and fibronectin.41 The increase and
addition of these and other proteins may be responsible
for the glassy (hyaline) appearance that also characterizes
this layer in asthma. This profile of extracellular matrix
deposition indicates a mesenchymal origin for this matrix.

Increased numbers of specialized fibroblasts, referred
to as 'bronchial myofibroblasts' have been associated
external to the reticular basement membrane.42 These
cells have both secretory and contractile cytoplasmic
organelles and increase in number in association with
the thickening of the reticular basement membrane.42 As
these fibroblasts can secrete both connective tissue and
cytokines relevant to the inflammatory response they

Smooth muscle

Bronchial smooth muscle bundles surround the airways as
two opposing spirals, forming a perforated network rather
than the continuous muscle sheet as seen in the bowel wall.
Whether the increase in muscle mass in asthma (Plate 1) is
due to muscle fibre proliferation (i.e. hyperplasia)48 or
hypertrophy is at present unclear. Two patterns of distribu-
tion of increased muscle mass have been described in
asthma: one in which the increase occurs throughout the
airways and another in which the increase is restricted to
the largest airways:49,50 it is suggested that in the former
there is muscle fibre hypertrophy throughout the bronchial
tree, in the latter hyperplasia alone.

A newly proposed mechanism involves de-differentia-
tion of existing smooth muscle bundles. Cells that have
ultrastructural features of both a contractile and secre-
tory phenotype have been found in substantial numbers
in the late phase response to allergen challenge. It has
been suggested that, with repeated exposure to allergen,
these may contribute to the increased mass of bronchial
smooth muscle by a process of differentiation of exist-
ing smooth muscle and its migration to a subepithelial
site where new muscle is formed.51 The mechanisms
involved in this response are likely to be similar to those
occurring in atherosclerosis where there is vascular
smooth muscle de-differentiation and migration to form
a neo-intima composed of increased vascular smooth
muscle.52'7

The extent of airway smooth muscle plasticity and the
secretory potential and role of muscle in airway inflamma-
tion and remodelling has recently become apparent. Not
only can the contractile form release proinflammatory
mediators53 but reversion of muscle to a 'secretory' pheno-
type may promote increases of extracellular matrix.54'55
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The increase in muscle mass is associated with
increased airway responsiveness to histamine or metha-
choline in asthma (see Chapter 6c). Careful computer
modelling of the response to bronchial challenge in
asthma has shown that the loss of the plateau exhibited by
normal subjects and the continued narrowing of the air-
ways with increasing doses of provocant can be predicted
by a model which takes two factors into account - airway
thickening and a loss of pulmonary recoil.56 These factors
may operate by uncoupling airway and parenchymal
structures leading to unopposed shortening of airway
smooth muscle which acting upon a thickened airway
wall results in excessive airway narrowing (Figure 6c.ll).
Thus, bronchial wall thickening may be of considerable
importance in determining not only the degree of
bronchial hyperreactivity but also its potentially fatal
nature. Mast-cell infiltration of ASM may be a unique
feature of asthma.57

Inflammation may spill over to affect adjacent arteries
and alveoli.58 Peribronchial inflammation likely disrupts
the normal interdependence of the airways and their
adjacent lung parenchyma, lead to 'uncoupling' of the
airways, so that the elastic force opposing airway smooth
muscle shortening is reduced leading to excessive maxi-
mal airway narrowing. Experimentally, this sort of uncou-
pling has been demonstrated in guinea pigs exposed in
utero to passive smoking.59

Airway wall vessels

The increase in thickness of the bronchial wall in severe
asthma is not accounted for by the increase in bronchial
smooth muscle and mucous gland mass alone. Dilatation
of bronchial mucosal blood vessels, congestion and wall
oedema are also consistently reported features of fatal
asthma and these can account for considerable swelling
of the airway wall that encroaches on the lumen.60'61'62

Vasodilatation, congestion and mucosal oedema in
response to a variety of mediators of inflammation63 can
be rapid and, equally, probably can also be relatively
rapidly reversed. There are indications that there may also
be new growth of bronchial vessels that contributes to an
increase in vascularity of the airway wall, particularly in
severe asthma.64'65 It is from these vessels that inflamma-
tory cells are recruited to the wall, many of which migrate
through the mucosa and its epithelium to enter the
airway lumen.

INFLAMMATION

The bronchi have a constitutive population of mast cells,
T-lymphocytes, B-lymphocytes and occasional granulo-
cytes which clearly contribute to normal host defence.
The cellular infiltrate in asthma is composed of an aug-
mented T-cell population, markedly increased numbers

of eosinophils66 and in some circumstances, an influx of
neutrophils.67 Although the accumulation of inflamma-
tory cells in the bronchial mucosa has long been associ-
ated with fatal asthma,27 there is consistent evidence
from recent studies that a similar inflammatory popula-
tion is present even in mild disease. For good clinical and
ethical reasons, relatively little is known of the nature and
development of the inflammatory process in the asth-
matic airway in childhood, although there are some data
to indicate that processes similar to adult disease are
active in established asthma in childhood.34

T-lymphocytes

The constitutive T-lymphocyte population in the adult
bronchus shows at most a small increase in asthma.66'67

These cells are CD3+ (Plate 4), CD45RO+ and are mainly
CD4+, indicating that they are helper T-cells that have
had previous exposure to antigen. There is evidence that
in asthma the T-cell population is activated to a greater
extent than in non-asthmatic subjects, as evidenced by
the expression of the interleukin-2 receptor marker
CD25.66 The T-lymphocytes are not confined to the lam-
ina propria but also infiltrate the epithelium, which may
enhance their exposure to antigen and also be important
in the generation of chemotactic gradients for other cells
in the inflammatory infiltrate.

Many of the functions of T-lymphocytes are mediated
by cytokines which are produced by gene transcription
and translation in response to antigenic stimulation.
There is increasing evidence for the division of the
cytokine secretion profile of human helper T-cells into
two categories - the Thl cell pattern with the secretion
of IL-2, TNF-a, IFN--y, GMCSF, and the Th2 pattern
with the secretion of IL-4, IL-5, IL-6, TNFa and GMCSF68

(see Chapter 4c).
The Th2 phenotype would appear to be relevant to

allergic bronchial asthma, as the range of cytokines
secreted favours the production of IgE by the effect of
interleukin-4 on B cells,69 eosinophil leukocyte produc-
tion, recruitment, survival and activation by the combined
effects of GMCSF and interleukin-5.70'71 In situ hybridiza-
tion for m-RNA in bronchoalveolar lavage cells has shown
an excess of cells positive for interleukin-2, -3, -4, -5 and
GMCSF in asthmatic subjects and no difference in cells
with interferon-g message.72 Thus, the observed range of
T-cell cytokines associated with asthma does not entirely
fit the proposed Th2 phenotype but the data are clearly
in accordance with the view that the T-lymphocyte plays
an important role in the pathogenesis of the mucosal
inflammation of the bronchi.

Biopsy data indicate that there is a correlation between
T-cell number and eosinophil leukocyte infiltration of
the airways,66 suggesting either that eosinophil recruit-
ment is T-lymphocyte dependent or that these cells share
common recruitment mechanisms in order to enter the
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airways.73 Studies of atopic non-asthmatic individuals
have shown T-lymphocyte number and activation and
eosinophil recruitment at levels between those found in
normal and asthmatic subjects, suggesting that there
may be a critical threshold above which these allergen-
mediated events find clinical expression.66'67 The time and
site of selection of the T-lymphocytes for the observed
range of cytokine messages is uncertain and this know-
ledge is central to any proposed intervention to reduce
sensitization to aeroallergens or to attempt to treat dis-
ease early in life in order to prevent the subsequent devel-
opment of asthma.

Mast cells

The application of the tools of modern biology has greatly
expanded the knowledge of the human mast cell (MC).
Human mast cells may be divided into two types, based
on the content of neutral proteases in their granules.74

Mast cells which contain tryptase, a tetrameric trypsin-like
protease, in their granules are termed MCT while those
which also possess chymase, carboxypeptidase-A and
cathepsin-G are called MCTC. The biological role of these
proteases is uncertain but tryptase is present in large
amounts in the mast cell (lOpg/cell in lung) and can
enhance the effect of histamine on smooth muscle,75 acti-
vate the collagenase system and enhance fibroblast pro-
liferation.76 Chymase can generate angiotensin II from
angiotensin I, inactivate bradykinin, enhance mucus pro-
duction and degrade basement membranes.77,78,79

Both types of mast cell are present in the bronchus
and they secrete potent inflammatory mediators such
as histamine, prostaglandin D2 and leukotriene C4 in
response to antigen stimulation and also release proteo-
glycan heparin which stabilizes the tryptase tetramer and
promotes the action of fibroblast growth factors. Mast
cells can also contribute to the cytokine network in the
mucosa by the synthesis of tumour necrosis factor-a and
interleukin-3, -4, -5, and -6 (Plate 5).80 Thus, the mast
cell must now be regarded as both a rapid response cell
and a contributor to the chronic inflammation and air-
way remodelling which are characteristic of asthma.

The evidence for mast-cell activation in asthma is
based on the detection of histamine in lavage fluid81 and
ultrastructural and immunohistochemical studies. Mast
cells do not increase in number in the bronchial wall
in asthma but in the disease state they infiltrate the
bronchial epithelium.82 This relocation of cells is accom-
panied by a characteristic ultrastructural appearance of
the mast-cell granules which show dissolution of their
electron-dense cores and partial degranulation. Little is
known of the mechanisms of reconstitution of human
mast-cell granules and the biological interpretation of
the ultrastructural appearances in asthma is uncertain, as
are the relative proportion of mediators and the absolute
composition of granules with this appearance. The

location of mast cells within sensitized smooth muscle
bundles has also been described in asthma and may
contribute to the bronchial hyperresponsiveness of the
atopic asthmatic.57,83

The control of mast-cell phenotype appears to be
largely governed by the cytokine stem cell factor, which
regulates the production of mast-cell precursors from stem
cells and their subsequent differentiation into MCxc-84

This is largely a fibroblast-derived cytokine and there
may be an interplay between mast cells and their sur-
rounding mesenchymal cells with the production of
trophic factors essential for mutual survival and func-
tion.85'86 In contrast, the MCT-cell is largely dependent
on T-lymphocyte function87 and again, the capacity for
cytokine secretion by the mast cell may mean that this
interaction is also based on a two-way exchange of signals.

Eosinophils

The infiltration of the bronchial mucosa by eosinophilic
polymorphonuclear leukocytes is characteristic of asthma
in all ages. However, there is a large range in the number
of eosinophils detected by immunohistology in tissues
from cases of fatal asthma suggesting there is heterogeneity
of the asthma phenotype or that the eosinophils have
degranulated extensively.88'89 These cells are practically
absent from the mucosa of normal subjects but can form
an almost uniform sheet of cells in the mucosa of patients
with severe asthma (Figure 5.2). This finding has clinical
relevance in that there appears to be a relationship
between the number of eosinophils and the severity of
disease as measured by symptom scores and drug usage.90

In contrast, there appear to be fewer neutrophils in the
mucosa of stable asthmatics than are seen in normal
individuals.11'25

The pathogenetic mechanisms of the eosinophil are
due to the secretion of mediators which can be divided into
three classes: the lipid-derived mediators which induce
acute inflammatory responses; the cytotoxic granule com-
ponents; and the proinflammatory cytokines. Eosinophils
secrete platelet-activating factor (PAF), which is in itself
an eosinophil chemoattractant and activator. PAF also
increases vascular permeability and induces smooth muscle
spasm and may thus contribute to airway obstruction.
Eosinophils are also major producers of leukotriene C4

and also produce prostaglandin E2 and 15-lipoxygenase
products, including 15-HETE, which contribute to further
inflammation and secretion of mucus.91

The characteristic granules of eosinophils contain high
concentrations of toxic proteins, including eosinophil
cationic protein, major basic protein, eosinophil-derived
neurotoxin and eosinophil peroxidase. Major basic pro-
tein, which forms the characteristic cores of eosinophil
granules, is toxic to a variety of cells, including bronchial
epithelial cells, at concentrations that are achieved in vivo
and has been detected in association with epithelial
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damage in asthmatics.32 Eosinophil cationic protein (Plate
6) is also toxic to epithelial cells and this protein shares with
major basic protein and eosinophil peroxidase the capacity
to induce histamine release from mast cells.92 Eosinophil
peroxidase induces oxidative damage to cells in the pres-
ence of hydrogen peroxide and a halide and may also con-
tribute to the cell damage seen in asthma. Eosinophils
express message for a range of cytokines, including tumour
necrosis factor-ex, transforming growth factors a and b,
interleukin-1 and GMCSF.93'94'95 The secretion of these
cytokines can directly and indirectly by interactions with
other cells in the mucosal cytokine network, enhance
eosinophil recruitment, survival and activation, leading to
the perpetuation of the allergic inflammatory process.

Neutrophils

Neutrophil infiltration, which has hitherto been neglected
in asthma, is now seen also as a major feature of acute
exacerbations of asthma96 and is a predominant cell type
in severe steroid resistant asthma97'98 and acute sudden
onset fatal asthma.89 It is uncertain whether this pattern
of cellular infiltrate is the result of corticosteroid treat-
ment per se or the result of virus or allergen exposure
which may have induced a neutrophilic response.

Cellular recruitment

The presence of an excessive number of cells within a
biopsy specimen is not necessarily evidence of increased
cellular recruitment. The histological appearances of an
inflammatory cell infiltrate may be the result of increased
numbers of circulating cells, up-regulation or newly
expressed chemoattractants or their cell surface receptors,
increased survival within the tissue compartment or
decreased traffic into another compartment, i.e. the bron-
chial lumen. Equally, increased recruitment but with
increased traffic through the tissue will not be detectable
in a biopsy specimen.

Nevertheless, there is considerable evidence for
increased inflammatory cell recruitment into the
bronchial mucosa in asthma. Ultrastructural studies have
identified increased contact between intravascular leuko-
cytes and the endothelium in asthma.11 This probably
reflects the rolling of leukocytes along the endothelium
which is mediated by the vascular selectins." P selectin
is stored in Weibel-Palade granules in endothelial cells
and is expressed on the surface within minutes of stimula-
tion, while the expression of E selectin is slower due to
the need to induce synthesis prior to expression.100 The
selectin-mediated contact allows for further steps,
including the interaction of leukocyte integrins with the
immunoglobulin supergene family of adhesion molecules
(ICAM-1, ICAM-2 and VCAM-1) on the endothelium
and the action of chemoattractants which promote

migration through the endothelium and within the
extravascular compartment.101

The selective accumulation of eosinophils in allergic
asthma is the result of a variety of processes. The expres-
sion of VCAM-1 on the endothelium allows for the select-
ive binding of cells which express the b2 integrin VLA-4
and thus enhances the recruitment of eosinophils; T-cells
and basophils.73 Although VCAM-1 can be selectively
induced on the endothelium by interleukin-4, it is also
expressed in response to the pleiotropic cytokines such as
tumour necrosis factor-a which also induce the non-
specific ligands E selectin and ICAM-1 which have been
demonstrated in the bronchial mucosa in vivo.102 Further
selective mechanisms include the capacity of platelet-
activating factor to selectively induce the migration of
eosinophils and not neutrophils through the vascular
endothelium by a mechanism which does not require
selective adhesion mechanisms.103 Similarly, the highly
potent chemokine family includes chemoattractants which
are selective for CD4+ cells, including eosinophils, but
not neutrophils. The presence of neutrophils (and also of
monocytes) in response to an acute severe exacerbation
is likely due to the upregulation of cell surface (CXCR2)
receptors associated with increased expression of neu-
trophil chemoattractants such as IL8.

Once present in the tissues, the eosinophils (or other
cell types) accumulate beneath the bronchial basement
membrane in large numbers and from this site infiltrate
the epithelium. This accumulation of eosinophils may
be in part due to the potential for both fibroblast and
epithelial-derived cytokines to enhance cell survival at
this site. The subsequent migration into the epithelium
may be the result of chemoattractants secreted by either
epithelial cells or the intraepithelial T-lymphocytes and
mast cells.101,104,105

CHILDHOOD, INFANCY AND LUNG
DEVELOPMENT

There are three salient questions concerning the patho-
genesis of asthma in early life. Firstly, are the cellular
mechanisms underlying atopic asthma in these children
identical to those encountered in adults? Secondly, if so,
when do the structural airway changes which contribute
to the pathogenesis occur and when do they become irre-
versible? Thirdly, how do these mechanisms differ from
those which contribute to non-atopic wheeze (such as
viral episodic wheeze in infancy)?

Lung development

The reticular basement membrane appears to be absent
in the fetus (at least up to 18 weeks of gestation)106 but
develops even in normal, healthy non-smoking individ-
uals, presumably during early childhood. Its thickening in
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asthma begins early,39 even before asthma is diag-
nosed.107 The increased thickening in adult asthma
involves increases in tenascin and certain laminins and
tenascin are involved in normal lung development but
are down-regulated in the adult lung. It is possible that
abnormal persistence of these basement membrane-
associated molecules could underlie some of the patho-
genic processes in early asthma.108

The number of alveoli increases rapidly in the first
two years of extrauterine life to reach near-adult values
followed by a further lower rate of increase until 8 years
of age, accompanied by a similar increase in the number of
small airways.109 Studies of airway conductance, based on
morphometric analysis of lungs obtained at post mortem,
suggest that in the first four years of life the diameter of
the small airways and hence their conductance is rela-
tively low but this increases after five years.110'111

Taken together, these studies would appear to indicate
that the distal (peripheral), but not central, airway con-
ductance in infants and preschool children is not due to
smaller numbers of airways but to the relatively low cross-
sectional area of the bronchioles. This anatomical pattern
of development is probably the structural basis of the
observation that in the first five years of life inflamma-
tion in the airways is likely to predispose to bronchiolar
obstruction and may explain some of the difficulties in
the distinction between classic asthma and episodes of
viral lower respiratory tract wheeze in this group. In
addition, events at birth may also influence the remodel-
ling process: e.g. prematurity and mechanical ventilation
are associated with increases of bronchial smooth muscle
and of mucus-secreting elements.112

Preschool child and infancy

Little is known of the cellular and molecular patho-
physiology of wheezing illnesses in the preschool child
and infant. Bronchial lavages from persistently wheezy
young children (mean age 15 months) show mark hyper-
cellularity, but no excess of eosinophils or mast cells.
Episodic viral wheezers also differ from atopic preschool
wheezers in having no excess of eosinophils.113 It would
seem that eosinophilic infiltration may be less prominent
in the airways of children than adults with asthma.113'114'115

The importance of the conducting airways as a site of
disease in early life is emphasized by the virtual restric-
tion of the occurrence of episodic viral lower respiratory
illness to childhood. The overlapping features of acute
viral bronchiolitis and asthma are not confined to the
clinical presentation but have a biological basis in both
the pulmonary anatomy and the inflammatory reactions
which occur in the bronchi. There is evidence from both
human and experimental virus infections that the
inflammatory response to lower respiratory tract infec-
tion may involve both mast cells and eosinophils. Sendai
virus infection of neonatal rats has been reported to

induce persistent increases in airway mast cells and hyper-
responsiveness to methacholine.116 Respiratory syncytial
virus (RSV) infections with associated wheezing have been
reported to be associated with levels of eosinophil cationic
protein in nasopharyngeal secretions that are four- to
five-fold in excess of the levels found in upper or lower
respiratory RSV infections without wheeze.117 This may
be explained by the bias in selection of patients with
severe RSV infections, towards the atopic phenotype and
could relate simply to atopy.

Such responses may be the result of inappropriate
selection of the T-cell cytokine repertoire in response to
viral infection with the secretion of a Th2 pattern of
cytokines and the initiation of a pattern of inflammation
in the airways that is normally associated with allergic
disease rather than the T-lymphocyte-mediated response
to a pathogen. If so, the inappropriate response may be a
reflection of delayed maturation of the immune system.
But whether viral infections can thus imprint an abnor-
mal response on the airway mucosa and contribute to the
development of asthma has yet to be established. Never-
theless, the combination of such inflammation with the
documented anatomical vulnerability of the bronchiole
to obstruction in young children may explain the diffi-
culty in differentiating between infectious and allergic
wheezing in infancy.

Childhood

The morphological features of atopic asthma in chil-
dren of school-going age are probably similar to those
encountered in adults, with mucus plugging, inflamma-
tory cell infiltration, mast-cell degranulation and thick-
ening of the reticular basement membrane in both open
lung biopsy and autopsy specimens.34 Epithelial damage
is also reported in asthmatic children.34'114'118 School-
children with asthma symptoms tend to have greater
numbers of eosinophils and mast cells in induced sputum
samples than normal children or children with asymptom-
atic bronchial hyperresponsiveness,119 suggesting that
these cells also play a role in the pathogenesis of mild
asthma in childhood. Bronchoalveolar lavage of asthmatic
children in this age group has shown statistical assoc-
iations between bronchial responsiveness to inhaled his-
tamine and eosinophil numbers and mast-cell tryptase
concentrations in lavage fluid.120

SUMMARY AND CONCLUSIONS

Bronchial asthma is a chronic inflammatory disorder of
the conducting airways in which T-helper lymphocytes
predominate. The clinical features of asthma are the
end result of variable obstruction of the conducting air-
ways by varying combinations of inflammation, vascular
congestion, airway wall oedema, increased mass of
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bronchial smooth muscle and its contraction and accumu-
lation of debris and mucus in the lumen. Many of the
cytokines and growth factors thought to be proinflamma-
tory in asthma are also expressed normally but transiently
without detriment to the developing lung: indeed they
appear to be essential to it. It is the persistence of inflam-
mation that characterizes asthma. The process of 'remod-
elling'per se, which may or not be a consequence of chronic
inflammation, is not necessarily abnormal. It may be
appropriate when transient and in response to injury dur-
ing lung development or 'inappropriate' when it is chronic
and associated with abnormally altered tissue structure
and function, as in asthma. There is fragility and shedding
of the bronchial epithelium in asthma, thickening of the
epithelial reticular basement membrane and an increase in
the mass of airway smooth muscle. Whether the increase in
muscle mass in asthma is due to muscle fibre proliferation
(i.e. hyperplasia) or hypertrophy is at present unclear.
There may also be a process of differentiation of existing
smooth muscle and its migration to a subepithelial site
where new muscle is formed. Dilatation of bronchial
mucosal blood vessels, congestion and wall oedema are
also consistently reported features of fatal asthma and
these can account for considerable swelling of the airway
wall that reduces lumenal patency. The cellular infiltrate in
asthma is composed of an augmented T-cell population,
markedly increased numbers of eosinophils and, in severe
disease and exacerbations, an influx of neutrophils.

The limited data that are available indicate that the
morphological features of atopic asthma in children of
school-going age are similar to those encountered in
adults, with mucus plugging, inflammatory cell infiltra-
tion, mast-cell degranulation and thickening of the reticu-
lar basement membrane. Thickening of the reticular
basement membrane in asthmatics begins early even
before asthma is diagnosed. Little is known of the cellu-
lar and molecular pathophysiology of wheezing illnesses
in the preschool child and infant. New data from biop-
sies, BAL and sputum in this early age group are begin-
ning to be published and will prove to be invaluable in
unravelling the origins of asthma and, no doubt, its rela-
tionship to atopy and infection.
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SYMPTOMS AND SIGNS

The classical clinical features of asthma are wheeze, cough
and breathlessness. These terms are used in a number of
questionnaires used to describe the prevalence of asthma1

but there is a great deal of variation in the wording
and definitions used in questionnaires. There are further
problems: doctors' and families' perceptions of 'wheeze'
may change over time;2 the use of 'asthma' as a label
for wheezy any illness;3 and a lower threshold for report-
ing symptoms4 that may also be inaccurate.5 Assuming
that 'wheeze' could be considered a homogenous symp-
tom, there are no exact equivalents of 'wheeze' in some
languages.6'7

In recent years there has been a better awareness of
cough as a presenting complaint of asthma8 but the most
recent British asthma guidelines state '...criteria for
defining asthma in the presence of chronic or recurrent
cough have not been adequately defined'.9 Recurrent
cough is a common complaint in childhood and it is
important to consider how it relates to wheeze and to
asthma (Table 6a.l). Previously practitioners were very

Table 6a.1 Recurrent cough

Sensitive but not specific for asthma
Poorly predicts wheeze/asthma
Isolated chronic coughers no more atopic than
healthy children

Nocturnal cough: parents know whether there is
coughing but not how much

Cannot identify which children will be helped by
asthma therapy

ready to ascribe cough to bronchitis,10 but now there is
some anxiety that too many children who cough are being
diagnosed asthmatic and treated inappropriately.11-13

Whereas all that wheezes probably coughs, all that coughs
certainly does not wheeze. In asthma, cough may be the
only complaint because the child and his parents are
unaware of wheeze.14 There has been no real evaluation
of the third symptom of the triad: how many children
with the complaint of breathlessness have asthma?

'Doctor-diagnosed' asthma is a term sometimes used
by epidemiologists.15 If the epidemiology of asthma
based on reported symptoms is to have any meaning it is
crucial that subjects with non-specific respiratory symp-
toms are not classified as asthmatic and that doctors and
patients understand the terms each uses.16,17

Relationship between cough and wheeze

Hypotheses about the relationship between cough and
wheeze18 are based mainly on animal and adult human
studies. Cough receptors in the airways are sited both in
the mucosa and in smooth muscle (Figure 6a.l). It has
been proposed that viruses and other agents associated
with wheezing illnesses strip away mucosal epithelium to
expose sub-epithelial cough receptors19 thereby increas-
ing the sensitivity of the cough reflex. Patients with acute
viral infections have increased cough receptor sensitivity
(CRS) to agents such as citric acid which returns to nor-
mal when recovery has taken place.20 Only children who
have cough as a prominent feature with acute asthma have
increased CRS with an acute attack.21 Increased amounts
of locally active mediators also increase CRS.22 This could
be the reason that asthmatics cough. A primary and
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Figure 6a.1 Cough receptors.

fundamental increase in CRS is another hypothesis for
the cough of asthma but in both adults and children
whose asthma is controlled there is no such increase in
sensitivity.21'23'24 Change in airway size does not appear
to alter CRS in either normal or asthmatic subjects.20,23,25

Cough receptors are sparse in peripheral airways.
McFadden26 has proposed that airflow obstruction in
the small airways - deduced from pulmonary function
studies - results in breathlessness rather than cough and
wheeze, since the receptors for cough are located mainly
in the large airways and airflow obstruction is too mild to
cause wheeze. At the moment it seems that the cough of
asthma is more likely to be related to airway inflamma-
tion, mucous in the airways and direct sensitivity to trig-
gers than to an increase in CRS or airway calibre.

Coughing is a well-described trigger for wheezing in
asthmatics27 possibly by similar mechanisms to exercise.
Histamine and methacholine both produce cough and
bronchoconstriction and while these are closely related
the evidence suggests that they can be triggered inde-
pendently.28 Disodium cromoglycate blocks the bron-
choconstriction induced by nebulized water,29 but not
the cough, whilst lignocaine (lidocaine) blocks the cough
but not bronchoconstriction. Cough appears to be related
to respiratory water loss after exercise30 while broncho-
constriction is related to both water31 and respiratory heat
losses.32 These observations suggest that the mechanisms
of cough and wheeze in asthma are related but can be
independently triggered.

Is recurrent cough a marker for asthma?

Epidemiological evidence supports the observation that
recurrent coughing is a poor marker for wheeze. Only

half of a large group of children who coughed were also
reported to wheeze.33 Recurrent cough affected about
20% of 7-year-olds and 9% of 11-year-olds, a difference
probably reflecting the incidence of respiratory infection
in the two age groups. There was no difference in the
prevalence of wheeze, 12% in both groups. In another
large study of 7 and 8-year-olds34 cough was reported
in 22% and wheeze in 15%. Thirteen percent coughed
without wheezing. Of those who coughed about a third
were atopic and one third demonstrated bronchial hyper-
responsiveness (BHR). Of those with cough, no wheeze
and who were not atopic, only eight demonstrated BHR.
Thus cough is a poor predictor of wheeze and atopic
status.

Whilst it is true that most patients with moderate and
severe atopic asthma have very reactive airways, in a study
in New Zealand,35 only 50% of children with mild asthma
were shown to have reactive airways, 26% of children
with cough and no wheeze and 8% of children with no
symptoms at all were reactive. Non-specific testing of BHR
has been shown not to distinguish children with recur-
rent cough who eventually become asthmatic.36 Children
with cough but without wheeze have increased BHR but
are no more likely to be atopic than children with no
respiratory symptoms.37 Increased BHR during coughing
episodes is significantly less during cough-free periods.38

Thus, as far as BHR is concerned coughers seem to be
intermediate between controls and wheezers. This has
also been shown for bronchodilator responsiveness.39,40

Does airway pathology differ between coughers and
wheezers? In a study of cellular content in bronchoalveo-
lar lavage in children with atopic and non-atopic wheeze,
cough and controls, the cell profile of children with
chronic cough was similar to that of control children.41
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This suggests that the pathology associated with cough is
very proximal in the airway.

In a questionnaire study,42 children with isolated cough
were more likely to live in dust polluted areas and damp
houses, whereas the triad of cough, wheeze, and breath-
lessness was related to allergic history and preterm birth. In
the prospective, longitudinal Tucson Children's Respi-
ratory Study,43 children having recurrent cough (RC)
without wheeze did not differ from children with neither
symptom in serum IgE levels, skin test response, size-
corrected forced expiratory flow, or percentage of decline
following cold air challenge. In contrast, children with
both RC and wheeze had significantly more respiratory
illness, more atopy, lower flow at end-tidal expiration
(V'maxFRC), and greater declines in lung function follow-
ing cold air challenge than children with neither symp-
tom. Current parental smoking was a risk for RC without
wheeze, whereas male gender, maternal allergy, wheezing
lower respiratory tract illness in early life, and high IgE
were significant risks for RC with wheeze, compared with
children having neither symptom.

Why do parents worry about nocturnal cough? Sleep-
lessness and fear of choking are two main concerns.
However the relationship of cough to time spent asleep
and restlessness is very poor.44 Parents are proxy reporters
of symptoms and it has been demonstrated that both
parents'37 and children's45 records of nocturnal cough
compare very poorly with recordings on voice-activated
tapes. One third of parents of primary school-children
complain that their children have night cough but only
9.6% have cough and wheezing.46 It has been shown that
some coughers respond in the laboratory to bronchodila-
tor,39 but in two studies where coughing was recorded,
neither night-time cough in a small group of children
who definitely had asthma nor recurrent isolated coughers
benefited from the use of asthma medication.47,48 In
an unselected group of children with recurrent isolated
cough inhaled corticosteroids benefited some of the
children.49 Some may be suffering from the recently
described adult 'eosinophilic bronchitis'.50 Whether a
child with chronic cough and no wheeze will respond to
medication cannot be predicted by current testing.

Thus, children presenting with chronic cough and
no wheeze have many epidemiological and clinical differ-
ences from those with asthma.43 Very few turn out to have
asthma, probably no more than a control group. More
work needs to be done in understanding why coughers
have other features of asthma such as BHR and bron-
chodilator responsiveness (BDR) while they are cough-
ing. Epithelial damage, mediator release, and increased
sensitivity of parasympathetic receptor reflexes, which
include the cough reflex, are known to occur in rhinovi-
ral infection.51 These mechanisms could all explain the
increase in airways responsiveness, both BHR and BDR,
and the increased CRS during rhinoviral infection in
sensitive individuals. Rhinovirus replication persists for up
to 3 weeks, long enough to cause persistent symptoms,

at least in some subjects. What is now needed, short of
a vaccine to prevent rhinovirus replication, is medication
which will suppress cough receptor sensitivity.

Wheeze

THE SYMPTOM

Diagnosing childhood asthma is largely dependent
upon parental symptom reporting. There are a num-
ber of. difficulties: some parents confuse croup, stridor,
dyspnoea, and nocturnal snoring with wheeze,52 night-
time symptoms are difficult to quantify,44 recollection of
symptoms may change,53 parents' and children's reports
of symptom frequency may be discordant,54 clinicians'
and parents' words for symptoms55 and definitions1,16,17

may differ and, lastly, 'wheeze' does not translate into some
languages.56 Non-English speaking parents report symp-
toms less accurately.16 It has been shown that at least 20%
of parents misclassify both wheeze and other respiratory
sounds, such as stridor, and that parents of asthmatics
are no better than parents of children with no respiratory
problems. In addition parents are better at locating respira-
tory sounds than labelling them.16 It may be that wheeze
is for much of the time a sound heard on auscultation
or that if there are two sounds, for instance wheeze and
upper airway noise due to nasal secretions, parents become
confused. Another factor which may affect symptom
reporting is the relative weighting assigned to different
symptoms. Among adult patients, cough and breathless-
ness were rated as of greater importance than wheeze (or
chest tightness or sleep disturbance).57 There are no sim-
ilar data for parents or children.

THE SIGNS

Forgacs' classical text on lung sounds58 explains wheezing
and crackling and their relationship. Breath sounds are
believed to be generated by turbulent flow in the large air-
ways and their intensity varies directly with the flow rate.
The smaller the child the less distance between the large air-
ways and the chest wall and the longer sound will be heard
through expiration. This is particularly true over the upper
lobes where sound is filtered least. Breath sounds are heard
very faintly when there is hyperinflation. This is believed to
be due to reflection of sound at the pleura! surface.

Crackling is believed to result from explosive equal-
ization of gas pressure between two compartments of
the lung when a closed section of the airway separating
them suddenly opens. In primary airway disease, such as
asthma and bronchiolitis, where airways are swollen and
narrowed, generalized medium or coarse crackling can
be heard throughout both phases of respiration. The
crackling originates anywhere along the airways which
open and close at different times. Whether or not these
crackles are easy to hear depends on whether they are
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obscured by wheezing, are damped by hyperinflation or
by the thicker chest wall in older patients. Chronic sup-
purative disease of large airways, such as bronchiectasis
or in cystic fibrosis, leads to very coarse sounds which
merge into wheezes. They may be focal and exaggerated
by coughing. The fine inspiratory crackling associated
with lobar pneumonia or pulmonary oedema originates
in small airways and is high pitched in both.

Wheeze is a musical sound produced by oscillation of
the bronchial wall at points of flow limitation (choke
points). (See Chapter 6b.) The total cross-sectional area
of the small airways of the lung is much greater than the
total cross-sectional area of the large airways. The linear
velocity of gas flowing in small airways is usually too
slow to cause turbulent oscillations of narrowed airways.
Wheeze may originate in large airways which have been
narrowed by compression or by intrabronchial or intra-
luminal obstructions, which cause an increase in flow
velocity of gas through them with resultant oscillation.
This in turn determines the pitch of the wheeze. In local-
ized disease, such as that caused by a bronchogenic cyst,
bronchomalacia or an inhaled foreign body, airway nar-
rowing results in a wheeze whose pitch although differ-
ent in inspiration and expiration is fixed and constant
and usually located to one side of the chest. The nearer
the larynx the more resonance there will be in the supra-
laryngeal area and the inspiratory wheeze may take on
the quality of stridor. Because noise is conducted well in
a small chest it may be difficult to be certain about the
site of a lesion on the basis of added sounds. Differences
in the quality of the breath sounds are probably better
indicators of the site of a lesion.

When small airways are narrowed by mucosal
oedema, secretions or bronchospasm, the intrathoracic
pressure rises in expiration in order to expel gas through
them. The pressure outside the large airways exceeds
that inside and the large airways collapse downstream of
the 'equal pressure point' as a result. This is known as
dynamic compression of the large airways (Chapter 6b)
and is contributory to the wheezing in generalized small
airways disease, such as in bronchiolitis, and in asthma.
Intraluminal narrowing caused by mucosal swelling and
mucous plugging are the other contributory factors to the
wheeze. Airways close at different points along their
length causing wheezing of different pitch and at differ-
ent times in expiration (Chapter 6b).

Thus, on auscultation, wheeze of 'fixed' pitch occur-
ring in inspiration and expiration suggests a localized
abnormality. Wheezes of Varying' pitch occurring pre-
dominantly throughout expiration reflect the narrowing
of airways of different calibre, the result of dynamic
compression associated with widespread airways disease.
In practice children with localized disease, e.g. caused by
an impacted foreign body, will have retained secretions,
peripherally, and hence a 'mixed' pattern of wheezing
may be heard or if the object has produced complete
occlusion, no wheezing at all.

Wheeze is best heard at the throat not over the chest
where there is damping of sound transmission.59

Nocturnal wheezing

One of the first acknowledgements that nocturnal
wheezing could be a problem for children as well as adults
was embodied in the original asthma diary card.60 In
epidemiological studies of asthma in children before the
introduction of drugs for regular use in asthma, there
is no readily identifiable documentation of night-time
cough or wheeze. It is difficult now to know how com-
mon classical nocturnal airway narrowing is in children.
Laboratory based studies have shown that selected
asthmatic school-children waken during the night with
symptoms.61'62 Nocturnal wheezing is a real problem in
adolescents with troublesome asthma but the younger
the child the more difficult it is to know how much
wheeze, as distinct from cough, there is at night.

It is not known whether the mechanisms which oper-
ate in adults and older children with nocturnal asthma63

operate in the wheezy infant or preschool child and it is
not known how soon the circadian variation in airway
calibre develops. Delayed hypersensitivity to allergens
causing airway narrowing 4-6 hours after exposure and
a similar response to exercise can certainly be demon-
strated in school-children.64'65 These may amplify the
circadian rhythm of airway calibre to cause nocturnal
symptoms.

Recurrent attacks of asthma have been cited as a
potential cause of sleep disturbance and are related to
poor performance during the day.66 A community study
has suggested that children with asthma have no more
sleep difficulties than other children, 38%.67 However,
the results of this study should not obscure the very real
and potentially dangerous symptom of nocturnal
wheeze. Compared with matched controls, children with
asthma have significantly more disturbed sleep, tend to
have more psychological problems, and perform less well
on some tests of memory and concentration. In general,
improvement of nocturnal asthma symptoms by
changes in treatment is followed by improvement in
sleep and psychological function in subsequent weeks.68

Shortness of breath

In the older studies of the symptoms of asthma,69 in
adult asthmatics,57 and more recently in epidemiological
studies, shortness of breath is cited.1 It is difficult to
know what is meant by parental reporting of shortness
of breath in a child, as this is a subjective symptom. In
a study of clinical-physiological correlations in acute
asthma, dyspnoea has been defined as 'the investigator's
impression of the degree of the child's breathlessness'.70

Children who reported dyspnoea demonstrated severe
airway obstruction. On the other hand severe airway
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obstruction was present in some who did not report dys-
pnoea. Clifford37 defined breathlessness for parents as
'out of breath or puffed'. The increased work of breathing
associated with bronchoconstriction and breathing at
increased lung volumes is probably what is expressed in
the term 'breathless'. Difficulty in breathing is probably
a better term and is how many parents know their child
is wheezy.1 As this is a difficult symptom to define, it is
probably not appropriate to include it in a questionnaire
which is to be used as a research tool. 'Breathlessness on
exercise' is not a symptom of respiratory disease, as every-
body will be breathless in response to enough exercise.
'Undue breathlessness on exercise' is something that can
only be validated using appropriate laboratory testing.
Breathlessness due to asthma should be distinguished
from poor physical fitness, due to obesity or lack of exer-
cise, or a disinclination to take part in sport. Coughing
and/or wheezing on exercise is more likely to discrim-
inate between asthmatic and non-asthmatic children.

Rapid and difficult breathing

In a recent study of infants with bronchiolitis respira-
tory rate did not correlate with severity as assessed by
poor oxygen saturation values measured by oximetry.71

The counting of respirations and its meaning is still
debated.72'73 Tachypnoea is no indicator of the severity of
an attack in older children with acute asthma.70'74 A raised
respiratory rate is more in keeping with pneumonia.

Work of breathing is directly proportional to airway
resistance and breathing rate and inversely related to lung
compliance. In some very ill infants, presumably where
there is a markedly increased airways resistance, there is a
slowing of breathing and hypercapnoea.75 The younger
the infant the more compliant the chest wall and so the
more inefficient is the work of breathing in maintain-
ing alveolar ventilation. Intercostal and sternal recession
reflect both this and the large negative intrathoracic pres-
sures which are needed to sustain minute ventilation.76

When the respiratory muscles tire, respiration fails.77

Chest tightness

This is a subjective sensation very infrequently men-
tioned in studies of children's complaints. Parents when
proxy reporting do not use the term, preferring difficulty
in breathing or breathing hard. In a group of adults with
asthma symptoms who underwent bronchial challenge,
chest tightness correlated significantly with the fall in
FVC but not with the fall in FEV1.78 These subjects could
have an enhanced perception of small changes in lung
function. In another adult study, whose aim was to iden-
tify the best words to use in a questionnaire for asthma,
chest tightness identified asthma better than breathless-
ness,79 although adult asthmatics may not rate it of more
importance.57

General clinical examination

GROWTH

Growth in children with asthma can be affected by both
poor control or by drug treatment (Chapter 15). Even
when control is good puberty is commonly delayed.80

Infants with wheezing associated with disorders such
as CF and BPD grow poorly for reasons which are not
just related to the chest disorder but to problems such as
malabsorption and feeding difficulties. When a wheezy
infant presents with poor growth other conditions need
to be considered.

CHEST DEFORMITY

Children with chest deformity - a prominent sternum
with depression over the lower ribs (Harrison's sulci) -
are at the very end of the spectrum of severe, trouble-
some asthma.81 Chest deformity correlates well with
radiographic features of hyperinflation.82 Nowadays it
is a rare clinical sign and suggests that asthma is very
poorly controlled. In addition, it is a reflection of hyper-
inflation in severe chest disease in children with cystic
fibrosis (CF) and chronic lung disease of prematurity.
Right ventricular hypertrophy and congenital abnormal-
ities of the muskuloskeletal system are also associated
with chest deformity. Finally, pigeon chestedness in the
absence of symptoms is not uncommon. A proper his-
tory should avoid the need for extensive investigations
and associated anxiety.

OTHER ATOPIC FEATURES

The incidence of eczema, hay fever and urticaria in asth-
matic children under the age of 14 years is much higher
than in controls,83 in proportion to the severity of
asthma. The first appearance of and subsequent variation
in some of the allergic manifestations often does not cor-
respond to the clinical course of the asthma. Eczema is
particularly troublesome during the first two years, and
usually predates wheeze. There is a significant correlation
between the severity of the asthma and the severity of the
eczema. On the other hand symptoms of hay fever usu-
ally have their onset after wheezing, often many years
after, and their severity does not correlate with the sever-
ity of the asthma. In all children who have eczema 80%
will wheeze at some time.84

QUESTIONNAIRES AND DIARIES

Questionnaires are for diagnosing asthma and so deter-
mining its prevalence or for monitoring its severity, or
both.85 Burr11 has highlighted the advantages and diffi-
culties with this. Definitions of symptoms and items
included are inconsistent.1 Wheeze can mean different
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things in different languages and different cultures56 and
could make international comparisons of prevalence
problematic. In the UK, 10% of the adult population
have a reading age of <11 years. Few questionnaires (if
any) are marked with a reading age.

To remove bias as far as possible, a health questionnaire,
which asks about many aspects of health and so removes
the focus on asthma symptoms, may be preferable to an
asthma or respiratory questionnaire.86 Questionnaires
ask parents about wheeze. The World Health Organisation
(2000)86a suggests that wheeze may be heard at the
mouth or using a stethoscope. If wheeze can only be
heard by a stethoscope, parents who respond positively to
a question about their child's wheeze either understand
something different to a sound or could be reporting
something different together. There is ample room for
confusion.

Questionnaires have been developed for monitoring
asthma87,88 and these seem more promising. The Paediatric
Asthma Diary seems to be the most rigorously tested in
children in whom there has been a full asthma workup,
including all recommended testing for the diagnosis.88

(The methodology of questionnaire evaluation is very
well explained in this reference.)

Symptom reporting and objective testing

There are large differences between reported symptoms
in children and results of bronchial challenge. In two
Australian studies undertaken at about the same time,
the relationships were quite different. In one, 6.7% of
children had BHR but no symptoms and 5.6% had a
diagnosis of asthma but no BHR.89 In the second, 53%
of those with BHR had no asthma diagnosis and 48% of
those with diagnosed asthma did not have BHR.90 The
definition of BHR was similar. This calls into question
the validity of the reported symptoms. The validity of
questionnaires used on their own to measure prevalence
must be rigorously defended.91 For epidemiology stud-
ies, calls have now been made for objective testing.92

Diaries are used for both clinical and research pur-
poses. For a score-based diary to be a useful tool for
either purpose there should be validation of the symp-
toms which it records. It has been shown that cough at
night recorded on a voice activated tape did not correlate
with what parents recorded on diaries.93 Thus the docu-
mentation of cough at night does not necessarily indicate
that asthma is poorly controlled or that a child has
asthma at all (see above). Night-time cough is not used in
a questionnaire for adults94 and perhaps it is time it was
removed from children's diaries. Documentation of the
early morning PEF which reflects night-time broncho-
constriction is potentially more useful.

A criticism of diaries is that they are poorly kept.44,95

Entries are often made in batches. Simultaneous record-
ing in written diaries and electronic diaries suggested that

about one fifth of diaries kept by adults have errors.96

Electronic diaries recording drug usage97 or spirometry
seem more promising98 but, with time, there is increas-
ingly poor recording adherence.99

Diaries used for recording symptoms, PEF and drug
usage have been used in countless clinical trials. It is
important to ensure that these are scored properly.
Usually night-time symptoms, daytime symptoms and
symptoms on exercise are documented on a scale of 0-3.
Total scores can be used simply to give some idea of
whether the subject(s) did or did not have asthma during
the period. This may be entirely appropriate as it was in
Johnston's study.100 There the variability of PEF through-
out the day in a group of symptomatic children was all
that was to be measured. However, counting total symp-
tom scores recorded by a parent before and after treat-
ment may be a coarse way of discovering how well asthma
is controlled or if a treatment is of value. The rules of
using ordinal scales for this purpose state that categories
must be mutually exclusive.101,'102 In asthma trials they
rarely are. If cough, wheeze and difficulty in breathing
scores 3, is this worse, than, say, where only difficulty
in breathing is scored? Sometimes mean scores are at the
lower end of the possible total, indicating little room
for improvement, at least using these symptoms. More
information could be gained by assessing the score for
each symptom separately or for each time of day. It may
be better to define a clinically relevant improvement over
the whole period of investigation. Should it be a reduction
in the number of episodes of wheezing, an improvement
in night-time symptoms or less exercise-induced wheeze?
Or simply, asthma 'yes' or asthma 'no', night and day.

Changes in PEF variation over time show poor con-
cordance with changes in other parameters of asthma
severity. When only PEF is monitored, clinically relevant
deteriorations in symptoms, FEVj, or bronchial respon-
siveness may be missed.103 Home spirometry or PEF
monitoring seems to add little to symptom-based man-
agement protocols.104'105 This suggests that home record-
ing of PEF alone may not be sufficient to monitor asthma
severity reliably in children.

Extra treatment for symptoms is also recorded in
diaries. What relationship this bears to what is actually
taken requires examination. In any event this further
confounds the meaning of symptom scores. If the treat-
ment is taken to prevent symptoms then the total num-
ber of doses will be discordant with the symptom scores.
If taken after symptoms have developed then the two will
be concordant.

One of the many difficulties of evaluating drugs in the
long-term treatment of wheezy infants (<2 years) is that
symptom scores and extra drug usage are all that can be
used to measure day to day control at the moment.
Change in lung function would be a more objective
measure of efficacy. Some of the new lung function stud-
ies appropriate for young children where only passive
co-operation is required are now of help106'107 (Chapter 6b).
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For both clinical purposes and intervention studies,
it should be clear whether improvement in lung func-
tion, airway inflammation, BHR, or control of symptoms
is the principal goal. This cannot be answered until it is
known if, in the long term, good lung function with con-
trol of airway inflammation is as important as symptom
control.

ACUTE WHEEZING - SIGNS AND SCORING
SYSTEMS

Do the physical signs in acute wheezing disorders reflect
the severity of an attack and thus help to decide about
hospital admission, treatment and progress? (Table 6a.2).

Table 6a.2 Signs of severity in acute wheezing

Too breathless to feed, talk or play
Cyanosis; unreliable; oximetry more useful
Tachycardia
Nasal flaring
Use of accessory muscles
Head retraction and 'nodding'
Pulsus paradoxicus >15 mmHg
• difficult to measure and insensitive

(Wheezing, dyspnoea and tachypnoea not useful for
judging severity)

Infants

Several studies have considered signs such as chest
indrawing, cyanosis, crackles and pulse rate and have
derived clinical scores from them.71,75,108 Cyanosis and
the presence of crackles predict severity but these signs
are neither very sensitive nor specific. There is poor agree-
ment between physicians about the degree of retraction
and wheezing. Nasal flaring and tachycardia together
predict low oxygen saturation and all three predict length
of stay in hospital.108 One physical sign which has not been
formally considered is 'pausing'. If a distressed infant who
is working hard to breathe develops irregular respir-
ations with pauses, then it seems very likely that exhaus-
tion is impending.

Most studies agree that scoring systems for the wheezy
infant have little to commend them and that objective
measures of gas exchange such as blood gas analysis and
pulse oximetry are better reflections of severity. What is
important is that it is possible for an infant to score low
even when he is already needing oxygen and hospital
admission. The likely course of a mildly wheezy infant
at the beginning of an illness cannot be predicted with
current techniques, either scoring systems or oxi-
metry measurements. This is unlike the position for
children with asthma where it is possible early in the

attack to know whether hospital admission is necessary
(Chapter 12).

Head retraction is seen in severely distressed infants
and is not unique for wheezy infants.109 It reflects the fix-
ing of the neck in extention in order to fix the origin of the
sternomastoid and scalene muscles so that they can work
as efficiently as possible. Contraction of the accessory
muscles will then only move the chest and not the head as
well, although head-nodding is seen commonly in acutely
wheezy infants. It has been proposed that extension of the
neck splints the infants' compliant, cartilage-deficient
airways and thus minimizes collapse on inspiration.

Children

In the case of older children with asthma, the position
is little different. Kerem70 confirmed what others have
shown previously.110 Pulsus paradoxicus and the use of
the accessory muscles of respiration when present are
related to severe asthma as determined by both lung
function and oxygen saturation but severe hypoxaemia
can be present in the absence of these signs. Reduced FEVj
on spirometry could indicate severe airways obstruction
in the absence of hypoxaemia and almost certainly
precedes it.70

The use of accessory muscles contributes to the
increased work of breathing at high lung volumes. Pulsus
paradoxicus, the amount the blood pressure decreases
during inspiration, reflects the high negative intratho-
racic pressures created during inspiration which increase
left ventricular afterload which in turn reduces systolic
pressure. This is not easy to measure in practice in small
children as it may not be easy to relate the systolic pressure
to the phases of respiration. When deflating the blood
pressure cuff there is an interval between the point when
the Korotkoff sounds are first heard at a rate slower than
the heart rate and when they are heard at the same rate
as the heart rate and at equal amplitude. This interval is
the measurement of pulsus paradoxicus. When paradox
exceeds 15 mmHg asthma is severe.111

Scoring systems have been based on these signs as well
as respiratory rate, heart rate, wheeze, and dyspnoea.
High scores certainly suggest severe airway obstruction
but low scores do not rule it out.

DIFFERENTIAL DIAGNOSES

Recurrent wheezing is such a common problem that it
seems unreasonable to investigate every child for under-
lying disease unless there are additional clinical features.
In addition to the wheezing which follows bronchiolitis
and accompanies non-viral infections, the main disorders
to be considered are cystic fibrosis, congenital lung dis-
orders and foreign body aspiration (Table 6a.3). Unusual
causes of wheezing are considered in Chapter 13a and
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Table 6a.3 Conditions other than asthma and bronchiolitis

which can cause wheezing

Infection
Wheeze rare in infants with non-viral infections

M. pneumoniae infection causes acute wheezing in 30%

Tuberculosis: focal wheezing; CXR changes

Genetic Disorder
Cystic fibrosis: rarely uncomplicated wheezing

Immune deficiencies: cause bacterial infections, but
rarely wheeze

Primary ciliary dyskinesia:

• symptoms from early infancy

• wheeze not prominent

Congenital Abnormalities
Tracheo-oesophageal fistula: CXR changes

Other airway abnormalities:

• early onset; unusual noises such as biphasic stridor
• radiology helpful

Miscellaneous
Gastro-oesophageal reflux: wheeze with or without

aspiration

Foreign body aspiration

• suggestive history in 80%; focal signs; radiology

gastro-oesophageal reflux is considered in Chapter 7c.
Wheezing whose onset is in early infancy should be inves-
tigated thoroughly (Chapter 9). Dry cough often accom-
panies wheeze in children with asthma. A persistent wet
cough should ring alarm bells, and always calls for further
investigation.

Infections

NON-VIRAL

The symptoms of Chlamydia trachomatis infection in the
young infant are cough and tachypnoea. The chest radio-
graph shows patchy areas consistent with collapse and
consolidation. The clinical picture is one of pneumonia
rather than a wheezing illness. Chlamydial infection in
older children appears to imitate asthma92 which does
not respond to bronchodilators. Chlamydia pneumoniae
was identified in 1986. Its relationship with wheezing
illnesses in childhood has still to be clarified. In one
study,93 children with asthma symptoms who reported
multiple episodes of asthma-like symptoms were those
with persistently high C. pneumoniae antibody titres. It is
not known whether treatment with a macrolide is bene-
ficial. It has been suggested that C. pneumoniae infection
causes asthma in adults,94 but C. pneumoniae infection
when diagnosed by microimmunofluorescence serology
is not a major risk factor for the development of asthma
in children.96

A Mycoplasma pneumoniae chest infection is an acute
illness in which cough and fever are the major features.

Wheezing may be heard on auscultation in about one
third.112 The chest radiograph may show patchy consoli-
dation, unilateral in about 85% and most commonly in
a lower lobe. Pleural effusions and/or hilar adenopathy
feature in 20-30%.

Tuberculosis is on the increase in the West and will
need to be considered more often in children. Obstruc-
tion of a bronchus because of compression by a large,
swollen hilar node or, more commonly, by erosion of
such a node into the bronchus can cause wheezing. The
changes on the chest radiograph reflect bronchial com-
pression and result in lobar or segmental hyperinflation
or consolidation. These features can imitate the classical
radiographic appearances of an inhaled foreign body.113

The diagnosis is made at bronchoscopy when material
can be collected for culture.

Post-bronchiolitic wheezing

Wheezing and cough often continue for days or weeks after
the acute illness of bronchiolitis in a very young infant
and represent slow resolution of airway inflammation,114

persistence of virus115 and interindividual differences
in host response.116 This diagnosis is made on clinical
grounds and by exclusion of underlying disorders. Most
infants who suffer bronchiolitis develop episodic wheeze
with further viral infections. The long-term consequences
of viral wheezing illnesses in infants and young children
are reviewed in Chapters 3, 7b, and 9.

Obliterative bronchiolitis and other
post-viral disorders

These are rare complications of viral wheezing ill-
nesses of infancy. They usually follow infections with spe-
cific adenovirus subtypes, especially in conjunction with
measles.117 Changes consistent with reduced peripheral
perfusion of the lungs and persistent overinflation on the
chest radiograph together with a disabling respiratory
illness characterized by prolonged hyperinflation and
persistent wheeze with fine crackles distinguish this illness
from the very frequent post-bronchiolitic wheezing.118

Response to treatment is unrewarding.
Small numbers of children with structural damage to

the lungs assumed to have resulted from damage by viral
infections have been described in case reports. The aeti-
ology is probably multifactorial. Most are associated with
intractable wheeze and respiratory failure. Bronchiectasis
and the Swyer-Jomes-McLeod syndrome are two condi-
tions included in this group.119 The latter is the name given
to a small hyperlucent lung seen on the chest radiograph.
The peripheral bronchi are narrow and show chronic
inflammatory changes. The hyperlucency is caused by
alveolar overdistension and reduced pulmonary vascu-
larity. Measles, adenovirus and mycoplasma have been
incriminated.



114 The clinical features and their assessment

Cystic fibrosis

Infants with cystic fibrosis may present with severe clin-
ical illnesses indistinguishable from viral bronchiolitis.
Such infants have a particularly severe illness with a high
morbidity and slow recovery.120 Most infants with cystic
fibrosis presenting with respiratory symptoms have had
them for months and have in addition features of under-
nutrition. Thus, a severe wheezing illness requiring pro-
longed hospitalisation is a strong indication for further
investigation. A history of respiratory symptoms, together
with a persistently abnormal chest radiograph and poor
growth are also suggestive of cystic fibrosis.

Disorders of host defence

PRIMARY CILIARY DYSKINESIA

Buchdahl and colleagues121 reviewed the clinical features
of 18 children with this disorder. All those with ultra-
structural abnormalities or absence of cilia had been
symptomatic in the first week of life. Three of seven with
normal ultrastructure but low ciliary beat frequency also
had symptoms in the first week of life. This was an import-
ant distinguishing feature between the group and other
children with chronic respiratory symptoms. Although
chronic cough was described as a symptom in these chil-
dren wheeze was not. In a recent review122 atypical asthma
is cited as a differential diagnosis. A properly taken
history of associated features such as persistent nasal
discharge or recurrent otitis media should point to the
diagnosis.

IMMUNOGLOBULIN SUBCLASS DEFICIENCY

This group of disorders is particularly associated with
chronic bacterial chest infection and failure to thrive.
IgG3 deficiency is associated with atopic disease123 but
is not a deficiency that needs to be remedied. When
immunoglobulin subclasses in children with asthma
were compared with controls124 all major subclasses in
young asthmatics were reduced. However, no child was
deficient in any subclass according to the reference ranges
of Schur.125 The authors postulate that delayed matur-
ation of subclass production is associated with asthma.
More recently, this has been confirmed in Asian children
who have neither major immunoglobulin deficiency nor
subclass deficiency.126 Estimation of subclass concentra-
tions therefore does not need to be undertaken routinely
in children with uncomplicated wheezing disorders.

CELL MEDIATED OR COMBINED IMMUNE
DEFICIENCY

Recurrent wheezing is not a prominent feature of these
disorders which are associated with bacterial infection
and failure to thrive.

Gastro-oesophageal reflux (GOR)

This topic is dealt with in Chapter 7c. Reflux can con-
tribute to asthma either by a vagally mediated reflex mech-
anism or, rarely, by aspiration.127 In infants who wheeze
recurrently the question of aspiration arises more fre-
quently. Simpson128 has reviewed this difficult topic. In
a study of 38 children under 18 months with recurrent
respiratory symptoms129 33 were wheezy. There was no
association between indices which described the amount
of GOR and measures which described the degree of
abnormality in lung function. What matters may be the
individual responsiveness to GOR, not how much GOR
there is. Whilst treatment of reflux is associated with
improvement in certain groups of patients, particularly
those with pneumonia, the evidence is less convincing
with asthma and with wheezing disorders in infants. Where
there is radiographic evidence supporting a diagnosis of
aspiration, then appropriate investigations for GOR are
justified. There is however no good radiological technique
which reliably demonstrates aspiration. There is at pres-
ent nothing to support the routine investigation for GOR
in infants and children with recurrent wheezing, unless
they have troublesome symptoms unresponsive to anti-
asthma treatment.

Congenital abnormalities

LESIONS CAUSING COMPRESSION OR
OBSTRUCTION OF AIRWAYS

Rare intrabronchial or mediastinal lesions can cause
wheezing in infants by direct large-airway narrowing.
Abnormal vessels and intrathoracic masses such as bron-
chogenic cyst, teratoma, neuroblastoma, sequestration
and even cardiomegaly can cause extrabronchial compres-
sion and tachypnoea in early infancy. Isolated wheezing
is very unusual. Intrabronchial lesions include broncho-
malacia and bronchial stenosis. Some are associated with
congenital lobar emphysema. Chest radiography in an
infant who has unexplained respiratory symptoms will
show focal signs, often hyperinflation, and further radio-
graphic studies will help to clarify the abnormality
(Figures 6a.2 and 6a.3).

TRACHEO-OESOPHAGEAL FISTULA (TOF)

Children with the H-type fistula can present with recur-
rent chestiness. Chest radiographs will demonstrate
abnormalities consistent with atelectasis and pneumo-
nia, identical to those in children with recurrent aspir-
ation due to GOR. Abdominal distention with an elevated
diaphragm is common.

Foreign body aspiration

This is the most important consideration in children
beyond infancy. In a review of 25 children who had
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Figure 6a.2 The plain chest radiograph in some wheezy conditions, (a) Bronchiolitis. The patchy radio-opaque areas in the
upper right zone suggest segmental collapse, (b) Obliterative bronchiolitis. This radiograph was obtained several months after
an adenoviral infection. It shows gross hyperinflation and pruning of vessels in the peripheral lung fields, (c) Cystic flbrosis.
The bilateral lower zone shadows are consistent with consolidation. There is consolidation of both upper zones. This child
presented with wheezing, (d) Inhaled foreign body. This child had been mistakenly treated for asthma. Note the hyperlucent
right lung. A nut was removed from the right main bronchus at bronchoscopy.

aspirated, in 21 there was a positive history.130 Wheezing
unresponsive to bronchodilators and focal signs on
auscultation such as reduced breath sounds on one side
should point to the possibility. Chest radiography will usu-
ally confirm a focal abnormality, usually hyperinflation
of one lung or lobe, depending on the site of impaction.
Complete occlusion is nearly always secondary to pro-
longed impaction with local inflammation, and leads to
radiographic signs of collapse distally. Impaction on the
left is not infrequent (about 40%) but there is often delay

in recognizing radiographic signs associated with a for-
eign body in the left lower lobe bronchus.131

On the rare occasion where the chest radiograph does
not give a clear indication of abnormality in spite of the
clinical picture, an isotope lung scan will help to locate a
segment or lobe which is particularly poorly ventilated.
Paediatric bronchoscopy is a straightforward procedure
in experienced hands, used for diagnostic as well as
therapeutic purposes. Foreign bodies are usually removed
using a rigid bronchoscope.
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Figure 6a.3 Specialized radiology techniques, (a) Penetrated chest radiograph in an 18-month-old child who presented
with wheeze and stridor. The plain radiograph (left) shows the mediastinum deviated to the left. The penetrated
film (right) shows a normal trachea and carina but the left main bronchus is not seen. There is a suggestion of
a mass in relationship to it. (b) Computed tomogram at the level of the carina in the same child. This shows the
mass in the left hemithorax closely opposed to the left main bronchus (arrow). A bronchogenic cyst was removed
at surgery, (c) Ventilation and perfusion lung scanning (posterior views). Both perfusion (right) and ventilation (left) scans
show a matched segmental defect in the left lower and mid-zones in a child with bronchiectasis. (d) Barium swallow.
This shows gross gastroesophageal reflux. Contrast is seen in the lung. This child presented with wheezing on
two occasions with consolidation on the plain radiograph. The investigation demonstrated a large hiatus hernia
with gastroesophageal reflux and pulmonary aspiration.

Bronchiectasis

Bronchiectasis should be considered when there is per-
sistent wheezing associated with a persistent wet cough
or purulent sputum. Ventilation/perfusion scans will help
to define whether disease is limited to one lobe or more
(Figure 6a.3) and computed tomography of the chest

should be routine.118'132 Children with lesions isolated to
one lobe often benefit from surgery. A history of recurrent
infections suggests underlying undiagnosed conditions
such as immunoglobulin deficiencies and the very rare
possibility of a late presentation of cystic fibrosis with
bronchiectasis should not be forgotten. Neither of these
conditions presents with exclusive wheeze. Chronic and
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rare disorders in children who have lived in countries
where they are less likely to be diagnosed in infancy may
come to notice only following migration.

INVESTIGATIONS

There is poor agreement between physicians and parents
about what is wheeze in their child, when the 'gold stand-
ard' is wheeze heard on auscultation of the chest.17 There
is also poor agreement among adult physicians about
signs elicited on physical examination of the chest.133

The case for objective testing for the diagnosis of asthma
and wheezing disorders is compelling.92,134,135

Chest radiology

ACUTE WHEEZING

Routine chest radiology in series of children with acute
asthma does not provide useful information for children's
care plans.136'137 Patchy collapse and sometimes lobar col-
lapse together with hyperinflation are the usual findings.
Lobar collapse generally improves with the asthma. Air
leaks are usually identified clinically and, as is usual, in
the spontaneously breathing asthmatic do not require
treatment. In the very few asthmatics who require assisted
ventilation, chest radiology is essential not only to ascer-
tain the correct positioning of the endotracheal tube but
also to know of the presence of air leaks (Chapter 12).

Chest radiology has been evaluated in a group of
infants with acute bronchiolitis.138 It is the clinical status
which determines management not the appearance of
the chest radiograph. As in asthma, hyperinflation with
patchy areas of collapse (in 25%) is usual. Imaging is only
useful when intensive care is considered, when there is
sudden deterioration or in infants with an underlying
cardiac or chronic pulmonary disorder.

RECURRENT AND CHRONIC COUGH AND WHEEZE

There is no information about how often useful informa-
tion is obtained from the chest radiograph in thriving
infants with a diagnosis of post-bronchiolitic wheeze.
Unless the findings on chest radiology will influence the
course of management it can be argued that there is little
point in undertaking them. A child with previous lobar
collapse during an acute illness should have a follow-up
chest radiograph. There are no guidelines about when this
should be done but if the lobe has not re-expanded after
the acute phase of the illness then bronchoscopy should be
considered. Recurrent segmental or lobar collapse in an
infant would be a strong indication for further investiga-
tion for GOR or TOR Once such abnormalities have been
excluded then further radiographs need to be justified.

Congenital abnormalities in infants with prolonged
respiratory symptoms need to be considered, but these
are rarely present with solely uncomplicated cough and

wheeze. Children who are not thriving and in whom
underlying chronic disorders are being considered will
need chest radiology as part of the overall evaluation
(Figure 6a.2). In otherwise healthy older children who
have a clear history consistent with asthma, routine chest
radiography is not indicated.

SPECIAL RADIOLOGICAL PROCEDURES
(FIGURE 6A3)

A filter view of the mediastinum with magnification - or
'penetrated' chest radiograph - is useful to define medi-
astinal structures especially the trachea, carina and major
bronchi. This procedure has largely been replaced by
computed tomography (CT) scanning of the chest.

Fluoroscopy of the chest to look for mediastinal move-
ment is sometimes used to aid in the diagnosis of a for-
eign body. When the foreign body causes air trapping
then, on expiration, the mediastinum moves away from
the abnormal side. With a good history and careful exam-
ination screening should not be needed very often. In
cases where there is no trapping (for example when there
are small fragments of foreign material on both sides)
screening could be unhelpful. Indications for barium swal-
low include the identification of lesions causing extrinsic
pressure on the oesophagus, aberrant vessels for example
which may also cause pressure on the airways, gastro-
oesophageal reflux and aspiration. Barium swallow has
also been largely replaced by CT scanning for compres-
sion and pH monitoring for GOR.

CT scanning gives an excellent anatomical descrip-
tion of the intrathoracic structures, masses and the lung
parenchyma, is especially useful in defining the extent
of bronchiectasis and may be useful to asses airway wall
thickness in difficult asthma.139 There is however a high
radiation burden from a CT scan.

Ventilation/perfusion scanning gives a functional
description of the lungs. In a wheezy child who has a
hyperlucent or small lung identified on the chest radio-
graph it is important to know whether it is normally
ventilated and normally perfused. Normally functioning
but small lungs are not especially rare. In MacLeod's syn-
drome the small lung is poorly ventilated and poorly per-
fused and in children who have a hypoplastic pulmonary
artery the lung is poorly perfused but well ventilated. In
all cases it is important to describe the function of the
'normal' lung if surgery is being considered. In bronchiec-
tasis if only one lobe or segment is affected then the clin-
ical result of surgery should be very good.

Skin-prick testing and other allergy tests

The role of routine skin testing in the management of
asthma is controversial. It can be argued that demon-
strating positive skin tests are useful in persuading patients
to take measures to reduce house dust exposure or to
part with pets. Evidence to support these measures is still
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being gathered. A more persuasive argument would be
that such measures should be taken before children are
sensitized! Skin testing is not difficult to perform properly
and to interpret provided the tester has been trained.
The interpretation of total and specific serum IgE assays
can be problematic. If specific allergen testing is to drive
management, then methods of testing need to be easier
and, in the case of specific IgE measurements, cheaper.
Their roles in epidemiology and research and their clin-
ical usefulness are discussed in Chapter 7a. Severe asthma
in a non-atopic schoolchild is unusual and calls for care-
ful assessment. Recent evidence suggests that inhaled
corticosteroids benefit only preschool wheezers who are
sensitized to aeroallergens.107

Bronchodilator responsiveness, exercise
and bronchial provocation testing

The USA asthma guidelines140 suggest that all patients
with respiratory symptoms suggestive of asthma have
BDR testing and if the diagnosis is in doubt to proceed to
tests of bronchial responsiveness to non-specific agents.
Current British guidelines do not suggest this for chil-
dren.9 Until the sensitivity and specificity of BDR testing
studies in children are known they cannot be promoted
as diagnostic tests. BDR testing in preschool children, using
the measurement of airway resistance by the interrupter
technique before and 15 minutes after bronchodilator,
has an 80% sensitivity and 80% specificity for wheeze in
the previous 6 weeks.39 A sensitivity and specificity profile
is not available for change in FEY^ in response to bron-
chodilator in children, although this can be derived
from the data available141 and seems to be excellent for
the identification of children with moderate or severe
asthma. The change quoted in the US guidelines, 12% of
expected, is based on the BDR expected in adult controls.
The only equivalent figure available for children is 9%141

which is the change demonstrated in healthy children
plus two standard deviations of the change. A fall in Rint
of upto 46% could be normal in young children.153

Anything in excess of this could be considered BDR.
The interpretation of tests of bronchial responsiveness,

whether to exercise or to the inhalation of agents such as
methacholine, is similarly problematic. How-ever, if an
exercise test causes a child's PEF or FEVj to drop by over
15% expected and especially if wheezing is heard then
there is little doubt that he/she has asthma. However,
only a proportion of asthmatics have exercise-induced
wheezing (Chapter 6c). Metacholine responsiveness
alone is not specific or sensitive for asthma in children.

Lung function testing in the assessment of
wheezing

Lung function testing in wheezy infants is at the moment
a research and not a diagnostic tool (Chapter 6b).

For older children where a diagnosis of asthma is
certain, routine spirometry on a 'one-off' clinic visit has
limited value and is difficult to justify as a routine, unless
the child has difficult asthma where response to inter-
ventions are being monitored.142 Information from spir-
ometry can be used in several ways: to learn more about
the child's perception of asthma by matching symp-
toms to function; to evaluate bronchodilator response
(Chapter 6b); and to better describe the nature of the
obstructive pattern which may be evident on spirometry.
Many asthmatic children who are free of symptoms and
have normal measurements of PEF and FEV1 continue to
demonstrate abnormal flow-volume curves and abnor-
mal mid-expiratory rates, suggestive of small airways
narrowing. These findings are of increasing clinical rele-
vance.143,144 Detailed pulmonary function can be very
useful in the assessment of the child who is being
kept away from school because of'asthma' and who may
have either only non-specific cough or other social and
emotional problems. Repeated normal pulmonary func-
tion tests (especially in the absence of increased bron-
chial responsiveness) make it very unlikely that asthma is
problematic.

The measurement of PEF at home using portable
peak flow meters is widely accepted and recommended
as a useful way of assessing control. However, the use of
PEF recording for routine management is of unproven
efficacy in children and there are many pitfalls.145 In a
group of asthmatic children, most of whom were symp-
tomatic, variability of PEF throughout the day has been
shown not to be a good indicator of poor control in
children.100,95,104,105 Only a few children demonstrated
the variability of 20% expected in symptomatic adults.
Each child should know their own best PEF. The fall
in PEF which would predict or reflect a deterioration in
control should be calculated and recorded on the self-
management plan.

It is unfortunate that, until recently, normal popu-
lation charts (from 1970) have been supplied with the
mini-peak flow meters. The interpretation of normal
values for height, and their range, is often misunder-
stood. Whilst relating individual readings to population
means for height might be appropriate for epidemi-
ological studies and for following individuals' progress, it
is quite inappropriate and even dangerous for day to
day use. For example, if a child's best PEF lies on the
95th centile for height s/he may be significantly wheezy
when it drops to the 10th centile, a value which although
still inside the normal population range is not normal
for the child. Failure to understand this can result in
symptoms being dismissed and appropriate treatment
not given.

Handheld electronic spirometers should allow more
detailed information about lung function to be collected
at home. In practice, children seem to lose interest in
making recordings and so the value of monitoring with a
portable spirometer is also limited.95'99
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SEVERITY AND PATTERNS OF ILLNESS

Two of the earliest studies of childhood asthma, one in
Aberdeen and one in Melbourne146'147 classified asthma
according to severity. Both studies graded severity accord-
ing to frequency of attacks and status between attacks.
Both considered 15% of asthmatics had severe asthma.
There is no modern comparable study to judge what pro-
portion of childhood asthmatics belong to each group.
Severity relates to treatment and may change with season
and with time. The adequacy of the treatment reflects
both the experience of the physician caring for the child
and the parental supervision. Practice varies enormously
and this is reflected in the patterns of hospital admissions
with acute asthma.148 Nowadays, then, the 'step' of the
asthma treatment guidelines at which control is gained,
is regarded as the measure of severity. The difficulty with
this is that prescribing of treatment does not always fol-
low guidelines. Children with recurrent cough are often
considered for treatment with corticosteroids13 and there
is anecdotal evidence that up to 13% of all children,
from preschool age to adolescence, have been prescribed
inhaled corticosteroids at some time in the UK.

For practical purposes the following classification is a
guideline.

Mild

Symptoms or drops in PEF which occur once or twice a
week and are easily controlled with a bronchodilator are
classed as mild. In the preschool child symptoms may
occur only during respiratory tract infections and there
may be long intervals when the child has no symptoms.

Moderate

Children with symptoms which would occur almost
every day without treatment but whose asthma is easy to
control with daily prophylactic medication up to the level
of low-dose steroids have moderately severe asthma. They
will need extra medication to prevent symptoms during
an upper respiratory tract infection, but rarely miss school
or need hospital treatment for an acute attack.

Severe

Those who need daily treatment with high-dose
(>400|xg/day) inhaled steroids, who often need add-
itional treatment with extra steroids and bronchodilators
have severe asthma. Careful management and education
in preventative treatment should allow children in this
category to continue in relatively uninterrupted educa-
tion. Very few children whose treatment is closely super-
vised are unable to participate in exercise or need frequent
inpatient treatment. Many will still have abnormal lung

function when tested by spirometry, even when symp-
tom free.

Difficult

The European Respiratory Society has defined 'difficult
asthma' in children as 'patients with symptoms requiring
rescue bronchodilator on >3 days/week, despite treatment
with > 1500 |xg/day of inhaled budesonide (or equivalent),
as well as regular long-acting p2-agonist (or a previous
unsuccessful trial of long-acting (32-agonist), and/or regu-
lar oral prednisolone'.142 These patients are truly difficult
in spite of treatment or are not being given treatment. At
least this definition highlights a problem in a group where
there is real risk of sudden death. Broadly, using this def-
inition there are three subgroups: true difficult asthma
which satisfies the definition, apparent difficult asthma
where there is non-adherence to treatment, and symp-
toms related to an alternative diagnosis.149

This classification has some shortcomings. It takes no
account of the cardinal features of symptom pattern and
atopic status, and it is simply determined by the level of
therapy to control reported symptoms. It includes no
definition of lung function. Not all children will fall eas-
ily into one of these groups. A very few who do not need
continuous treatment may be at risk of sudden severe
attacks. This pattern is especially evident in the preschool
age group. At school age the pattern may be indicative
of a high degree of sensitivity to a particular allergen.
Although asthmatics who die in an attack are generally
poorly controlled and poorly supervised,150 there are cer-
tainly a few who have a pattern of illness which would be
classified as mild.151

Development of a validated method for asthma sever-
ity categorization is essential for using a stepped care
approach to asthma pharmacotherapy.152
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INTRODUCTION

The most important function of the lungs is to supply
oxygen to the body and to remove carbon dioxide. The
mechanical properties of the airways, lung tissues and
chest wall and the dynamics of breathing influence the
efficiency of gas exchange during breathing. Pulmonary
function measurement is a routine part of the management
of respiratory disease in adults and children over the age
of 6 to 8 years. Infant lung function testing up to 18 months
or so is becoming increasingly sophisticated and more
widespread and we now have tools to investigate the pre-
school child. Many advances in our understanding of the
pathogenesis of respiratory diseases have come through an
understanding of physiological disturbances demonstrated
by pulmonary function tests. Knowledge of the physio-
logical principles behind the tests and of the techniques
used for making the measurements is necessary to under-
stand the changes that occur in lung function during dis-
ease, the appropriate use of lung function testing, and the
interpretation of the data produced.

The conditions under which measurements of lung
function are made can have major influences on the
results produced. To achieve reliable results in children, the
technician requires patience, special training and experi-
ence to obtain the child's maximum cooperation. This
requirement means that laboratories not routinely deal-
ing with children may not be able to produce reliable data.
Preliminary coaching, which is often time-consuming,
is frequently required to achieve consistent results. It is
equally important to provide a pleasant environment, sep-
arate from areas where invasive or painful procedures are
performed, as a child's fear may cause poor results. Studies
in children under 6-8 years old rarely produce reliable
or repeatable results except in laboratories with special
expertise. While it may be appropriate for simple

spirometry to be performed in doctor's surgeries (after
appropriate staff training), more complicated tests should
be carried out in specialist, paediatric lung function labora-
tories. The conditions in which we have least control, the
child's home, render domiciliary measurements of PEF
or spirometry the least reliable.

Measurement conditions are even more likely to influ-
ence the outcome of tests in infants. Most methods require
the infant to be sleeping in the supine position. This is
necessary for reproducible results. In general, infants
cannot be relied upon to sleep naturally on demand, or to
remain asleep long enough to allow pulmonary function
to be measured. The majority of infant lung function tests
occur with the infant sedated, most commonly with chloral
hydrate or a similar sedative. Sedating infants for pulmon-
ary function testing is considered safe, with no reported
serious adverse effects despite many thousands of tests hav-
ing been performed throughout the world. However, a fall
in arterial oxygen saturation has been reported in wheezy
infants sedated for pulmonary function testing1 and con-
tinuous monitoring of oxygen saturation is considered
mandatory. Other factors, which may influence the results
of the infant lung function tests, include environmental
temperature and humidity, posture, the time since the last
feed and sleep state. The importance of these factors has
been reviewed.2

For all lung function tests a record must be kept with
at least name, date of birth, height, gender, and date of
test. Other information that may be important, depend-
ing on the clinical situation, includes perinatal history,
environmental tobacco smoke exposure, family and per-
sonal history of atopy, racial origin and past medical
history, including drug and radiation exposure. For all
lung function tests inspection of the raw data is an essen-
tial step in quality control. Inspection of raw curves may
indicate poor cooperation with the testing procedures.
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Results from computerized lung function testing equip-
ment should not be accepted without the ability to moni-
tor, and preferably adjust the raw data. It is better to have
no data than erroneous and misleading data that lead to
inaccurate diagnosis or management.

CLINICAL PHYSIOLOGY

Lung volumes

The measurement of lung volume, the amount of gas
within the lungs at any given point in the breathing cycle,
provides important information in its own right about
the state of the respiratory system. Also, because the value
of many parameters of lung function, such as resistance,
compliance, and forced expiratory flows, is dependent on
the lung volume at which they are measured, a know-
ledge of lung volume assists in the interpretation of other
measures of lung function.

The commonly used terms to subdivide lung volume
are illustrated in Figure 6b.l. By convention, each subdiv-
ision is called a Volume', while any combination of two
or more volumes is called a 'capacity'. Tidal volume (Vt)
is the volume of gas breathed in and out with each breath.
Vital capacity (VC) is the maximal volume that can be
exhaled following a maximal inspiration. Functional
residual capacity (FRC) is the amount of gas remaining
in the lungs at the end of expiration (ERV + RV). Total
lung capacity (TLC) is the total amount of gas contained
within the lungs following a maximal inspiration. Residual
volume (RV) is the amount of gas left in the lungs follow-
ing a maximal expiration.

MAINTENANCE OF LUNG VOLUME

During normal tidal breathing in adults and older chil-
dren, the end-expiratory lung volume, FRC, coincides

with the elastic equilibrium volume (EEV) of the respira-
tory system. This EEV occurs where the inward elastic
recoil of the lungs balances the outward elastic recoil of
the chest wall (Figure 6b.2). The EEV is the volume the
respiratory system would assume if all the breathing
muscles were relaxed during passive expiration. This nor-
mally occurs at approximately 40% of VC. Tidal breathing
then begins from this relaxation volume. This volume is
thought to be an 'efficient' volume from which to breathe
as the inspiratory muscles are close to the optimal pos-
ition on their length-tension curves. However, FRC
does not always coincide with EEV. At times of increased
ventilatory requirements, such as during exercise or with
lung disease, active expiration can push FRC below EEV
(Figure 6b.l). Breathing from volumes below EEV is less
efficient and uses more energy and may contribute to the
development of respiratory failure.

Figure 6b.2 The static volume-pressure relationships of the
chest wall (Pw), lungs (Pt) and respiratory system (Prs). The
elastic equilibrium volume (EEV) of the respiratory system
is the volume where the inward recoil of the lungs
(represented by a positive recoil pressure) is balanced by the
outward recoil (represented by a negative recoil pressure)
of the chest wall. This occurs at approximately 40% of
vital capacity (VC) in normal adults and older children.

Figure 6b.1 Schematic representation of the commonly used subdivisions of lung volumes. TLC: total lung capacity;
VC: vital capacity; RV: residual volume; IRV: inspiratory reserve capacity; Vt: tidal volume; ERV: expiratory reserve volume.
FRC (functional residual capacity) is the volume left in the lungs at the end of expiration, whether that occurs at the
end of a normal tidal breath or at times of increased ventilatory requirements, a: tidal breathing; b: maximal inspiration;
c: maximal expiration; d: period of tidal breathing during which FRC is changing.
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The chest wall of newborn infants is less stiff than that
of older children and has a reduced recoil pressure. Also,
the neonatal lung is relatively stiff. This combination
results in EEV occurring at a relatively low lung volume,
where there is risk of closure of small airways. This situ-
ation is even worse in infants born prematurely and in
those who develop respiratory distress syndrome (RDS).
Breathing from low lung volumes is inefficient because
extra force is required to open airways that close during
expiration. Under these circumstances FRC is usually
actively elevated above EEV by increasing respiratory
rate, thus beginning the next inspiration before EEV has
been reached and by slowing down the rate of expiration
by contracting the inspiratory muscles or the adductor
muscles of the glottis. In extreme cases, such as with
neonatal RDS, this 'expiratory braking' can be heard as
'grunting' during expiration.

Maintenance of lung volume is unlikely to present a
problem in asthmatics. A reduction in static recoil pres-
sure has been reported in some adults with long-standing
asthma,3 resulting in a shift of the static volume-pressure
curve to the left. Similar data are lacking for children, how-
ever, most children with asthma are likely to have normal
static elastic recoil pressures.

MEASUREMENT OF LUNG VOLUMES

Thoracic gas volume at functional residual capacity (Vtg,
FRC) is measured directly in a plethysmograph, using
techniques based on Boyle's law. Details of these tech-
niques and discussion of the assumptions on which they
are based are published elsewhere.4 TLC and RV are
calculated from Vtg combined with measurements of
inspiratory capacity (1C = Vt + IRV, Figure 6b.l) and
VC. RV may be falsely elevated if the child does not
exhale fully. RV is one of the most variable of all lung
function values in children5 and values must be inter-
preted with caution.

Caution must also be exercised in the measurement
and interpretation of lung volumes by plethysmography
in the presence of severe airway obstruction. Under these
circumstances, changes in mouth pressure are likely to
under-represent changes in alveolar pressure during
occluded breathing efforts, leading to an overestimation
of lung volume.

Whole body plethysmography has been adapted for
use in infants. Most commonly, constant mass 'pressure'
plethysmographs are used. Much technical expertise is
required to produce reliable results in infants. Again, the
assumption that equilibration of mouth and alveolar pres-
sures during the occluded breathing efforts, is unlikely to
be justified in infants with airway obstruction.6

Alternatively, lung volumes can be measured by gas
dilution. In theory these techniques are simple, involving
the measurement of the dilution of a known concentration
of gas by an unknown volume (the Vtg). By measuring
the final gas concentration, it is possible to calculate Vtg.

Although the helium-dilution method is simple to perform
and is relatively inexpensive,7 it is time-consuming,
potentially limiting cooperation, and is likely to under-
estimate the Vtg significantly in the presence of airway
obstruction. Gas dilution techniques measure that pro-
portion of lung volume that is in free communication
with the airway opening and are likely to miss poorly
ventilated or non-communicating lung units. In add-
ition, these techniques are extremely sensitive to leaks.
Leaks result in a falsely low final indicator gas concentra-
tion and a falsely elevated estimate of lung volume. The
nitrogen washout technique can also be used, where
100% O2 is used to wash the nitrogen from the alveoli.

New techniques for measuring lung volume are being
developed using, for example, an ultrasonic time-of-flight
flow sensor that can calculate the molecular mass of the
gas passing through it. This has been used to measure
lung volume during the wash in of a heavy gas such as
SF6. Such measurements may permit the simultaneous
assessment of lung volumes and gas mixing indices dur-
ing other infant lung function tests but should be consid-
ered as research tools at present.

CHANGES IN LUNG VOLUMES SEEN
DURING ASTHMA

Mild to moderate episodes of asthma are rarely associ-
ated with alterations in lung volume. As asthma becomes
more severe, the volume of gas in the lungs increases, i.e.
hyperinflation develops. In the short term, TLC does not
usually change, but FRC and RV increase, resulting in a
reduction in VC.8 The mechanisms behind this hyperin-
flation are complex, but seem to include both active
components, entailing persistent tonic activity of the
inspiratory muscles, as well as passive components due to
increases in airway resistance which prolong the expira-
tory time constant leading to incomplete expiration.9

Expiratory flow-limitation (EFL) has been suggested as a
trigger for hyperinflation during bronchoconstriction.
However, Tantucci et al.10 showed that 7 out of 10 subjects
had an increase in end-expiratory lung volume following
methacholine challenge before EFL was achieved. This
suggests that other factors, as yet unexplained, are respon-
sible for this phenomenon.

The elastic properties of the
respiratory system

The elastic properties of the respiratory system are deter-
mined by its structure. When a force is applied to an
elastic structure, it resists deformation by producing
an opposing force to return it to the relaxed state. This
opposing force is known as the elastic recoil pressure
(Pei). The force that is required to stretch a purely elastic
structure depends on how far it is stretched, not on how
rapidly it is being stretched. Similarly, the pressure
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required to overcome the elastic recoil of the lung and
chest wall depends on the lung volume above (or below)
EEV (Figure 6b.2). The elastic recoil pressure divided by
the lung volume gives a measure of the elastic properties
of the respiratory system and is called elastance (E):

The reciprocal of elastance is known as the compli-
ance (C), and describes how much the respiratory system
will be inflated for a given change in applied pressure:

When lung volume is plotted on the ordinate and
Pel is plotted on the abscissa, the slope of the volume-
pressure curve at any point, is equivalent to the compli-
ance (Figure 6b.2).

In most children with asthma, the elastic properties of
the respiratory system are unlikely to change. However, if
gross hyperinflation develops, the respiratory system may
be moved to a volume where the volume-pressure curve
begins to plateau and the system becomes very stiff.
Under these circumstances further inflation of the lungs
is difficult.

Dynamics of respiration

Breathing involves motion of the respiratory system,
which is produced by forces required to overcome the
elastic, flow-resistive, and inertial properties of the lungs
and chest wall. Under normal circumstances the respira-
tory muscles produce these forces.

The force required to move a block of wood over a
surface is determined by the friction between the block of
wood and the surface, and by its velocity. It is not, how-
ever, determined by its position. Similarly, the pressure
required to produce a flow of gas between the atmos-
phere and the alveoli must overcome the frictional resist-
ance of the airways. This pressure is proportional to the
flow (V), the rate at which volume is changing. Thus:

where Pm is pressure at the mouth (usually atmospheric
pressure) and Pfr the pressure required to overcome
frictional resistance. The pressure required to produce a
unit of flow is known as the flow resistance (R):

Most commonly used tests of pulmonary function
model the respiratory system as a single compartment,
with a single resistance and a single elastance. The equation
describing the balance of forces acting on the system
during ventilation is often referred to as the equation of
motion of the respiratory system. It can be written as
follows:

where P is the applied pressure and I, the co-efficient of
acceleration, represents the inertance of the respiratory
system. Under most circumstances, especially in obstruct-
ive airway disorders, the inertance is negligible and
therefore ignored. During spontaneous breathing, the
applied pressure is produced by the respiratory muscles and
can be measured as the transpulmonary pressure (Ptp).
During normal tidal respiration, about 90% of the
applied pressure is required to overcome the elastic forces
and about 10% is required to overcome the frictional or
flow-resistive forces. In asthma, this distribution of forces
may alter. More pressure is likely to be required to over-
come flow-resistive forces as airway narrowing occurs.
However, relatively minor increases in FRC could result
in marked increases in the pressure required to overcome
elastic forces. Changes in the inertive properties are
unlikely. Thus the resultant balance of forces is difficult to
predict and could change rapidly during acute asthma.

The lungs do not behave like a simple balloon on a
pipe. In reality there is not a single value for Raw but
rather a continuous distribution of Raw throughout the
bronchial tree. Any ventilation inhomogeneity will affect
this distribution. In addition, energy is dissipated mov-
ing the tissues of the lungs and chest wall.

Traditionally it is thought that most of the force
required to overcome the flow resistive forces of the
respiratory system moves gas through the airways, with
little energy dissipated by the tissues of the respiratory
system. The contribution of tissue visco-elasticity to the
behaviour of the respiratory system has become increas-
ingly apparent. The energy expended moving the tissues
has been called tissue viscance, or tissue resistance. When
measured during inspiration, tissue resistance increases
with increasing lung volume11,12 while airway resistance
(Raw) falls. Tissue resistance contributes about 65% of
respiratory system resistance at FRC in mechanically ven-
tilated animals, and increases to as much as 95% at higher
lung volumes.12,13 Studies in human infants have con-
firmed these results.14

Elegant studies15'16 have demonstrated that changes in
the lung periphery are important determinants of respon-
siveness to methacholine. These studies have measured
both small airways (<3mm diameter) and tissue prop-
erties. The well-recognized phenomenon of bronchodi-
lation induced by taking a big breath, seen in normal
adults, has also been attributed to a relaxation of ASM
tone. This effect is not always seen in asthmatics and is
thought to be due to an excess of parenchymal hysteresis
over airway hysteresis. These effects can be quantified by
comparing the forced flow at a fixed lung volume produced
on forced expirations from end-tidal inspiration (partial
manoeuvre) with that from TLC (maximal manoeuvre);
this is known as the M:P ratio and a value >1 indicates
bronchodilation following a deep inspiration resulting
from a decrease in ASM tone. These measurements are
difficult in younger children and have not been attempted
in infants. Indirect studies have compared the expiratory
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flows from partial flow-volume loops to those from max-
imal flow-volume loops as an indication of the relative
importance of tissue and airway hysteresis. These studies
suggest that the chronic inflammation seen in asthma,
increases the relative contribution of tissue hysteresis to
lung function.17'18 This area is attracting considerable
research attention, which should clarify the importance
of the tissue properties to diseases such as asthma.

Measurement of resistance and compliance

Airway resistance (Raw) is usually measured in children
by plethysmography. When a subject breathes within a
sealed plethysmograph (box), pressure changes within
the plethysmograph are recorded as a result of variations
in alveolar pressure (PA) which lead to small changes
(DV) in alveolar gas volume. Provided pressure changes
due to other influences, such as change in gas conditions
from BTPS within the lungs to ATPS within the box, and
gas exchange with the blood can be eliminated, the rela-
tionship between change in PA and flow at the mouth can
be used to determine the Raw.

This technique has been standardized for use in adults
and older children and includes the following steps:

1 The relationship between change in PA and change in
Pbox is determined during respiratory effort against
an occluded airway.

2 The subject breathes from the plethysmograph or
from a gas conditioning circuit through a flow meter
while supporting the cheeks with the hands. Panting
efforts are usually made at a frequency of 1-3 Hz
with a Vt of 50-150 ml, giving a mouth flow of
0.3-3.Ol/s peak-to-peak.

Precise details of the technique are published elsewhere.4

Repeatability is generally poor in younger children.
Raw is difficult to measure by whole body plethysmo-

graphy in awake young children. However, a method of
measuring specific airway resistance, sRaw, in a single step
with an accompanying adult has been developed.19,20

Measurement of compliance in spontaneously breath-
ing subjects either requires the subject to relax their
respiratory muscles against an occluded airway at various
points during tidal breathing, or depends on the insertion
of an oesophageal balloon to measure changes in intratho-
racic pressure. These techniques measure compliance
of the respiratory system (Crs) or lung (Cl) respectively
and are not commonly used in children. Examination
of the volume-pressure curve of the respiratory system
(Figure 6b.2) reveals a substantial volume range over
which compliance is essentially constant. However, both
at high lung volumes and at low lung volumes the respira-
tory system becomes stiffer, i.e. compliance decreases.

A number of techniques are available for measuring
resistance and compliance in spontaneously breathing
infants. Techniques invoking the Hering-Breuer reflex

Figure 6b.3 Schematic representation of data collected
during the multiple occlusion test and the resultant 'static'
volume-pressure (V-P) relationship that can be constructed
in order to determine the compliance (DV/DP). The arrows
indicate where occlusions are made.

rely on the assumption that inflation produces complete
relaxation of both inspiratory and expiratory respiratory
muscles and that it can be elicited during airway occlusion.
Airway opening pressure is assumed to equilibrate with
alveolar pressure during the occlusion. There are two main
variants of these occlusion techniques. In the multiple
occlusion technique pressure is measured at the mouth
during brief expiratory airway occlusions, performed
on multiple breaths, or even during a single expiration.
Occlusions are performed at different volumes above
FRC and the individual measurements are plotted as vol-
ume versus pressure. The slope of the line of best fit is the
compliance of the respiratory system (Figure 6b.3). In
the single breath technique, the airway is occluded at end-
inspiration, with the subsequent expiration occurring
passively. A passive expiratory flow-volume curve is then
constructed and a line fitted to the linear portion (Figure
6b.4). Compliance is calculated by dividing the total
exhaled volume by the mouth pressure recorded during
the occlusion. The slope of the linear part of the passive
flow-volume curve is equal to the reciprocal of the
expiratory time constant (Trs). Resistance (Rrs) can be
calculated as follows: Rrs = Trs/Crs, by analogy with
simple electrical circuit theory.

The main problems with these techniques are ensuring
relaxation of the respiratory muscles following airway
occlusion and equilibration of mouth and alveolar pres-
sures. Generally, the presence of a plateau in mouth pres-
sure is evidence that both of these assumptions have been
satisfied. There are no firm recommendations as to how
long a plateau should be maintained. It has been suggested
that the duration of the airway occlusion can influence the
values of Crs calculated from the subsequent expiration.21
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Figure 6b.4 Schematic representation of data collected
during the single breath technique and the 'passive'
expiratory limb of the flow-volume relationship constructed
following release of occlusion. The slope of the line fitted
to the 'linear' portion of the flow-volume curve is equal
to the reciprocal of the expiratory time-constant. The
arrows indicate where the occlusion is applied and released.
EEV is the theoretical elastic equilibrium volume.

Despite their widespread use, there are no currently agreed
standards for performing these tests.

Measurement of Raw by whole body plethysmography
has been modified for infants by the inclusion of a
re-breathing bag, containing heated, humidified, oxygen-
enriched gas at BTPS, to avoid the need for 'panting'. This
is a sophisticated technique that requires a large amount
of expertise and training, but has the advantage of pro-
ducing simultaneous measurements of lung volume and
Raw. However, this technique is less reliable in the presence
of airway obstruction, particularly in the youngest infants,
due their very compliant upper airways.22 In addition,
because infants normally breathe through the nose, the
value of Raw includes a major component of upper air-
way resistance which is affected by nasal obstruction.

In recent years a series of oscillatory techniques have
been developed for measuring resistance and compliance
in infants and preschool children. The advantage of these
techniques is that they are non-invasive and can be per-
formed during normal tidal breathing. The forced oscil-
lation technique (FOT) determines pulmonary resistance
by imposing known variations of flow at the mouth and
measuring the pressure changes that result. A continuous
sinusoidal signal (>4-6Hz) generated by a loudspeaker
is used. The frequency of the oscillations is higher than
that of the patient's spontaneous breathing so the effects
of the normal breathing cycle can be subtracted. Paediatric

reference values have been published for respiratory
resistance measured by FOT at 8,12 and 16 Hz.23

Tissue resistance comprises a significant proportion
of the total respiratory resistance at normal breathing
frequencies and bronchoconstriction is associated with
increases in parenchymal resistance and elastance. There-
fore it is important to be able to measure both airway and
tissue resistance. Measurement of pulmonary resistance
at low oscillation frequencies (0.5-20 Hz) is a non-invasive
way of estimating the airway and tissue parameters sep-
arately. These measurements can only be taken during
suspension of breathing. Infants must be sedated and
measurements are taken during the end-inspiratory occlu-
sion apnoea initiated by the Hering-Breuer reflex.24

Impulse osdllometry (IOS) is a similar method to
FOT except brief pulses of pressure generated by a loud-
speaker instead of a continuous sinusoidal signal are used.
The data from several 'impulses' are analysed to give Rrs
and Xrs in the frequency range 5-35 Hz.25 Because of tech-
nical limitations, the frequency resolution is limited and
data are only available in 5 Hz intervals (5 Hz, 10 Hz, etc).

Another non-invasive method of measuring respira-
tory resistance is called the interrupter technique (Rint).
Following a brief interruption to airflow, alveolar pres-
sure equilibrates with mouth pressure. Respiratory resist-
ance can be estimated by calculating the ratio of pressure
change at the mouth to flow at the time of occlusion. The
Rint device is small in size and simple to use making it an
appropriate method for use in preschool children.26

The high-speed interrupter technique was described
by Frey et al. 27 as a method of estimating changes in air-
way wall mechanics in infants. In this technique airflow
at the mouth is interrupted several times within 0.15 s by
a fast rotating shutter whilst normal breathing continues.
This allows high frequency (32-1300 Hz) impedance
measurements to be performed. Frey showed that the
first anti-resonance is a function of airway wall compli-
ance and is independent of airway diameter. While further
validation is required, this technique holds the promise
of being able to study the mechanical properties of air-
way walls in situ.

CHANGES IN RESISTANCE AND COMPLIANCE
SEEN IN ASTHMA

Changes in resistance and compliance may occur in
asthma. The airway narrowing encountered during an
episode of asthma results in an increase in Raw, despite
the partly compensatory increase in lung volume seen
(which should limit the increase in Raw). Compliance is
unlikely to change acutely in most asthmatics, although a
decrease in Crs has been reported in symptomatic chil-
dren.28 A loss of elastic recoil has been reported in some
adults with a long history of persistent asthma.3 This results
in an increase in responsiveness to natural and chemical
stimuli, as the elastic recoil of the lung tissues is thought
to limit the degree to which airway smooth muscle can
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shorten in vivo.29'30 In infants, studies of the response to
methacholine challenge show increases in Raw as well as
tissue damping. These responses are increased if the
infant has a history of respiratory disease.31

Forced expiration

Forced vital capacity manoeuvres from which PEF, FEV1

and maximum expiratory flow-volume curves can be
derived are the basis of the most common and most use-
ful tests of lung function in children. Forced expiratory
manoeuvres, as used to stress the respiratory system in
lung function testing, are not'natural' phenomena. Cough
is a natural forced expiration and, as such, provides valu-
able information about the respiratory system, in partic-
ular about the state of the airways.

PHYSIOLOGY OF WHEEZING

Gas flows into and out of the lungs along pressure gradi-
ents. During inspiration alveolar pressure is lowered
below atmospheric pressure, due to the actions of the
inspiratory muscles expanding the thorax. This results in
a pressure gradient between the mouth and the alveoli.
Gas flows into the lungs along this gradient. As the pres-
sure surrounding the intra-thoracic airways is essentially
alveolar pressure, a pressure gradient also exists across
the airway wall, which tends to expand the airways
during inspiration. At the end of inspiration when the
inspiratory muscles relax, the lungs are inflated to a vol-
ume above the elastic equilibrium volume of the respira-
tory system. At this volume, the inward recoil of the lungs
and chest wall produce a positive alveolar pressure, rela-
tive to atmospheric pressure, and provide the driving
force necessary to produce expiration. Contraction of
expiratory muscles can contribute to this driving pres-
sure. The airway transmural pressure gradient is reversed
and the intra-thoracic airways tend to narrow during
expiration. The higher the expiratory driving pressure,
the greater the tendency to narrow the intra-thoracic
airways.

During forced expiration, expiratory flow is inde-
pendent of the driving pressure over most of the expired
vital capacity, once a threshold value of driving pressure
is exceeded. This phenomenon is known as expiratory
flow-limitation. The mechanism for expiratory flow-
limitation is complex.32 In fluid dynamic terms, a system
cannot carry a greater flow than the flow for which fluid
velocity equals wave speed at some point in the system.
The wave speed is the speed at which a small disturbance
travels in a compliant tube filled with fluid. The speed of a
pressure wave is determined by the elasticity of the wall of
the tube and the density of the fluid within. In the arteries
this is the speed at which the pulse propagates. In the air-
way the speed is higher than this, mainly because the fluid
density (i.e. gas density) is lower. The wave speed (c) in a
compliant tube with an area A that depends on a lateral

pressure P, filled with a fluid of density p, is given by:

c = (AdP/pdA)2

where dP/dA is the slope of the pressure-area curve for
the airway, an expression of airway wall elasticity.
Maximal flow is the product of the fluid velocity at wave
speed and airway area,

Flow-limitation occurs in the airways when actual
flow equals V'max, at any site within the airway tree. At
high lung volumes the flow-limiting site in the human
airways is typically in the second and third generations.
As lung volume decreases, airway calibre decreases, the
flow-limiting site moves peripherally and V'max decreases.
This is the explanation for the observation that the tail of
the maximum expiratory flow-volume curve provides
information about small airway function. At low lung
volumes the density dependence of maximal flow is
small and the viscosity dependence is large and becomes
the predominant mechanism limiting expiratory flow.

Flow-limitation in a compliant tube is accompanied
by flutter of the walls at the site of flow-limitation.33,34

This can be modelled simply in a child's party balloon, by
filling the balloon and then releasing it to let it empty
spontaneously. The flutter balances the energy in the sys-
tem, as the driving pressure in excess of that required to
produce V^x is dissipated in causing wall flutter. In the
presence of airway obstruction, this flutter may become
large enough to generate sound, heard as wheezing.
Thus expiratory wheezing is a sign of expiratory flow-
limitation.35 Note, wheezing always implies flow-limitation,
but flow-limitation can occur without producing a
wheeze.35 In children with mild asthma, wheeze may
be heard during forced expiration (including during a
cough) but be absent during tidal breathing. This implies
that flow-limitation is occurring during forced expira-
tion but not during tidal breathing. As the severity of the
asthma increases and airway narrowing worsens, flow-
limitation may occur during tidal expiration and wheezes
may be heard during tidal breathing. Focal wheeze, for
instance unilateral wheeze in the presence of an inhaled
foreign body implies focal obstruction with focal flow-
limitation.

Measurements of forced expiration have long been
used to detect the presence of obstructive lung disease.
They are useful because expiratory flow is independent
of the force driving flow over most of the expired vital
capacity, so long as reasonable effort is made.32 This
observation led directly to the description of the
maximal expiratory flow-volume (MEFV) curve, which
emphasized that, at most lung volumes, there was a limit
to maximal expiratory flow (V'max). The peak expiratory
flow is discussed below. Flows near RV may be effort
dependent, as expiratory muscle contraction may not
be able to provide sufficient force to maintain flow-
limitation at this low lung volume.
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FORCED EXPIRATORY MANOEUVRES

Most children can accomplish forced expiratory man-
oeuvres by the age of 7 years and sometimes as young as
3 years. To produce reliable measurements, children need
to be able to give a maximal effort, without hesitation,
preferably for three seconds. However, healthy children
empty their forced vital capacity in less than 3 seconds,
some in less than 1 second. In young children, a learning
effect may be operative and more than the standard
two practice and three definitive tests may be required
to obtain consistent, representative data. The expiratory
limb of a normal child's maximal flow-volume curve is
slightly convex to the volume axis. The curve from a child
with airway obstruction becomes concave to the volume
axis (Figure 6b.5). The shape of the expiratory limb gives
a good indication of the presence and degree of airway
obstruction, but this visual impression has proven very
difficult to reproduce with a 'number' or 'index'.

In 1994 the American Thoracic Society (ATS) pub-
lished standard procedures for spirometry.36 The criteria
for end of test require that there be a minimum change in
volume of 0.031 over a 1 second period given a forced
expiratory time of at least 6 seconds. While children usu-
ally meet the ATS criteria for reproducibility after some
coaching, they often do not meet all the test criteria.
Therefore it is recommended that test criteria for children
is based on proportional and not absolute criteria.37,38

The variables usually calculated from the forced expira-
tory manoeuvre are the forced vital capacity (FVC), the
forced expiratory volume in 1 second (FEVJ, and the
forced expiratory flow between 25% and 75% of the FVC
(FEF25-75). The FEF25-75 is a measure of the average flow
over the middle 50% of FVC. The FVC and FEV1 are the
most robust measurements of airway obstruction. The
FEVj gives a good balance between reproducibility and
the ability to detect airway obstruction. An FEV1/FVC
ratio of <75% is indicative of airway obstruction. Forced
expiratory flows at lower lung volumes are more sensitive
to minor degrees of airway obstruction. There is a widely
held belief that flows at low lung volumes reflect obstruc-
tion of the small airways. However, the MEFV curve

Figure 6b.5 Maximal expiratory flow-volume curves
showing (a) a normal pattern and (b) the presence of airway
obstruction (lower dashed curve), together with the response
to inhaled bronchodilator (upper dashed curve). Solid line:
reference curve.

represents the 'integrated output' of the entire respira-
tory system and is not easily partitioned into compo-
nents reflecting different anatomical areas. While the
site of flow-limitation generally does move toward the
smaller airways in a smooth fashion as lung volume
decreases, this peripheral progression cannot be deter-
mined from the flow-volume curve. Furthermore, flows
at low lung volume are particularly sensitive to changes
in absolute lung volume, which increases the variability
of these measurements particularly when interpreting
responses to challenge tests or bronchodilator therapy.
The effect of change in volume is an underestimation of
change in lung function.

Forced expiration can also be measured in infants
using the rapid thoracic compression technique (RTC). The
RTC technique produces forced expiratory flows by sud-
denly applying a pressure to the thorax and abdomen
at the end of a tidal inspiration (Figure 6c.3, p. 147). This
is achieved using an inflatable thoraco-abdominal jacket
connected to a positive pressure reservoir. Flow is meas-
ured at the mouth with an appropriately sized pneumo-
tachograph attached to a mask sealed around the infant's
nose and mouth, and a flow-volume curve constructed.
Prior to the RTC manoeuvre, a reproducible FRC is
established from at least three tidal breaths. RTC, initi-
ated at end-inspiration, then produces a partial expira-
tory flow-volume (PEFV) curve, with exhalation
continuing to a volume below the previous FRC. RTC
manoeuvres are performed with increasing jacket pres-
sures until the pressure that produces the highest expira-
tory flows is determined. The maximal flow occurring at
the previously established tidal FRC known as V'maxFRC
reported (Figure 6b.6). A joint task force of the American
Thoracic and European Respiratory Societies has recently
published methods for standardizing the RTC between
centres.39

Use of the RTC has led to major advances in the
understanding of the normal growth and development

Figure 6b.6 Schematic representation of the forced
expiratory flow-volume curve produced by the rapid
thoracic compression test. The 'forced' curve is laid over
the previous tidal curve and the maximal flow at the
previous FRC position (V'maxFRC) calculated.
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of the respiratory system and of respiratory diseases. For
example, Seidenberg et al. 40 demonstrated that lung func-
tion abnormalities persist for up to three months, in the
absence of clinical symptoms, following an episode of
acute viral bronchiolitis. See also Chapters 3 and 9.

However, the RTC technique has not proved to be the
key to understanding intrathoracic airway function that
it initially promised to be. Useful measurements of forced
expiration rely on expiratory flow-limitation being
achieved. While this may be the case with the RTC tech-
nique in infants with airway obstruction, flow-limitation
is unlikely to be achieved in healthy infants. Furthermore,
FRC is notoriously variable in infants, even over short
time periods. This leads to substantial variability in the
values of V^ERC. Many studies have consistently failed
to demonstrate a bronchodilator response following sin-
gle doses of inhaled sympathomimetics, yet clinical stud-
ies have shown that some infants appear clinically to
benefit from inhaled bronchodilators. They breathe more
easily and have less wheezing. One possible reason for this
discrepancy is that bronchodilators alter FRC, possibly
reducing hyperinflation. Because of the dependence of
vmaxFRC on lung volume, this decrease in FRC would
have the effect of reducing any change in the VmaxFRC
measured by RTC thus masking the expected improvement
following bronchodilator treatment (Chapter 9).

In an attempt to overcome many of the problems with
the RTC technique, the raised volume rapid thoraco-
abdominal compression (RVRTC) technique has been
developed. In this technique the infant's lungs are
inflated to a pre-set pressure using an external gas source
prior to the RTC.41, 42 The advantage of RVRTC is that
the lung volume from which the forced expiration occurs
can be standardized to a given pressure. This technique
appears to be more sensitive in wheezy infants and in
infants with cystic fibrosis than the conventional RTC
technique (Figure 6b.7).

In older children and adults, flow-limitation is achieved
during forced expiratory manoeuvres. This allows repro-
ducible measurements of lung function to be taken.
One of the concerns about the RTC technique is whether
flow-limitation is achieved in infants, particularly healthy
ones. Feher and colleagues found that several rapid lung

inflations immediately before a rapid compression
manoeuvre in infants inhibited inspiration and enabled
flow-limitation to be achieved.42 They also demonstrated
the presence of expiratory flow-limitation during forced
expiration by applying brief 'pulses' of negative pressure
at the airway opening during the forced expiration and
showing that expiratory flow does not increase with the
increase in airway pressure.43 This provides a relatively easy
method for assessing whether expiratory flow-limitation
has indeed been achieved in an individual infant.

PEAK EXPIRATORY FLOW

Measurement of peak expiratory flow (PEF) is of value in
identifying and assessing the degree of airflow-limitation
in epidemiological studies and in clinical practice, where
it can be helpful in monitoring the progress of disease
and the effects of treatment. PEF is the maximum flow
achieved during a forced expiration starting from the
level of maximal lung inflation.44

Traditionally, PEF has not been thought to be flow-
limited because a plateau is not seen on isovolume pressure
flow (IVPF) curves, presumably because of inability of the
respiratory muscles to generate sufficient force. However,
Kano et al.45 demonstrated that performing the forced
expiration following a breath hold at TLC decreased PEF.
They proposed that the breath hold allowed viscoelastic
energy in the airway wall to be dissipated, resulting in a
reduction of airway wall stiffness. This would result in
more compressible airways and a reduction in the max-
imal flow sustainable. These observations are consistent
with flow-limitation being achieved at PEF.

This does not, however, mean that PEF is independent
of effort. The magnitude of PEF depends on how this
maximal flow is reached. If expired volume from TLC at
which PEF is reached is small, PEF will be higher because,
at higher lung volume the higher elastic recoil pressure
and lower upstream resistance result in greater wave speed
and a higher PEF (Figure 6b.8). In any interpretation of
changes in PEF, the magnitude of effort and the volume
at which PEF is reached are critical.

In the past significant errors have been identified in the
PEF measured with mini-flow meters46 (Figure 6b.9).

Figure 6b.7 Box and whisker plots

showing the median interquartile

range of V'maxFRC, FEV05, and

FEV075 in a group of recurrently

wheezy infants (W) and matched

normal controls (N). The data are

taken from Turner DJ. Assessment

of forced expiration from raised

lung volumes in infants. Doctor of

Philosophy thesis, University of

Western Australia, 1994.
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Figure 6b.8 Schematic representation of how peak
expiratory flow (PEF) can be 'effort-dependent' and still
reach the maximal achievable speed, i.e. wave speed
(represented by the dotted line).

Figure 6b.9 Absolute error plots for three full range peak
flow meters and a pneumotachograph. The dotted lines
indicate the American Thoracic Society guidelines for
accuracy. PT: pneumotachograph, MW: mini-Wright,
V: Vitalograph, W: Wright. (Reproduced with permission
from Thorax 1992;47:904-9.)

These errors arose previously because of non-linearities
in the meters themselves due to the physics involved in
recording PEF. However mini-flow meters currently on
the market have had these errors corrected by adjusting
the measurement scale. The values of PEF produced by
an individual asthmatic child are likely to differ from one
type of mini-flow meter to another. The same is probably
true for different meters of the same type. Thus it is
important that every asthmatic who is going to use a
mini-flow meter, should have a personal one. Furthermore,
they should be encouraged to take their own meter with
them when they visit their physician.

Although PEF increases with height during child-
hood, at any given height there is a wide range of normal
values. This limits the usefulness of expressing a measured
PEF as a per cent of predicted normal, based on popula-
tion studies. Thus, each child needs to determine what
their 'personal best' PEF is by monitoring PEF for one to
two weeks at a time when they are well. This 'personal
best' can then be used as a base for comparison during
exacerbations of asthma, assuming the 'best' is not a spu-
rious value produced, for example, during a cough.

In summary, measurements of forced expiration have
been the basis of the physiological assessment of asthma
and contributed to the clinical management for many
years. There are, however, limitations with some of the
measurements. As long as these limitations are understood
and taken into account when interpreting the results of
tests based on forced expiration, valuable clinical infor-
mation can be obtained.

Measurement of lung function in
preschool children

Measurements of lung function are important tools in
the management of asthma and other respiratory dis-
eases. However, it is difficult to obtain reliable measure-
ments in preschool children using standard methods such
as PEF or FEVj although interactive computer-based
animation helps.47

The oscillatory techniques have been shown in several
studies to be suitable techniques for measuring lung
function in this group. A study of lung function tests in an
emergency department showed that FOT could be used to
measure lung function in untrained, acutely ill asthmatics.
Successful tests were completed in 19% of 3-year-olds,
40% of 4-year-olds and 83% of 5-year-olds.48 Another
study showed that airway obstruction and bronchodilator
responses could be measured in children as young as 3
years by FOT.49

Several studies have evaluated the use of the interrupter
technique to measure lung function in preschool children.
These studies show that this technique can also be used to
measure airway resistance in normal children and those
with lung disease as young as two.25'26'50 This technique is
useful for detecting responses to bronchodilators however
it may not be able to detect responses to bronchoprovoca-
tion.50

The sRaw (plethysmographic) technique can be used
in children as young as 3 years old.19'20

Gas exchange

The main function of the respiratory system is to supply
oxygen to the body and to remove excess carbon dioxide.
There are five basic steps involved in this process:

1 ventilation, the exchange of gas between the
atmosphere and the alveoli;

2 diffusion across the alveolar-capillary membranes;
3 transport of gases in the blood;
4 diffusion from the capillaries of the systemic

circulation to the cells of the body;
5 the use of O2 and production of CO2 within the cells -

internal respiration.

Ventilation has been covered in the section dealing
with lung mechanics.

Gas diffusion is a passive process: gases diffuse from a
site of high partial pressure to a site of low partial pressure.

Image Not Available



Clinical physiology 135

The flux is proportional to the area available for diffusion
and to the difference in partial pressure per unit length of
the diffusion pathway. Conditions that thicken the alveolar
wall, which is the main blood-gas barrier, have the poten-
tial to interfere with diffusion. Fortunately, these condi-
tions are rare in children with wheezing disorders and will
not be considered.

GAS TRANSPORT

Gas is transported in the blood by two main means:
dissolved in plasma or combined with haemoglobin.
Approximately 98% of O2 transported in the blood is
bound to haemoglobin. In the lung, where the O2 partial
pressure is high, O2 combines loosely with the haem por-
tion of haemoglobin forming oxyhaemoglobin. When the
oxyhaemoglobin reaches the tissues, where oxygen partial
pressure is low, the O2 is released and diffuses to the
cells. The binding of O2 to haemoglobin is a non-linear
process, as demonstrated by the sigmoid-shaped oxygen-
haemoglobin dissociation curve (Figure 6b.lO). When
haemoglobin is 100% saturated with O2, large changes in
the partial pressure of O2 (PaO2) are required before the
arterial oxygen saturation (SaO2) falls much. However,
below an SaO2 of about 90%, the relationship between fall
in PaO2 and in SaO2 becomes steeper. Increases in both
body temperature and in arterial pH shift the haemoglo-
bin-oxygen dissociation curve to the right, facilitating the
peripheral unloading of O2. Normal lungs have sufficient
reserve capacity to overcome the increased difficulty in
loading of O2 under these circumstances. However, in the
presence of marked ventilation/perfusion imbalance (see
below) right shifts in the haemoglobin-O2 dissociation
curve may become more significant.

Carbon dioxide is transported more readily in the
blood than O2, because CO2, being a non-polar mol-
ecule, is highly lipid soluble. Carbon dioxide is trans-
ported in the blood in three ways, all of which begin with
CO2 being dissolved in the plasma after it has diffused
into the systemic capillaries from the tissues:

1 as bicarbonate ions (60-70%);
2 combined with haemoglobin to form carbamino-

haemoglobin (15-30%);
3 dissolved in plasma and red blood cells (7-10%).

Carbon dioxide does not bind to haemoglobin at the
same site as O2. It binds directly with some of the amino
groups that form the haemoglobin molecule. The carbon
dioxide-haemoglobin dissociation curve is less curvi-
linear (Figure 6b.lOb).

VENTILATION/PERFUSION IMBALANCE
IN THE LUNGS

Heterogeneity of the ventilation/perfusion (V/Q) bal-
ance in the lungs most commonly occurs with conditions
that produce ventilation heterogeneity, such as obstructive

Figure 6b.10 The relationship between (a) the arterial
partial pressure of oxygen (PaOJ and the whole blood
oxygen content ([02]), assuming a haemoglobin
concentration of I5g/100ml, and (b) The relationship
between the arterial partial pressure of carbon dioxide
(PaC02) and the whole blood carbon dioxide content ([C02]).

airway diseases like asthma. V/Q mismatch causes a
decrease in the transfer of O2 to arterial blood and a
decrease in CO2 elimination. However, the end result is
a lowering of arterial PO2, with a lesser increase in arter-
ial PCO2. Several factors contribute to this phenom-
enon. The gas tensions in an individual alveolar-capillary
unit depend on the ratio of ventilation to perfusion in
that unit. Well-ventilated units tend to raise the O2 ten-
sion towards that of the inspired gas (about 150mmHg
when breathing air) whereas well perfused units tend to
lower oxygen tension towards that of the mixed venous
blood (normally about 40 mmHg). For the same reasons,
the PCO2 is higher in over-perfused units and lower in
over-ventilated units. The extreme case of over-ventilation
and under-perfusion results in an increase in deadspace,
whereas the converse (V/Q = O) results in intrapul-
monary shunt. Mixing of the blood from units with dif-
ferent V/Q balance does not compensate for the different
O2 and CO2 tensions, because, by definition, relatively
more blood comes from the under-ventilated, over-
perfused units. This results in a difference between the
gas tensions in the mixed pulmonary venous blood (which
becomes the arterial gas tension) and the mixed alveolar
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gas (in reality the average tension), and is expressed as an
alveolar — arterial (A — a) difference. The A — a difference
is greater for O2 than for CO2.

A lowering of the arterial PO2, or an increase of arter-
ial PCO2, results in an increase in respiratory rate via
chemoreceptor stimulation. This increase in respiratory
rate is able to lower the PaCO2 but cannot raise the PaO2

to the same extent. This is because of the different shapes
of the blood gas content-tension curves (Figure 6b.lO).
Because the oxyhaemoglobin dissociation curve is almost
flat at high blood O2 contents, increasing ventilation to
well ventilated units cannot increase blood O2 content.
Whereas increasing ventilation will remove extra CO2

from the blood passing through the well-ventilated units.
This means that increasing ventilation, in the face of V/Q
heterogeneity results in a lowering of the PaCO2 towards
or below normal, but does not increase the PaO2 to normal
values.

Respiratory function during
sleep - circadian rhythms

Circadian rhythms have long been recognized to be an
integral part of nature. In humans, the circadian rhythms
are under the basic control of'pacemakers' located in the
suprachiasmic nuclei of the hypothalamus. The 24-hour
period of the circadian rhythms comes from an inter-
action between environmental factors, such as the diurnal
variation in illumination, and the intrinsic output of the
pacemakers.

Diurnal variations have been described in lung
mechanics, gas exchange and transport, and in bronchial
responsiveness. Airway calibre, as judged from measure-
ments of FEV1, and Raw has been demonstrated to be
smaller at night than during the day. A circadian rhythm
with a peak at about 16.00 h and a trough at about
03.00-04.00 h has been described in normal adults. Hetzel
and Clark,51 measuring PEF demonstrated that the 'peak
to trough' amplitude was about 8% for normal adults and
about 50% for asthmatics. They suggested that an ampli-
tude of >20% was highly suggestive of asthma. However,
their asthmatic subjects all had moderately severe asthma
and were in the recovery phase following an acute exacer-
bation of their asthma. The reported diurnal variation
appears to be much higher in children,52,53 with the upper
confidence intervals of a normal population being approxi-
mately 30%. Thus measurement of diurnal variation in
airway calibre does not appear to be a useful aid to the
diagnosis of asthma in children. A diurnal variation in
bronchial responsiveness has also been reported,54-56 how-
ever, the precise timing of the rhythm depends on the
agonist used.56 The mechanisms underlying these diurnal
variations have not been identified with certainty. They
are not a function of sleep per se, or of the recumbent pos-
ture, as they continue if sleep is prevented.57 Variations in
vagal tone,58 in cortisol secretion,59 or in catachol levels60

do explain the diurnal variations in airway calibre or in
bronchial responsiveness.

Recent studies in which bronchial and transbronchial
biopsies have been performed at 16.00 and 14.00 h have
demonstrated a diurnal variation in parenchymal inflam-
mation in nocturnal asthmatics. Diurnal variations in
lung function in nocturnal asthmatics were found to cor-
relate with the diurnal variation in parenchymal inflam-
mation. In contrast, epithelium did not vary significantly
from 16.00 to 04.00 h and as such did not correlate with
the nocturnal falls in lung function.61

An understanding of these diurnal variations in air-
way calibre, bronchial responsiveness and parenchymal
inflammation will allow a better understanding of the
nature of asthma and lead to improved management.
In general, airways are narrower and more sensitive at
night. Thus they may be less able to cope with exposures
to adverse environmental exposures, e.g. cigarette smoke,
house-dust mite, or cold air, during the night than dur-
ing the day. Interpretation of changes in lung function
needs to include an allowance of the changes to be
expected if the tests are performed at different times of
the day. This is particularly important in clinical trials.

PHYSIOLOGICAL MEASUREMENT IN
CLINICAL SITUATIONS

Pulmonary function testing in the
management of childhood asthma

TESTS USED IN THE CLINIC OR SURGERY

Correct assessment of the severity of asthma is central
to determining medication requirements and to indi-
vidualizing a treatment plan. Physical examination and
lung function testing, in children old enough to perform
the tests, are integral parts of this assessment. The absence
of physical signs does not exclude significant asthma and
there may be a poor correlation between physical signs
and spirometry in some children with asthma.

Children with troublesome asthma should have their
pulmonary function measured at each visit, provided they
are old enough to perform the tests reliably. Measurement
of forced expiration, using a machine that produces a
flow-volume loop, provides the most valuable informa-
tion for assessing asthma control. In many settings such
equipment is not available and the doctor relies on meas-
urement of PEF using a mini-flow meter. 'One-off
measures of PEF are unlikely to produce useful results,
particularly in children who are not experienced in using a
mini-flow meter. If PEF is to be measured, the child
should use its own mini-flow meter. The PEF value should
be compared with the child's 'personal best' and not
assessed as a per cent of predicted.44

The most useful time to measure pulmonary function
is when the child's asthma is thought to be under control.
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Persistent abnormalities of lung function after an
adequate dose of a short acting b-agonist at this time need
to be taken seriously and asthma treatment intensified.

HOME MONITORING OF PEAK
EXPIRATORY FLOW

Monitoring of PEF has become an integral part of cur-
rent asthma management. Asthma management plans
that have been developed in many parts of the world
include regular monitoring of PEF as an indication of
when to increase medication. This position has arisen
because of the demonstration that many asthmatics,
especially children, are not able to adequately per-
ceive their degree of airway obstruction.62 An objective
measure of asthma severity should allow, in theory, for
more effective asthma management, with a reduction in
both mortality and morbidity. Only one study to investi-
gate the usefulness of incorporating home monitoring of
PEF into 'asthma management plans' has been reported
in children, with entirely negative results.63

When using PEF monitoring to assess lung function in
a community setting changes in PEF do not necessarily

correspond to changes in 'true' lung function, measured
with a spirometer in children with asthma.64 Clinically sig-
nificant falls in PEF can occur in the absence of changes in
spirometric lung function and vice versa64 (Figure 6b. 11).
Furthermore, when daily symptom diaries are recorded
in parallel with PEF, symptoms of asthma generally pre-
ceded falls in PEF and were acted upon in preference to
PEF.65 Although children are capable of maintaining the
technical quality of their expiratory manoeuvres, over
time their compliance with regular home monitoring
declines rapidly.66 Home monitoring of lung function
has not been shown to improve asthma management.
Therefore, it should not be used as a surrogate for a well-
developed asthma management plan, based on a comb-
ination of respiratory symptoms, the results of PEF
monitoring and regular medical review.67

Clinical anecdotes do suggest that regular monitoring
of PEF can be helpful in managing children with trouble-
some asthma, especially those with life-threatening attacks.
The position adopted by the Respiratory Paediatricians
in Australia and New Zealand70 is as follows: regular moni-
toring of PEF is not warranted in children with mild or
infrequent asthma but children who require continuous

Figure 6b.11 Selected data to demonstrate particular clinically important patterns. In all panels the spirometer data are
depicted by the solid line and that from the mini-flow meter by the dotted line, (a) Despite a difference in mean PEF, the
mini-flow meter (Ferraris) accurately reflected the only important fall in lung function, (b) The mini-flow meter (mini-Wright)
failed to reflect marked falls in lung function, (c) A 'false-positive' fall in PEF measured with the mini-flow meter
(Vitalograph). (d) No relationship between the PEF measured with the spirometer and mini-flow meter (Vitalograph).
The mini-flow meter recordings are almost certainly produced by the 'spitting' manoeuvre.64
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maintenance treatment with inhaled steroids may benefit
from monitoring PEF, provided they are able to produce
reliable measurements.

Ultimately, the decision as to whether an individual
child is likely to benefit from home PEF monitoring
must be made by the paediatrician, taking into account
all clinical factors, including: age; ability to perform the
manoeuvre; pattern of asthma; severity of symptoms;
perception of symptoms and likely compliance.

Acute severe asthma and respiratory
failure

The first step in the management of an acute asthma attack
is an adequate assessment of the severity of the airway
obstruction. In the majority of children clinical assessment
will determine the initial management. Clinical signs of
severe asthma are described in Chapters 6a and 12.

The most useful measurement of pulmonary function
in the assessment of acute asthma is arterial oxygen satur-
ation (SaO2) by pulse oximetry. Geelhoed et al.68 have
demonstrated that children presenting to the emergency
room with an SaO2 <92% are likely to require admission
(odds ratio 10.0), whereas those presenting with an
SaO2 >95% are very unlikely to require admission (odds
ratio 0.29) (Figure 6b.l2). Measurement of arterial blood
gases is not routinely necessary in the management of
acute asthma. However, measurement of time trends in
PaCO2 and PaO2 is usually indicated in severe asthma,
when initial aggressive therapy has failed or when the child
is critically ill at the time of presentation. Blood gases will
usually be normal in children with mild asthma. With
moderate asthma, PaO2 will usually be normal or slightly
low, and PaCO2 will be low, due to hyperventilation (as
discussed above). As the severity of the asthma increases
and the V/Q heterogeneity worsens, PaO2 falls and PaCO2

increases towards normal, then becomes elevated. The
finding of a normal or elevated PaCO2 in a child with
moderate-to-severe asthma should be regarded as an
indication of developing respiratory failure, and appro-
priate management steps instituted without delay.

Measurement of the degree of airway obstruction (PEF
or FEVj) does not predict which children require admis-
sion69 but values below 25-30% of predicted value after
adequate bronchodilation suggest severe or life-threaten-
ing airway obstruction. Children need to be experienced
in performing forced expiratory manoeuvres to produce
reliable results and during an acute attack of asthma is
not an appropriate time to teach a child how to measure
lung function. Peak expiratory flow readings may be
helpful in children who are experienced in using a peak
flow meter, particularly during the recovery phase, pro-
vided one can be sure that the child's technique is ade-
quate. Admission to hospital is likely to be necessary if
the postbronchodilator PEF is less than 50% of the
child's previous best after bronchodilator therapy.70

Figure 6b.12 Arterial oxygen saturation of 52 children
(a) before and (b) 30 minutes after nebulization.
Symbols: • : children send home; x; parents unhappy
with decision to send home; o; children admitted.
(From: ref. 68, with permission.)

Where comparisons have been made, airway obstruc-
tion appears to improve more rapidly than does V/Q
heterogeneity in both adults71 and in children.72 Impro-
vement in clinical symptoms appears to be more closely
related to improvement in airway obstruction than to
improvement in V/Q matching.

Clinical trials

Trials of new medications for the treatment of paediatric
asthma usually include at least one objective outcome
variable, commonly multiple daily PEF recordings or
spirometry at times of laboratory visits. Within-day peak
expiratory flow variability (PEFV) is correlated with
measures of bronchial responsiveness 53>73 and to severity
of asthma, as judged by medication requirements and
mean lung function.53

However, the relationship between asthma symptoms
and measurements of PEF, either mean PEF or PEFV,
have not been well established in children. In a popula-
tion survey, Quackenboss et al.52 demonstrated that the

Image Not Available
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risk of symptoms consistent with asthma was 2.3 times
greater for those with excessive PEFV. In an attempt to
investigate the relationship between asthma symptoms
and measurements of PEF 80 children, aged 6-16 years,
were studied74 during a 2-week baseline period prior to
commencing a drug trial. There was a weak but statis-
tically significant relationship between mean symptom
score and PEFV (r = 0.35, p < 0.01). There was no
relationship between mean symptom score and FEVj or
PD2QFEV! to inhaled histamine measured at the labora-
tory visit at the end of the baseline period. The implication
of these data is that clinical trials of asthma medication
should not rely on measurements of PEF or of PEFV as
primary outcome variables. In fact, one could question
the value of making these measurements at all.

Bronchodilator response

The measurement of the acute effects of a bronchodilat-
ing drug serves two main purposes: to support the clinical
diagnosis of reversible airway obstruction and to demon-
strate the potential benefit of bronchodilator therapy.

In the literature there appears to be a discrepancy
between clinical and physiological studies examining
bronchodilator responsiveness in infants and preschool
children. Some clinical studies demonstrate statistically
significant improvements in the signs of airway obstruc-
tion with inhaled bronchodilator treatment,75-77 although
in most of these studies the improvement is small. Mallol
et al75 demonstrated that children admitted to hospital
with acute wheezing illnesses in the first year of life had a
more rapid reduction of symptoms and a shorter hospital
stay if they received nebulized bronchodilators when
compared with a group receiving nebulized normal saline.

In contrast, physiological studies have not produced
convincing evidence of improved lung function fol-
lowing inhaled bronchodilators. In 1978, Lenny and
Milner78 reported that children less than 12 months of age
did not show a fall in respiratory system resistance, using
a forced oscillation technique. Prendiville et al.79 studied
recurrently wheezy infants using the RTC technique and
body plethysmography and found no changes in specific
resistance or in Vtg following bronchodilator, but a fall
in group mean VmaxFRC. A more recent randomized
crossover clinical trial of salbutamol in infants found no
effect on either symptoms or pulmonary function.80 Simi-
larly arterial oxygen saturation has been reported to
increase,77'81 decrease,82 or to show no change83 following
bronchodilator treatment in wheezy infants.

All of the above studies have used grouped data to
assess response and have not compared the results to a
control group. To overcome some of these problems 22
wheezy infants, less than 6 months old, were studied dur-
ing the acute phase of bronchiolitis, using a double-blind,
placebo-controlled protocol.84 Despite using both individ-
ual and grouped data to assess the response, no differences

were found between the active and placebo groups. Some
infants in both groups had an increase in V'maxFRC, some
had a decrease, and most showed no change.

A bronchodilator response would be expected to
include some or all of: a decrease in FRC; a decrease in
airway resistance; a decrease in respiratory rate. Each of
these factors may influence the values of lung function
measured, for technical reasons, and may obscure a true,
beneficial change in lung function.

Recent studies using low frequency forced oscillation
have shown that both healthy infants and those with
recurrent wheeze can respond to bronchodilators.85 These
data give the promise of a future rational approach to the
use of bronchodilators in infants. There is also promising
data that shows FOT or the interrupter technique can be
used to evaluate bronchial obstruction and it's reversibil-
ity in preschool children.26,49,86

Measurement of bronchodilator response in school-
children is essentially the same as the measurement in
adults. The most commonly used measurements are F£V!
or PEF. Usually, the change in 'FEVl or PEF following
a bronchodilator is expressed as a percentage of the pre-
bronchodilator baseline. However, the changes in FEVj
after bronchodilator drugs have consistently been shown
to be independent of the magnitude of the FEVi.86 Thus,
it is statistically inappropriate to express change in FEVj
as a percentage of baseline, or indeed as a proportion of
the predicted value; change in FEVj should be expressed
in absolute terms.87 Similar conclusions were reached
from a study in healthy children, reported by Hutchinson
et al5 A more recent study88 suggested that statistically the
most appropriate method of expressing bronchodilator
response in children was to express the change in FEVi as
a proportion of the predicted value. These authors found
that this index was independent of age, stature and initial
FEV!. Unfortunately, the number of subjects in this study
was too small to distinguish between the additive model
(absolute change) and the multiplicitave model (DFEV1
%predicted). Therefore a sensible approach to reporting
bronchodilator response would be to assess the response
as both an absolute change in FEVj (>190ml is signifi-
cant in an adult) or in PEF (>601/min is significant in an
adult)87 and as change in FEVj %predicted (>9% appears
to be an appropriate cut-off for bronchodilator response
in children),88 and examine whether either of these is
independent of age, stature, and baseline airway calibre
in the population under study.

There are no data addressing the usefulness of meas-
uring bronchodilator response as part of the diagnosis of
asthma. While the presence of a significant bronchodila-
tor response (see above) in a child with low lung function
is compatible with a diagnosis of asthma it is not diag-
nostic. More importantly, the lack of a bronchodilator
response in the presence of low lung function does not
exclude a diagnosis of asthma.

The precise details of how to test for bronchodilator
responsiveness depend on the reason for performing the



140 Lung function

test. If the aim is to determine the child's maximal lung
function, then a maximal dose of bronchodilator should
be given. Most laboratories would use 5 mg of salbuta-
mol (or equivalent) delivered by a jet nebulizer driven
with compressed air at 81/min, with the child breathing
through a mouthpiece. This technique ensures the max-
imum delivery of bronchodilator to the lungs. An alterna-
tive to using a nebulizer is to use a large volume holding
chamber ('spacer') and a metered dose inhaler. Delivering
five puffs, one at a time, over a 5-minute period is likely
to achieve equivalent bronchodilation. If, however, the
aim of the test is to determine how much bronchodilator
response occurs with the child's usual bronchodilator
therapy, then the child should be asked to take their
bronchodilator in their usual manner. Individual clinical
circumstances will determine which determine which
test is most appropriate.

Following b-agonist therapy 80-90% of the maximal
improvement in lung function occurs within ten min-
utes. Therefore, the measurement of lung function
should be repeated ten minutes after completing the bron-
chodilator treatment. About 20 minutes should be allowed
after the anticholinergic agent ipratropium bromide.
Lack of a bronchodilator response in a child with marked
airway obstruction does not necessarily indicate fixed air-
way obstruction. A large proportion of the airway obstruc-
tion may be due to mucosal swelling and oedema and to
mucous obstruction of the airway lumen. These factors will
limit the ability of the bronchodilator to reach the airway
smooth muscle and are also less likely to respond acutely to
bronchodilator therapy. In these circumstances a course of
oral or high-dose inhaled steroids may be necessary before
one can demonstrate acute bronchodilator responsiveness.

In which children should bronchodilator responsive-
ness be measured? Any asthmatic child with baseline air-
way obstruction, defined as a FEVyFVC ratio of <75%
or a concave expiratory flow-volume curve, should have
bronchodilator response measured. A child presenting
for assessment for the first time, with no obvious baseline
airway obstruction should also have bronchodilator
responsiveness measured as apparently normal pulmonary
function, defined on per cent of predicted normal, may
not be the child's maximal lung function. On subsequent
assessments, measurement of bronchodilator response is
not necessary in children without airway obstruction and
with lung function at their personal best.

REFERENCES

1. Mallol J, Sly PD. Effect of chloral hydrate on arterial

oxygen saturation in wheezy infants. Pediatr Pulmonol

1988;5:96-9.

2. Stocks J, Sly PD, Tepper RS, Morgan WJ (eds). Infant

respiratory function testing. Chichester: Wiley-Liss,

1996.

3. Gold WM, Kaufman HS, Nadel JA. Elastic recoil of

the lungs in chronic asthmatic patients before

and after therapy. Appl Physiol 1967;23:433-8.

4. Peslin R. Body plethysmography. In: AB Otis,

ed. Techniques in Respiratory Physiology Part II.

Techniques in the Life Sciences. Elsevier, County

Clare, Ireland, 1984.

5. Hutchinson AA, Erben A, McLennan LA, Landau LI,

Phelan PD. Intrasubject variability of pulmonary

function testing in healthy children. Thorax

1981;36:370-7.

6. Castile RG, Brown R. More problems with Boyle's

law - or, 'Vtg or not Vtg, that is the question'

[editorial]. Am Rev Respir Dis 1986;133:184-5.

7. Clausen JL. Pulmonary Function Testing in Children:

Guidelines and Controversies. Grane and Stratton,

NY, 1984.

8. McFadden ER, Kiser R, deGroot WJ. Acute bronchial

asthma: relations between clinical and physiological

manifestations. N Engl J Med 1973;288:221-5.

9. Macklem PT. Hyperinflation [editorial].
Am Rev Respir Dis 1984;129:1-2.

10. Tantucci C, Ellaffi M, Duguet A, et al. Dynamic

hyperinflation and flow limitation during

methacholine-induced bronchoconstriction in

asthma. Eur Respir J 1999;14:295-301.

11. Sly PD, Brown KA, Bates JHT, Macklem PT,

Milic-Emili J, Martin JG. The effect of lung

volume on interrupter resistance in cats challenged

with methacholine..Mp/7//V»y5/o/1988;64:360-6.

12. Ludwig MS, Dreshaj I, SolwayJ, Munoz A, Ingram RH.

Partitioning of pulmonary resistance during

constriction in the dog: effects of volume history.

J Appl Physiol 1987;62:807-15.

13. Sly PD, Lanteri CJ. Differential responses of

the airways and pulmonary tissues to inhaled

histamine in young dogs. J Appl Physiol

1990;68:1562-7.

14. Petak F, Hayden MJ, Hantos Z, Sly PD. Volume
dependence of respiratory impedance in infants.

Am Respir Crit Care Med 1997;156:1172-7.

15. Sekizawa K, Yanai Y, Shimizu H, Sasaki H,

Takishima T. Serial distribution of bronchoconstriction

in normal subjects. Am Rev Respir Dis

1988;134:1182-9.

16. Ohuri T, Sekizawa K, Yanai M, et al. Partitioning

of pulmonary responses to inhaled methacholine

in subjects with asymptomatic asthma.

Am Rev Respir Dis 1992;146:1501-5.

17. Burns CB, Taylor WR, Ingram RH. Effects of

deep inhalation in asthma: relative airway

and parenchyma! hysteresis. J Appl Physiol

1985;59:1590-6.

18. Julia-Serda G, Molfino NA, Chapman KR, et al.

Heterogenous airway tone in asthmatic

subjects. J Appl Physiol 1992;73:

2328-32.



References 141

19. Klug B, Bisgaard H. Measurement of the specific
airway resistance by plethysmography in young
children accompanied by an adult. Eur RespirJ
1997;10:1599-605.

20. Lowe L, et al. Specific airway resistance in 3-year old
children: a prospective cohort study. Lancet
2002;359:1904-8.

21. Mallol J, Willet K, Burton P, Sly PD. Influence of
duration of occlusion time on respiratory mechanics
measured with the single-breath technique in
infants. Pediatr Pulmonol 1994;17:250-7.

22. ATS/ERS. Respiratory mechanics in infants: physiologic
evaluation in health and disease. Am Rev Respir Dis
1993;147:474-96.

23. Ducharme FM, Davis M, Ducharme GR. Paediatric
reference values for respiratory resistance measured
by forced oscillation. Chest 1998;113:1322-8.

24. Sly PD, Hayden MJ, Petak F, HantosZ. Measurement
of low-frequency respiratory impedance in infants.
Am Respir Crit Care Med 1996;154:161-6.

25. Bisgaard H, Klug B. Lung function measurement in
awake young children. Eur Respir 1995;8:2067-75.

26. Bridge PD, Ranganathan S, McKenzie SA.
Measurement of airway resistance using the
interrupter technique in preschool children in the
ambulatory setting. Eur Respir 1999;13:792-6.

27. Frey U, Silverman M, Kraemer R, Jackson AC.
High-frequency respiratory input impedance
measurements in infants assessed by the high
speed interrupter technique. Eur Respir
1998;12:148-58.

28. Greenough A, Loftus BG, Pool J, Price JF. Abnormalities
of lung mechanics in young children. Thorax
1987;42:500-5.

29. Macklem PT. Bronchial hyperresponsiveness.
Cfa?sM985;85(Suppl 1):58S-159S.

30. Ding DJ, Martin JG, Macklem PT. The effects of lung
volume on maximal methacholine-induced
bronchoconstriction in normal humans. 7 Appl Physiol
1987;62:1324-30.

31. HallGL, HantosZ, WildhaberJH, Petak F, Sly PD.
Methacholine responsiveness in infants assessed with
low-frequency forced oscillation and forced expiration
techniques. r/?orax2001;56:42-7.

32. Macklem PT, Mead J. The Respiratory System,
Section 3. In: Handbook of Physiology. Part 1.
Mechanics of Breathing, AP Fishman, Section Ed.
American Physiological Society, Bethesda, 1986.

33. Meslier N, Charbonneau G, RacineuxJL. Wheezes.
EurRespJ 199 5 ;8:1942-8.

34. Webster PM, Sawatzky RP, Hoffstein V, Leblanc R,
Hinchey MJ, Sullivan PA. Wall motion in expiratory
flow imitation: choke and flutter. J Appl Physiol
1985;59:1304-12.

35. Gavriely N, Kelly KB, Grotberg JB, Loring SH. Forced
expiratory wheezes are a manifestation of airway
flow limitation.; Appl Physiol 1987;62:2398-403.

36. Anonymous. Standardization of Spirometry,
1994 Update. American Thoracic Society.
Am J Respir Crit Care Med 1995;152:1107-36.

37. Desmond KJ, Allen PD, Demizio DL, Kovesi T,
Coates AL. Redefining end of test (EOT) criteria
for pulmonary function testing in children.
Am J Respir Crit Care Med 1997;156:542-5.

38. Arets HGM, Brackel HJL, Van der Ert CK. Forced
expiratory manoeuvres in children: do they meet ATS
and ERS criteria for spiremetry. Eur Resp J
2001;18:655-60.

39. Sly PD, Tepper R, Henschen M, Gappa M, Stocks J.
Standards for infant respiratory function testing:

tidal forced expirations. Eur Respir J
2000;16:741-8.

40. Seidenberg J, Masters IB, Hudson I, Olinsky A,
Phelan PD. Disturbance in respiratory mechanics
in infants with bronchiolitis. Thorax 1989;
44:660-7.

41. Turner DJ, Stick SM, Lesouef KL, Sly PD, Lesouef PN.
A new technique to generate and assess forced
expiration from raised lung volume in infants.
Am J Respir Crit Care Med 1995;151(5):1441-50.

42. Feher A, Castile R, Kisling J, et al. Flow limitation in
normal infants: a new method for forced expiratory
manoeuvres from raised lung volumes. Appl Physiol
1996:80:2019-25.

43. Jones MH, Davis SD, Kisling JA, Howard JM, Castile R,
Tepper RS. Flow limitation in infants
assessed by negative expiratory pressure.
Am J Respir Crit Care /Wed 2000; 161 (3 Pt 1):713-17.

44. Quanjer PH, Lebowitz MD, Gregg I, Miller MR,
Pedersen OF. Peak expiratory flow: conclusions and
recommendations of a Working Party of the
European Respiratory Society. Eur Respir J Suppl
1997;24:2S-8S.

45. Kano S, Burton DL, Lanteri CJ, Sly PD. Determination
of peak expiratory flow. Eur RespirJ 1993;6:

1347-52.
46. Miles JF, Tunnicliffe W, Cayton RM, Ayres JG, Miller MR.

Potential effects of correction of inaccuracies of the
mini-Wright peak expiratory flow meter on the use of
an asthma self-management plan. Thorax
1996;51(4):403-6.

47. Vilozni D, Barker M, et al. An interactive, computer-
animated system (Spiro Game) facilitates spirometry
in preschool children. Am J Resp Crit Care Med
2001;164:2200-5.

48. Ducharme FM, Davis GM. Measurement of respiratory
resistance in the emergency department: feasibility in
young children with acute asthma. Chest
1997;111:1519-25.

49. Delacourt C, Lorino H, Herve-Guillot M, Reinert P,
Harf A, Housset B. Use of the forced oscillation
technique to assess airway obstruction and
reversibility in children. Am Respir Crit Care Med
2000;161:730-6.



142 Lung function

50. Phagoo SB, Wilson NM, Silverman M. Evaluation of
a new interrupter device for measuring bronchial
responsiveness and the response to bronchodilator
in 3 year old children [see comments]. Eur Respir
1996;9:1374-80.

51. Hetzel MR, Clark TJH. Comparison of normal and
asthmatic circadian rhythms in peak expiratory flow
rate. Thorax 1980;35:732-8.

52. Quackenboss JJ, Lebowitz MD, Krzyzanowski M. The
normal range of diurnal changes in peak expiratory
flow rates: relationship to symptoms and respiratory
disease. Am Rev Respir Dis 1991;143:323-30.

53. Sly PD, Hibbert ME, Landau LI. Diurnal variation of
peak expiratory flow rate in asthmatic children.
Pediatr Pulmonol 1986;2:141-6.

54. DeVries K, Goei JT, Booy-Noord H, Orie NGM. Changes
during 24 hours in the lung function and histamine
hyperreactivity of the bronchial tree in asthmatic
and bronchitic patients. IntArch Allergy
1962;20:93-101.

55. Gervais P, Reinberg A, Gervais C, Smolensky M,
DeFrance 0. Twenty-four-hour rhythm in the bronchial
hyperreactivity to house dust in asthmatics. J Allergy
Clin Immunol 1977;59:207-13.

56. Sly PD, Landau LI, Olinsky A. Failure of ipratropium
bromide to modify the diurnal variation of asthma
in asthmatic children. Thorax 1987;42:357-60.

57. Heztel MR, Clark TJH. Does sleep cause nocturnal
asthma? Thorax!979;34:749-54.

58. Sly PD, Landau LI. Diurnal variation in
bronchial responsiveness in asthmatic children.
Paediatric Pulmonol 1986;2:344-52.

59. Soutar CA, Costello J, Ijaduola 0, Turner-Warick M.
Nocturnal and morning asthma. Relationship to
plasma corticosteroids and response to cortisol
infusion. 77?orax1975;30:436-40.

60. Postma DS, KoeterGH, Keyzer JJ, Muers H. Influence
of slow-release terbutaline on the circadian variation
of cathecholamines, histamine and lung function
in non-allergic patients with partially reversable
airflow obstruction. J Allergy Clin Immunol
1986;77:471-7.

61. Kraft M, Martin RJ, Wilson S, Djukanovic R, Holgate ST.
Lymphocyte and eosinophil influx into alveolar
tissue in nocturnal asthma. Am Respir Crit Care Med
1999;159:228-34.

62. Sly PD, Landau LI, Weymouth R. Home recording of
peak expiratory flow rates and perception of asthma.
Am J Dis Child 1985;139:479-82.

63. Uwyyed K, Springer C, Avital A, Bar-Yishay E,
Godfrey S. Home recording of PEF in young
asthmatics: does it contribute to management?
Eur Respir J 1996;9(5):872-9.

64. Sly PD, Cahill P, Willet K, Burton P. Accuracy of
mini peak flow meters following changes in lung
function in children with asthma. Br Med J 1994;
308:572-4.

65. Clough JB, Sly PD. Can peak expiratory flow be used
as a predictor or lower respiratory symptoms?
Am Rev Respir Dis 1993;147:A267.

66. Wensley D, Silverman M. The quality of home
spirometry in school children with asthma. Thorax
2001 ;56:183-5.

67. Sly PD, Flack F. Is home monitoring of lung function
worthwhile for children with asthma? Thorax
2001 ;56:164-5.

68. Geelhoed GC, Landau LI, LeSouef PN. Predictive value
of oxygen saturation in emergency evaluation of
asthmatic children. Br Med J 1988;297:395-6.

69. Kerem E, Tibshirani R, Canny G, et al. Predicting the
need for hospitalization in children with acute
asthma. C/?«M990;98:1355-61.

70. Henry RL, Robertson CF, Asher I, et al. Management/
of acute asthma. Respiratory paediatricians of
Australia and New Zealand. Paediatr Child Health
1993;29:101-3.

71. Roca J, Ramis LI, Rodrituez-Roisin R, Ballester E,
Montserrat JM, Wagner PD. Serial relationships
between ventilation-perfusion inequality and
spirometry in acute severe asthma requiring
hospitalization. Am Rev Respir Dis 1988;
137:1055-61.

72. Mihatsch W, Geelhoed GC, Landau LI, LeSeouf PN.
Time course of change in oxygen saturation and peak
expiratory flow in children admitted to hospital with
acute asthma. 77?orax1990;45:438-41.

73. Ryan G, Latimer KM, Dolovich J, Hargreave FE.
Bronchial responsiveness to histamine: relationship
to diurnal variation of peak flow rate, improvement
after bronchodilator, and airway calibre. Thorax
1982;37:423-9.

74. Sly PD. Peak flow monitoring in children.
MonaldiArch Chest Dis 1993;48:662-7.

75. Mallol J, Barrueto L, Girardi G, et al. Use of nebulized
bronchodilators in infants under 1 year of age:
analysis of four forms of therapy. Pediatr Pulmonol
1987;3:298-303.

76. Lowell Dl, Lister G, Von Koss H, McCarthy P. Wheezing
in infants: the response to epinephrine. Pediatrics
1987;79:939-45.

77. Schweich PJ, Hurt TL, Walkley El, Mullen N,
Archibald LF. The use of nebulized albuterol in
wheezing infants. Pediatr Emergency Core 1992;
8:184-8.

78. Lenny W, Milner AD. At what age do bronchodilator
drugs work? Arch Dis Child 1978;53:532-5.

79. Prendiville A, Green S, Silverman M. Paradoxical
response to nebulized salbutamol in wheezy infants
assessed by partial expiratory flow-volume curves.
7V?orox1987;42:86-91.

80. Chavasse RJ, Bastian-Lee Y, Richter H, Hilliard T,
Seddon P. Inhaled salbutamol for wheezy infants:
a randomised controlled trial. Arch Dis Childhood
2000;82(5):370-5.



References 143

81. Schuh S, Canny G, Reisman JJ, et al. Nebulized albuterol
in acute bronchiolitis. Pediatrics 1990;117:633-7.

82. Ho L, Collis G, Landau LI, Le Souef PN. Effect of
salbutamol on oxygen saturation in bronchiolitis.
Arch Dis Childhood 1991;66:1061-4.

83. Klassen TP, Rowe PC, Sutcliffe T, Ropp LJ, McDowell IW,
Li MM. Randomized trial of salbutamol in acute
bronchiolitis [published erratum appears in J Pediatr
1991 Dec;119(6):1010].Ped/0fr1991;118:807-11.

84. Sly PD, Lanteri CJ, Raven JM. Do wheezy infants
recovering from bronchiolitis respond to inhaled
salbutamol? Pediatr Pulmonol 1991 ;10:36-9.

85. Hayden MJ, Petak F, Hantos Z, Hall G, Sly PD. Using
low-frequency oscillation to detect bronchodilator
responsiveness in infants. Am Respir Crit Care Med
1998;157:574-9.

86. Beydon N, Amsallen F, et al. Pre- post bronchodilator
interrupter resistance values in healthy young
children. Am J resp Crit Med 2002;165:1388-94.

87. Anon. Reversibility of airflow obstruction FEV1
vs peak flow. /.om:eM992;340:85-6.

88. Waalkens HJ, Merkus PJFM, van Essen-Zandvliet EEM,
et al. Assessment of bronchodilator response in
children with asthma. Eur Respir J 1993;6:645-51.



6c
Bronchial responsiveness

NICOLA WILSON AND MICHAEL SILVERMAN

Introduction 144
Measurement of bronchial responsiveness 146
Factors affecting the measurement of

bronchial responsiveness 149
Mechanisms of increased bronchial

responsiveness 156

Epidemiology
Clinical applications
Conclusions
References

158
161
163
164

INTRODUCTION

The stimulus-response concept

The concept of bronchial responsiveness (BR) has had a
central role in the theory and management of asthma for
25 years. In spite of this, there is agreement on neither the
relationship between increased bronchial responsiveness
and asthma nor on the place of bronchial responsiveness
testing in its diagnosis or management. At its most general,
the term implies a particular degree of airflow obstruction
(sometimes called bronchoconstriction) which is induced
by a standardized stimulus; to many people, the concept
is envisaged as an in vivo 'organ bath' (Figure 6c.l). While
this is an attractive shorthand way of conceptualizing
BR, the analogy has many shortcomings. BR has different
implications for pulmonologists from different scientific
disciplines (Figure 6c.l).

This chapter will discuss briefly the practical aspects
of the measurement of bronchial responsiveness, with
particular reference to young children and infants. Pos-
sible mechanisms for an increased level will be consid-
ered along with a review of environmental influences
and an assessment of its relationship to symptoms and
other clinical features. Unless otherwise stated, the term
bronchial responsiveness will be used to denote the
degree of sensitivity to the stimulus and not the maxi-
mum level of constriction induced. BR should be distin-
guished from the term bronchial hyperresponsiveness
(BHR) which has been used to indicate bronchoconstric-
tion occurring below a particular threshold level of

stimulus. This threshold has been used to define a state of
increased responsiveness in particular studies. Threshold
levels are somewhat arbitrary and may vary from study
to study.

In real life, the stimulus may not be easily quantifiable
at target level because of immeasurable factors affecting
administration, deposition in the lungs or rate of removal.
These unknowns will be compounded by the type of
stimulus (aerosol compared with exercise, for instance), the
age of the subject, the route of breathing (nasal or oral) and
the underlying lung pathology. Measuring the response is
equally problematic in life. It may depend on the type of
lung function test, the technique used and even the par-
ticular model of equipment. The measurement technique
may itself influence the airflow obstruction, which is the
object of measurement. The 'big breath' controversy is an
example of this: under resting conditions, a maximum
inspiration may enhance airway obstruction in an asth-
matic subject, whereas after induced airway narrowing, it
may cause transient relief. Finally, the analysis of what is
inevitably a complex relationship between stimulus and
response (even in an organ bath) presents many more
potential variables. Many of these shortcomings will be
considered in this chapter.

Increased bronchial responsiveness (sometimes referred
to as bronchial hyperreactivity or hyperresponsiveness,
BHR) implies an exaggerated bronchoconstrictor response
to a stimulus. The term can describe either the response
to a low level of stimulus or too great a response to a stan-
dard stimulus (or both). It can be quantified either by
inhalation of a pharmacological aerosol or by applying
non-pharmacological stimuli such as antigen, exercise,
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Figure 6c.1 The concept of BR
depends on view point.

cold air or an osmotic load. The term non-specific respon-
siveness is sometimes applied when it has been assessed
by a constrictor agent, which, unlike allergens or certain
industrial chemicals, does not imply specific sensitization.
It is this aspect of bronchial responsiveness that will be
discussed in this chapter, with only passing reference to the
response to sensitizing agents.

Asthma and bronchial responsiveness

Early studies in selected populations of adults comparing
those without symptoms to atopic asthmatics showed a
distinction between the two groups.1 A good correlation
between the degree of response to methacholine and hista-
mine and asthma medication was shown in most but not
all studies.1-5 So the term increased bronchial respon-
siveness was included into the definition of asthma used
by the American Academy of Respiratory Diseases6 and
has been incorporated into the definition of asthma for
epidemiological purposes.7 However, the relationship
between the two is now known to be more complex than
was first considered. Studies have shown that increased
bronchial responsiveness is not synonymous with asthma
and it has been found in other disorders as well as in
asymptomatic individuals8"13 and has a continuous

unimodal population distribution (Figure 6c.2). None-
theless, the consideration of the measurement of BR in
asthma has led to some important insights. For example,
the association of increased responsiveness and airway
inflammation following exposure to allergens, toxic gases
and viral infections, all major precipitants of asthmatic
symptoms, has focused attention on the role of the
inflammatory process in asthma and the use of bronchial
responsiveness as a possible marker.

Broadly speaking, challenge tests can be divided into
two categories.

1 Direct tests are those in which pharmacological
stimuli, methacholine or histamine for example, act
by direct action on receptors on smooth muscle.

2 Indirect tests may be more specific for asthma, as
indicators of underlying inflammation; stimuli, such
as exercise, isocapnic hyperventilation or inhalation
of hypo- or hyper-osmolar aerosols, probably act by
interaction with inflammatory cells or via a neural
pathway, rather than acting directly on smooth
muscle.14-18a

Because of the number of factors potentially involved
in determining the response to a constrictor agent, this
classification is likely to prove an oversimplification.
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Figure 6c.2 Frequency
distribution of change in FEV7

after an inhaled cumulative dose
of 3.9/jLmol histamine in a
population of New Zealand
children (total n = 2045,
asthma = 294) (from ref. 8 with
permission).

MEASUREMENT OF BRONCHIAL
RESPONSIVENESS

Bronchial challenge procedures

A number of different methods have been used to meas-
ure non-specific bronchial responsiveness in children
(Table 6c. 1). Guidelines for the conduct of challenge pro-
cedures have been published.19,19a

The measurement of BR in school-children is straight-
forward but infants and preschool children are especially
challenging. Below the age of 2, studies can only be per-
formed during sleep after sedation (Figure 6c.3). Aerosol
challenge is the only feasible method, although cold-air
hyperventilation induced by CO2 has been used.20 In
nasal breathing infants, much of the aerosol cannot reach
the lungs.21'22 In this age group measurement of the air-
way response to challenge is constricted by the types of
test available and their limitations in nose-breathing
infants, in whom the greater part of the challenge has been
deposited in the nose. Between 2 and 5 years of age,
limited forms of challenge procedure are possible in the
majority of children and great technical advances have
been made in this area in recent years.23-26

Direct challenge with constrictor aerosols

The most commonly used stimuli to determine bronchial
responsiveness are aerolized constrictor agents such as
methacholine or histamine, which act directly on smooth
muscle. The agent is given in increasing (usually doubling)
concentrations until a predetermined change in lung func-
tion, measured after each step, occurs. Three methods are
in common use and their relative merits are shown in
Table 6c.2. The age of the child, availability of equipment
and the size of the study determine the choice of method.

Inhaled sulphur dioxide, metabisulphite, prosta-
glandins, leukotrienes and other mediators can be given

using this method but are not frequently used in clinical
or epidemiological practice in children, although they
may have a role in research protocols.

Analysis of results

THRESHOLD RESPONSE

Using a dosimeter, the delivered dose of the agonist can
be calculated as concentration X output; for the tidal
breathing method, the delivered concentration is used.
Conventionally, the dose or concentration causing a pre-
determined change in lung function is calculated from the
log dose-response curve and called the provocative con-
centration (PC) or dose (PD); it describes the sensitivity to
the stimulus. This index of PC or PD is the most frequently
used and straightforward to calculate (Figure 6c.4). The
problem with its use in population studies is that many
subjects do not achieve the required change in lung func-
tion, which results in censored data. To some extent this
can be overcome by using regression methods for extrapo-
lation. Another solution recommended by some workers
is the calculation of the slope of the dose-response curve
(reactivity) which applies even to subjects whose change
in lung function is only marginal.30 A review of the two
approaches based on statistical considerations concludes
that there is little to gain from this more cumbersome
approach.31 With the use of a random effects model, in
which all the available challenge data for the individual
are compared to the total population data, covariates
known to influence the response can be included.13

MAXIMAL AIRWAY RESPONSE

It has been claimed that, irrespective of the sensitivity of
the stimulus, the maximal amount of airway narrowing
is the critical feature which distinguishes severe or moderate
asthma from mild or episodic asthma and normals.32'33

The distinguishing feature is the development of a plateau
in maximal constriction (Figure 6c.5) which occurs in

Image Not Available
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Table 6c.1 Types of challenge used to measure bronchial responsiveness in children

Direct challenge19

Histamine

Methacholine
(carbachol, acetylcholine)

Indirect challenge15-19a

Airway epithelial challenge by
osmotic change in ELF and/or
cooling of epithelium

Exercise

Isocapnic hyperventilation
(Cold/dry air)

'Osmotic' challenge: distilled water,
hypertonic saline (usually 3-4.5%)

Dry powder mannitol test16,43

Adenosine 5-monophosphate17'18

HT receptors on smooth muscle
(small component local reflex)

Muscarinic receptors (M3) on smooth
muscle; may also affect other
receptor types

Indirect challenge probably mediated
by interaction with inflammatory
cells (e.g. mast cells) and neural
reflexes
Increased ventilation results in cooling
and evaporative water loss which
increase in ELF osmotic pressure

Mimics hyperventilation of exercise.
Stimulus increased by cooling and
drying of inspired air

Hypo or hypertonic stimuli have
similar constrictor effect

Hyperosmotic stimulus

Acts via mast cell to release histamine
and other autocoid mediators

Systemic side effects such as flushing
and local effects such as cough at
high concentrations
Minimal side effects, so can be used
in high concentrations in normal
subjects

Refractoriness to repeated
challenges in majority of subjects is
a feature

Physiological but single-dose
challenge; stimulus can be increased
by inspiration of (cold) dry air during
exercise; affected by ambient air
conditions
Equipment cumbersome, little
advantage over exercise in
airconditioned surroundings; dry
air adequate; cooling probably
unnecessary
Easiest 'indirect' challenge to obtain
dose-response relationship;
refractoriness to repeat challenge;
Cl~ free solutions induce cough
Convenient preparation for
epidemiological studies; simpler
than aerosols
Convenient 'indirect' challenge;
few clinical studies reported

ELF: epithelial lining fluid.

Figure 6c.3 Infant undergoing bronchial challenge. The

response is measured by the rapid thoracic compression
('squeeze') technique.

healthy adults and children, when big-breath tests of lung
function (such as FEVj) are used (see below). Since the
degree of maximal constriction of the airway determines
the potential severity of asthma and hence the risk,

restoration or limitation in maximal constriction has
been advocated as a therapeutic goal.33'34

Indirect challenge

EXERCISE TEST

Exercise can be performed by free running or on a tread-
mill or exercise bicycle; standardized protocols for each
method are available.35'36 The degree of induced bron-
choconstriction is related to the relative humidity and the
temperature of inspired air, which therefore should ideally
be controlled.37 To obtain a maximal constrictor response
the exercise should be continued for 6-10 minutes at
a level which increases the heart rate to 90% maximum
for age (>180 beats/min is a rough guide). The ideal
environmental conditions are (a) about 21°C and (b) 45%
relative humidity (giving a water content of 10 mg/1 air).
By giving dry air (via a Douglas bag) during exercise,
a more potent stimulus is achieved with about a 10%
greater fall in FEVj. As the maximum bronchoconstriction
occurs about five minutes after the end of the exercise
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Table 6c.2 Methods of delivering constrictor aerosols

Standard tidal breathing
method1

Modified tidal breathing
method26

Dosimeter method27

Handheld dosimeter28

Reservoir method23

Ultrasonic nebulizer:
hypertonic saline
(usually 4.5%),
distilled water29

2 min tidal breathing via jet
nebulizer; agonist doubled
every 5 min after saline
inhalation

1 min tidal breathing;
quadrupling increases in
concentration; no saline
inhalation

Aerosol inhaled during 5
maximal inspirations; saline
followed by doubling doses

Saline followed by varying
number of maximal
inhalations and
concentrations doubling
doses

Aerosol contained in large
volume reservoir

Aerosol inhaled for doubling
durations (e.g. 0.5,
1, ..., 8min); high output
nebulizer (i.e. 1.0-2.3 ml/min)

90 and 180s lowest
value used and compared
to post saline value; PC

180s value compared to
baseline; PC

90s compared to post
saline values;
cumulative PD

90s; cumulative PD

PC or PD can be
calculated

60 + 180s; PD
(ml of water) or time-
based analysis of
response

Cheap, simple; time
consuming; high output
nebulizer can be used but
will give different results

Shortened protocol for
preschool children; risk of
adverse response to
increased step change

Expensive equipment;
quick to perform; suitable
for children >7 years

Cheap and mobile; quick
to use; suitable for
epidemiological studies

Advantage in small
children as inspired dose
is independent air
entrainment

Tendency to cough with
distilled water, usually
wears off; occasional
severe response;
long duration

PD: cumulative provocation dose; PC: provocative concentration; BR: bronchial responsiveness.

Figure 6c.4 Theoretical dose-response curve to constrictor
agent demonstrating ways of assessing response. PC or PD
derived by interpolation of the last two points, using a
regression line or a threshold response and the
dose-response (D/R) slope.

period, lung function should be measured serially for at
least 10 minutes (Figure 6c.6), or until spontaneous recov-
ery occurs if the 'area under the curve' is sought as a meas-
ure of the response. A refractory period which lasts up to
2 hours, when the response to repeated exercise is attenu-
ated, has been described in over 50% of responders38

possibly due to a leukotriene and prostaglandin-dependent
mechanism.39 There is no late response.40

Figure 6c.5 Three typical dose-response curves to histamine
or methacholine representing (a) severely reduced PC/PD
with a steep slope and no limitation to bronchoconstriction
(plateau) as might be seen in severe asthma; (b) moderately
reduced PC/PD with a plateau in maximal constriction
suggestive of mild or episodic asthma; (c) response at high
concentration of agonist with low plateau response in a
normal subject (after ref. 32).

HYPERVENTILATION AND COLD AIR CHALLENGE

Methods which involve hyperventilation with dry air or
with subfreezing air probably give equivalent results.
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Figure 6c.6 The result of an exercise test in an asthmatic
child (•) showing protection by pretreatment with a
bronchodilator (o). A small increase in PEF during exercise
is followed by a sharp fall after its cessation, and slow,
spontaneous recovery.

They are not appropriate for children under 7 years of
age whereas free running exercise challenge has been used
in children as young as 3 years old.41

The results of exercise or other challenge tests in which
a single 'dose' stimulus is used depend simply on the
measurement of the maximum change in lung function
from baseline value (Figure 6c.6). For this reason, results
from a multiple dose protocol such as histamine and
methacholine challenge are not strictly comparable with
the results of tests using a single level of stimulus such as
exercise. However, it is possible to match them for stat-
istical purposes by choosing the methacholine dose that
produces a response closest to the response on exercise.42

OSMOTIC CHALLENGE

Both hypotonic and hypertonic aerosols act as bron-
choconstrictor agents. Thus, inhalation of distilled water
or hypertonic saline (4.5%) can be used.29 In order to
deliver a sufficient volume the use of a high output ultra-
sonic nebulizer with a large two-way valve is recom-
mended. Instead of increasing the dose of the stimulus at
each step, it is usual to double the inhalation time from
0.5-8 minutes. Coughing during inhalation can initially
be troublesome with distilled water but it is less marked
with hypertonic saline and tends to resolve as the test
proceeds. Children as young as 5 years can perform
hypertonic saline challenges (Figure 6c.7).

The dose of the osmotic aerosol from each step is
calculated by weighing the container and tubing before
and at the end of each step of the challenge procedure to
determine the mean output/mm and multiplying by the
duration of the inhalation. Alternatively, a dose related to
the total aerosol inhalation time can be used. The PD is
then calculated from the log dose-response curve, as in
Figure 6c.4.

An ingenious method to alter airway osmolality using
dry mannitol powder is effective and repeatable in adults.43

Inhaled in doubling doses from pre-prepared capsules,

Figure 6c.7 A 5-year-old child performing a hypertonic
saline challenge.

the response correlates well with methacholine challenge
in children, in both degree and rate of recovery.44 The test
promises to supersede other forms of indirect challenge
for clinical and epidemiological studies.

MEASUREMENT OF THE RESPONSE TO
CHALLENGE

With the development of infant lung function testing
and indirect methods to measure the response to challenge
in preschool children, bronchial responsiveness can be
assessed in children of all ages (Table 6c.3).

Direct observation of airway narrowing (by high reso-
lution CT) is not ethical in children, but has been carried
out experimentally in adult subjects.64

FACTORS AFFECTING THE MEASUREMENT
OF BRONCHIAL RESPONSIVENESS

Correlation between different protocols

METHODS OF AEROSOL DELIVERY

Several methods have been well standardized (Table 6c.2).
Despite more peripheral aerosol deposition occurring
with the tidal breathing method, there was no difference
between it and the dosimeter method in adults. In young
children, the tidal breathing method has been found to
be more repeatable and easier to use. When nebulizers
with very different outputs and aerosol characteristics are
used, absolute values of PC or PD are not comparable;
however, this should not alter the relative distribution of
results in population studies.

LUNG FUNCTION TESTS TO ASSESS THE RESPONSE

The choice of lung function test has a greater effect on
the measured response than the choice of aerosol delivery
system.46 When using FEVj to assess the response there is
a much clearer separation between normal subjects and
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Table 6c.3 Lung function tests

10 years and over
Specific conductance (SGaw)

FEV,

7-70 years
FEN/i Peak expiratory flow

5-7 years
Forced oscillation technique47'48

15 months - 6 years
Direct
Interrupter technique (Rint)

49,50

Plethysmography24'51

Indirect measure of lung function
Transcutaneous oxygen26,50,52-3 (Figure 6c.6)

Auscultation of the chest or trachea54-7

Up to 18 months
Rapid thoracic compression technique58-9

(Figure 6c.3)

Plethysmography

Respiratory impedance60-62

Transcutaneous oxygen63

The most sensitive, therefore a lower level of stimulus can be
used; not very repeatable so 35-40% change considered significant
Easy to perform; sensitivity reduced because the maximal
inspiration reduces airway tone so abolishes mild
bronchoconstriction;45 effect magnified by repeated manoeuvers;46

reproducible so 20% change significant

Frequently used; both are affected by maximal manoeuvres

Needs expensive equipment; problems in detecting induced
bronchoconstriction in younger children due to distortion of
the signal and associated changes in lung volume, time-consuming
and needs more cooperation from the young child than earlier
studies suggest

Easy to use; underestimates degree of bronchoconstriction,
particularly in small children;49 useful for bronchodilator
challenge.50

Needs expensive equipment; sRaw can be measured in young
children on parent's knee

Reproducible reflection of changes during induced
bronchoconstriction;26 time-consuming; possibly affected by
coughing and respiratory pattern; concerns raised55.
Easy to perform and controversially more reliable than
transcutaneous oxygen;55 detection of bronchoconstriction may
depend on method of aerosol delivery

May be as sensitive as fEV^ in older children; raised volume
method allows FEV, to be measured (see Chapter 6b) increasing
sensitivity; heavy sedation needed
Technically demanding; sedation needed; upper (nasal) airway
included in measure of resistance
Analogous to forced oscillation; permits tissue and airway wall
properties to be studied, as well as airway calibre
Seems to work only for wheezy infants, not normal infants

patients with asthma than when airway resistance is
used.45 This difference may be explained by a differential
effect of maximal inspiration between normals and asth-
matics if deep inspiration is more likely to abolish mild
degrees of bronchoconstriction in normal subjects.45

If normal adults are prevented from taking deep breaths
during challenge, their response to methacholine resem-
bles that of asthmatic subjects (Figure 6c.8).64-66

TACHYPHYLAXIS (REFRACTORWESS)

Exercise tests should not be repeated within 2-3 hours, as
there is a partial refractory period.38 Tachyphylaxis, last-
ing as long as 7 days, occurs after methacholine challenge
in normal adults, but not those with asthma.67 The dif-
ference between the two groups is probably due to the
much greater lung dose inhaled by normal subjects.

COMPARISON OF DIRECT AND INDIRECT TESTS

Both histamine and methacholine have been widely used
in population studies and have been found to give equiva-
lent results when dose is expressed in molar units.67 The
correlation in individuals is not exact. When the results
of direct challenge (histamine or methacholine) have
been compared to indirect challenge (exercise, hyperven-
tilation, cold air, non-isotonic stimulus) only a weak or
no correlation has been found.14'68 The difference may
be especially marked where BR is used as a clinical trial
outcome measure.42 Inhaled corticosteroids had a prompt
effect on exercise-induced asthma (anti-inflammatory),
but the effect on methacholine response was incomplete
after 6 months treatment (remodelling). It has been argued
that the response to an indirect stimulus may be more
relevant in asthma as induced bronchoconstriction is the



Figure 6c.8 Comparison of methacholine dose-response curves in eight healthy adult subjects performed on three days in

random order. On one day (*), the methacholine challenge was performed without any big breath manoeuvres,

the response being measured by the forced oscillation technique, as respiratory resistance at 6 Hz (RrsJ. On another day (o),

the response was measured by Rrs6, but FEV1 was also measured at baseline, so that a big breath manoeuvre was performed

once, at the start of the challenge procedure. On the third day (D), the response was measured by FEV7. The within-subject

differences between these curves illustrate the immediate and longer (>5min) effect of big breaths on induced

bronchoconstriction in normal subjects. In all eight subjects, there is a marked reduction in methacholine-induced

bronchoconstriction when the response is assessed by FEV1t compared to when it is measured by Rrs6 in the absence of any

big breath manoeuvres (note left shift of solid compared with open circle curves). A plateau response is clearly seen in 4/8

subjects using FfV, but in none using Rrs6. The dose-response curves assessed by Rrs6 when an FEV1 was performed just once,

at the start of the procedure, are intermediate. (From ref. 66.)
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Table 6c.4 Technical factors affecting the short-term repeatability of challenge tests

Aerosols (methacholine, histamine, etc.)
Flow rate of driving gas

Device used
Nebulization time

Breathing pattern

Indirect challenge tests
Exercise

Hyperventilation

Osmotic challenge

Lung function measurement

Particle size, site of deposition; >5 (jug rain out in upper airways;
<1 |x exhaled
Even identically made jet-nebulizers may have different characteristics
Prolonged nebulization time reduces temperature and increases
concentration of aerosol in jet-nebulizers; both enhance response
More peripheral deposition with tidal respiration compared to maximal
inspiration; this has negligible effect on response in population studies;
nasal vs oral breathing (via face-mask) affects dose two to four-fold

Minute ventilation, duration of exercise, ambient air conditions; short-term
refractoriness
Inspired air temperature and humidity all affect outcome; refractoriness
limits determination of short-term repeatability
Duration and tonicity of aerosol (hypo or hyper); refractoriness limits
determination of short-term repeatability

Repeatability of lung function test and bronchodilator effect of maximal
inhalation during induced bronchoconstriction are critical

result of interaction with inflammatory cells or neuronal
pathways.14,69,70 Exercise, adenosine and cold air challenges
differentiated children with clear-cut asthma from those
with other respiratory disorders but methacholine chal-
lenge did not. 17,18,71,72 On the other there was no difference
between the two in separating asthma from normals,
although each test differentiated different individuals.70

Furthermore, in 5-year-old children, with a history of an
early hospital admission with acute wheeze, neither test
identified those who had continued to wheeze.73 There-
fore, the significance of the difference between direct and
indirect tests in clinical practice remains blurred.

Repeatability of measurements

Short-term repeatability is related to technical factors
in measurement (Table 6c.4). In the long-term, clinical
and biological factors add to the variability. Short-term
repeatability should not be used to justify trial size or to
analyse data collected over longer intervals.

There are several methods of expressing within-subject
repeatability.74 The 95% range of single determination
(standard deviation calculated from the within-subject
standard deviation of paired measurement divided by V2)
is recommended for assessing repeatability of a method
and the 95% confidence interval for change (calculated
directly from the within-subject standard deviation) for
determining change in BR within subjects. In tests of
bronchial responsiveness comprising a dose-response
relationship, it is usual to use a log conversion for the
concentration of agonist. Repeatability is often expressed
in terms of doubling dilutions, which can be derived by
dividing the 95% range of within-subject SD by Iog102.
When the repeatability of different methods is being
compared, Bland and Altman have recommended plot-
ting the difference between the two methods against their
mean and calculating the limits of agreement (mean

difference ±2 SD).75 If the measurements are on different
scales, the solution is to calculate a dimensionless statistic,
by using the ratio of between-subject to total variance,
the intraclass coefficient.

Short-term technical repeatability to constrictor
aerosols in children is in the range of 1-2 doubling dilu-
tions for histamine and methacholine (Table 6c.5). Indirect
methods are generally more variable. Even over the short
term, however, some biological or environmental factors
may also affect repeatability (see below).

Marked variation in the level of bronchial responsive-
ness when assessed at longer intervals ranging from weeks
to years has been shown both in normal subjects and in
those with asthma.82-84 The many environmental factors
that influence the level of bronchial responsiveness will
contribute to this variation (Table 6c.6). Because of greater
susceptibility to these influences, it might be thought
that variation in children with clear-cut asthma would be
greater than in normal subjects. However, in population
studies the variation is particularly marked: with repeated
cold-air challenge in 287 children and young adults,
bronchial hyperresponsiveness was consistently present
in only 12%.83 The variability was greatest in asthmatic
subjects but in another study it was more marked in
non-asthmatic subjects, tested with exercise and hista-
mine.84 Changes in airway calibre over time have some
effect on BR within subjects.83'85 Dirksen et al. found that
20% of the variation in PC2o with time was due to change
in FEVj and only 11% of the difference in PC20 between
subjects was due to differences in FEVj.85

Environmental influences on bronchial
responsiveness (Table 6c.6)

ALLERGEN EXPOSURE

Allergen exposure in sensitized subjects affects the level
of bronchial responsiveness as shown by an increase in
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PEF

FEVT

FEV!
FEV!
Ptc02

sRaw
sRaw
sRaw
Rint
Rrs5

Ptco2

sRaw

PEF
PEF

FEVT

Table 6c.5 Repeatability of bronchial challenge tests

Histamine
Tidal breathing76

Handheld dosimeter77

Methacholine
Tidal breathing78

Tidal breathing26

(shortened protocol)
Tidal breathing79

Aerosol reservoir23

Cold air25

Exercise
Treadmill36

Hyperventilation80

Osmotic challenge81

Child

Child
Child

Child
Child

Child
3.6

Asthma

Asthma
Normal

Random
Asthma

Asthma
Mixed

22
22
44
28

14
9

22
20

Young child Asthma 16

Young child Asthma 13

Child
Child

Child

Asthma
Asthma

Asthma

8
11

17

4h 8
24 h 36
2-3 h
2-3 h

2m
24 h

24 h
7 days
<3 weeks

8 weeks

2h 31
2h 8 -

Within 10 days - 1.7

<1
<1

1.43
0.8
0.96
2.3
1.9

1.92
3.19
3.34
1.23
9.5 SDS
'poor'

CoV: coefficient of variation.

Table 6c.6 Biological and environmental risk factors for
increased bronchial responsiveness

Perinatal
Low birth weight
Maternal smoking
Place of birth
Month of birth
Ethnic group
Infancy
Allergen exposure

house-dust mite
pets

Passive smoking
Early viral infection?

Childhood
Passive smoking
Allergen exposure/sensitization
Air pollution

Allergen exposure
Diet
Viral infection
Airway calibre
Medication
Gastroesophageal

reflux
Time of day
(diurnal variation)

BR in grass-sensitive subjects during the pollen season.86

Approximately 50% of atopic asthmatic subjects demon-
strate both an immediate bronchoconstrictor response to
experimental allergen challenge and a delayed response

which occurs 3-8 hours later (Figure 6c.9). Attention has
focused on this late response as it is associated with a sus-
tained increase in bronchial responsiveness which may
persist for several days and is associated with inflammatory
changes in the airways88-90 and increase in circulating
eosinophils and basophils.91 It has often been thought to
be an appropriate model for the study of atopic asthma.
Recently, repeated low levels of inhaled allergen have been
shown to increase bronchial responsiveness markedly for
up to 6 weeks even in the absence of an early response.92-93

This obviously has great clinical significance as well as
helping to explain variability in BR when measured from
time to time. Not only does allergen exposure influence
the level of BR, but the level of BR will affect the response
to other stimuli. For example, sensitization to house-dust
mite has been shown to be a significant factor in the con-
strictor response to exercise.94

VIRUS INFECTIONS

Virus infections are frequently cited as being inducers of
increased bronchial responsiveness and thus implicated
in the pathogenesis of asthma.95-96 Virus infections are
very commonly associated with acute exacerbations of
wheezing, both in atopic childhood asthma and inde-
pendently of atopy in infants and preschool children.97-99
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Figure 6c.9 Prolonged increase in bronchial
responsiveness (reduction in histamine PC20) following a
dual reaction to ragweed pollen extract in a sensitive
adult asthmatic (from ref. 87 with permission). This
study was performed outside the pollen season. Thus,
allergen avoidance for several months did not prevent a
prolonged response to a single exposure (albeit to a
high dose).

However, there is very little evidence to support the
contention that virus infections are implicated in indu-
cing any long-term inflammatory process or in sustained
increases in the level of responsiveness, which are respon-
sible for subsequent recurrent symptoms.

There have been two lines of reasoning linking viral
infections to a state of increased bronchial responsiveness.
The first is the finding that in normal subjects, a period
of increased responsiveness can be induced by experi-
mental viral infections.100 This has not been confirmed
in all studies,101"102 nor shown in asthmatics. But it has
recently been demonstrated in adults with a history of
virus-induced wheeze, independently of atopy and unre-
lated to baseline lung function.103 The second considers
the observation that following RSV bronchiolitis in early
infancy, children have increased levels of responsiveness
when assessed later in childhood.104-105 Such children
frequently exhibit a tendency to episodic wheezing, par-
ticularly in association with further viral infections. This
tendency is often imputed to a state of hyperresponsive-
ness induced by the initial infection. It is more likely that
BHR precedes, and is a risk factor for, the development of
viral wheezing illnesses in the first two years of life106-107

although this does not necessarily preclude an additional
contribution from viral illnesses themselves. However,
there is no relationship between BHR and the continued
tendency to wheeze in the preschool period.107-110 Fur-
thermore, in many epidemiological studies, no association

with recent viral infections and increased responsiveness
has been found,77,111 although it is seen in experimental
viral infection in those with a history of viral wheeze.103

In clinical practice, it is clear that there is a large subgroup
of children who wheeze, some very severely, solely in
association with viral infections but who are completely
free of respiratory symptoms between these episodes.
This is not a pattern suggestive of a chronic inflammatory
process nor has inflammation been detected in such chil-
dren, in contrast to those considered to have asthma.112

Also, treatment with inhaled corticosteroids had no
effect on histamine responsiveness in preschool children
with wheeze related to clinical virus infections.112a

SMOKING

The effect of smoking can occur both in utero and also in
childhood from passive inhalation. It is usually impossible
to separate the two effects. Studies in newborn infants
initially claimed that the airways of those whose mothers
smoked were more responsive to histamine that those
whose mothers did not.113 With a more complete picture
of the situation, it seems that this no longer holds true.107

In older children with smoking mothers, responsiveness
was increased in both asthmatic and normal children
independently of the presence of atopy, particularly in
boys.114 In another study, acute cigarette smoke challenge
induced prolonged increases in bronchial responsiveness
without necessarily causing bronchoconstriction in a
population of both asthmatic and normal children.115

Thus smoking has a dual effect by independently increas-
ing both the risk of atopic sensitization and the level of
bronchial responsiveness.

LOCATION AND ETHNIC GROUP

The reported prevalence of asthma varies widely through-
out the world. Because of differences in study techniques
and populations studied, it is difficult to make accurate
comparisons of the level of bronchial responsiveness in
different geographical areas. The place of birth should
be taken into consideration as well as the area of resi-
dence.116 In addition to location, ethnicity may affect the
relationship between bronchial responsiveness and symp-
toms. In New Zealand, after allowing for other confound-
ing factors, it was found that Maori children had more
asthma-like symptoms than Europeans or Pacific Islanders,
but Maoris and Pacific Islanders with asthma had less
bronchial responsiveness than Europeans.117 Geographical
differences in responsiveness are therefore likely to result
from a large number of interacting environmental and
genetic factors.

POLLUTION

Experimentally, many toxic gases such as oxides of nitro-
gen and ozone lead to airway inflammation and increased
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responsiveness.89,118 The detrimental effect of pollutant
gases in the atmosphere on the level of bronchial respon-
siveness and lung function is less easy to demonstrate,
and some of the results have been conflicting. In children
without respiratory symptoms, bronchial responsiveness
was found to be increased in those living in a highly pol-
luted area compared with those who did not.119,120 Other
studies have shown no such difference.121-122 However, in
Hong Kong, reduction in the sulphur content of fuels
was associated with a significant fall in the BHR rate in
non-asthmatic children.123

Increased responsiveness associated with airway inflam-
mation following sensitization to a variety of industrial
chemicals has been widely reported. It is of little direct
relevance to children but it illustrates the principle that a
large number of substances can induce a chronic inflam-
matory process in previously healthy people, who become
sensitized. This raises the question of whether allergen
avoidance in infancy in high-risk groups will prevent or
simply postpone sensitization.

Effect of medication on bronchial
responsiveness

Medication can have a short-term effect by blocking the
pathway of bronchoconstriction induced by a stimulus, a
medium-term effect by modulating airway inflammation,
or a long-term effect by modifying the underlying struc-
tural pathology (remodelling).

SHORT-TERM EFFECTS

Interest in the short-term effect of drugs is mainly directed
to the study of specific pathways and to consideration of
the effect of recent medication on the results of respon-
siveness tests.

Methylxanthines and b2-agonists are functional antag-
onists of direct stimuli by direct action on smooth
muscle and may antagonize indirect stimuli both by effects
on inflammatory cells and action on smooth muscle.
There is heterogeneity of protection.124 Anticholinergic
agents act by inhibition of vagal neural pathways at mus-
carinic receptors; their effects are not always predictable
because of the complexity of the muscarinic subtypes.125

Nedocromil sodium and cromoglycate (cromolyn sodium)
protect against indirect challenges such as exercise,
sulphur dioxide and osmolar challenge stimuli, which
probably act through activated inflammatory cells or by
excitation of sensory nerves. They have little effect against
histamine or methacholine inhalation, although a sen-
soneural effect for cromoglycate has been proposed.126

Corticosteroids have no immediate (<lh) effect on
induced bronchoconstriction, including the response
to exercise and the early response to inhaled allergen.
Leukotriene antagonists (LTRAs) are specific to those

forms of response which involve cysteinyl leukotrienes,
such as exercise- and aspirin-induced asthma. 127-128a

MEDIUM AND LONG-TERM EFFECTS

Medium-term effects have been studied in two ways: as a
change in responsiveness, allowing for the duration of
any acute drug effect, and by the attenuation of increased
responsiveness associated with the late allergen reaction.

Long-term use of b2- agonists leads to a small but sig-
nificant increase in responsiveness, especially to antigen
challenge, in most studies.129-131 This tolerance was asso-
ciated with a loss of protection to allergen, methacholine129

and histamine130 challenge, without a reduction of bron-
chodilator effect. Long-acting b2-agonists have a similar
effect, the loss of protection being demonstrable after as
few as 2 days.124 There is marked loss of degree and dur-
ation of protection against exercise-induced asthma within
one month if regular salmeterol is used in teenagers.132

Down-regulation of mast cell b2-receptors is the most
likely mechanism133 although increased allergen access
to the lower airways, following bronchodilation has been
suggested to contribute to increased allergic responsive-
ness.134 The clinical significance of this modest increase
in responsiveness is the subject of continuing debate but
it has been incriminated as a factor in increasing asthma
severity and prevalence. Of greater clinical importance
is loss of protection against natural challenge, and with
it, a loss of protection by b-agonists as well.135

Methylxanthines, antimuscarinic agents and antihista-
mines do not have any significant medium-term effect
on bronchial responsiveness. In theory, LTRAs should do
so, by virtue of their effects on eosinophil recruitment
and activation, but this has not yet been demonstrated,
although montelukast causes significant inhibition of
exercise-induced airway obstruction in children.127'128

Cromoglycate (cromolyn sodium), in contrast to its
efficient protection against the increased responsiveness
associated with a late reaction to allergen exposure, has
minimal additional effect on BR in clinical asthma after
continuous use.136-138 Conflicting results have been
reported with nedocromil.136 The discrepancy between
these two situations is of interest when considering
the role of the drugs as anti-inflammatory agents in
asthma and the possible relationship between late
allergen-induced increased responsiveness and clinical
asthma.

Corticosteroids by inhalation reduce allergen-provoked
increases in responsiveness as well as baseline
BR.

124,130,131,136,139-1432 This effect is probably both dose

and duration-related. A small reduction in methacholine
responsiveness has been demonstrated two hours after a
single dose of budesonide 800 u,g but reduction con-
tinued progressively over several months of treatment.130

With doses above 1 mg/day, a maximal reduction has been
shown within a month in adult asthmatics.136 In one
long-term study of children, a plateau of benefit of a mean
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Figure 6c.10 Effect of treatment with placebo, fluticasone 100 ̂ g bd or fluticasone 250 pg bd on (a) the severity of
exercise-induced bronchoconstriction expressed as maximal % fall in FEV1 (geometric mean ± SEM) and (b) methacholine
PC2o (geometric mean ± doubling doses) (from ref. 42 with permission).

of 2.1 doubling histamine dilutions was seen after 20-26
months.131 This improvement was considered to be sub-
optimal. This beneficial effect on responsiveness is not an
artificial effect of increase in airway calibre, as improve-
ment in lung function and PC20 are not related139'140 and
differences in PC2o remain after allowing for changes
in lung function.141 The reduction in responsiveness is
not permanent and levels return to pretreatment values
within 2-3 weeks of withdrawal of steroid therapy.140'142

Of particular interest is the finding that even after pro-
longed therapy, in the majority of subjects responsive-
ness to methacholine was not reduced to the normal
range. The maximal reduction is small, up to about three
doubling dilutions;136 this is in contrast to the greater
than 15 doubling dilution difference seen between severe
asthma and some healthy subjects. Wide intra-subject
variation in improvement has been noted.

The slow and incomplete effect of inhaled corti-
costeroids on BR in childhood asthma contrasts with the
rapidity (3 weeks) with which they achieve a maximal
effect on exercise-induced asthma42 (Figure 6c.lO). Given
what is known of the dependency of exercise-induced
asthma on an inflammatory milieu, this rapid effect is
probably anti-inflammatory. The prolonged effect on
'direct' BR may be brought by the slower process of
structural remodelling of the airway, leaving an intract-
able irreversible element of bronchial responsiveness.
Such a line of reasoning has raised interest in more
vigorous anti-inflammatory treatment in early childhood
in order to prevent such a scenario in later life, but this
remains purely speculative. The reduction of bronchial
responsiveness following treatment with inhaled steroids
is not seen in other situations.143"145 Airway inflamma-
tion or a particular type of inflammation and consequent
remodelling may therefore be specific for the increased
bronchial responsiveness seen in asthma.

Oral steroids, in contrast to the inhaled route, have
generally produced a small effect on responsiveness, sug-
gesting that the site of action is in the airway epithelium
rather than the endothelium or interstitium.136'146

MECHANISMS OF INCREASED BRONCHIAL
RESPONSIVENESS

The precise mechanism of increased bronchial respon-
siveness is unknown. It involves a complex interaction
of different factors which may vary between individuals
and even in the same individual at different times
(Figure 6c.II).147

Increased airways smooth muscle
responsiveness

A number of clinical observations suggest that airway
smooth muscle is important in bronchial responsiveness;
the transient nature of bronchoconstriction after chal-
lenge and the prompt response to (32-agonists clearly
implicates a muscular mechanism. Furthermore, math-
ematical modelling of airway narrowing suggests that
the increase in smooth muscle mass or changes in the
smooth muscle contractile properties, characteristic of
asthma, may be the most important factor in exces-
sive airway narrowing.148 Theoretically, there may be an
increased capacity to shorten rapidly, and to a greater
degree. Decreased pulmonary elastance with uncoupling
of the airway smooth muscle from the surrounding
parenchyma would reduce the load against which muscle
contraction takes place, so increasing the amount of unim-
peded shortening and hence airway narrowing which is
possible.149 This may be a major factor in the increased
bronchial responsiveness seen in emphysema, but periph-
eral lung involvement in asthma is increasingly being
recognized.150

The dynamic properties of airway smooth mus-
Cjei49,i5i-i52 may i^ Dependent on cyclical stretching dur-
ing tidal breathing and sighing, which, by allowing a fluid
relationship between actin and myosin filaments, main-
tains the muscle in an ideal force-length relationship.
Uncoupling of the airway from the forces, which maintain
this dynamic state, leads to shorter, stiffer smooth muscle

Image Not Available
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Figure 6c.11 Interaction of different pathological factors resulting in increased bronchial responsiveness.

with the capacity to generate excessive force. Conversely,
big breath effects may be able to ameliorate these effects,
during bronchial challenge in healthy subjects and dur-
ing natural airway narrowing in asthmatics. This does
not preclude important additional genetic factors, the
effect of inflammation on smooth muscle cell phenotype
and (fetal) developmental factors.106'107'113

Geometric considerations: airway calibre;
remodelling

Resistance to laminar airflow is inversely proportional to
the fourth power of the radius, so reduction of airway
calibre has an exponential effect on airway resistance.
The response to stimuli is usually expressed as a percent-
age change of resting value. With reduced airway calibre
a smaller absolute change in diameter is required to pro-
duce an equivalent percentage change. On the other hand,
in the presence of bronchoconstriction the potential for
increasing muscle tone will be reduced. In some popu-
lation studies reduced starting lung function has been
found to be a small but significant independent determin-
ant of the level of bronchial responsiveness.83'85 Of course,
both reduced lung function and airway responsiveness
could be independently associated with asthma.

However, it has been postulated that airway wall thick-
ness resulting from an increase in the tissue element, due
to oedema and cellular inflammation on the luminal side
of smooth muscle, as well as structural remodelling of
the sub-epithelial region, will significantly increase air-
way resistance for a given amount of smooth muscle con-
traction. This will have a minimal effect on resting lung
function148'153-154 (Figure 6c.l2). This effect will be exag-
gerated if there is an infolding of the airway wall. The
lumen diameter can be reduced still further by liquid

Figure 6c.12 Effect of increasing wall thickness upon
airway resistance (R/J. The addition of a tissue element
inside smooth muscle (b) magnifies the increase in RA for the
same 30% smooth muscle contraction because the internal
radius (r^) is affected disproportionately (from ref. 154 with
permission).

in-filling of the interstices of the folds of the presence of
mucus.154"155

Airway inflammation

Results of bronchial biopsy, bronchoalveolar lavage and
examination of cells in induced sputum provide ample
evidence that even mild asthma in adults and older

Image Not Available
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children is associated with airway inflammation, particu-
larly infiltration with activated eosinophils and lympho-
cytes, together with patchy epithelial loss.88'89'156"60

However, the relation between indices of airway inflam-
mation and both asthma severity and the degree of BR is
complex. Indices of airway inflammation have been
related to a measure of bronchial responsiveness in a
number of studies. The results are conflicting, with
some,161"162 but not all163'164 finding an association
between the two. This is likely be due to the fact that
many processes, apart from inflammation, contribute to
BR (Figure 6c.l2), including airway wall properties that
may have resulted from a previous inflammatory insult,
which is no longer detectable.147 These will vary in impor-
tance in different individuals. The relation between evi-
dence of inflammation and a measure of BR is further
complicated in a number of ways. Firstly, by the fact that
little or no correlation is found between various methods
of assessing airway inflammation.165"166 Secondly, specific
inflammatory methods do not relate in the same way to
different tests of BR. For example in one study, eosinophils
in induced sputum related to BR assessed by inhaled
hypertonic saline but not methacholine.161 Response to
therapeutic agents may further confound the issue, by
producing differing effects on inflammation and remodel-
ling.42 So conflicting results between studies that consider
the correlation between BR with airway inflammation are
not surprising. There is also disagreement between find-
ings in those with hay fever but not asthma. One study
found that evidence of inflammation in the lower airways
was related to BHR167 but another did not.168

Inhalation of irritant gases, industrial chemicals and
particularly allergens in susceptible individuals causes
both demonstrable inflammatory changes in the airway
with parallel increase in bronchial responsiveness.89

Genetic and developmental factors
(Chapter 4d)

There are several inbred mouse strains which exhibit
BHR and which can be used to study non-inflammatory
mechanisms for BHR.169

From twin studies, the inheritability of asthma has
been calculated as upto 68%.170 There is clear evidence that
multiple genes are involved.171 A number of studies have
demonstrated a genetic link between atopy and BHR, but
not all people with atopy have BHR.171 Several other lines
of reasoning suggest that there may be separate genetic
influences on the inheritance of atopy and BHR.172"174

A family history of asthma increases the likelihood of
bronchial responsiveness in atopic but not non-atopic
children.175 Bronchial responsiveness had been reported as
greater in the newborn offspring of asthmatic mothers,113

but this observation has recently been retracted.107 Two
cohort studies have shown that for girls, in whom wheez-
ing is less common than in boys, pre-morbid bronchial

responsiveness measured in the first few weeks after birth
was markedly greater in those who subsequently wheezed
than in those who did not.106'107 Such an observation is
compatible with a genetic basis for responsiveness.

Further evidence for a genetic influence in BR is sug-
gested by family studies in which, in contrast to popula-
tion studies (see below), a bimodal distribution of BR
has been found in non-asthmatic relatives of asthmatic
individuals.176"177 Since a similar bimodal distribution is
found in non-atopic, non-asthmatic individuals from
asthmatic and atopic families178 a genetic effect which is
independent of atopy is suggested.

Since number of genetic polymorphisms have been
linked to BHR,179"181 it is possible that there are many
potential genetic influences, other than those associated
with atopy, each of which may exert a minor influence.
Because many genetic influences are likely, with different
combinations of genes influencing BR in different indi-
viduals, the strong polymorphous genetic influence on
BR which is apparent in family studies, may weaken
when single genes considered in a group of unrelated
individuals.

EPIDEMIOLOGY

Distribution in population

Different methods used to describe bronchial respon-
siveness (including the actual or extrapolated fall in FEY^
the slope of the dose-response curve to histamine or
methacholine, and the response to cold air), have all
indicated a skewed unimodal distribution, with no dis-
tinct separation between symptomatic and asymptomatic
people8"12'182"3 (Figure 6c.2). A particular cut-off point
to define increased bronchial hyperresponsiveness (BHR)
is therefore somewhat arbitrary. It is often taken as a
change of FEVj of at least 20% to a concentration of
methacholine/histamine of <8 g/1 or a dose of <7.8 (Jimol.
For exercise and cold-air challenge the definitive fall in
FEVi varies between 12% and 15%.35'36'184 There is no
apparent difference in population distribution between
adults and school-age children for the different types of
test used.

Since the methods that have been used in different
surveys have varied, different studies are not strictly
comparable. A lack of separation between normal and
abnormal is not altogether surprising as in reality airways
are bombarded by a large number of different types of
stimuli to which there is likely to be a range of intra-
individual susceptibility, whereas a particular challenge
test provokes only one pathway. The large number of fac-
tors which can influence both the measurement and the
actual level explains the lack of a tight correlation with
asthma. Moreover, it is clear that asthma is not a single
disorder but rather encompasses a range of patterns of
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symptoms which in children includes chronic cough and
episodic wheeze and a precise definition remains elusive.185

Association with asthma

INFANCY AND PRESCHOOL AGE

Challenge tests are time-consuming in those under 7 years
of age, so there are insufficient population data in this
young age group. In small random samples of infants, as
well as infants of atopic parents, no association has been
found between lower respiratory symptoms and respon-
siveness beyond the neonatal period.107"109 Similarly, in a
selected group of 3-year-olds with a past history of wheeze,
there was no correlation with current symptoms.110

However, one study of slightly older preschool children,
using an indirect challenge technique, reported BHR to
isocapnic hyperventilation in 26/38 'asthmatic' children
compared to 2/29 controls.25

SCHOOL-AGE CHILDREN AND ADULTS

One study compared the correlation between asthma
(undefined) and BHR, measured by different types of
challenge test and using different methods of analysis from
a number of population studies.186 A single challenge test
to assess BHR gave a median positive predictive value (the
likelihood of a person with a positive test having the con-
dition) of only 26% (range 9-75%) for asthma and
between 11-76% for other respiratory symptoms. In con-
trast the negative predictive value for asthma was
86-100%. Similarly, a recent attempt was made to find the
optimal level of bronchial responsiveness (methacholine
and exercise) that could be used alone to diagnose asthma
in those with clear-cut disease versus those with no his-
tory of respiratory disease184 (Figure 6c. 13). This approach
has the disadvantage in epidemiological studies that,
although the sensitivity and specificity are acceptable, the
positive predictive value is low. This is because asthma is

a relatively uncommon condition compared to the abso-
lute number of normal subjects with a positive result.

Variation in environmental factors (Table 6c.6) could
explain the discrepancy between the result of a single
challenge and a history of respiratory symptoms. Although
one study of selected atopic adult asthmatics found an
overall relationship between change in PD2o and symp-
toms,187 other workers following children aged 7-8 years
and subjects 8-66 years with 3-4 weekly methacholine
challenge tests and continuous home-based symptom
and peak flow measurements showed dissociation between
exacerbation of symptoms and the level of bronchial
responsiveness.4'68 These observations confirm data col-
lected by the authors from a cohort of children with
asthma some 30 years ago suggesting that BR (the response
to exercise) was independent of lung function and cur-
rent symptoms.

As there is good short-term repeatability for challenge
protocols, this suggests that varying environmental fac-
tors affect symptoms, lung function and bronchial res-
ponsiveness differently. One important factor may be the
imprecision of the diagnostic term 'asthma'. Different
patterns of wheezing may have different pathogeneses
and thus different relationships to increased bronchial
responsiveness. In school-age children, wheeze as opposed
to a diagnosis of asthma does not predict BHR,188 which
suggests that the pathogenesis of wheezing in childhood
is multifactorial with differing associations with BHR
and atopy (see below). Nonetheless, taken as a group, asth-
matic adults and school-age children show a greater
degree of bronchial responsiveness than the rest of the
population.

Relation to atopy

Several observations link increased bronchial responsive-
ness to atopy. The first concerns experimental allergen
inhalation87 (Figure 6c.9). Second is the finding that

Figure 6c.13 Cut-off points for distinguishing normal children from asthmatics (a) for histamine/methacholine PD20 and
(b)for change in FEV1 following an exercise test (AFEV-,). The balanced optimal value occurs where sensitivity and specificity
are equal. (-—): specificity; (—): sensitivity (from ref. 184 with permission).

Image Not Available
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responsiveness is increased during seasonal exposure to
allergen and can be reduced following avoidance in sus-
ceptible individuals.86'189 Thirdly, in a number of popu-
lation studies, atopy has been found to be strongly
related to increased bronchial responsiveness even in
asymptomatic subjects.190"191 One longitudinal study has
shown that children in whom atopy was demonstrable by
8-10 years were three times more likely to show BHR at
12-14 years than those who became atopic later.116 In
another, atopic sensitization in infancy has been shown
to predict increased levels of bronchial responsiveness
at 7 years.192 The development of BHR may therefore
depend on the duration of atopic sensitization. In a popu-
lation study of 13-year-old children, the correlation of
atopy with lung function has been shown to occur pri-
marily as a result of the relationship between atopy and
bronchial responsiveness.193

The cross-sectional study of a population of children
in New Zealand by Crane and colleagues (Figure 6c.l4)
suggests that the association develops beyond the age of
7 years, as the level of responsiveness of non-atopic chil-
dren declines while that of atopic children is retained.175

In population studies, the association between atopy
and BHR has been shown to be greatest in older children
and young adults, declining in older age.191 From the
limited evidence available, this relationship does not
seem to hold in very young children: no correlation has
been found with either maternal, or cord IgE and BR
measured soon after birth113 or between IgE and BR at
5 years194 or in a selected group of children assessed at
three years of age.110 In contrast to findings in older chil-
dren and adults, the level of responsiveness in these
3-year-olds was significantly greater in non-atopic than
atopic children and was not related to the frequency of
symptoms. In a number of studies of children with a his-
tory of RSV bronchiolitis in infancy, the level of bron-
chial responsiveness when assessed between seven and
ten years was unrelated to atopy or subsequent wheez-
ing.104"105 In another population of school-children 7-11

Figure 6c.14 A comparison of the changes in bronchial

responsiveness with age in atopic (solid bars) and non-

atopic (hatched bars) children. Beyond the 7-9 age group,

the gap between atopic and non-atopic children widens

with increasing age (from ref. 175 with permission).

years of age, wheeze was unrelated to bronchial respon-
siveness in the absence of atopy.195

Together these observations indicate that in large popu-
lation studies of subjects over 7 years of age, bronchial
responsiveness is strongly influenced by atopy even in the
absence of symptoms. There also exists a subpopulation
of childhood wheezers and ex-wheezers in whom, in con-
trast to those with asthma, BHR is independent of both
atopy and symptoms.

Other disorders

Increased bronchial responsiveness has been described in
a number of respiratory disorders apart from asthma
(Table 6c.7). Studies suggest that abnormal baseline lung
function plays a greater role than in asthma77,196-198 and
that these conditions are better distinguished from asthma
with an exercise test rather than methacholine challenge.71

Bronchial responsiveness and age

It has been clear for many years that, given the many vari-
ables involved, crude values of BR cannot be compared
between age groups,202 but in spite of this, there is a fairly
widely held view that bronchial responsiveness (BR)
decreases with age. This view comes from a number of
reports, demonstrating that most apparently normal
infants respond to inhaled provocation tests20'106'107'203'204

and that the dose of inhaled agonist required to produce
a given fall in lung function increases with age.205"207

Recent studies have cast serious doubt on the validity
of the fall in BR with age. Collis et a/.208 demonstrated that
children over the age of 6-12 months have inspiratory
flows that exceed the flows commonly used to drive jet-
nebulizers and are thus likely to receive similar doses from
the nebulizer regardless of their size. These predictions
were confirmed by in vivo studies measuring pulmonary
deposition of radiolabelled aerosols.209 Le Souef has esti-
mated that the size-corrected dose of agonist delivered by
a jet nebulizer to a child 1 year of age is likely to be about
eight times that delivered to an adult; a child 5 years of age
is likely to receive about four times the adult dose; while
a child 10 years of age is likely to receive about double the
adult dose.202 He further demonstrated that if the dose
delivered was corrected for the size of the individual, the

Table 6c.7 Other disorders associated with increased

bronchial responsiveness

Inflammatory disorders
Cystic fibrosis196"7

Bronchiectasis198"9

Recurrent croup200

Chronic obstructive airways disease201

Developmental disorders
Prematurity77'145

Image Not Available
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age effect on BR reported in two studies either disappeared
or was reversed.208"209 Similarly, Stick and colleagues
demonstrated than an apparent age effect, suggesting that
infants responded to a lower concentration of inhaled his-
tamine than did older children, disappeared if the inhaled
dose was corrected for air entrainment.210 An ingenious
experiment by Tepper et al.2n continues the controversy.
They compared the bronchial response to methacholine in
13-year-old girls and 42-year-old women of identical body
size. The children had significantly greater responsiveness.
The increased rate of shortening in the young may explain
greater BR.149

Relative responsiveness can be measured by a system
of ranking individual results or alternatively a relative
change of different subgroups of the population can be
compared at different ages (for example, atopic, non-
atopic; symptomatic, asymptomatic) if similar growth
rates are assumed.

An additional factor complicating the reported
decrease in BR with age is the fact that aerosols are deliv-
ered to infants and young children via a face-mask, whereas
aerosols tend to be delivered to older children and adults
via a mouthpiece. The dose of aerosol depositing in chil-
dren's lungs has been shown to be 2-5 times higher for
inhalation via the oral route when compared to nasal
inhalation.22 Thus, the use of a mouthpiece is likely to
produce a lower provocation concentration than a face-
mask with nasal inhalation. Many studies do not ade-
quately control or report the route of aerosol inhalation,
making comparison between individuals, or between
studies, impossible.

In the final analysis, therefore, we may never know
whether bronchial responsiveness really does change
with age.

Natural history

Several prospective population studies of bronchial
responsiveness are ongoing and their results, which could
be expressed by a ranking procedure to overcome the effect
of growth on the absolute response, will be of great value.
Meanwhile, the natural history of bronchial respon-
siveness throughout childhood is speculative, based on
limited information. Lower respiratory symptoms in
infancy (largely related to respiratory viral infections) are
known to be independent of the level of bronchial
responsiveness.107"109 However, children admitted to
hospital with RSV bronchiolitis were found to have
increased levels in most studies, when assessed at 7-11
years of age, independently of current symptoms and
atopy.104"105 This could mean that increased responsive-
ness predisposed to hospital admission, that severe early
lower respiratory viral infection induced increased levels,
or both. On the other hand, atopic sensitization, a strong
determinant of bronchial responsiveness, increases
through childhood.

It is therefore possible that two distinct factors deter-
mine the level of bronchial responsiveness throughout
childhood. One unrelated to atopy, which operates in
younger children, perhaps due to diminished lung func-
tion either as a consequence of intranterine develop-
mental influences or due to some other unspecified genetic
influence. The other is linked to atopic sensitization.
Evidence for this is obtained from a New Zealand cross-
sectional study in which the prevalence of BHR was the
same in atopic and non-atopic children of 5-7 years, but
thereafter increased with age in atopies and decreased in
non-atopies175 (Figure 6c.l4). The progress of BHR into
adult life from longitudinal population studies of chil-
dren assessed over an 18-27 year period is somewhat
conflicting. One suggested that the prevalence of BHR
decreased in both symptomatic and asymptomatic sub-
jects.213 Unlike atopy, BHR in childhood was not a predic-
tor of adult symptoms but was associated with reduced
lung function. In a recent study, reduced FEVj but not
FVC in early adult life was associated with BHR.214

Another study found that levels of BR remained high and
were unaffected by age in symptomatic subjects but
decreased in those who because asymptomatic.215

CLINICAL APPLICATIONS (TABLE 6C.8)

A screening for asthma

The observation that asthma in children is characteristic-
ally associated with atopy and increased bronchial respon-
siveness is based on hospital-based populations. Wheezing,
responsive to bronchodilator therapy, in hospital-based
preschool children and in the community of older chil-
dren is often independent of atopy and BHR as discussed
above. Is this therefore not asthma? The argument is cir-
cular as it depends on the definition of asthma, which
cannot be agreed upon. Since neither an abnormal level
of responsiveness nor a precise definition of asthma
is available, it is not surprising that a test of bronchial
responsiveness, by any method, has proved to be unsatis-
factory as a screening test for asthma in the population.
In the community as a whole there are numerically more
asymptomatic than asthmatic children who have BHR
(assessed by histamine or methacholine); a positive test
therefore has a low (around 55%) positive predictive value
(the likelihood of a person with a positive test having the
condition).184

Also, in the community (as opposed to hospital popu-
lations) a significant number of children with a phys-
ician diagnosis of asthma (undefined) have a negative
result, so the test has a low negative predictive value (the
likelihood of a person with a negative result not having
the condition).186 Some success in the use of a free-range
exercise test detecting widespread asthma has been
demonstrated,216 but this has been shown to be no better
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Table 6c.8 Applications of tests of bronchial responsiveness

Population for screening for asthma

Diagnosis of asthma

Assessing asthma severity

Clinical management

Research

Very poor positive predictive value because of modest specificity and relatively
low prevalence rate for asthma

Unhelpful in the borderline cases where diagnosis is in doubt; absence of BHR
casts doubt on diagnosis

The correlation between responsiveness and severity (judged by the level of
treatment) holds only for large groups; there is too much overlap for clinical use;
extreme responsiveness may be a risk factor for sudden death in asthma225

Confirmatory tests for exercise- or diet-related symptoms are occasionally
valuable; it is sometimes useful to confirm the relative efficacy of drugs or their
duration of protective effect
Epidemiology (clues to risk factors); mechanisms of airway obstruction; studies of
the efficacy of drugs or devices; natural history and genetic basis of asthma and
airway disorders in children; outcome,of environmental interventions

than a symptom-based questionnaire.217 Strictly speak-
ing, a screening program should seek the public health
outcome; a study in Nottingham failed to show any
beneficial effect from referral to their general practition-
ers, of newly diagnosed cases of childhood asthma iden-
tified by screening.218

Diagnosis of asthma

Similarly a test of bronchial responsiveness is unlikely
to be helpful in making the diagnosis of asthma in an
individual where there is any doubt. In children, when
clear-cut cases of asthma were compared to other chronic
respiratory disorders, exercise tests gave better discrim-
ination between the two groups than methacholine.71'72

However, claims made in the press for the discriminant
powers of bronchial challenge tests are generally based
on a comparison of barn-door cases of asthma with
supernormal, non-atopic controls.25,184 Real life is not so
clear cut. Adding BHR to symptomatic diagnosis reduces
the sensitivity from 0.78 to about 0.3.218a

Prognostic marker

Despite its limitations in screening for asthma, BHR may
be a useful prognostic marker, permitting the identifi-
cation of symptom-free children at risk of subsequent
overt disease. Two groups have studied neonatal cohorts,
showing that neonatal histamine responsiveness is a
risk factor for wheezing in infancy and the preschool
period.106'107 In the Perth cohort, neonatal responsiveness
predicted asthma at age 6,219 but not atopy, IgE or eosino-
philia. This observation reinforces the hypothesis that
an innate, possibly constitutional form of airway respon-
siveness contributes independently of atopy, to the devel-
opment of asthma.

Most studies have shown that symptom-free school-
children hyper-responsive to pharmacological or exercise

challenge are at a greater risk of subsequent symptomatic
asthma.220-222 An exercise challenge test gave conflicting
results, one study showing good prediction 6 years after a
positive test,223 while the other showed poor prediction
after 10 years.224 The prognostic sensitivity is low and
there is interaction with atopy, so that bronchial chal-
lenge alone is unlikely to identify subjects suitable for
intervention with anti-inflammatory drugs. A prognostic
index combining BHR with other risk factors (such as
allergy) may be more sensitive.

Assessment of the severity of asthma

In populations of atopic asthmatic school-children and
adults, the level of responsiveness has been shown to
correlate with severity and drug requirements. 1-3,5 In con-
trast, in 3-year-old children, those requiring prophy-
lactic therapy were actually less responsive to methacholine
than those who did not.110 One possible explanation for
this discrepancy is that in young children, the level of
bronchial responsiveness is more easily reversed by therapy.
A finding of severely increased levels of responsiveness
indicates a need for more vigorous preventer therapy,
although it is probable that the same information would
be apparent from an appropriate history. It has been sug-
gested, but not proved, that extreme responsiveness is
a risk factor for sudden death from asthma.225 This risk
may be more related to the maximal attainable degree of
airway narrowing than the sensitivity to the constriction
stimulus, because it reflects the potential severity of airway
obstruction and may also be an indication of chronic air-
way inflammation.226 Although a lack of a plateau in
maximal constriction can be demonstrated in asthmatic
children33 and this excessive airway narrowing can be
modified by treatment with inhaled steroids in adults,34

the relationship between maximal airway narrowing and
severity of asthma has not yet been well explored in
childhood asthma.
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Management of asthma

When serial measurements of responsiveness and symp-
toms were monitored over a prolonged period, a clear
dissociation between the two was apparent,4'137 even after
steroid treatment.140 Nonetheless, in adult asthma, when
current guideline recommendations were compared to a
strategy to additionally reduce methacholine responsive-
ness, clinical control, lung function and bronchial biopsy
evidence of airway remodelling and inflammation, were
all significantly better when BR was the target for therapy
than when it was not,227 albeit at the cost of higher doses
of inhaled corticosteroids. This approach has not yet
been reported in children, but the study of Hofstra and
colleagues42 would suggest that methacholine respon-
siveness is not appropriate, and that its use in this way
could lead to massive over-treatment. An exercise-test-
based management plan might be more appropriate,
especially since higher doses of inhaled corticosteroids
are needed to treat exercise-induced asthma than other
asthma symptoms.228

EXERCISE-RELATED SYMPTOMS

There are circumstances when it might be helpful to
know whether exercise-induced asthma is being either
exaggerated or under-reported. Care has to be taken in
interpretation because the result is highly dependent on
inspired air conditions and the response is known to vary
greatly from time to time.

DIET-RELATED SYMPTOMS

Ingested substances are often incriminated as inducing
symptoms.229 It has been shown that it is frequently dif-
ficult to confirm the history by double-blind challenge
when lung function alone is used in the assessment. In a
number of studies, a significant increase in responsiveness
was demonstrated in the absence of changes in resting
lung function following ingestion of the incriminated
substance (Chapter 7d). Substances that have been shown
temporarily to increase responsiveness in selected indi-
viduals include cola drinks, tartrazine, sodium metabisul-
phite, egg, peanuts, food cooked in oil, dilute hydrochloric
acid and ice.

Research

While imperfect as a model of asthma, airway obstruction
induced by bronchial challenge procedures has taught us
much about the physiology of airway obstruction and
about individual differences in airway function, which
probably have clinical significance. Examples include work
of Permutt and colleagues on the effect of deep inspiration
in the amelioration of airway obstruction;64'65 that of
Fredberg and colleagues on the dynamics of smooth muscle
contraction in asthma,152 and that of Milic-Emili and

co-workers on the relationship of flow-limitation, hyper-
inflation and the perception of dyspnoea.230"231 The link
between genetics and molecular biology, and cell biology,
organ physiology and disease is nowhere better illustrated
than in relation to the study of airway smooth muscle.

Despite exhortations in the recent past232"233 which
fly in the face of clinical experience, bronchial responsive-
ness testing has of little proven value for the diagnosis
and management of childhood asthma. Perhaps the major
application of bronchial responsiveness tests has been in
clinical research. Epidemiological applications have pro-
vided important information on risk factors for disease191

and secular trends.234 We understand the mechanics of
airway obstruction in children better as a result of phar-
macological challenge in infants,235 while evidence for dif-
ferent types of wheezing disorder in early childhood is
emerging as a result of the contrast between data in young
children and older subjects.107-110'175 However, BHR is a
marker for asthma and may be less sensitive in survey
work than a valid questionnaire.14>218a>236

The observation that airway inflammation induced
by inhalation of toxic gases increased bronchial respon-
siveness89 contributed a great deal to our current under-
standing of asthma as a chronic inflammatory disease.
Therapeutic interventions which block the process
involved in the generation of allergen-induced increased
responsiveness at a molecular level are eagerly awaited.

Therapeutic trials incorporating challenge techniques
provide information about the efficacy and duration of
the protective action of bronchodilators237 and the effec-
tiveness of the devices used to administer drugs.238 The
number of subjects required to demonstrate an effect on
exercise-induced asthma under well controlled condi-
tions is quite small: nine for a crossover and 15 for a par-
allel study, detecting a 50% reduction.239 The efficacy of
environmental interventions have also been successively
assessed by incorporating a test of BR.123>24° Finally, it is
hoped that some of the cohorts, incorporating bronchial
challenge from birth, will provide the data needed for
studies of the molecular genetic basis for increased
responsiveness.

CONCLUSIONS

An enormous range of airway responsiveness to con-
strictor stimuli is found in the population, both in terms of
sensitivity and the size of the response. Undoubtedly, the
severest end of this continuous distribution contains the
majority of cases of moderate to severe asthma, a fact
which reflects the ease with which bronchoconstriction
can be induced. All the same, it is quite apparent that
responsiveness, however measured, is not synonymous
with asthma and cannot as such be used as a screening
tool. The many factors which are involved in its determi-
nation, the imprecision of a diagnosis of asthma and the
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presence in the population of clearly asthmatic subjects,
particularly children, who are not responsive makes this
often held assumption absurdly simplistic.

Many interesting questions and issues which have clear
practical importance have been raised by the large number
of studies undertaken. The relevance of asymptomatic
BHR is one. Does this reflect an abnormality of airway
function, which is a risk factor for disease, and is it a conse-
quence of early airway damage or genetically determined?
Another issue is the finding that there are elements of
responsiveness that are amenable to treatment with inhaled
steroids and others that are not. Does this resistant compo-
nent represent scarring which could have been prevented
by either rigorous early treatment or a different therapeutic
approach altogether? This question clearly has great impli-
cations when considering the management of wheezing in
young children, in whom prognosis is often good and
prediction of long-term future morbidity imprecise. The
assumed causal association between bronchial responsive-
ness and airway inflammation has been questioned241 on
the grounds that the two are not invariably associated nor
do they necessarily respond similarly to treatment with
inhaled steroids, as discussed above.

A picture emerges of a condition of airway respon-
siveness that has many facets. A large component relates
to atopy or a reaction to allergen, in both those with and
without asthma. This allergic element in responsiveness
seems to increase in importance during middle child-
hood. In older children and adults, it correlates strongly
to symptoms of asthma. Other factors clearly determine
the level of responsiveness found in other disorders, which
may reflect airway damage. Much remains unknown but
clearer understanding of the natural history and patho-
genesis of BR in different situations and at different ages
will lead to a more rational basis for the management of
asthma and hopefully to prevention of morbidity in a
wide range of conditions.
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INTRODUCTION

Inflammation is a non-specific protective reaction of
vascularized tissue. Usually, it resolves completely leav-
ing tissue both structurally and functionally normal.1

Stimuli that trigger inflammation may either be immuno-
logical or non-immunological, but both result in an accu-
mulation of effector cells such as neutrophils, lymphocytes
and eosinophils. In the lung, as in other tissues, pro-
inflammatory stimuli trigger the release of proteins
(mediators) which act on blood vessels to recruit and
activate systemic effector cells (Figure 6d.l). Disruption
of this process, by stimuli persistence or genetically
pre-programmed alternations in mediator expression,
may lead to abnormal resolution (sometimes referred to
as remodelling: see Chapter 5) and persistence of disease.
There is a large degree of redundancy in the actions of pro-
inflammatory mediators and effector cells. Thus a single
mediator can be a major determinant of symptoms under
some circumstances, but in other contexts, symptoms
may persist in its absence.

Measuring inflammation in the lung2'3 serves two
functions. First, insights are gained into the key medi-
ators and cells underlying clinical disease, which guide
the development of specific therapies. Second, clinically
relevant information may be obtained using inflamma-
tory markers that is not apparent by symptom history,
and clinical examination.

SAMPLING METHODS AND THEIR
APPLICATIONS

Bronchial tissue

Bronchial inflammation is directly sampled by mucosal
biopsy via a fibreoptic bronchoscope. Bronchoscopy is
performed after local anaesthesia of the upper airways
and larynx. The bronchoscope is passed through the nose
into the trachea, and several subsegmental biopsy samples
(usually from the right middle and lower bronchi) taken
using alligator forceps. For immunocytochemistry and
in situ hybridization, biopsies need to be fixed immedi-
ately in 4% paraformaldehyde and embedded in optimum
cutter temperature (OCT) compound, before storage at
— 80°C. Sections (6 |xm) are cut from the frozen biopsies
for processing.

Bronchial biopsy has shown that the core abnormality
underlying the inflammatory substrate of adult atopic
asthma is abnormal activation of pulmonary Th2 lympho-
cytes (Figure 6d.l). Thus over 60% of bronchial CD3 +
T-cells are positive for interleukin (IL)-5 mRNA (a proto-
typic Th2 cytokine) compared with 10% positivity for both
atopic and non-atopic controls.4 IL-5 promotes the ter-
minal differentiation of committed eosinophil precursors,
activates mature eosinophils, enhances eosinophil adhe-
sion to vascular endothelium.5 Since the number of pul-
monary tissue T-cells is relatively small, their activation
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Figure 6d.1 Pleiotropic activities of T-helper type 2 (Th2)-type cytokines in allergic asthma. Upon recognition of the antigen
and activation by antigen presenting cells (APC), naive T-cells differentiate into Th2 cells, a process that is promoted by
interleukin 4 (IL-4). Activated Th2 cells stimulate B-cells to produce IgE antibodies in response to IL-4, and to a lesser extent
to IL-13 or IL-9. IgE binds the high affinity IgE receptor at the surface of mast cells, the proliferation and differentiation of
which is promoted by IL-9, in synergy with other factors such as fibroblast derived mast-cell growth factor. At contact with
antigen, mast cells release the contents of their granules, including histamine, which will induce a bronchospasm, together
with newly synthesized prostaglandins and leukotrienes (PGD2, and LTC4). Mast cells also release chemotactic factors that
contribute to the recruitment of inflammatory cells, particularly eosinophils, whose proliferation and differentiation from
bone marrow progenitors is promoted by IL-5 and IL-9. Finally, epithelial cells up-regulate their production of mucus and
chemokines in responses to Th2 cytokines such as IL-4, IL-13 and IL-9. The presence of the IL-13 receptor at the surface of
smooth muscle cells suggests that this factor can also directly affect smooth muscle contractility, but this remains to be
demonstrated. (From ref. 56.)

state is difficult to assess directly. Emphasis has therefore
been on the amplified downstream effects of Th2 cell
activation such as pulmonary eosinophilia, which have the
potential to effect other tissue compartments. Eosino-
philia in bronchial mucosal biopsies can be identified by
monoclonal antibodies (mAb). The mAb EG2 identifies
activated eosinophils expressing eosinophil cationic pro-
tein (ECP).1 ECP is localized in the matrix of the specific
granule of eosinophils and induces a wide range of proin-
flammatory effects.6 Stimuli that initiate ECP secretion
include IgE and IL-5 (Figure 6d.l). Compared with healthy
atopic and non-atopic controls, steroid-naive adults with
active asthmatic symptoms have increased numbers of
EG2-positive eosinophils in the bronchial mucosa.7 The
link between pulmonary Th2 lymphocyte activation and
tissue eosinophilia is the increased expression of a group of
proteins, the C-C chemokines (e.g. eotaxin), which specif-
ically recruit and activate eosinophils.8 Increased C-C
chemokine expression occurs in both atopic and non-
atopic asthma (measured after steroid withdrawal), and

can be detected in a wide range of pulmonary tissue cells
including epithelial cells, fibroblasts and macrophages7

(Figure 6d.2).
In asthmatic adults, levels of bronchial tissue eosino-

philia are associated with increased symptom severity. For
example, adults with persistent wheeze have higher num-
bers of bronchial EG2 positive cells compared with those
with intermittent symptoms only9 (Figure 6d.3). Indeed,
a third of asthmatic adults with intermittent symptoms
have tissue eosinophils within the range for normal con-
trols.9 Bronchial biopsy has been shown to be safe in
children with difficult asthma.10 Bronchial biopsies from
children with moderate atopic asthma show submucosal
infiltration with lymphocytes and degranulating mast
cells, but not eosinophils.11 A similar paucity of intra-
epithelial eosinophils and increased numbers of mast cells,
has been found in symptomatic adults receiving high-dose
corticosteroids.12 One explanation for the low eosinophil
numbers and symptoms is that eosinophil-associated
symptoms are removed by steroids, but a proportion of
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Figure 6d.2 EG2 positive
eosinophils and eotaxin mRNA
positive cells in bronchial
biopsies from adults with atopic
asthma (AA), non-atopic asthma
(NAA), atopic controls (AC), and
non-atopic controls (NC). Tissue
eosinophilia and C-C chemokine
activation is present in both
asthmatic groups. (From ref. 7
with permission.)

Figure 6d.3 Changes in
bronchoalveolar lavage fluid
eosinophil (%) and ECP in
intermittent and persistent adult
atopic asthma, compared with
non-atopic controls. O: atopic;
•: non-atopic patients with
persistent asthma. (From ref. 9
with permission.)

disease is driven by products of other cells remain, such
as mast cell-derived leukotrienes (see below). However in
general, bronchial biopsy can identify a pattern of inflam-
mation that is strongly associated with asthma i.e. tissue
eosinophilia and increased C-C chemokine expression.
These data suggest that the role of tissue eosinophils in
asthma symptoms is 'context dependent', i.e. inflamma-
tory markers must be interpreted in the light of symptoms
on the day of sampling, ongoing corticosteroid therapy,
and duration of disease.13 The essential role of eosinophils
in asthma implies that indirect monitoring of tissue
eosinophil levels could help clinical management, partic-
ularly as anti-inflammatory agents are the mainstay of
therapy. The key questions are whether indirect makers
reflect ongoing tissue inflammation, and whether monitor-
ing inflammation changes practice within the pragmatic
clinical setting.

Airway

There is a complex relationship between asthmatic
inflammation in the tissue and in the airway. Repeat

bronchial biopsies in asthmatic adults after allergen
challenge14 show that by two hours tissue and airway
eosinophils remain at baseline levels, but bronchial C-C
chemokine transcription has increased. At 4 hours, a
'late' fall in FEV\ develops, associated with persistent
increased expression of C-C chemokines, and a four-
fold increase in the number of tissue EG2-positive
eosinophils. The fall in FEY^ correlates strongly with the
total number of tissue eosinophils and tissue eotaxin
reactivity. Subsequently, tissue EG2-positive eosinophils
spill over into the airway. Thus at 24 hours, whilst tissue
eotaxin levels and EG2-positivity decline, the number of
EG2-positive cells in the airway increase further. These
data show that (i) inflammatory cells in pulmonary
tissue move into the airway in asthma; and (ii) airway
cellularity does mirror tissue inflammation, but not nec-
essarily at the same time point.

BRONCHOALVEOLAR LAVAGE

Airway eosinophils and mediators can be directly sampled
by bronchoalveolar lavage (BAL). BAL is a less invasive
technique than bronchial biopsy, and is an important tool

Image Not Available

Image Not Available
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Table 6d.1 Non-bronchoscopic bronchoalveolar lavage for intubated children

• Normal sterile saline at room temperature
• Suction catheter with single end hole (6 French <1 yr,

8 FG1-5yr, 10 FG >5yr)
• 3-way tap inserted onto proximal end of catheter
• Bronchoscopic connector for endotracheal tube

(to allow partial ventilation while catheter is inserted)
• Suction trap attached to 3-way tap
• Low pressure suction pressure adaptor (too high pressure

reduces fluid return)

After intubation
• Turn child's head to the left (so that catheter enters

right main bronchus)
• Pre-oxygenate (100% for a few breaths)
• Insert catheter through bronchoscopic connector

(continue ventilation)
• Ask anaesthetist to stop ventilation (ventilation during

instillation reduces fluid return)
• Instil saline at 1 ml/kg. For children over 20 kg limit to

20ml
• Immediately turn 3-way tap to suction and aspirate

into suction trap while withdrawing catheter slightly
(this improves return)

• Resume ventilation and re-wedge catheter
• Repeat twice (total 3 ml/kg)
• Transport lavage fluid on ice (not necessary for

microbiological samples)

for validating more practical and ethically acceptable
sampling techniques. In adults, BAL is performed through
a fibreoptic bronchoscope inserted under local anaes-
thesia. Recruiting asthmatic children for fibreoptic BAL in
order to measure inflammation is unethical, unless there
are other clinical indications (e.g. to exclude a foreign
body). In contrast, serendipitous access to the lower air-
way can be obtained in children of all ages prior to elect-
ive surgery. In this circumstance, most researchers instil
and aspirate normal saline via a blindly wedged suction
catheter (Table 6d.l). For children, but not adults, the
instilled volume is indexed to body weight.15'16 Although
site of BAL is unknown when using a suction catheter, the
procedure is quick, and the plastic components are cheap
and disposable. In general, small instilled volumes sample
cells from the large airways (bronchial wash), whereas
larger instilled vol-umes sample cells and solutes from
both the bronchi and alveoli (BAL).

BAL and bronchial biopsy in adult asthmatics not
receiving steroids, give very similar results. The percentage
of eosinophils and the concentration of ECP in BAL fluid
(BALF) mirrors the stepwise increase in the eosinophils
and activated T-cells in the bronchial submucosa as asthma
severity increases9 (Figure 6d.3). Ennis and colleagues
have applied non-bronchoscopic BAL to a large number
of asthmatic and non-asthmatic children and found a
similar BALF pattern to that of adult asthmatics, namely
increased numbers of BALF eosinophils17 and concen-
tration of ECP18 compared with atopic controls. These
researchers also found that 75% of children with only
intermittent viral-wheeze had BALF-ECP levels within the
normal range for atopic healthy children,17 a finding that
mirrors the biopsy studies in asthmatic adults with inter-
mittent symptoms.9 BAL has also been useful in excluding
asthmatic inflammation in the context of active symptoms.
For example, children with chronic non-productive cough

without wheeze, have a significantly lower percentage
of BALF eosinophils when compared with atopic asth-
matics,19 and an increased percentage of BALF neu-
trophils when compared with non-asthmatic controls.19

In summary, eosinophils and eosinophil products in
the BALF that are above the range for atopic healthy
children do reflect eosinophilic tissue inflammation, and
normal levels of eosinophils/products in the context of
untreated ongoing symptoms can exclude chronic tissue
eosinophilia.

INDUCED SPUTUM

Induced sputum offers the best compromise between
practicality and invasiveness for direct sampling of the
lower airway. Sputum can be induced in children from
7 years of age using nebulized saline, with a success rate
of approximately 70%.20 The technique has been shown to
be safe in adults whose lung function is severely impaired
(FEVj 40-60% of predicted).21 Hypertonic saline may
be used either as a 4.5% solution, or as increasing con-
centrations of saline. A problem with induced sputum is
how to remove or identify salivary contamination. Two
techniques are in current use: the 'whole sputum' method,
where sputum and saliva is collected together and results
corrected for contamination, and the 'selected' method,
where the mucocellular parts of the sputum are removed
before processing. In atopic asthmatics, there is a good
correlation between the percentage of induced sputum
eosinophils and the percentage of eosinophils in bron-
chial washings within the same individual.22 The rela-
tionship within individuals between the percentage of
eosinophils in induced sputum and the number of tissue
EG2-positive cells (per mm2 of lamina propria) is statis-
tically significant, but not as strong.22 This loss of preci-
sion is not surprising since (i) eosinophils move out of
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Figure 6d.4 Eosinophil counts in induced sputum in adult
atopic asthmatics and non-atopic controls showing that
airway eosinophilia increases with increased asthma
severity. (From ref. 23 with permission.)

lung tissue into the airway; and (ii) steroid therapy
may selectively attenuate tissue, but not airway eosino-
philia.12 Overall, eosinophilia in one lung compartment
is a reflection of eosinophilia in an adjacent compartment
(induced sputum vs bronchial wash, bronchial wash
vs tissue eosinophilia), but the strength of association
decreases when non-adjacent compartments are com-
pared. In the clinical setting, these technical considera-
tions may be less important, since sputum eosinophils
in adult asthmatics still increase with increasing asthma
severity, and this pattern appears to be relatively unaf-
fected by ongoing use of inhaled corticosteroids23

(Figure 6d.4).
Analysis of induced sputum of asthmatic children

will be clinically useful, if it identifies a disassociation
between reported symptoms and eosinophilic inflamma-
tion. In adults who are clinically well controlled on corti-
costeroids, those with high sputum eosinophils are at
increased risk of relapse on steroid withdrawal compared
to those with normal levels.24 However in children, Wilson
et al.20 found no correlation between induced sputum
eosinophils and asthma severity in both mild and moder-
ate asthmatics. Furthermore she found a wide overlap in
the percentage of eosinophils between normals and asth-
matics, and suggests either 1) a single induced sputum
sample has a limited role for the diagnosis of paediatric
asthma, or 2) induced sputum eosinophils are highly
context dependent (e.g. low numbers if no symptoms on
the day of sampling). The latter may explain why there is a
good association between the severity of airflow obstruc-
tion and the percentage of eosinophils (EG2-positive) in
induced sputum25 in acute paediatric asthma exacerba-
tions. In adults, when current guidelines were compared
with a strategy to reduce sputum eosinophils, better clini-
cal control was achieved overall with no additional steroid
use.25a In summary, pulmonary eosinophil inflammation
can be detected indirectly using induced sputum, and this

technique is repeatable, relatively non-invasive, and provides
additional information that is not readily discernible by
normal clinical practice.

Markers of inflammation in the breath

Nitric oxide (NO) is a gas that is present in exhaled
breath, and can be measured by chemiluminescence. NO
diffuses from the airway wall enriching NO-free alveolar
air travelling to the mouth during expiration.26 Exhaled
NO (eNO) concentrations are therefore flow dependent.27

NO is also generated in the nose, paranasal sinuses and
oropharynx, and a fixed positive mouth pressure is often
used to close the soft palate. There are two methods of
sampling eNO. In the 'on-line' method exhaled gas is
sampled at a fixed flow from a side port in the exhalation
circuit. In 'off-line' sampling, exhaled air is collected in
a NO-inert storage bag and analysed later. Since NO
remains stable for several hours, off-line sampling can
be performed outside the clinical setting. Both methods
appear to give similar results.26

eNO has the potential to be the perfect marker of tissue
inflammation in asthmatic children. It is easily measured,
it can be regarded as a direct lower airway sample, is
increased in atopic asthmatics when compared with non-
atopic controls, and repeated measurements are possible.
The events regulating the synthesis of NO by the asthmatic
epithelium have been defined.28 Normal human airway
epithelium expresses NO synthase II (NOSH, the enzyme
that converts L-arginine to NO and L-citrulline), due to
continuous transcription activation of the gene in vivo.
The increase levels of NO in the breath of atopic asth-
matics is due to an inflammatory cytokine-driven increase
in activity of the Statl activation pathway, which directly
up-regulates NOSH expression. The airway of atopic asth-
matics also has increased amounts of L-arginine, which
also provides additional fuel for NO production.28 Corti-
costeroids directly inhibits NOII expression at the level
gene transcription.29'30 Thus a decrease in eNO during
corticosteroid treatment reflects either a decrease in tis-
sue cytokines, inhibition of NO per se, or a combination
of both.

Frank et a/.31 compared eNO in children with atopic
asthma, non-atopic asthma, atopic normals and non-atopic
normals. Although children with physician-diagnosed
asthma had an increased eNO (8.3 p.p.b.) compared with
non-asthmatic controls (3.4 p.p.b.), atopy was a major
confounder. Thus eNO levels of non-atopic asthmatics
(who also have eosinophilic pulmonary inflam- mation
and C-C chemokine activation) were no different from
non-atopic healthy controls (Figure 6d.5). Similarly in
adult asthmatics, eNO correlates with the number of posi-
tive skin-prick tests, but not with functional markers of
airway pathology.32 In atopic children, one study reported
raised eNO in recent wheezers and those with BHR.32a If
high levels of eNO cannot always distinguish asthmatics
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Figure 6d.5 Scatter plot of tidal nitric oxide in children with

physician-diagnosed asthma and normal controls. There is

a wide overlap in eNO values between atopic asthmatics and

atopic controls. Non-atopic asthmatics have eNO levels in

the normal range. (From ref. 31 with permission.)

defined by symptoms, can it identify those patients report-
ing minimal symptoms but with significant eosinophilic
tissue inflammation? Lim et a/.33 did bronchial biopsy
and measured eNO in a range of adult atopic asthmatics
(some of whom were receiving inhaled steroids), but
found no correlation between the number of tissue
eosinophils and eNO. In contrast, Piacentini and col-
leagues34 found a reasonable correlation between sputum
eosinophilia and eNO in steroid-naive asthmatic chil-
dren, but not in a steroid treated subgroup. eNO is there-
fore not a specific test for asthma and is not an accurate
way of assessing tissue inflammation during steroid ther-
apy. However, high eNO levels may be useful as a positive
test for tissue eosinophil inflammation, since in the study
of Piacentini et a/.34 five out of six steroid-naive asth-
matic children with eNO >20 parts per billion (p.p.b.)
had sputum eosinophils outside the normal range (>20%).
At the other end of the spectrum, very low levels of eNO
are a hallmark of primary ciliary dyskinesia, and can be
used as a screening test for this condition.35

Markers of inflammation can also be detected in breath
condensate, obtained by passing exhaled air though a
glass tube cooled to 0°C.3 These include hydrogen per-
oxide,36 leukotrienes,37 and markers of oxidative damage.38

There is no current data on the clinical applicability of
breath condensate analysis, but it offers an opportunity
to describe patterns of many types of markers originat-
ing directly from the lower airway; an approach that
could overcome the problems of specificity and sensitiv-
ity associated with single marker analysis.

Table 6d.2 Correlation between markers of eosinophil

activation in the serum and urine in 28 children with

atopic asthma (modified from ref. 40)

Serum
ECP

EPX

r = 0.798
p < 0.001

-

r = 0.510
p < 0.04
r = 0.596
p < 0.01

r - Spearman's rank correlation.

Inflammatory markers in the blood
and urine

EOSINOPHIL MARKERS

ECP and EPX can be measured in blood samples. The half-
life of ECP in the circulation is 45 minutes and the levels in
blood collected into EDTA (which inactivates eosinophils)
are very low. In contrast, the serum from a blood sample
that has been allowed to clot in a tube without additives
contains detectable levels of ECP and EPX. The serum
level therefore reflects the propensity of eosinophils to
release granule proteins, rather than the blood level in vivo.
EPX (but not ECP) is excreted unchanged in the urine,39

and there is a moderately good correlation between serum
EPX and urinary EPX corrected for creatinine40 (Table
6d.2). In asthma, increased release of cationic proteins by
serum eosinophils is thought to be due to priming by
pro-inflammatory mediators released from the abnormal
lung. Priming of systemic eosinophils to release granule
proteins not only occurs with asthma, but with many
other conditions such as asymptomatic atopy, hay fever,
and eczema.41 The resulting wide overlap in serum ECP
values between asthmatic and non-asthmatic children
due to the confounding effect of atopy and atopic disease
excludes its use as a diagnostic test for asthma. However
when limited to asthmatics, there is a good relationship
between airway eosinophil percentage and serum ECP,42'43

and bronchial tissue EG2 positivity and serum ECP.44

This relationship in asthmatics should mean that serum
ECP, like sputum eosinophils,24 should provide predictive
data on risk of relapse/exacerbation. Indeed, in adults
with stable well controlled asthma, an increased risk of
mild exacerbation over 12 months is associated with a
'baseline' blood ECP of >20 mg/mL (relative risk 2.5).45

However, not all children with elevated percentage of air-
way eosinophils have elevated levels of serum ECP,46 and
the ability of serum ECP to predict relapse/exacerbation
in paediatric asthma remains unclear. In the future it
may be possible to improve predictive accuracy for tissue
eosinophilia by combining ECP and an independent
marker such as eNO.

Serum ECP/EPX may help to identify those children
with preschool wheeze who will eventually become



Future developments 179

asthmatic. The prevailing paradigm is that 'transient'
preschool wheeze (defined post hoc) is not a result of
atopic pulmonary inflammation, but is the response of a
structurally vulnerable lung to viral colds (see Chapters 3
and 9). By contrast, preschool children with wheeze who
will become asthmatics ('persistent' wheezers), may have
airway cells that are already primed to release broncho-
constricting mediators to a variety of environmental
agents, including viral colds. Currently paediatricians are
unable to identify these phenotypes using normal history
and examination. However, Koller and co-workers47 found
that young infants presenting with wheeze (7-9 months of
age), and a serum ECP level of greater than 20 mg/L, were
more likely to develop more than three wheezing attacks
in the following 12 months (odds ratio 12.4). Whether
this predictive ability of ECP reflects ongoing pulmonary
eosinophilic inflammation, or a genetic predisposition of
systemic eosinophils to release ECP remains unclear.

LEUKOTRIENES

Leukotriene (LT) Q is a potent bronchoconstrictor. It is the
major metabolite of arachidonic acid released in the pul-
monary milieu. LTC4 is rapidly converted into LTD4, which
in turn is converted to LTE4, which is excreted unchanged
in the urine. In the past laborious, pre-processing of the
urine sample by high performance liquid chromatography
was required to measure LTE4, but pre-processing has
recently been found to be no longer necessary.48 The evi-
dence of a relationship between urinary and pulmonary LT
levels in asthma has not been directly determined. Urinary
LTE4 is increased in asthma,49 and increases after allergen-
challenge,50 indirectly suggesting that LTs generated within
the lung, do spill over into the urine.

Selective cysteinyl LT blocking therapy is now available,
but can urinary LT levels provide predictive information
on clinical response? In adult asthmatics, clinical response
to LT blocker therapy was not associated with greater pre-
treatment urinary LTE4,

51 but responders had a lower
ratio of LTE4 to prostaglandin Fla (0.32 ± 0.04 vs 0.78 ±
0.1). Currently, there are no similar data in children
with asthma or with preschool wheeze. In one study, no
difference was found in urinary LTE4 between children
with mild (steroid-naive) asthma and severe asthma,49

but is unclear whether the severe group had evidence of
eosinophil activation. In summary, LTs are the only medi-
ator of asthmatic symptoms for which a specific blocking
therapy is available. Urinary LT measurements could indi-
cate in which children corticosteroids and LT blockade
would be synergistic, but no clear data is available to date.

RELATIONSHIP OF INFLAMMATORY
MARKERS TO PHYSIOLOGICAL MARKERS

There is no correlation between serum ECP and
other functional measures of asthma such as bronchial

responsiveness to histamine and cold air.52 Similarly the
relationship between sputum ECP with PC20 is very weak
in adults with mild to severe asthma.44 These finding
are hardly surprising since physiological measurements
in asthma have problems of their own for diagnosis and
outcome prediction. The assessment of inflammation
has however, provided new insights into what drives the
physiological markers. For example, symptom free adults
with airway hyperresponsiveness (AHR) to methacholine
have increased levels of bronchial EG1 and EG2 posi-
tivity compared with healthy subjects with no AHR.53 At
the clinical level, inflammatory markers may provide dif-
ferent and synergistic information on the state of the
asthmatic lung than physiological variables, but the
clinical niches best suited to the combined use of mediator
and physiological remain to be explored.

FUTURE DEVELOPMENTS

Information on thousands of potential mediators can now
be derived from small volumes of biological fluids and
tissues using proteomic and gene microarray technology.
Proteomics allows the efficient analysis of thousands of
proteins at a time, subsequent sequencing of femtomole
quantities of proteins, and can be applied to the analysis
of human sera,54 urine and BALE Making use of two-
dimensional gel electrophoresis, high-throughput robot-
ics and sophisticated image analysis the whole set of
proteins of a body fluid can be separated, stained, single
proteins identified on the image and punched out from
the gel. The gels can identify not only up- and down-
regulations of proteins, but changes in posttranslational
modifications as well (Figure 6d.6). Peptides characteristic
for the proteins can be eluted from the gel and sequenced
by modern electrospray mass spectrometry, which allows
detailed structural analysis of the amino acid backbone
and posttranslational modifications (e.g. phosphoryl-
ation and glycosylation). The expectation is that form of
inflammatory protein profiling will overcome the limita-
tions of single mediator analysis.

There have been few attempts to extract clinically use-
ful information from clinical and mediator variables using
the multivariate statistical techniques that will be neces-
sary for analysis of data from proteomic and genomic
technology. An example of this statistical approach is pro-
vided by Clough et al.,55 who studied 3 to 36-month-old
children (n = 107) within 12 weeks of first wheeze. A range
of variables were determined including parental IgE,
serum soluble IL-2 receptor (sIL-2R), and proliferation and
release of interferon gamma by the child's peripheral blood
mononuclear cells. After testing several models, the one
offering the best prediction of persistent wheeze with least
risk of including asymptomatic subjects was: age at presen-
tation + sIL-2R (56% sensitivity, 84% specificity, 76% posi-
tive predictive value, and 68% negative predictive value).
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Figure 6d.6 Serum proteome of a
healthy 4-year-old child (with
permission Dr H Hebestreit, Oxford
Glycobiology Institute). 150/jil of
serum were applied to an IPG strip
in sample buffer. Isoelectric
focusing was carried out using
70 000 Vh. The IPG strip was then
transferred onto a 9-76% PAGE
gradient gel, and SOS-PAGE
performed under standard
conditions. The gel was stained
with a fluorescent dye and scanned
into software for protein
identification. Individual proteins
appear as single dots with high
molecular weight proteins
appearing at the bottom of
the gel.

CONCLUSIONS

New methods for assessing lung inflammation in asth-
matics have been developed over the last two decades.
Nearly all have a predictable course: (i) a 'novelty' period
where data derived from a small number of patients prom-
ises to increase understanding of the pathology of wheez-
ing and identify children with asthma; (ii) a 'consolidation'
period when data is generated by many researchers; and
(iii) disillusionment, when the marker is found to add
little to clinical management. The factors contributing to
this cycle are that the relationship between an inflamma-
tory mediator/cell in the lung and its marker is poorly
defined at the outset, the independent effect of atopy is
ignored, and a definitive diagnosis of asthma is expected
from a single measurement of an inflammatory marker
in dynamic process where inflammation waxes and wanes.
Clinicians need to first ask whether inflammatory mark-
ers truly reflect inflammation in lung tissue that is spe-
cific to clinical picture of asthma (validation), and then
consider if the valid marker provides information that
changes clinical practice. Recent advances in induced
sputum analysis offer the best combination of sensitivity,
ease of use, and clinical applicability, at least for the older
child. For the young child, indirect assessment of pul-
monary inflammation, with its associated loss of accur-
acy, is the only practical and ethical option. For direct
and indirect markers of inflammation, crossover to the

clinical sphere will only occur when measurements add
to the information gathered in normal clinical practice.
As yet, this has not proved to be the case.
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INTRODUCTION

Asthma is the most common chronic illness of children.1'2

In the 1995 ISAAC study, of 79000 UK school-children
aged 12-14 years, 33% reported some wheeze in the past
12 months, 20% reported having been ever diagnosed with
asthma, 20% reported using asthma medication the past
12 months and 10% reported four or more asthma attacks.3

There is a high incidence of morbidity and poor control
among children with diagnosed asthma. This means a sig-
nificant number of children and their families must man-
age an illness whose course is difficult to predict, which can
be life threatening, and is treated by medication which
arouses fears of side effects, and of'becoming addicted'.

Impact of asthma

Asthma impacts on children and families as a result of
asthma symptoms, the need to manage medication to con-
trol symptoms, and child and family self-identification as
having asthma. There are immediate health status and
quality of life consequences of these factors; there may
be long-term effects on psychological functioning of the
child and family. In order to assess benefits of treatment
for patients we need to be able to assess these psycho-
logical and quality of life outcomes as well as changes in
purely clinical parameters such as lung function.

Patterns of asthma

A characteristic of asthma and wheezing illness is that
for many children it is an intermittent condition with
periods of high morbidity interspersed with periods of

normal or near normal function.4 In the long-term there
can be partial or complete remisson5"7 (Figure 6e.l).

Only 5% of children had continuing, persistent
asthma to age 33 years. About 35% who had asthma at
some stage had complete remission. Thus, asthma is
unlike other chronic childhood illness such as diabetes or
cystic fibrosis. Management by regular medication may
cease to be necessary as children grow older and symptoms

Figure 6e.1 Prognosis for children who developed asthma
or wheezy bronchitis by age 7. Each symbol represents 1%
of such children, and the natural course of each 1%
subsample can be traced vertically. Filled circles represent
subjects reporting asthma or wheezy bronchitis in the
previous year at ages 7 and 77, those reporting asthma or
wheezy bronchitis since their 16th birthday at age 23, and
those reporting wheezing in the previous year at age 33.
(From ref. 5.)
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may remit, either partially or completely. It may be
because of this that long-term studies have found weak
or little effect of asthma on ultimate scholastic achieve-
ment, employment and social class.8'9 This contrasts with
the finding that obesity in late adolescence is significantly
negatively related to social class 12 years later, controlling
for parental social class, IQ and education.11

In the short term, however, asthma is likely to have sig-
nificant impact on child and family quality of life. In meas-
urement of symptom impact we are usually looking at
short time spans of the last 4 weeks to the last 12 months.
Broader measures of psychological factors such as child
self-esteem or family functioning may not have a definite
time span, but will be focused on a medium-term life stage
of the child or family. We want to measure these short and
medium-term outcomes in order to assess whether clinical
improvement translates into quality of life improvement.

ASSESSING ASTHMA IMPACT ON THE
CHILD AND FAMILY

There are three broad areas of impact of asthma:

1 Quality of life impact: assessing the effect of
morbidity on everyday activities and social
relationships and the degree of distress associated
with symptoms and their management.

2 Psychological impact assessing psychological status,
for instance, child and/or parent anxiety and
depression, presence of behaviour problems, child
self-esteem.

3 Family process impact: assessing styles of normal
family functioning and management of problems
(for instance rigidity vs openness), specific illness
management styles.

Quality of life assessment is increasingly used to
assess immediate benefits of therapeutic intervention.
Psychological assessment, and family process measure-
ment, is most commonly explored in order to increase
our understanding of factors which underlie good or
poor self-management, and to help us in designing effect-
ive behavioural and information interventions.

Quality of life of children and familiesQuality of life of children and familiesfamilies

It is well known that clinical measures of lung function
have only weak relationships to symptom severity or to
psychological and social impact of asthma.12,13 As well,
because asthma is episodic, as discussed above, clinical
measurements, when a child is between episodes, may be
normal or near normal. For very young children, physio-
logical measurements can be difficult and often not prag-
matic for routine care. For all these reasons, in order to
effectively assess benefit of interventions, quality of life
and health status measures are increasingly used.14 It has

been shown that family and caregiver quality of fluctuate
as symptoms vary in preschool children.15

Quality of life questionnaires (also described as health
status questionnaires and health related quality of life
questionnaires) can be generic or asthma specific. Generic
scales look at impact of health status on physical, social
and emotional functioning, without limiting health impact
to respiratory symptoms. Asthma specific scales evaluate
impact of respiratory symptoms.

Generic quality of life scales for children and families
include the Child Health Questionnaire,16 Adolescent
Child Health and Illness Profile CHIP-AE17 and the
Functional Status Scale: FSIIR.18 Asthma specific quality
of life scales include the Paediatric Asthma Quality of
Life Questionnaire,19 the Paediatric Asthma Caregivers
Quality of Life Questionnaire,20 the HAY questionnaire21

and the Quality of Life of Parents of Asthmatic Children
(QOL-PAC).22

Psychological impact

Quality of life differences are only one aspect of impact
of asthma. Children with asthma might show particular
psychological characteristics, such as lower self-esteem,
behavioural problems, or have difficulties in social
relationships (Chapter 13c). Studies which suggest that
this is so include Mullins,23 where higher asthma uncer-
tainty in adolescents was related to poorer psychological
adjustment and Graetz24 who found no differences over-
all between children with asthma and controls, but chil-
dren with frequent hospitalization felt more lonely and
were less preferred as playmates. Forero25 found, among
4000 Australian adolescents, that the 18% with asthma
more often reported feeling lonely. (These results are
similar to those for teenagers with diabetes, who report
more social isolation than a group of healthy controls.26)

Silverglade27 compared three groups of asthmatic ado-
lescents (N = 129) classified on the basis of severity of
illness with a fourth group of 74 healthy, non-asthmatic
adolescents. Adolescents with mild asthma closely resem-
bled the physically healthy comparison group; adolescents
with moderate and severe asthma had irrational beliefs
in the importance of approval and higher self-reported
anxiety, depression, or hostility.

Bussing et al.28 found that compared with a non-
asthmatic control group, the children with asthma had
significantly more anxiety disorders. Another study by
Bussing29 compared the frequency of current behaviour
problems in 184 children with mild to moderate asthma,
41 children with severe asthma and 6927 children with no
chronic conditions. Behaviour problems were assessed
with the Behaviour Problem Index (BPI), an index
developed by Zill30 from Achenbach's Child Behaviour
Check List (CBCL).31-33 Bussing found that both the mod-
erate and severe asthma group missed significantly more
school days than the children with no chronic conditions,
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but only the 18% of children classified as having severe
asthma had higher frequency of current behavioural
problems.

Perrin et al.34 conducted a controlled trial of a com-
bined education and stress management program among
children ages 6-14 years with asthma. Psychological sta-
tus was assessed by the Child Behavior Checklist (CBCL)
before and after the intervention. Children in the inter-
vention group had a significant improvement in the total
Behavior Problems Score (p < 0.04) and Internalizing
Scale (p < 0.01) on the CBCL.

Not all studies have found psychological differences
between children with and without asthma. Wjst et al.35

surveyed parents of 2634 German children with a mean
age of 10 years. Asthmatic children slept significantly less
well than non-asthmatic children, but there were no sig-
nificant differences in parent ratings of sociability (68%
children with asthma vs 68% of children without asthma),
playing with others (46% vs 42%), being 'always active'
(54% vs 56%) and being 'mostly happy' (70% vs 74%).

Nassau et a/.36 found that 19 children (aged 8-10)
with asthma, did not differ from matched children with
diabetes (N = 25) or no chronic condition (N = 24) in
social adjustment, social performance or social skills, on
child, parent and teacher rating scales. Vazquez et al.37

compared 48 children (8-13 years) with asthma (mild to
moderate) with 41 children without asthma, using
Harter's Self Perception Profile,38,39 intended to measure
self-esteem. He found no difference between children
with asthma and control children in scholastic compe-
tence, social acceptance, athletic competence, physical
appearance or global self-worth.

Austin et al.40 found that 111 adolescents with asthma
scored significantly better on Achenbach's Child
Behaviour Check List than 117 adolescents with epilepsy,
active and inactive. Asthma severity was not related to
worse behavioural problems scores.

As part of the process of developing the Juniper Child
Quality of Life and Caregiver Quality of Life, Townsend
et al.41 investigated perception among 100 patients and
children of what were the major areas of burden from
asthma for children and parents. Townsend concluded
that children with moderate asthma perceived themselves
as having some limitation in the level of activity they
could perform, but not the type of activity. On the whole,
bother from symptoms was greater than emotional dis-
tress caused by symptoms. Townsend concluded that
although the children in the study found their respiratory
symptoms troublesome, asthma did not cause major dis-
ruption in their lives.

Twenty years ago Staudenmayer42 studied 175 chil-
dren with asthma, taken from hospitalized inpatients,
outpatients, and private practice. He identified five psy-
chosocial factors among these groups. Three of these
were: 'despair over social debilitation', 'quality of life'
and 'dread of illness'. Two further factors identified
were 'orientation towards compliance' and 'family

communication' (in reality, mother child communica-
tion, which measured the child's level of communication
about asthma with his or her mother). The incidence
of high anxiety scores and low compliance scores was
greatest among the inpatient (most severe) group and
least in the private practice (mildest) group. However,
Staudenmayer followed up his groups for 6 months and
found that anxiety declined in the admitted group after
hospital treatment and discharge. He concluded that the
anxiety measured during admission was in part the con-
sequence of a history of poor control resulting from poor
medical manageability. As control improved anxiety
decreased, and hence anxiety did not cause, but was a
consequence of poorly controlled asthma.

These studies suggest that adverse behavioural and
quality of life impact of asthma may be related to failure
to control attacks, and high use of medication, and that
psychological and social impairment is only found
among a minority of children with severe and poorly
controlled asthma. The best validated measures of psy-
chological problems are behavioural, such as Achenbach's
CBCL31 or Zill's FBI,30 a shortened form of the CBCL.

Family process impact

Until recently, most of the measures of the impact of
asthma on the child, described above, have been based on
parent report. Measures of child quality of life by parent
report may as much reflect parental response to the
child's asthma as actual child effect. Studies show that
respiratory symptoms, such as persistent cough, are par-
ticularly worrying for parents.41,43-45 Hopton46 identified
that parents' fear about child symptoms was often linked
to past situations when their child had been diagnosed by
doctors to be more seriously ill than they had thought.
This 'fright' reduced parents' confidence in their own
ability to judge the state of their child's health.

A number of studies have directly assessed parents'
attitudes and the effect of asthma on family functioning.
Donnelly et al.47 found that among 100 parents of chil-
dren with asthma who had been admitted to hospital,
64% of asthma parents believed that 'parents can't cope
as well (with asthma) as they wish'. Among Donnelly's
parents, 96% said they gave their child all their medica-
tions as prescribed, and 89% that the advantages of medi-
cation outweighed the disadvantages, but 86% also said
that children shouldn't be given medication for long
periods of time, 31% said children's bodies are too small
to cope with medication, 71% said they changed the time
for medication if the schedule was inconvenient, 60%
said they sometimes forgot to give medication to their
child, and 16% said they sometimes dispensed more
medication than was prescribed.

Using a newly designed questionnaire to assess the
'bother' caused by asthma on children and families,
Townsend et al.41 studied 100 children with asthma and
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their families. Items with highest bother scores for parents
were concern about long-term effects of drugs, side
effects, feeling helpless when child had attack. Parents
expressed highest bother on emotional impact of the
child's asthma, and lower bother on items to do with
impact on family day-to-day activity. That is, parents were
more worried about the possibility of disruption than
disturbed by actual disruption. 'Emotional items scored
higher than did interference with daily activity', 'the
inability of a parent to relieve the annoying symptoms of
their child's asthma appears to be part of this burden'.
The children however appeared to generally feel less
emotional burden than their parents - most bother was
caused by specific asthma symptoms, with the exception
of 'feeling frightened by asthma attack'. Children were
asked what they most wished they could do, which their
asthma interfered with. Townsend noted that wishes
were focused on doing better in activities they already
did, such as swimming or running faster.

We see that parental concerns frequently revolve
around the difficulties of making decisions about ser-
iousness of symptoms and managing unexpected illness
events. Parents are also concerned about giving regular
medication to children. In the previous section we saw
that some studies suggest that some children with asthma
may have a higher than average incidence of behavioural
problems. All of these factors will form a web of inter-
active influences on overall attitudes and asthma man-
agement in the family.

Gustafsson et al.48,49 followed 100 families with chil-
dren with a history of allergy, from birth to 18 months.
At 3 months Gustafsson classified families (from video-
taped interviews) on their own ability to adapt to demands
of a situation (adaptability) and balance between emo-
tional closeness and distance (cohesion). About one third
of families had poor functioning at 3 months. Children
were classified at 18 months as healthy, or having recur-
rent wheezing, chest infections or eczema. Family dys-
function at 3 months did not predict the later occurrence
of wheezing illness in the child, but if the child acquired
anxiety provoking symptoms, families were more likely
to continue or begin dysfunctional interaction patterns.

Gustaffson concluded that the occurrence of wheez-
ing symptoms increases the chance of family dysfunc-
tion. Comparing Gustaffson's findings with those of
Staudenmayer, we can conclude that the presence of
wheezing symptoms and attacks in children is a stress on
families and the stress is exacerbated if symptoms are not
brought under control. Studies in other illnesses, such as
child cancer, have found similar family consequences.50

Perhaps surprisingly, we can conclude there is little
evidence that for most children with asthma, the disease
has much impact on family processes. Symptoms may
limit a child's activities, but children often appear to
accommodate to their symptoms, and do not feel much
emotional bother from symptoms. Most families have
some concerns about asthma medication, and about the

need for regular medication, but they do not see their
children as much different from children without asthma.
However, the situation alters when symptoms frighten
the child or its parents, and if at the same time parents do
not have confidence that they know how to fully control
the symptoms. In this case, a vicious circle may be
entered, where sub-optimal family functioning results
from the stress of being unable to control illness events,
but this in turn increases the likelihood of poor family
management of the illness.

FAMILY MANAGEMENT STYLES

Meijer51'52 compared 20 families with a child with 'con-
trolled' asthma to 20 families with a child with 'uncon-
trolled' asthma. He found that families with 'controlled'
asthma were more cohesive and more structured than
families with a child with 'uncontrolled' asthma. Families
with a structured style of management had more rules of
behaviour, and were more likely to emphasize the import-
ance of compliance. Meijer concluded that a distinction
between controlled and uncontrolled asthma is more
strongly related to psychosomatic variables than a dis-
tinction on the basis of the severity of the asthma.

Studies have attempted to classify family asthma man-
agement styles. Wilson etal.53 interviewed 117 physicians
and 112 parents and identified 130 ineffective and effect-
ive asthma management behaviours falling into five
areas of responsibility: symptom intervention, symptom
prevention, use of medical and educational resources,
communication among caregivers, and family relation-
ships. However, Wilson did not demonstrate prospect-
ively that behaviours rated as ineffective were related to
worse observed clinical outcomes.

Taylor et a/.54 developed a set of 'management scen-
arios' from which children and caregivers could be scored
on their self-management competency. They report that
'patients selected by physicians to be good or bad man-
agers produced high or low scores respectively on the
scenarios', but do not give further details of the relation-
ship between scores and clinical outcomes.

More recently Zimmerman etal55 carried out a study
among 102 predominantly Latino families. Children had
a median age of 7 years, with one third below 5 years.
Families were classified by their 'asthma self-regulation
phase' and rankings were related to measures of asthma
severity. Asthma self-regulation stage was assessed by
answers to 11 structured questions (Table 6e.l). Higher
(better) self-regulation phases were significantly associ-
ated with lower morbidity in days wheezing and sleep
disturbance and home restrictions in the past month and
emergency department visits in the past year. English speak-
ing families were likely to be higher in self-regulation phase,
and families higher in self-regulation phase rated higher
their physician's care and involvement. Zimmerman55 also
found that families at higher stage levels had higher self-
efficacy beliefs more highly.
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Table 6e.1 Modified version of Zimmerman's phase description and morbidity relationship (From ref. 55)

1

2

3

4

38

47

15

2

6.6

4.3

3.1

2.5

Asthma Symptom Avoidance: Family perceives child wheezes or coughs
periodically but don't attribute symptoms to inherent physiological
vulnerability.

Asthma Acceptance: Family accepts asthma as health threatening disease, but
respond reactively, primarily with bronchodilator. Not aware or convinced of
importance of preventive treatment.

Asthma Compliance: Family seeks to control symptoms by following physician's
treatment recommendations which they are convinced will reduce asthma
exacerbations. However, they are unaware of how to shift medications
in response to dynamic symptom conditions, and are not confident about
managing asthma on their own.

Asthma Self-Regulation: Family consults with physician to develop an
adaptable treatment plan to manage symptoms. Using peak flow or
symptom recognition family can recognize early warning signs and adjust
medical regimes. They are confident of their ability to implement
the plan and are able to contact their doctor when modifications are
needed.

Hanson43 carried out a study among 303 children
with moderate to severe asthma, with an intervention
programme aimed at increasing parental efficacy in man-
aging their child's asthma. At the end of two years, efficacy
had increased in both control and intervention groups,
but efficacy was not related to scores on a management
skills scale. Parents remained more likely to treat asthma
episodically than preventively.

Some structured interventions to improve family
management of asthma have been successful. Madge
et a/.56 showed that a nurse-led intervention, providing
a management plan, education and telephone support
after discharge, to parents of children admitted to hos-
pital with acute asthma, successfully reduced hospital
re-admissions. Wesseldine et al.57 found that a nurse-led
intervention for children admitted to hospital with acute
asthma, providing parents with a management plan, suc-
cessfully reduced re-admission. However, Gebert et al.58

did not achieve significant clinical improvement for
families of children taking part in a 6-month education
programme, although family management attitudes
changed.

We can conclude that families do differ in their styles
of asthma management, and the strongest evidence seems
to be that families which are better organized and more
structured in their handling of the tasks associated with
managing the child's asthma, do better in controlling
symptoms. It appears that aiding families by developing
a structured management plan with them can be effect-
ive for children with more severe or poorly controlled
asthma, who have had a hospital admission, but pro-
grammes with children with moderate asthma, in pri-
mary care, have not been successful in producing clinical
benefits.

MEASURING THE IMPACT OF ASTHMA

The studies described above show that the impact of
asthma can be measured by a very large number of
methods and tools. Many of these studies have used
measures that were not validated outside the study itself.
This section describes and discusses tools that have been
validated. All of these tools are structured question-
naires, which give easily summarized indicators and a
small number of values. Some are generic instruments
and some are asthma specific. Structured closed response
questionnaires are sometimes criticized for not captur-
ing the complexity of asthma impact on children and
families. This is true, but a properly designed and valid-
ated questionnaire will have been shown to give scores
which impact on quality of life, will be able to discrim-
inate between 'healthy' and 'asthmatic' individuals, will
show differences in scores between high and low asthma
severity groups, and will be responsive to change in
morbidity. Most quality of life and family functioning
impact measurement tools give scores on several sub-
scales (for instance, symptom bother, emotional distress,
and activity limitation) and the variation between sub-
scale scores can itself enrich our understanding of
asthma impact.

Issues in measurement

VALIDITY AND RELIABILITY

Any validated quality of life, health status, psychological
functioning or impact measurement questionnaires will
have been constructed in consultation with potential
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respondents (parents and children) and health profes-
sionals. Usually preliminary studies identify a pool of
items which all groups agree are relevant to those that
are being measured. Studies then test the reliability and
validity of the initial items. As a result of this process
items will be discarded if they are found to be unreliable
(a high level of non-consistent answers are given when
the questionnaire is repeated), or insensitive (failing to
discriminate between subgroups).

When a measure (generic or asthma specific) is reli-
able we expect good internal consistency; so that clusters
of items which evaluate similar areas show consistent
patterns of response. For instance we would expect
answers on different activity limitations due to breath-
lessness to somewhat correlate with each other. Items will
be discarded if responses within clusters are inconsistent
with overall cluster scores, and are likely to also be dis-
carded if they show no relation to total score. Internal
reliability is often measured by the 'alpha co-efficient'.
A value of 0.6 or higher is expected in a reliable scale.
We also seek test-retest consistency in stable groups,
although defining 'stability' can be difficult. Stability in
physiological indicators such as lung function may not
be appropriate indicators of stability in quality of life. For
instance, a change in treatment regimen may not lead to a
change in lung function, but might have impact on patient
quality of life. Hence, in testing for reliability over time in
stable groups, physician and patient self-report of 'no
experienced change' are often used to define stability.19

That is, we expect quality of life scores not to change in
individuals who globally self assess that their quality of
life has not changed, which can seem circular.

We need to be aware that reliability is not a completely
inherent characteristic of a scale. A scale that is reliable
with one population may be less consistent with another
population, and a scale that discriminates in one popula-
tion maybe less sensitive to change in another population.

Validity is the extent to which a measurement tool is
appropriate for a particular use. A valid instrument
should be able to discriminate between populations in a
consistent way. If a measurement instrument has not yet
been shown to consistently discriminate between popu-
lations prospectively expected to be different, then we
cannot be fully confident in its validity. For instance,
French and Christie's Child' Asthma Questionnaire59 is
interesting because it is the only attempt to create a self-
report tool for children under 7 years, but although the
scale has internal consistency and reliability it did not
discriminate children with asthma from non-asthmatic
children in the first, UK, study. A later Australian study
has found differences in scores between asthmatic and
non-asthmatic children.60 Juniper's PAQLQ19 and LeCoq's
HAY scale21'61 have been able to discriminate children with
asthma from non-asthmatic children and children with
higher levels of symptoms from those with lower levels,
as has Bukstein's Integrated Therapeutics Group Child
Asthma Questionnaire.62

Since validity and reliability are dependent on appro-
priate use of a scale, we may query the appropriateness
of the wide age range suggested for many child quality of
life questionnaires. Tables 6e.2 and 6e.3 show that several
child questionnaires are supposedly usable from primary
school entry to late adolescence. The age ranges quoted
may be misleading. Closer examination of the validation
studies for these questionnaires shows that there is usu-
ally a large median age group, with a few older or younger
outliers. Although the PAQLQ is in theory usable from
age 7 years, most children in the original validation study
were aged at least 10 years, and Guyatt has suggested that
age 10-11 is the age at which it is appropriate to take only
child self-report rather than parent and child report.

PROXY REPORT

It is still the case that most quality of life scales and child
psychological ratings are answered by parents. The
exceptions are Juniper et al.'s PAQLQ19 which is child
self-report, to be used from age 7 years and French and
Christie's Child Asthma Questionnaire with scales for
children from 4 years.59,60 Christie 60 found a moderate
relationship between children's rating of asthma severity
and parents' rating (0.5) but a lesser relationship between
parental severity rating and child distress rating.
Edelbrock64 found that reliability of children's reports
of clinical symptoms increased with child age, compar-
ing children in age groups 6-9 years, 10-13 years and
14-18 years. Parent report was more reliable for the
6-9 year group but less reliable for the 10 years and older
groups.

Comparing 81 children with asthma with 22 healthy
controls, Klinnert et al65 found that maternal report
indicated significantly more behavioural problems among
the asthmatic children, but no differences were found
when children were assessed by clinician interview and
observation.

In children younger than 11, Guyatt et al.66 found that
children's global rating of change in symptoms correl-
ated strongly with changes in quality of life (0.54-67)
but not with measures of airway calibre or asthma con-
trol, while parents' global ratings did not correlate with
children's quality of life but showed moderate correl-
ations with airway calibre (0.29-48) and asthma control
(0.50). In children over the age of 11, correlations with all
clinical variables were higher for their own than their
parents' global ratings. Guyatt66 concluded that in children
under 11, clinicians could gain complementary informa-
tion from questioning children and parents. For children
over 11, parents can provide little if any information
beyond that obtained through questioning the child.

Thus studies suggest that children aged 10 and over
are likely to be more reliable reporters of symptoms than
their parents, and that parents become less aware of qual-
ity of life impact of asthma on their child as children
reach puberty. Using parent report is valid for exploring



Table 6e.2 Generic impact scales

Child Health 5-15
Questionnaire PF-5016

Child Health16 10-17
Questionnaire PF-87

Adolescent Child 11-17
Health and Illness
Profile-CHIPAE17

Functional Status: 4-16
FSIIR Stein, 199018

Child Behaviour 5-14
Check List (CBCL)32

Behaviour Problems 5-11
Index (PBI) derived 12-17
from CBCL30

HarterSelf 8-16
Esteem Scale38

4 weeks for
most items

Parent

Child4 weeks for
most items*

4 weeks/1 year/ Child
2 years
(depending
on domain)

4 weeks Parent

3 months Parent

3 months Parent

Indeterminate Child

50 Global health, physical activities,
social relationships,mental
health emotions

87 Emotional impact on family,
interference with family activities

153 Activity limitation, satisfaction
with health, achievement, resilience,
social functioning

43 Communication,
(or 14) mobility, mood, energy,

sleeping, eating

133

28 Subscales: **depression, antisocial,
headstrong, hyperactive,
immature/dependent, and peer
conflict

36 Scholastic competence, athletic
competence, social acceptance,
physical appearance, and
behavioural conduct, global self-worth

*Except family cohesion, general health perception and change in health.
**Each subscale includes between four to six questions.

Table 6e.3 Asthma specific impact scales

Integrated Therapeutics 4-14
Group Child Asthma
Short Form62

Children's Health 5-12
Survey for Asthma75

HAY scale61 8-12

4 weeks

2, 4 or 8
weeks

'last few
weeks'

Parent

Parent

Child

8

48

72

Daytime symptoms, night-time
symptoms activity limitation

Child activity, family
activity, child emotional health,
family emotional health

General: physical activity,
cognitive activity, social activity,
physical complaints. Asthma
specific: symptoms, emotions,
self concept, self management

Paediatric Asthma 7-17
Quality of Life
Questionnaire19

Paediatric Caregivers 0-17
Quality of Life
Questionnaire20

Childhood Asthma A:4-7
Questionnaire59

B:8-11

C12-16

QOL-PAC22 0-16

4 weeks

4 weeks

Not
specified
e.g.
'recently'

Not
specified
e.g. 'recently'

Child

Parent

Child

Child

Child

Parent

23

13

14

22/19*

31/24*

48

Symptoms, limitations of
activity, emotional 'bother'

Family activity limitations,
parental distress, family
disruption

Interference with activity,
bother
Interference with activity,
distress, severity
Activities, distress, severity,
general QoL

Burden, subjective norms,
social, financial, physician,
effect of medication

*Australian version.
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whole family impact of the child's asthma, but is not
reliable for assessing actual frequency or impact of symp-
toms for the child itself. There seems no good reason
for using parent report for children over the age of 12 years.

ADOLESCENTS

Children aged 12 and over are commonly included in
studies evaluating therapeutic intervention which use
adult quality of life/health status scales67 but it is argued
that important aspects of adolescent life are less well-
covered in adult measures such as social contact.
Qualitative studies find that adolescents feel that their
views are often not listened to by adults, particularly in
assessing their needs in healthcare.68

Using a Swiss version of the ISAAC questionnaire,
Braun-Fahrlander69 found that adolescents' self-reported
prevalence rates of current asthma symptoms and 'asthma
ever' were significantly higher than those obtained from
questionnaires completed independently by parents.
When parents and adolescents completed the question-
naire jointly prevalence rates were more similar to ado-
lescent self-reported rates.

Generic adolescent quality of life scales, which have
been developed, include the Child Health Questionnaire
PF-87 for children aged 10-17 years, and the Adolescent
Child Health and Illness Profile (CHIP-AE). The only
asthma specific scale is the Juniper PAQLQ.19

So far, these adolescent scales have not been much
used. Studies are needed to demonstrate whether they
offer advantages over adult scales, which evidence suggests
can validly be used for children from 12 years onwards.

IMPORTANT MEASURES OF ASTHMA IMPACT

The following section and Tables 6e.2 and 6e.3 review the
measures that have either been well validated, or have
been shown to discriminate as an outcome measure in
therapeutic interventions in asthma.

Generic measures

The Child Health Questionnaire PF-50 (Parent form) and
the Child Health Questionnaire PF-87 (Child form)16 have
recently been developed by the Medical Outcomes Study
group, who developed the SF-36 Quality of Life ques-
tionnaire, the most widely used adult generic QoL scale.
They are in the process of being internationally val-
idated.16

The Functional Status IIR18 is a non-asthma specific
scale which measures health status of children with any
chronic disorder. The 14-item short form (parent com-
pleted) assesses child eating and sleeping patterns, mood,
attention to energy and behaviour in the previous
4 weeks. Mahajan et a/.70 found that scores on the FS II

discriminated between placebo and intervention groups
in a therapeutic trial of effects of fluticasone propionate
on children aged 4-11 years.

The Behavior Problem Index (BPI)30 is a modification
of the Achenbach Child Behavior Checklist and other
instruments compiled by Peterson and Zill for the National
Study of Children. Five subscales can be derived (Table
6e.2). It has been used, as described earlier, in evaluating
asthma impact on children.29,71

The Harter Self-Esteem Scale38,39 was devised by Harter
to ascertain a child's competence. There is one version for
children 4-7 years of age (parent report), and another
for 8 to 16-year-olds (self-report). The younger version
assesses four independent dimensions: cognitive compe-
tence, physical competence, peer acceptance, and mater-
nal acceptance. The older version assesses five specific
domains (Table 6e.2). It has been used in comparative
studies37 and a study evaluating intervention for asth-
matic children.72 There is a British version.73

Asthma specific measures

Integrated Therapy Group Child Asthma Short Form62 is an
8-item parent completed scale which was derived from the
earlier Usherwood scale.74 It has been validated among
families with children aged 4-14 years, with mean age
9 years. It has three domains: daytime symptoms (two
items), night-time symptoms (two items), activity
limitations (four items). Scores discriminated between
physician classified mild and severe cases, but were not
significantly related to FEVj.

Children's Health Survey for Asthma75 has been val-
idated for the UK in 5 to 12-year-olds in two cross-sectional
studies and one longitudinal study, with 275 parents in
total, showing good ability to discriminate between chil-
dren with different recent levels of symptom activity,
moderate discriminatory power for medication use and
low relationship to lung function. No use of this scale has
been reported for evaluation studies.

The HAY questionnaire21,61 has recently been developed
in the Netherlands. It is child self-complete, with a generic
section that can be answered by non-asthmatic children.
It discriminated between 80 children with asthma and 296
children without diagnosed asthma, and between chil-
dren with different levels of recent asthma symptoms.

The Paediatric Asthma Quality of Life Questionnaire19

was designed for self-report, for children from 7 to 17
years. However, in younger children (7-11 years) inter-
viewer support is likely to be necessary for completion. As
discussed above, the wide range of ages raises questions
about discriminatory validity. The PAQLQ has been
shown to discriminate over time between children rated
as 'improved asthma control' and 'worsened control'. The
PAQLQ assess degree distress and activity limitations.

The Paediatric Asthma Caregivers Quality of Life
Questionnaire20 was developed to assess the impact of
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asthma on family emotion and functioning, and resem-
bles these components in the parent report Children's
Health Survey for Asthma. The initial validation study
showed change in scores was related to change in phys-
ician assessed change in asthma control. One other study
has shown change in symptom scores over three months
in preschool children was significantly related to change
in PACQLQ scores.15

The QOL-PAC questionnaire22 has detected improve-
ment in family functioning after therapeutic interven-
tion using the QOL-PAC.70

Childhood Asthma Questionnaire63 has three forms for
children aged from 4 years to 16 years, all to be self-
reported. Younger children are asked to rate their feelings
about asthma using 'smiley face' diagrams. The domains
covered are not fully compatible between different age
group forms. In early trials, the questionnaires did not
discriminate between asthmatic and non-asthmatic chil-
dren, but a recent Australian study by French60 has
reported discrimination by the scale.

UTILITY MEASURES AND 'QUALYS*

Utility values for health states are intended to measure
the absolute value that people give to a particular health
state, on a scale from 0-1, where 0 equals death, or the
worst imaginable health state, and 1 equals perfect health.76

Utility values are determined either by asking general
population samples to rate a range of health states and then
averaging their ratings, or by asking specific patient popu-
lations to compare their current health state to other
health states. Once utility values have been determined
they can be used to calculate QALYs: Quality Adjusted
Life Years which represent the relative value of time spent
in that state compared with a 'perfect health' year.

The advantage of utility measures is that they offer
health economists a potential way to quantify benefits of
treatment and to compare qualitative cost-effectiveness
between treatments. The disadvantage of utility based
methodologies and measures is that even in adults they
are complex to use as a measure of quality of life change,
and utility measures appear to be less sensitive to change
than standard quality of life measures.77

Utility measures can be derived by using a utility
based questionnaire, such as the Euroquol or Health Util-
ities Index (HUI), where responses are scored according
to utility values derived from an original population
study, as described above. However, the HUI78 has not
been found to be sensitive to respiratory symptom change
in children.

Alternatively, utility can be derived directly from
patient preferences by using methods such as Standard
Gamble or Time Trade Off. These methods ask patients
how much they would risk some adverse event, or trade
some life benefit, in order to improve their present state.
These techniques again were not found to be sensitive to

symptom change in children and needed quite high
levels of reading and comprehension skills.78

At present there do not seem to be utility based meas-
ures suitable for use with children. Guyatt et al. 's Feeling
Thermometer, asking children to rate their present state
against theoretical perfect health was able to show change
related to global assessment of change by clinicians, but
is not a true utility measure, since it is not based on prob-
abilistic trade offs by participants.78

CLINICAL IMPLICATIONS AND APPLICATIONS

Can these scales be used in every day clinical practice? The
generic scales are too long, and too non-asthma specific to
be of much use in an individual assessment. The asthma
specific symptom oriented scales are more likely to be rele-
vant to clinical practice. The advantage of using a valid-
ated scale is that it allows a picture to be built up over time
of symptoms and quality of life for a child, using a consist-
ent set of questions, which can be compared with norms
for other children, and to the child's own scores.

To be useful, a scale should be quick to give, and
should refer to a short time span, ideally about one month.
The scale which best fits these criteria is the Child Asthma
Short Form Scale.62 This has only eight items, and refers
to the last 4 weeks. However, since it is a parent report
scale it is not suitable for children over 12 years.

The Paediatric Asthma Quality of Life Scale19 is
designed to be answered by the child. However, it has
23 items, and scoring is complex. A short form is currently
under development. The corresponding scale designed to
assess asthma impact on parents (the Paediatric Asthma
Caregivers' Quality of Life Scale,20 13 items) is more
straightforward to give and to score, but probably only
rarely would a clinician want a formal assessment of
impact of asthma on the parent, as provided by this scale.

However, these longer scales, and scales which are
most oriented to psychological and quality of life assess-
ment can be very relevant to clinics in planning new
services, such as educational interventions. A pilot study
of child and parent quality of life, and impact of asthma
allows us to build up a picture of the patient group, and
can give a clearer understanding of their needs. Admin-
istering these scales is likely to be an educational experi-
ence for clinicians and nurses, and can encourage open
discussion with children and parents about their views
of their asthma management.

It is sometimes said that quality of life/psychological
assessment scales cannot be used on an individual basis,
and that only group comparisons are valid. This view
appears to be based on a misunderstanding of the meas-
urement criteria in quality of life scales. All these scales
have wide error margins, are essentially very'fuzzy' meas-
urements, and become less reliable as the group size in
which they are used diminishes. The larger the group to
which a scale score refers, the smaller the likely standard
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error in measurement and the more reliable the result.
This means that a scale score for an individual must be
used with caution, keeping in mind all these issues.
Nonetheless, inherently all patient report of symptoms is
subjective, and this is what the normal clinical interview
accepts. Using a structured scale will not increase the unre-
liability inherent in patient self-report, and will allow
consistent comparison between one point in time and
the next.

As commented at the beginning of this section, the
generic scales are the least likely to be of use in a normal
clinical setting. Their value is in large-scale assessment in
controlled trials of interventions. The studies described
in this chapter show that both generic and asthma spe-
cific scales can be used in large trials although there have
been insufficient studies yet for us to feel confident that
all these scales are equally sensitive to quality of life
change after therapeutic intervention. For children, the
generic Child Health Questionnaire will be of interest.
It is designed by the Medical Outcomes Study, the leaders
in validated generic quality of life measures, is being widely
validated, and will provide useful norms for children
with and without chronic conditions, but with 87 items it
is too long to be of use in every day assessment or in pilot
studies for service planning.

In trials which aim to assess psychological outcomes
(after specialized interventions), studies suggest that
standard psychological tools are most suitable (such as
the CBCL or FBI) and can be used effectively to discrim-
inate psychological effects among children with poorly
controlled or severe asthma. Broader psychological tools
may also be useful in exploring psychological issues that
may need addressing for some children, but are unlikely
to be relevant to most children with asthma.

REFERENCES

1. Ait-Khaled N, Anabwani G, Anderson HR, et al.
Worldwide variations in the prevalence of asthma
symptoms: The International Study of Asthma and
Allergies in Childhood (ISAAC). Eur RespirJ
1998;12:315-35.

2. Robertson CF, Dalton MF, Peat JK, et al. Asthma
and other atopic diseases in Australian children.
Australian arm of the International Study of Asthma
and Allergy in Childhood. Medy 4usM998;168:434-8

3. Kaur B, Anderson HR, Austin A, et al. Prevalence of
asthma symptoms, diagnosis, and treatment in
12-14 year old children across Great Britain
(International study of asthma and allergies in
childhood, ISAAC UK). Br Med J 1998;316:118-24.

4. Wilson NM, Dore CJ, Silverman M. Factors relating to
the severity of symptoms at 5 years in children with
severe wheeze in the first 2 years of life. Eur RespirJ
1997;10:346-53.

5. Strachan DP, Butland BK, Anderson HR. Incidence
and prognosis of asthma and wheezing illness from
early childhood to age 33 in a national British
cohort. Br Med J 1996;312:1195-9.

6. Ross S, Godden D, Friend J, Legge J, Douglas G.
Incidence and prognosis of asthma to age 33.
Asthma or wheezy bronchitis in childhood is
independent risk factor for wheezing symptoms
in adulthood. Br Medy 1996;313:815.

7. Jenkins MA, Hopper JL, Bowes G, Carlin JB, Flander LB,
Giles GG. Factors in childhood as predictors of asthma
in adult life. Br Med J 1994;309:90-3.

8. Ross S, Godden D, McMurray D, et al. Social effects
of wheeze in childhood: a 25 year follow up. Br Med J
1992;305:545-8.

9. Sibbald B, Anderson HR, McGuigan S. Asthma and
employment in young adults. Thorax 1992;47:19-24.

10. Gibson PG, Henry RL, Vimpani GV, Halliday J. Asthma
knowledge, attitudes, and quality of life in
adolescents. Arch Dis Child 1995;73:321-6.

11. Sonne-Holm S, Sorensen Tl. Prospective study of
attainment of social class of severely obese subjects
in relation to parental social class, intelligence,
and education, Br Med J (Clin Res Ed)
1986;292:586-9.

12. Jones PW. Quality of life, symptoms and pulmonary
function in asthma: long-term treatment with
nedocromil sodium examined in a controlled
multicentre trial. Nedocromil Sodium Quality of Life
Study Group. Eur RespirJ 1994;7:55-62.

13. Jones PW, Quirk FH, Baveystock CM. Why quality
of life measures should be used in the treatment
of patients with respiratory illness. Monaldi Arch
Chest Dis 1994 ;49:79-82.

14. Juniper EF. Quality of life in adults and children
with asthma and rhinitis. Allergy 1997;52:971-7.

15. Osman LM, Baxter-Jones ADJ, Helms PJ. Parents'
quality of life and respiratory symptoms in young
children with mild wheeze. Eur RespirJlOOl;
17:254-8.

16. Landgraf JM, Maunsell E, Speechley KN, et al.
Canadian-French, German and UK versions of the
Child Health Questionnaire: methodology and
preliminary item scaling results. Qual Life Res
1998:7:433-45.

17. Forrest CB, Starfield B, Riley AW, Kang M. The
impact of asthma on the health status of
adolescents. Pediatrics 1997;99:E1.

18. Stein RE, Jessop DJ. Functional status II(R). A measure
of child health status. Med Care 1990;28:1041-55.

19. Juniper EF, Guyatt GH, Feeny DH, Ferric PJ, Griffith LE,
Townsend M. Measuring quality of life in children
with asthma. Qual Life Res 1996;5:35-46.

20. Juniper EF, Guyatt GH, Feeny DH, Ferrie PJ,
Griffith LE, Townsend M. Measuring quality of life
in the parents of children with asthma. Qual
Life Res 1996;5:27-34.



References 193

21. le Coq EM, Colland VT, Boeke AJ, Boeke P, Bezemer DP,
van EijkJT. Reproducibility, construct validity, and
responsiveness of the 'How Are You?' (HAY), a
self-report quality of life questionnaire for children
with asthma. J Asthma 2000;37:43-58.

22. Schulz RM, Dye J, Jolicoeur L, Cafferty T, Watson J.
Quality-of-life factors for parents of children with
asthma. J Asthma 1994;31:209-19.

23. Mullins LL, Chancy JM, Pace TM, Hartman VL. Illness
uncertainty, attributional style, and psychological
adjustment in older adolescents and young adults
with asthma. J Pediatr Psychol 1997;22:871-80.

24. Graetz B, Shute R. Assessment of peer relationships in
children with asthma. 7 Pediatr Psychol 1995;20:
205-16.

25. Forero R, Bauman A, Young L, Booth M, Nutbeam D.
Asthma, health behaviors, social adjustment, and
psychosomatic symptoms in adolescence. J Asthma
1996;33:157-64.

26. Lloyd CE, Robinson N, Andrews B, Elston MA,
Fuller JH. Are the social relationships of young
insulin-dependent diabetic patients affected by their
condition? Diabet Med 1993;10:481-5.

27. Silverglade L, Tosi DJ, Wise PS, D'Costa A. Irrational
beliefs and emotionality in adolescents with and
without bronchial asthma.7 Gen Psychol 1994;
121:199-207.

28. Bussing R, Burket RC, Kelleher ET. Prevalence of
anxiety disorders in a clinic-based sample of pediatric
asthma patients. Psychosomatic* 1996; 37:108-15.

29. Bussing R, Halfon N, Benjamin B, Wells KB. Prevalence
of behavior problems in US children with asthma.
Arch Pediatr Adolesc Med 1995; 149:565-72.

30. Peterson JL, Zill N. Marital disruption, parent-child
relationships and behavior problems in children.
Marriage Fam 1986;48:295-307.

31. Achenbach TM, EdelbrockCS. Behavioral problems
and competencies reported by parents of normal
and disturbed children aged four through sixteen.
Monogr Soc Res Child Dev 1981 ;46:1-82.

32. Achenbach TM, Verhulst FC, Baron GD, Althaus M.
A comparison of syndromes derived from the Child
Behavior Checklist for American and Dutch boys
aged 6-11 and 12-16.7 Child Psychol Psychiat
1987;28:437-53.

33. Achenbach TM, Hensley VR, Phares V, Grayson D.
Problems and competencies reported by parents

of Australian and American children. 7 Child
Psychol Psychiat 1990;31:265-86.

34. Perrin JM, Maclean WEJ, Gortmaker SL, Asher KN.
Improving the psychological status of children with
asthma: a randomized controlled trial.7 Develop
Behav Perfmfr1992;13:241-7.

35. Wjst M, Roell G, Dold S, et al. Psychosocial characteristics
of asthma. 7 Clin Epidemiol 1996;49:461-6.

36. Nassau JH, Drotar D. Social competence in children
with IDDM and asthma: child, teacher, and parent

reports of children's social adjustment, social
performance, and social skills.J Pediat Psychol
1995;20:187-204.

37. Vazquez Ml, Fontan-Bueso J, Buceta JM. Self-
perception of asthmatic children and modification
through self-management programmes. Psychol Rep
1992;71:903-13.

38. Harter S. Manual for the Self-Perception Profile for
Children. University of Denver, Denver, CO, 2000.

39. Harter S. The perceived competence scale for
children. Child Deve/o/?.1982;53:87-97.

40. Austin JK, Huster GA, Dunn DW, Risinger MW.
Adolescents with active or inactive epilepsy or
asthma: a comparison of quality of life. Epilepsia
1996:37:1228-38.

41. Townsend M, Feeny DH, Guyatt GH, Furlong WJ,
Seip AE, Dolovich J. Evaluation of the burden of
illness for pediatric asthmatic patients and their
parents. Ann Allergy 1991 ;67:403-8.

42. Staudenmayer H. Medical manageability and
psychosocial factors in childhood asthma.7 Chronic
Dis 1982; 35:183-98.

43. Hansen BW. Acute illnesses in children. A description
and analysis of parents' perception of illness threat.
ScandJ Prim Health Care 1994;12:15-19.

44. Cornford CS, Morgan M, Ridsdale L. Why do mothers
consult when their children cough? Fam Pract

1993;10:193-6.
45. Kai J. What worries parents when their preschool

children are acutely ill, and why; a qualitative study.
BrMed J 1996;313:983-6.

46. Hopton J, Hogg R, McKee I. Patients' accounts of
calling the doctor out of hours: qualitative study in
one general practice. Br Med J 1996;313:991-4.

47. Donnelly JE, Donnelly WJ, Thong YH. Parental
perceptions and attitudes toward asthma and
its treatment: a controlled study. Social Sci Med
1987;24:431-7.

48. Gustafsson PA, Bjorksten B, Kjellman Nl. Family
dysfunction in asthma: a prospective study of
illness development.7 Pediatr 1994; 125:
493-8.

49. Gustafsson PA. Family dysfunction in asthma: results
from a prospective study of the development of
childhood atopic illness. Pediatr Pulmonol (Suppl)
1997;16:262-4.

50. Mastroyannopoulou K, Stallard P, Lewis M, Lenton S.
The impact of childhood non-malignant
life-threatening illness on parents: gender differences
and predictors of parental adjustment. 7 Child Psychol
Psyc/7/oM997;38:823-9.

51. Meijer AM, Oppenheimer L. The excitation-adaptation
model of paediatric chronic illness. Fam Process
1995:34:441-54.

52. Meijer AM, Griffioen RW, van Nierop JC,
Oppenheimer L. Intractable or uncontrolled asthma:
psychosocial factors. J Asthma 1995;32:265-74.



194 Impact of asthma on child and family

53. Wilson SR, Mitchell JH, Rolnick S, Fish L Effective
and ineffective management behaviors of parents of
infants and young children with asthma.
J Pediatr Psychol 1993;18:63-81.

54. Taylor GH, Rea HH, McNaughton S, et al. A
tool for measuring the asthma self-management
competency of families. J Psychosom Kes1991;
35:483-91.

55. Zimmerman BJ, Bonner S, Evans D, Mellins RB.
Self-regulating childhood asthma: a
developmental model of family change. Health
EducBe/mv 1999;26:55-71.

56. Madge P, McColl J, Paton J. Impact of a nurse-led
home management training programme in children
admitted to hospital with acute asthma: a
randomised controlled study [see comments].
7/7orax 1997;52:223-8.

57. Wesseldine LJ, McCarthy P, Silverman M. Structured
discharge procedure for children admitted to hospital
with acute asthma: a randomised controlled trial of
nursing practice. Arch Dis Child 1999;80:110-14.

58. Gebert N, Hummelink R, Konning J, et al. Efficacy
of a self-management program for childhood
asthma - a prospective controlled study. Patient
Educat Counsel 1998;35:213-20.

59. French DJ, Christie MJ, Sowden AJ. The
reproducibility of the Childhood Asthma
Questionnaires: measures of quality of life for
children with asthma aged 4-16 years. Qual Life
Kes 1994;3:215-24.

60. French DJ, Carroll A, Christie MJ. Health-related
quality of life in Australian children with asthma:
lessons for the cross-cultural use of quality of life
instruments. Qual Life Res 1998;7:409-19.

61. le Coq EM, Boeke AJ, Bezemer PD, Bruil J,
van Eijk JT. Clinimetric properties of a parent report
on their offspring's quality of life. J Clin Epidemiol
2000;53:139-46.

62. Bukstein DA, McGrath MM, Buchner DA, Landgraf J,
Goss TF. Evaluation of a short form for measuring
health-related quality of life among paediatric
asthma patients. J Allergy Clin Immunol 2000;
105:245-51.

63. French DJ, Christie MJ, West A. Quality of Life
in Childhood Asthma: development of the
Childhood Asthma Questionnaire. In: MJ Christie,
DJ French, eds. Assessment of Quality of Life in
Childhood Asthma. Harwood, Chur, Switzerland,
1995.

64. Edelbrock C, Costello AJ, Dulcan MK, Kalas R,
Conover NC. Age differences in the reliability of the
psychiatric interview of the child. Child Dev
1985;56:265-75.

65. Klinnert MD, McQuaid EL, McCormick D, Adinoff AD,
Bryant NE. A multimethod assessment of behavioral
and emotional adjustment in children with asthma.
J Pediatr Psyc/?o/2000;25:35-46.

66. Guyatt GH, Juniper EF, Griffith LE, Feeny DH, Ferric PJ.
Children and adult perceptions of childhood asthma.
Paediatrics 1997;99:165-8.

67. Nelson HS, Busse WW, deBoisblanc BP, et al.
Fluticasone propionate powder: oral
corticosteroid-sparing effect and improved lung
function and quality of life in patients with severe
chronic asthma.7 Allergy Clin Immunol 1999;
103:267-75.

68. Slack MK, Brooks AJ. Medication management
issues for adolescents with asthma. Am J
Health-Syst Pharm 1995;52:1417-21.

69. Braun-Fahrlander C, Gassner M, Grize L, et al.
Comparison of responses to an asthma symptom
questionnaire (ISAAC core questions) completed by
adolescents and their parents. SCARPOL-Team.
Swiss Study on Childhood Allergy and Respiratory
Symptoms with respect to Air Pollution.
Pediatr Pulmonol 1998;25:159-66.

70. Mahajan P, Pearlman D, Okamoto L. The effect of
fluticasone propionate on functional status and
sleep in children with asthma and on the quality of
life of their parents. J Allergy Clin Immunol
1998;102:19-23.

71. McCormick MC, Workman-Daniels K, Brooks-Gunn J.
The behavioral and emotional well-being of
school-age children with different birth weights.
Paediatrics 1996;97:18-25.

72. Pless IB, Feeley N, Gottlieb L, Rowat K, Dougherty G,
Willard B. A randomized trial of a nursing
intervention to promote the adjustment of children
with chronic physical disorders. Paediatrics
1994;94:70-5.

73. Hoare P, Mann H. Self-esteem and behavioural
adjustment in children with epilepsy and children
with diabetes.7 Psychosom Res 1994;38:859-69.

74. Asmussen L, Olson LM, Grant EN, Fagan J, Weiss KB.
Reliability and validity of the Children's Health Survey
for Asthma. Paediatrics 1999;104:e71.

75. Usherwood TP, Scrimgeour A, Barber JH.
Questionnaire to measure perceived symptoms and
disability in asthma. Arch Dis Child 1990;
65:779-81.

76. Rutten-van Molken MR Health State Preference
Estimation in Asthma. In: KB Weiss, AS Buist,
SD Sullivan, eds. Asthma's Impact on Society:
The Social and Economic Burden. Basel Dekker,
New York, 2000, pp. 331-50.

77. Rutten-van Molken MP, Custers F, et al. Comparison
of performance of four instruments in evaluating
the effects of salmeterol on asthma quality of life.
Eur RespirJ 1995;8:888-98.

78. Juniper EF, Guyatt GH, Feeny DH, Griffith LE, Ferric PJ.
Minimum skills required by children to complete
health-related quality of life instruments for asthma:
comparison of measurement properties. Eur RespirJ
1997;10:2285-94.



Allergy

JILL A WARNER AND JOHN 0 WARNER

Introduction
Clinical evaluation of allergy and asthma

7a

195 Measurement of exposure
196 References

201
202

INTRODUCTION Does allergy cause asthma?

Allergy in this chapter will refer to immediate IgE medi-
ated hypersensitivity to ostensibly harmless environmen-
tal antigens often known as allergens. The term 'atopy'
refers to the inherent susceptibility to developing allergy
but is often confusingly used as a term synonymous with
allergy.

The presence of allergy to common environmental
allergens is very frequently associated with the presence
of asthma. Epidemiological evidence would suggest that
about 50% of asthma may be attributable to allergy.1

However, there is a very strong association between the
presence of allergy, as demonstrated either by raised IgE
antibodies or positive skin-prick tests, and asthma. Thus up
to 90% of children with asthma have allergies as compared
with only 25-30% of the whole population.2 Furthermore,
the majority of children who become sensitized to aero-
allergens during the first few years of life will develop
asthma, whereas those children who become sensitized
beyond the age of 8-10 have no greater risk of developing
asthma than children who do not develop any allergy
whatsoever.3

All diseases associated with allergy have increased in
the population over the last 30-50 years with parallel
rises in asthma, eczema, hay fever and even specific aller-
gies such as that to peanuts4,5,6 (Figure 7a.l). However,
there is no evidence that this increase is a consequence of
increased exposure of the population to allergens. Despite
the association between allergy and asthma in childhood,
the nature of the relationship is still a matter of some dis-
pute. There is no direct evidence to establish whether
allergy acts as an inducer of disease in the first place or is
merely genetically linked and aggravates the condition
once it has already developed.

There is no doubt that exposure to allergens is a risk fac-
tor for the development of allergic sensitization to those
allergens.7 Furthermore, exposure to allergens in sensi-
tized individuals is a risk factor for exacerbations of
asthma and indeed the persistence of asthma symptoms.8

There is also very strong evidence that allergen expos-
ure in sensitized subjects acts as a trigger for acute
attacks.9

Many studies have implied that allergic sensitization
and subsequent allergen exposure are causally associated
with the development of bronchial hyper reactivity and
the development of asthma. However, these are based on
cross-sectional studies and there has yet to be a truly
prospective longitudinal study which substantiates the
relationship.10 One group has suggested that by taking

Figure 7a.1 Prevalence rates for asthma and allergic
rhinitis in 12 to 13-year-olds in the UK in 1973/1988/1996
from two studies (refs 4 and 5) using very similar
ascertainment methods.
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Long
Long
Present
Abnormal
High
Present

Table 7a.1 Lessons from occupational asthma: influences on asthma outcome after cessation of allergens exposure

Duration of exposure before onset of symptoms
Duration of symptoms before avoidance commenced
Associated tobacco smoke exposure
Lung function at diagnosis
Sensitivity to allergen on bronchial challenge
Eosinophilia in bronchial lavage/sputum

Short
Short
Absent
Normal or near normal
Low
Absent

into account the biases inherent in cross-sectional studies
which relate allergy and allergen exposure to the induc-
tion of asthma, the contribution of allergy and allergen
exposure to the development of asthma is less than 10%.n

These observations must be balanced against studies which
have shown a strong relationship between early sensitiza-
tion to house mite, such that high levels of exposure in
early life are associated with an over-four-fold greater risk
of having continuing asthma at the age of II,12 and that
sensitization to cockroach allergens is an important risk
factor for asthma particularly in North American inner
city dwellers.13 The risk of allergically sensitized children
developing airway hyperresponsiveness doubles with every
doubling exposure to house-dust mite.14

This issue is discussed further in the chapter on pre-
venting asthma, but the great difficulty in finally estab-
lishing a causal link between allergy and asthma is that
no environment is truly allergen-free. Thus even in the
absence of house-dust mite, such as at high altitude or in
arid desert regions, there is still a significant prevalence
of asthma and also of allergic sensitization to other envir-
onmental factors such as alternaria mould, animals and
pollens.15'16

The only area where there is perhaps more compelling
evidence of allergen exposure, allergy and asthma being
causally related is in the occupational environment where
there is a cause and effect relationship between exposure
to the sensitizing agent and the development of asthma.
Furthermore, the longer the duration of exposure to the
allergen after onset of symptoms, the greater the probabil-
ity that the asthma will persist even after long-term avoid-
ance, and suggests that the allergen acts as an inducer of the
disease which subsequently, becomes self-perpetuating17

(Table 7a. 1). This may explain why there is so much con-
fusion about the relationship, because current allergen
exposure in an asthmatic may not reflect the exposure
which occurred during sensitization and induction of the
disease.

Allergen avoidance studies in established asthma have
conclusively shown that it is possible to achieve appre-
ciable improvements in control of symptoms with asso-
ciated reductions in bronchial hyperresponsiveness and
need for concomitant anti-asthma therapy. This perhaps
provides the most compelling reason for making a thor-
ough assessment of the allergic status of asthmatic indi-
viduals.18

CLINICAL EVALUATION OF ALLERGY
AND ASTHMA

Clinical history

The most obvious precipitant of acute episodes of asthma
is viral infection. As a consequence, many families are
unable to identify allergy as an obvious cause of their
child's problem. However, occasional patients will quite
clearly have acute episodes of coughing and wheezing on
exposure to animal allergens, particularly if the animal is
not present in their own home. Chronic exposure within
the patient's own home may indeed contribute to chron-
icity of disease but there will not be obvious associations
between exposure and exacerbation. Seasonal variations
in symptoms may be associated with changes in pollen
and/or mould counts but this is much more obvious in
relation to allergic rhinoconjunctivitis than asthma.

There is no typical pattern of asthma in relation to
house-dust mite sensitivity. Nocturnal symptoms are com-
mon in all asthmatics and no more likely in those with
house mite sensitivity. However, profuse sneezing on aris-
ing in the mornings is a common association with house
mite sensitivity. Furthermore, aggravation of asthma dur-
ing domestic cleaning activities such as vacuuming may
provide a clue to the specific allergy diagnosis.19

In taking a history, it is important to have details of the
domestic environment. This should include the age and
structure of the property, proximity to waterways, type of
heating, carpeting, furniture and bedding, all of which can
have an influence on house mite levels. The presence of
double glazing and other energy saving strategies has
appreciably reduced the number of air exchanges which
occur in homes and thereby affects the accumulation of
allergens as well as non-specific irritants. Such strategies
also tend to be associated with higher indoor humidity
which in turn will increase house-dust mite and mould
exposure.

Hitherto, it has been felt that the use of feather bed-
ding would have an adverse effect, both in relation to
house mite sensitivity and also, of course, feather allergy.
However latterly, studies have suggested that posses-
sion of feather pillows is associated with fewer prob-
lems, perhaps because such bedding is enclosed in more
impermeable covers than when foam is employed.20
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The presence of pets in the home should be carefully
recorded and a similar note made of any pet contacts in
the homes of relatives or friends. However, exposure to
cat and dog allergen is ubiquitous and may be equally
important even in schools. Indeed, it has been estimated
that if a significant percentage of the children in any
classroom come from cat or dog containing homes, they
will transport sufficient allergen on their clothing into
the classroom to have an adverse effect on cat- or dog-
sensitized asthmatics.21 It is also important to establish
the parents' occupations. Occupational allergens may be
transported back into the home and this has clearly been
demonstrated in relation to the asthmatic children of lab-
oratory workers who have a higher prevalence of sensiti-
zation to laboratory animals.22

It is generally considered that food allergy is a rare
phenomenon in children with isolated asthma (see also
Chapter 7d). Indeed a study investigating 140 children,
aged 2-9 years, with histories of food induced wheezing,
suggested on double-blind placebo controlled food chal-
lenge that only eight (6%) had reproducible reactions.
Only one of the latter children had wheezing as the sole
manifestation of food allergy.23 However in other popu-
lations of children, where diseases more commonly
associated with food intolerance co-exist with asthma,
significantly higher percentages of children do show posi-
tive challenge responses to the foods with wheezing as
one of a number of symptoms. Thus in a study of 410
children with asthma, 279 (68%) had a history of food
associated wheezing.24 All underwent double-blind food
challenges and 60% had positive responses. The symp-
toms were diverse and manifest in the gastrointestinal
tract, skin and respiratory tract. Of the positive food
responders on challenge, 40% experienced wheezing as
one of the symptoms but only 3% had wheezing as the
sole symptom.

At the level of clinical history taking, it is highly
improbable that food associated wheezing will occur
in isolation. However, food allergy may be a contributory
factor in asthmatic children who also have atopic der-
matitis and/or gastrointestinal symptoms. It is also true
to say that the younger the child, the higher the prob-
ability that food will be involved.25 However, in consider-
ing food-associated wheezing overall, it is important
to be aware that recurrent aspiration syndrome may
be a far more probable explanation rather than food
allergy.

One important presentation of food allergy, for which
it is imperative that the clinician makes an accurate diag-
nosis, is food associated anaphylaxis. Laryngospasm and/
or bronchospasm can sometimes be the only manifest-
ation of food-associated anaphylaxis. Furthermore, any
child with a clear-cut history of an acute reaction to foods
such as peanut, tree nut, crustaceans, fish and seeds who
also has asthma should be considered at risk of life-
threatening allergic reactions and appropriately provided
with epinephrine (adrenaline).26

Family history

It is clear that a tendency to mount allergic reactions (i.e.
atopy) is often familial. Thus concordance for atopy
amongst monozygotic twins is high. However, the concord-
ance for developing asthma is quite low.27 Nevertheless,
the presence of a family history of atopic disease in an
infant presenting with persistent cough and/or wheezing
for the first time significantly increases the probability
that that child will indeed have asthma. However, the use
of family history as a means of predicting which children
will develop asthma is neither sensitive nor specific.

Investigations

There is considerable confusion about the relative value
of allergy investigations in asthma. As the majority of
children will respond to pharmacotherapy irrespective of
their allergic status, many individuals have considered
allergy investigations to be superfluous. However, many
families would rightfully believe that it is incumbent on the
physician to search for provokers of disease. Furthermore,
families increasingly question the use of pharmacotherapy
without review of alternative approaches. Thus at the very
least, it is likely that compliance with therapeutic recom-
mendations will improve by more thorough initial investi-
gation. However, there are other very compelling reasons
why allergy investigation should be conducted. There are
circumstances in which identification of allergens will
facilitate recommendation of avoidance measures which
can at the very least reduce requirement for concomitant
pharmacotherapy. At best, identification of a key allergen
may actually produce very appreciable clinical improve-
ments. Furthermore, there are rare occasions where aller-
gen immunotherapy may be recommended as part of the
therapeutic strategy. Finally, the identification of allergy in
an infant who has begun to show some clinical symptoms
suggestive of asthma contributes significantly to the posi-
tive diagnosis of the disease and will certainly provide
additional support for the early introduction of preventive
asthma pharmacotherapies.

There are two components to investigation. The first
is to confirm that a patient has a specific allergy which
may be achieved by allergen skin testing, the measure-
ment of IgE antibodies in the circulation or by direct
allergen challenge, by inhalation for inhalant allergens
and by ingestion for food allergens. The second compon-
ent of the investigation is to substantiate that the child
also has significant exposure to the allergen in question
in their normal environment. Neglect of the second
component of the investigation has often led to quite
inappropriate recommendations.

ALLERGY SKIN TESTS (PLATES 7-9)

Allergy skin tests remain the principle aid to allergy diag-
nosis. There are several techniques, however it is only
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Table 7a.2 Aeroallergens around the world

Temperate climates

Sub-Arctic/Alpine

Desert areas

Tropical areas

House mite: Dermatophagoides pteronyssinusandfarinae
Cat/dog
Grass pollen: rye/timothy/cocksfoot
Tree pollen: silver birch (Scandinavia)
Moulds: Cladosporium, Aspergillus
Weeds, etc.: pareitaria, nettle, ragweed (USA)
Cockroach (USA)
Tree pollen: birch (Scandinavia)
Grass pollen (alpine areas)
Tree pollen: olive (Middle East)
Mould: Alternaria (USA, Australia)
House mite: Blomia tropical is
Cockroach (Fiji)
Grass pollen: Bermuda/Bahia grass
Weed pollen: Parietaria
Insects: Nimity midge (Sudan), citrus red mite (Korea)

skin-prick testing that has stood the test of time. It is the
least traumatic method and also the least likely to give
systemic or non-specific reactions. Nevertheless, great care
is required in performing the tests. Antihistamines will
inhibit responses and may lead to false-negative results.
The duration of effect of different antihistamines must be
taken into account in recommending their withdrawal
before performing the tests. Allergen preparations must
be of known potency and there should always be a posi-
tive control with histamine solution and a negative con-
trol with the diluent. The diameter of the skin weal (not
the flare) should be measured 15 minutes after testing.
The mean of 2 diameters at right angles should be recorded
in millimetres and can be compared with the positive his-
tamine control provided there is no response to the diluent.
The latter can occur occasionally, for example in chil-
dren with dermographism. Under such circumstances, it
becomes impossible to interpret the skin test result.

In general the larger the weal reaction, the greater the
probability that the allergen is of relevance to the disease.
Furthermore, a late skin reaction with a red or livid, itchy
indurated area appearing 4-6 hours after testing at the
site of the immediate response, is indicative of clinically
relevant sensitivity.28 However, the relative sensitivity
and specificity of skin-prick test reactions in relation to
asthma depends on the quality of the extract, its concen-
tration, the skill of the investigator and the allergens
employed. It is important also to recognize that a positive
skin test does not confirm a diagnosis of allergy but
merely identifies that there is IgE antibody present to that
allergen. In other words, it demonstrates sensitization
but not its relevance to disease. Indeed, 22% of randomly
tested children under 5 have positive skin reactivity to one
or more allergens. Although some remain asymptomatic,
others will subsequently develop any combination of sev-
eral diseases including asthma, rhinitis and eczema.
Amongst asthmatic children, 90% have positive tests.2

In order to make a diagnosis of atopy alone, where
this is being used to aid the diagnosis of asthma in an
infant with respiratory symptoms, it may only be neces-
sary to use a very small panel of allergens. In the UK, this
can be restricted to house-dust mite, cat, grass pollen and
the standard 2 controls. However, extension of the testing
will depend on the environment from which the patient
originates, the known allergen exposures, and clues picked
up from careful history taking (Table 7a.2).

Coupled with a carefully taken clinical history, skin
tests can be used to support recommendations of simple
allergen avoidance. However, more extreme measures
such as elimination of the much loved family pet or
immunotherapy require more accurate diagnostic tech-
niques as even with large skin test reactions, up to 15%
may prove to be falsely positive when compared with direct
organ challenge. It would, however, be true to say that a
correctly performed negative skin-prick test in the pres-
ence of an appropriate positive response to histamine vir-
tually always rules out allergy with false-negative results
being rare, at least in children over 3 years of age. This is
certainly true for the major inhalant and ingestant aller-
gens, including house-dust mite, cat, grass and tree pollens,
milk, egg, wheat, peanut and tree nuts. Unfortunately,
however, for most fruits and vegetables, skin testing with
commercial materials almost invariably produces false-
negatives. Under such circumstances, only the use of fresh
foods using the so-called prick to prick method will accu-
rately identify a potentially relevant fruit or vegetable
allergen29'30-31 (Plates 8 and 9).

Hitherto, skin-prick testing has relied on the use of
whole allergen extracts which were mainly character-
ized on the basis of the quantity of protein present in a
weight for volume ratio. However, progressively more
sophisticated techniques have identified the major aller-
genic proteins in allergen mixtures which have allowed
characterization of extracts by the concentration of
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specific major allergens. Latterly, molecular cloning tech-
niques have facilitated the development of recombinant
allergens which can be used both to standardize extracts
or can even be employed directly for skin-prick testing.
Clearly the recombinant allergens can also be used in
immunoassays.32 Indeed, skin testing of allergic individ-
uals with recombinant allergens from a range of sources is
now beginning to show promising results and this may well
improve both the sensitivity and specificity of testing.33

A good rule of thumb in interpreting allergy skin-
prick test results is that any skin weal to an allergen, which
is equal to or larger than the histamine control, which
would be expected to induce a weal of around 5 mm in
diameter, has an 80-85% probability of indicating that
the allergen is relevant to asthma and will produce a posi-
tive response on bronchial challenge. If this reaction is
followed by an additional late response, the probability
increases further. If there is also a clear-cut history of
reaction directly related to exposure, then a large positive
skin test supporting the history provides as close to a
100% certainty of relevance as is ever possible in clinical
medicine. Once the weal diameter is smaller than the his-
tamine control, there is a progressively diminishing prob-
ability of the allergen being relevant, being only 25% with
a weal of 3 mm or less. With appropriate controls, if the
skin test response is negative, there is only a 5% or less
chance that the allergen is relevant to the disease.

IgE ANTIBODY ASSAYS

For many decades, it has been possible to employ in vitro
testing to identify specific allergies by the radioaller-
gosorbent test (RAST). Such tests may be assumed to be
about as sensitive as skin testing but are also more expen-
sive and there is a delay before results are available. There
are now new highly automated, enzyme-based assay sys-
tems which can give rapid results on tiny quantities of
serum. They all work on the common principle. The aller-
gen, usually on a solid phase, is incubated with the patient's
serum and captures any specific antibodies. Subsequently,
the complex is incubated with an antibody against human
IgE which is linked either to a radio-label or an enzyme
which can then be used to quantitate the amount of (spe-
cific) IgE fixed to the allergen on the solid phase (Figure
7a.2). It must be clear from this description that much
like skin-prick testing, the assay relies entirely on the
quality of the allergen and how well it is incorporated
onto the solid phase. As for skin testing, the use of molecu-
lar techniques to develop recombinant allergens has
improved quality of the assays very considerably.34 The
results of IgE antibody measurements are expressed
either as units per ml or as a grade, often on a scale of 0-4.
A grade 3 positive can be considered as being equivalent
to a skin test response which is equal to the histamine
control, while a grade 4 is greater than the histamine con-
trol. Such reactions may again be considered to indicate
a high probability that the allergen is relevant, where

Figure 7a.2 Diagrammatic representation of a form of IgE
antibody testing, the MAST-CLA. Allergen is incorporated on
a 'string' which combines with specific antibody from the
patient. This is then complexed with anti-human IgE thus
detecting only specific IgE. The marker is an enzyme label
which when incubated with a photo-reagent produces light
which can be detected on a photographic plate.

grades 2 and 1 are probably indicative only of sensitiza-
tion but not necessarily of disease. False-negative results
are rather more frequent with in vitro assays than with
accurately performed skin-prick tests.

Most recently, the value of in vitro testing has also
been studied in relation to food allergy. It has been found
that for four foods, milk, egg, peanut and fish, the negative
and positive predictive values are high.35 These latter stud-
ies, however, have been in children with atopic dermatitis
rather than asthma. It remains to be established whether
the same predictive value will be achieved in children
with isolated asthma.

Specific in vitro allergy diagnosis is most useful where
skin testing is inappropriate because patients have either
extensive eczema or other skin problems such as der-
matographism, which makes interpretation of the skin test
results difficult. In patients needing to take continuous
antihistamines, skin testing is also impossible. As with
skin-prick testing, it is inappropriate to use a large panel
of allergens but attention should be focused on those that
appear relevant in relation to the child's environment and
clinical history.

Inhalation challenge

The final arbiter of an accurate allergy diagnosis is direct
organ provocation or challenge with the relevant allergen.
In asthma, this clearly is primarily by direct bronchial
provocation tests. However in routine clinical practice,
these tests are only marginally more accurate than a well
taken clinical history supplemented by relevant skin-
prick tests and/or in vitro IgE antibody measurement.36

Furthermore, there is the potential for inhalation chal-
lenges to produce prolonged and severe reactions. At least
three-quarters of asthmatic children will have not only
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Table 7a.3 Comparison of characteristics of natural allergen exposure and bronchial allergen challenge
responses

Allergen
Exposure time

Other factors
involved

Response

Effect of -agonists
Effect of steroido

Effect on bronchial
hyperresponsiveness

Particulate
Prolonged or
repeated

Varied i.e.
infection/exercise

Short and/or
prolonged

Variable
Good

Enhanced

Soluble
Short

Partially controlled
Short-lived Prolonged
self-limiting

100% effective Poor
No short-term Good
effect

None Enhanced

an immediate response to the allergen, which is predom-
inantly bronchospasm lasting for 30-45 minutes and
easily reversible with inhaled ^-agonist, but also a late
reaction. This occurs 3-4 hours after recovery from the
immediate response and may last for many hours or even
days. Not only can this late reaction be severe and pro-
longed but it is less easily reversed with inhaled b-agonists
and it is almost always associated with an increase in
bronchial hyperresponsiveness which can last for several
weeks after the challenge37 (Table 7a.3).

The principles of allergen bronchial challenge are the
same as for the measurement of bronchial respon-
siveness, namely initially using the diluent and then
subsequently after a 30-minute observation period, com-
mencing with a very low concentration of allergen and
increasing by doubling concentrations until a just signif-
icant drop in lung function, either by spirometry or peak
flow, is measured. Usually the nadir of the lung function
occurs 20 minutes after the challenge which is a little
longer than the responses to pharmacological agents.
However given the frequency of late reactions and the
duration of the responses, such challenges are not rele-
vant for routine clinical purposes and are usually only
used for research.

FOOD CHALLENGES

The double-blind, placebo-controlled food challenge
(DBPCFC) has been established as the gold standard for
the investigation of adverse reactions to foods. However,
in situations where the association is relatively vague and
uncertain, it may be possible at least to establish whether
or not a food is a cause of problems by an open challenge.
For most other standard clinical purposes, a single-blind
food challenge is probably sufficient. However whatever
technique is employed, it must be performed in a safe
environment. Given that food allergy associated with
asthma has the potential to lead to severe and even

life-threatening anaphylaxis, such challenges should only
be performed in hospital where full resuscitation facili-
ties are available.

Many protocols have been suggested for challenges, of
which probably the best is to have a single day of active
challenge and a separate day of placebo exposure. How-
ever, time constraints sometimes dictate that it is necessary
to conduct both components on a single day. The gap
between increasing doses will be dictated by the history
of the gap between exposure and response. The initial
dose should be well below that which might normally be
expected to produce a response, with doubling doses
thereafter. While encapsulation of food might allow more
objective double-blind procedures, this negates the poten-
tial effect of the food on the upper respiratory tract.
The closer the exposure is to a normal domestic situ-
ation, the better. Imaginative preparation by dietitians
(nutritionists) is required to provide appropriate mate-
rials for blinded challenges. Monitoring includes regular
measurement of lung function as for bronchial challenges,
and careful recording of any other symptoms, particu-
larly focused on the gastrointestinal tract and skin.38

Other in vitro techniques

EOSINOPHIL PROTEINS

There has recently been a major commercial enterprise
to develop in vitro techniques for diagnosing and moni-
toring allergic disease. The primary focus has been on the
eosinophil as a key effector cell in allergic reactions. In
many respects, asthma may be defined histopathologi-
cally as eosinophilic bronchitis. A number of proteins are
released from activated eosinophils including eosinophil
cationic protein (ECP), eosinophil peroxidase (EPO),
eosinophil protein X (EPX) which used to be known as
eosinophil derived neurotoxin, and major basic protein
(MBP). All have been measured in plasma during the
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course of provoked asthma and, to a greater or lesser
extent, are increased in active asthmatics.39

Most studies have shown some correlation between
levels of eosinophil proteins and disease severity based on
lung function and bronchial hyperresponsiveness but the
relationship is relatively weak.40 Longitudinal studies have
shown that changes in levels of the eosinophil activation
proteins mirror changes in lung function and clinical
manifestations.41 However, the eosinophil markers are
also increased in relation to atopic eczema which may con-
found the observations in relation to asthma.42 The degree
to which measurement of such proteins will predict the
outcome of asthma in infants with wheezing illnesses
remains to be established by longitudinal study. However,
results hitherto have been conflicting with both negative43

and positive44 associations with continuing symptoms in
infant wheezers. One intriguing study has shown a correl-
ation between levels of ECP and bronchodilator respon-
siveness in infant wheezers which would strongly point to
such children as having asthma and might well promote
the use of more aggressive anti-asthma therapy.45

EPX is the only eosinophil granule protein which can
be accurately measured in urine with levels correlating
both with blood and bronchoalveolar lavage eosinophil
counts.46 Urine sampling is clearly a much less invasive
procedure and, therefore, much to be preferred. Further-
more, the serum sampling for measurement of the other
eosinophil proteins requires precise conditions with separ-
ation of the serum from the blood clot within 1-2 hours
of sampling and then deep freezing, preferably to — 80°C,
until assayed. However, current evidence would suggest
that as is the case for serum eosinophil proteins, there is
a considerable overlap in urinary EPX levels between chil-
dren with asthma, with or without associated atopy and
controls.47

The value of measuring either total eosinophil counts
or eosinophil proteins in either serum or urine are very
strictly limited because of a marked overlap between differ-
ent patient groups, but there maybe some value in utilizing
the measurement as a component of monitoring individ-
ual asthmatic children longitudinally. Whether or not ther-
apeutic strategies should be modified as a consequence of
observing variations in levels remains to be established by
study. It also remains to be established whether raised
eosinophil protein levels in infants with early respiratory
symptoms is a reliable predictor of future asthma which
might, therefore, guide early intervention strategies.

LYMPHOCYTE MARKERS

When lymphocytes are activated, they express the
interleukin-2 receptor as a prelude to proliferating. A por-
tion of the receptor is detectable in the serum as a soluble
component whose levels directly relate to the degree of
lymphocyte activation. Measurement of soluble IL-2
receptor (sIL-2R) has been used as a marker of inflamma-
tion in a number of diseases including asthma.48 Amongst

infants who have presented with wheezing for the first
time, a raised level of sIL-2R is to a certain extent predict-
ive of subsequent persistent wheezing requiring anti-
asthma therapy.49 Furthermore, a very high sIL-2R level
may be a feature of the fatality-prone asthmatic child.50

Much as for all other serum markers of immunological
activation and allergy, a great deal more work is required
to establish whether the measurement of sIL-2R will have
any clinical utility for individual patients or merely be a
component of research.

Predictors of asthma in infancy

Much effort has been expended in identifying tests which
might predict subsequent asthma in infants at various
stages in the evolution of atopic disease. Thus skin-prick
test positivity to egg,51 house-dust mite,32 and cat or grass
pollen positivity by RAST53 by 1-2 years of age are signifi-
cant risk factors for later asthma, particularly when found
in association with atopic eczema. Furthermore, even a
raised cord-blood total IgE has some predictive value,
since it is highly specific for the early development of
atopic disease (including asthma) but very insensitive in
that the majority of future asthmatics have normal total
IgE levels early in life.54

In an attempt to provide more sensitive indicators of
allergic sensitization which might predict later asthma,
many studies have examined peripheral blood mono-
nuclear cell responsiveness to allergen. Studies have shown
that even in cord blood, there are differences in the
degree of responsiveness to allergen and in the cytokine
profiles from stimulated cells amongst those who subse-
quently go on to develop atopic disease. The balance of
cytokine profiles in the future atopies is much more
biased to the Th2 variety with low IFN-g and higher pro-
duction if IL-4, -10 and -13.55,56 However as with other in
vitro and in vivo allergy tests, there is much overlap
between those who subsequently develop asthma and
those who do not. Indeed, a recent study that has com-
pared various markers of early sensitization in relation to
later atopic disease has suggested that a combination of
atopic dermatitis and evidence of food allergy by skin-
prick test or specific IgE at 12 months of age provides
the strongest combination risk for asthma by 24 months
of age.57 Measurement of total IgE, peripheral blood
mononuclear cell responsiveness to allergen, blood
eosinophil count or the measurement of the expression
of an adhesion molecule marker of inflammation, solu-
ble E-selectin did not improve the prediction.

MEASUREMENT OF EXPOSURE

It is self-evident that the detection of allergy in patients is
only likely to be relevant if there is continuing exposure
to the relevant allergen (Table 7a.2). This, however, is an
area that is frequently neglected in clinical practice. There
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Figure 7a.3 (a) A typical N. Europe season with pollen
counts, (b) A typical N. Europe season with fungal
spore counts.

are now relatively straightforward techniques available
for measuring allergen concentration in dust or in the air.

Allergen source counting

It has long been established policy to measure and pub-
licize the grass and tree pollen and mould spore counts
through the spring, summer and autumn in many coun-
tries around the world. This has been of considerable
value to seasonal allergy sufferers who have been able to
modify their therapy according to variation in the
counts. Clearly having access to the data can aid the
clinician's assessment of individual patients by associ-
ating symptom scores day by day with the counts
(Figure 7a.3). However for perennial allergens, rather less
attention has been paid to exposure.

Direct measurement of allergenic proteins

Hitherto, most skin test and IgE antibody assays have
used relatively crude extracts from whole allergen source
such as house-dust mite or pollen. However, it is now
possible to characterize individual proteins from the
source material which have high allergenic potential and
are associated with high specific IgE antibodies in >50%
of those allergic to the crude extract. These are known as

major allergens. Molecular recombinant technology has
facilitated the development of highly sensitive enzyme-
linked immunoassays for the accurate measurement of
major-allergen concentrations in source materials such
as household dust. Many trials have investigated the
value of allergen avoidance techniques by measurement
of such allergens but rarely, if ever, have the techniques
been employed as part of clinical practice. It would, how-
ever, seem entirely appropriate to utilize such measure-
ments prior to making any recommendations on allergen
avoidance. Indeed, it would be perfectly appropriate to
suggest that measurements should be made before and
after employment of any avoidance techniques. This
could lead to far more beneficial outcomes. Certainly as a
result of measuring cat and dog allergen levels in dust
from various sources, it has been possible to establish
that the allergens from these animals are far more ubiq-
uitous than has hitherto been appreciated. Thus, signifi-
cant quantities can be detected in homes and also,
indeed, schools where the animals are not themselves
housed.58

Clearly there is a need to provide an evidence base
for the use of allergen concentration monitoring in clinical
practice but the concept that this could be of significant
value is certainly highly credible.
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INTRODUCTION EPIDEMIOLOGY

Most parents of wheezy infants and young children
report that the wheezing episodes start with a simple
cold - a runny nose and mildly raised temperature, per-
haps a sore throat and cough. Within a day or so, this is
usually followed by a pronounced cough and wheeze.
These symptoms may then last for several days, even
weeks. By then the child has often caught another cold,
and so the cycle repeats throughout the winter so that
some children are virtually never free of symptoms. In
older asthmatic children this pattern still occurs, although
other factors (such as allergen exposure and exercise)
now play an increasingly important part. Such asthmatic
children, like their adult counterparts, also suffer from
postviral exacerbations. When acute wheezing illnesses
are associated with respiratory tract infection, viruses
rather than bacteria cause the vast majority, particularly
in infants. Unfortunately, many patients are said to have
'chest infections' and are then given antibiotics rather
than bronchodilators. This could have implications for
the future as recurrent antibiotic use in infancy has been
associated with an increased risk of later asthma.1

This chapter highlights the importance of the multi-
factorial association between viral respiratory infection
and childhood wheezing (Figure 7b.l). The two major
(overlapping) forms of viral wheeze will be highlighted,
as discussed in Chapter 3: viral episodic wheeze in infants
and young children and viral episodes in atopic asthma of
older children. The relationship between viral respiratory
tract infection and wheeze and asthma has been the
subject of several recent reviews.2"6

Epidemiological studies have provided evidence of the
close relationship between viral upper respiratory tract
infections (URTIs) and acute episodes of wheezing in all
ages.2 Viruses are commonly associated with wheezing
illnesses in populations, in individuals, and in time, but
are rarely found during asymptomatic periods. The recent
use of molecular biology techniques, and in particular
polymerase chain reaction (PCR) assays, has provided
further evidence, particularly by implicating rhinoviruses,
which had previously proved difficult to detect. Using
these techniques, a community study of 9- to 11 -year-old
children showed that viral URTIs were associated with
80-85% of asthma exacerbations in school-age children.7

There is a strong relationship between seasonal patterns
of viral URTI and hospital admission for asthma,8 espe-
cially for paediatric admissions which peak soon after
children return to school after the vacation.

It is uncertain whether wheezy infants and children are
more susceptible to viral infection or to URT symptoms, or
whether colds are simply more noticeable in them, because
of the additional symptoms of cough and wheeze. Work
in the 1970s found that asthmatic children had a greater
incidence of viral infection compared with their non-
asthmatic siblings, due mainly to rhinovirus.9 How-
ever, among children with rhinovirus infection, asthmatic
children were also found to have a higher incidence of
symptoms than other children.10 It would seem, there-
fore, that both factors apply.

Several respiratory viruses are implicated and the great-
est influence over the pattern of isolation is age (Table 7b. 1).
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Figure 7b.1 The interaction between
respiratory viruses and a susceptible
host that results in wheezing.
(Adapted from ref. 3.)

Table 7b.1 Commonest respiratory viruses associated with
URTI and wheezing in different age groups

RSV

Rhinovirus

Parainfluenza l-lll

Adenovirus

Rhinovirus

Coronavirus

Influenza A & B

Parainfluenza l-lll

RSV

Rhinovirus

Coronavirus

Influenza A & B

Parainfluenza l-lll

Respiratory syncytial virus (RSV) most commonly
occurs in infancy whilst rhinovirus predominates in
older children. To put into context the size of the prob-
lem, figures from upstate New York reveal that 80% or
more of all infants are infected with RSV in the first year
of life.11 About 40% have a clinically evident lower respira-
tory illness, but only 1% are hospitalized and 0.1%
require intensive care (Figure 7b.2).

Risk factors

Several factors in the host predispose to a susceptibility
to wheeze during viral respiratory infections, and
together they determine the viral responsiveness of an
individual.3 It should be stressed here that risk factors
are statistical concepts, and although an association may
be implied, it is not necessarily causal. Age is important,
viral wheezing being commonest in young infants but
unusual under 8 weeks of age; rates tend to decline after
2 years. Males are more susceptible, probably because of
differences in lung function and relative airway size.
There are several socio-economic factors: low family

Figure 7b.2 Putting RSV infection in the first year of life
into context. Most research is carried out on the 1% of
infants who are hospitalized with acute bronchiolitis, whilst
so-called normal controls include the 40% of infants who
have had subclinical RSV infection. (From ref. 11.)

income, overcrowded homes and large families increase
the risk of viral URTI. Attendance at day care centres is
also a risk although apparently protective if the mother is
a heavy smoker. The increased risk of wheezing at 2 years
seen with larger families or day-care attendance in the
first 6 months of life reverses, so that increased early
exposure to other children is protective against develop-
ment of asthma at 6-13 years of age,12 evidence on which
the 'Hygiene Hypothesis' for the protective effect of early
infection was based (see later). Passive smoking is import-
ant in that it leads to an increase in viral respiratory infec-
tions and an increased risk of these infections becoming
symptomatic. The risk is particularly associated with
maternal smoking for two reasons: the greater contact time
with mothers and the effect of smoking during preg-
nancy on lung growth and early infant lung function.
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Indoor air pollution by oxides of nitrogen similarly
increases the likelihood of wheezing in asthmatic children
during a URTI. Bottle-feeding is a risk factor, as breast-
feeding seems to reduce the severity of viral respiratory
illnesses although it has no apparent effect on primary
prevention of atopic asthma in high-risk children.

The role of atopy is less clear, mainly due to difficulties
in defining and diagnosing atopy in the very young. It
seems likely that atopy affects viral wheezing in children
over 2 years rather than during infancy. The issue of
whether early viral infections have a protective role against
the development of atopy later in life is discussed later in
this chapter.

Underlying pulmonary function is also important;
infants with diminished airway conductance (measured
before they had contracted their first respiratory illness)
have an increased risk of wheezing for at least the first
three years of life13 (Chapters 3 and 9). Preterm infants,
particularly if they required mechanical ventilation or if
they developed bronchopulmonary dysplasia, are at high
risk of recurrent viral wheezing (Chapter 13b). An alter-
ation in the host immune response to viral infections is
also a major risk factor and this is discussed later in the
chapter. It should be pointed out however that about
20% of 3-year-old wheezy children have none of the
known risk factors so there must be other important
factors that are not yet understood.3

The influence of age

The contribution of viral respiratory tract infection (RTI)
to wheezing remains important throughout life.2,7,14 How-
ever its relative importance lessens over time due to the
emergence of other factors that become more important
in later childhood, in particular atopy (Figure 7b.3). The
reduced impact of viral RTI is partly because they are less
common in the older child. Another factor is the change
in prevalence with age that occurs with some respiratory
viruses (Table 7b. 1). For example, rhinovirus is important
in older asthmatics.15 In these older atopic children the
interaction between rhinovirus and airway inflammation
may facilitate infection with rhinovirus, and exacerbate
the underlying airway inflammation (see later). This
aspect is less relevant in infants where atopy has little or
no role in wheezing. Individual viruses may have age-
dependent effects. RSV is a good example of this. Several
factors, many of which are not understood, lead to acute
infantile bronchiolitis in an 8-week-old, whilst an 8-month
infant develops a straightforward viral wheeze, and an
8-year-old child has an asthma exacerbation. Of course,
most children have a simple cold or remain asymptomatic.
In the case of very young infants, where RSV predominates,
the virus invades the epithelium of the lower respiratory
tract and thus probably causes disease by obstructing
small airways. Some of these infants may already have
congenitally small or hyperreactive airways. Overall,

Childhood age

Figure 7b.3 The influence of age on the relative importance
of some of the factors associated with childhood wheezing.
Viral respiratory tract infection (RTI) remains important
throughout childhood. (Adapted from ref.128.)

however, from what is known, many of the mechanisms
by which viruses trigger wheezing in infants are probably
very similar to those described in older asthmatics. Viral
responsiveness is certainly age-dependent.

Viral diagnosis

Viral diagnosis is valuable for epidemiological studies,
clinical management and prognosis. It will guide therapy
as antivirals become available. Particularly during RSV
seasonal outbreaks, cohorting of infants with proven RSV
should be practised; infants who are RSV-negative or
still awaiting confirmation of diagnosis should be kept
in isolation. Cohort nursing needs to be combined with
scrupulous hand-washing by nursing and medical attend-
ants to reduce nosocomial infection; wearing gowns and
gloves is also recommended.16 Viral diagnosis may also
be useful as an indication of prognosis for individual
patients. For example, it is known that up to 75% of
infants admitted to hospital with RSV-bronchiolitis
will have recurrent episodes of cough and wheeze over the
succeeding 2 years. Rarely, adenovirus infection can lead
to the later development of obliterative bronchiolitis.



208 Viral infection

Table 7b.2 Techniques for isolating RSV

Immunoassay (ELISA)
Immunofluorescence
Tissue culture
PCR
Specific antibodies

NPA/NW/BAL
NPA/NW/BAL
NPA/NW/BAL

NPA/NW/BAL

Serum

/
/
X
?

X

/
/

X
/

/
/
X
?

X

NPA: nasopharyngeal aspirate; NW: nasal washings; BAL: bronchoalveolar lavage;
ELISA: enzyme-linked immunosorbent assay; PCR: polymerase chain reaction.

Persistence of adenoviral DNA in airway epithelium may
be a risk factor for chronic airway disease.163

METHODS

Examination of the child may give clues to the cause. For
example, infants with RSV-bronchiolitis have a distinct-
ive cough whereas parainfluenza-infected patients often
present with a croupy illness. However, clinical diagnosis
is not wholly reliable and diagnostic tests are required to
give a specific viral diagnosis (Table 7b.2).

Infections are usually diagnosed by demonstrating
the presence of viral antigen by immunofluorescent stain-
ing or immunoassay on nasopharyngeal aspirate (NPA).
Rapid detection of viral antigen by immunoassay is by
far the simplest, cheapest and most effective single method
to diagnose viral respiratory infection. Enzyme-linked
immunosorbent assays (ELISA) are available as commer-
cial kits and monoclonal antibodies for use with these
kits are available for most respiratory viruses, with the
important exception of rhinovirus. ELISA measures free
antigen so does not require the presence of intact respira-
tory epithelial cells. The test is simple and quick, and
minimal training is required to perform it. Specimens
can be kept in the refrigerator overnight or even sent to
the laboratory by mail. Direct or indirect immunofluores-
cent assays are also available and their sensitivity and
specificity is comparable to those of ELISA. However it
takes trained personnel around 2 hours to process the
samples, and it also requires the presence of intact exfoli-
ated epithelial cells in the specimen.

Detecting the virus by tissue culture is also possible
but results are rarely available in time to be of clinical
value. The diagnosis can also be made by demonstrating
a significant increase in specific antibodies in serum (usu-
ally two doubling dilutions or more) after the acute phase
of the illness. Again, this has little practical value and tak-
ing a second blood sample when the child is recovered
and has gone home is rarely acceptable in paediatric
practice.

The use of PCR to detect viral RNA or DNA is now
possible for all the common respiratory viruses but this
service is not routinely offered in hospital microbiology

departments. PCR has been of great value as a research
tool, especially for detection of rhinovirus and coronavirus,
which are poorly identified by standard methods.17

However as the reliability, specificity and simplicity of
PCR based methods improve, so it is likely that it will
become more widely offered as a routine diagnostic
tool. In one study, 108 children were surveyed for a one
year period and nasal aspirates were taken during periods
of respiratory symptoms.17 Samples were also taken
from asymptomatic children and adults. Rhinovirus was
detected in 46 of 292 symptomatic episodes by culture
(16% detection rate), but 146 of 292 episodes by PCR
(50% detection rate). In asymptomatic individuals, 12%
of children and 4% of adults were positive by PCR, but
only one specimen from a child was positive by culture.
It is clear from studies of this type that PCR is much more
sensitive than viral culture. The significance of viral detec-
tion in asymptomatic individuals is uncertain. It may be
wrong to dismiss this form of viral detection as 'false-
positive'; it may indeed be that some asymptomatic indi-
viduals are undergoing acute infections, or that long-term
viral shedding occurs from some individuals. There have
been reports of persistence of viral genome (adenovirus
in particular) in children and adults with chronic lung
disease, particularly with chronic severe asthma and
chronic bronchitis. Again, the significance of detection of
genomic virus by PCR is unknown. It may be that persistent
infection with some common viruses leads to chronic
inflammation and disease. Alternatively, it maybe that the
inflammatory processes responsible for chronic disease
allow viral persistence to occur. These intriguing questions
will undoubtedly be answered in the near future.

COLLECTION OF SPECIMENS

Proper collection and handling of respiratory secretions
are critical to viral diagnosis. Samples are usually collected
by NPA in which the suction catheter is introduced into
the nostril until it reaches the posterior wall of the naso-
pharynx. However NPA is not always successful, with
inadequate samples sometimes collected if the nasophar-
ynx is relatively dry. Furthermore, NPA may be associ-
ated with local trauma as well as coughing spasms, vagal
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bradycardia and transient hypoxaemia, especially in sick
infants with bronchiolitis. This, not unnaturally, leads to
a reluctance to carry out this procedure which further
delays the diagnosis.

Nasal lavage is an under-utilized technique that has
been shown to be useful and give comparable results to
NPA in infants.18 With the infant held in a supine posi-
tion, 2 ml of room temperature saline are gently instilled
into a nostril, whilst being simultaneously suctioned back
from the anterior nares. The procedure can be repeated
in the other nostril if necessary. It is free of adverse effects
such as bradycardia, probably because the suction cath-
eter need only be placed just inside the nose rather than
in the nasopharynx, thus avoiding vagal stimulation.
There is also less discomfort to the infant. Simultaneous
suction avoids the infant aspirating the lavage fluid and
insufficient 'dry' specimens are never obtained as lavage
provides a better cell yield than NPA.

Other methods of collecting infected respiratory epithe-
lial cells have been reported but are not routinely used in
the UK in clinical practice. These include nasopharyngeal
and throat swabs (which are poor methods), nasal wash-
ing with a rubber aspiration bulb, nasal brushing with a
cytology brush, and nasal curettage. Naturally produced
or induced sputum can be used. Finally, viral diagnosis
can also be made on bronchoalveolar lavage specimens,
although this invasive technique would not be employed
solely for this purpose as upper airway specimens are
usually sufficient.

VIRUS INFECTION IN INFANCY AND THE
NATURAL HISTORY OF ASTHMA

Several longitudinal studies have shown a clear asso-
ciation between respiratory viral infections in infancy
and respiratory abnormalities later in life. Whether these
common infections have a role in the pathogenesis of
childhood asthma and adult chronic obstructive pul-
monary disease is however unclear. Two major hypoth-
eses explain the association.11'19 In the first, it is postulated
that early viral infections directly damage the developing
lung or alter the host immunity, and this causes subse-
quent symptoms and airway dysfunction. In the second,
it is postulated that the initial symptomatic respiratory
infection simply unmasks an inherent susceptibility to
long-term respiratory abnormalities. The hypotheses are
not mutually exclusive, and is likely that both account for
subsequent problems, although to a differing degree in
each individual (Figure 7b.4).

Evidence that early respiratory infections
predispose to atopy and asthma

Sigurs et al. followed up 47 infants who had been hospi-
talized for RSV-bronchiolitis, over 3 years.20 They found

Figure 7b.4 Hypotheses for the association between acute
respiratory viral infections and late wheezing. Bad initial
infection alters the host (lungs or immunity) leading to
future wheeze; or bad initial infection unmasks an
underlying tendency to wheeze. There is evidence to support

both theories.

that, compared with 93 matched controls, the patients
had a higher rate of asthma diagnosis (23% vs 1%, a very
low rate) and greater evidence of specific sensitisation
against common allergens (32% vs 9%). RSV bronchioli-
tis was the most important risk factor for the develop-
ment of asthma, and acted independently of a family
history of (and by implication the inherited tendency for)
asthma, although a family history of atopy did increase
the risk. The same trends held true when the children
were assessed again aged T/i years.21 In another long-term
study, 61 children were followed for 9-10 years after
hospital admission for bronchiolitis (66% were RSV-
positive).22 Compared with 47 matched controls, there was
an excess of cough (odds ratio 4.0), wheeze (odds ratio
3.6), and bronchodilator usage (33% vs 3%). The index
cases had significant reductions in measure of airflow
but there were no differences in lung size, and there was
no difference in skin-prick test response or in family his-
tory of atopy. A recent study has compared 29 infants,
4-12 months after they were hospitalized for acute RSV
bronchiolitis, with 29 matched controls who had not had
asthma, wheezing, or any LRI.23 With minor exceptions,
pulmonary function was similar in the two groups, sug-
gesting a better prognosis for infant lung function after
acute RSV bronchiolitis than previously reported. These
studies (and others24) might at first sight imply a causal
link, but they do not rule out a developmental or genetic
predisposition to both severe bronchiolitis and to subse-
quent asthma. Most of the longitudinal studies are obser-
vational, and one of the problems is that RSV infection is
almost universal in the first year of life, so that it is almost
impossible to find an uninfected control group (Figure
7b.2). In reality therefore, controls consist of children
selected on the basis of suffering mild RSV infection or of
being over 6-8 months old in the RSV season.

Both genetic and acquired immunological factors
also play a part in determining future wheezing after
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bronchiolitis. In 43 children with an RSV-positive LRI in
the first 6 months of life, persistent wheeze at the age of
7-8 years was directly related to the level of RSV-specific
IgE measured in the nasopharyngeal secretions during
their initial illness.25 However, this did not result in
reduced lung function measured at 7-8 years, and there
was no apparent relationship between RSV-specific IgE
responses and later lung function. Peripheral blood
eosinophilia at the time of acute bronchiolitis has been
shown to be predict-ive of wheezing at 7 years of age.26

This latter finding was not explained by differences in
gender, family history of asthma or exposure to passive
smoking. In addition, wheezy infants who went on to have
persistent episodes of wheeze later in life were found to
have higher serum levels of eosinophilic cationic protein
(ECP) during their first acute LRI (not necessarily caused
by RSV), compared with those who had less than three
subsequent wheezing episodes in the next year.27 Another
study of infants, with at least one atopic parent, showed
that (later) age at pre-sentation together with the serum
level of soluble interleukin (IL)-2R offered the best model
of prediction of persistent wheezing requiring treatment
for at least one year after initial presentation.28 Finally, in a
study of infants hospitalized with bronchiolitis, monocyte
IL-10 production measured 3-4 weeks after the acute
illness, was signifi- cantly raised in those with recurrent
wheezing over the next year compared with those without
recurrent wheeze.29 There was no association with either
interferon-gamma (IFN-'y) or IL-4 levels however.

Evidence from animal studies supports the possibility
of causal links between viral bronchiolitis and asthma.
In guinea pigs, RSV infection causes increased sensitivity
to inhaled histamine for at least 6 weeks, associated with
persistence of RSV in the lungs.30 Also, Brown Norway rats
develop chronic, episodic and reversible airway obstruc-
tion after bronchiolitis.31 In this latter model, a strong
CD4+ T-cell response was present with reduced IFN--y
production, and a combination of persistent inflamma-
tion, fibrosis and deposition of extracellular matrix mater-
ial led to airway remodelling. Further mechanisms by
which viral infections could affect later development
of lung disease include virus chronicity, persistence or
latency32 and provision of a local foothold for other
infections.33

There is also strong evidence from animal models that
viral infections interact with inhaled allergens to pro-
mote the development of airway inflammation and atopy.
Uninfected mice develop no IgE antibody against inhaled
antigen (ovalbumin), but during acute influenza infec-
tion, sensitization takes place.34 When antigen exposure
coincides with influenza infection, airway responsiveness
to inhaled methacholine increases and serum IgE rises,
while neither influenza A virus nor ovalbumin alone
cause these changes.35 Furthermore, nebulized ovalbu-
min induces systemic sensitization if the protein is
inhaled in the presence (but not in the absence) of acute
viral infections. This sensitization is sufficient to cause

acute anaphylactic collapse during subsequent cutaneous
challenge with ovalbumin.36 These data suggest that viral
inflammation allows inhaled antigen to penetrate the
barrier of the respiratory mucosa, promoting systemic
sensitization.

Evidence that prior risk leads to both
viral LRTI and later atopic asthma

Underlying immunological, physiological or structural
differences in the airways, present before they have been
affected by their first lower respiratory illness (LRI) may
predispose some infants to wheeze. Using the chest com-
pression technique to obtain partial flow-volume loops
in sedated babies, several studies have looked at lung
function in pre-symptomatic infants.37-40 Indirect meas-
urements of airway function were lower in infants who
later developed wheezing with presumed viral RTI or
needed hospitalization for bronchiolitis, compared with
those who did not. This pre-existing situation might be
responsible for subsequent anomalies in lung function
rather than direct viral damage.41 This implies an under-
lying susceptibility to both symptomatic viral respiratory
infection and later respiratory morbidity. The nature of
this underlying airway condition is still unknown. The
possibility that bronchial hyperresponsiveness (BHR)
could be the relevant factor is suggested by some studies,
showing that pre-symptomatic BHR is associated with
subsequent wheeze.40,42 However this is confounded by
follow-up studies of lung function and BHR in the first
year of life, showing no difference in BHR between wheezy
infants and controls.43-45

Martinez has postulated that at least two different infant
asthma-like syndromes may co-exist during the first years
of life.46 'Transient infant wheeze', is not associated with
family or personal atopy, but the infants may have dimin-
ished lung function before their first LRI which persists,41

'persistent wheeze' continues to be symptomatic beyond
the early years, and there is a high prevalence of family his-
tory of asthma and personal atopy. Children in this group
show deteriorating (pre-bronchodilator) lung function.
Longer term follow-up of the Tuscon cohort, which was
drawn from the community, showed that RSV LRI in early
childhood was an independent risk factor for subsequent
wheezing, but that the risk decreased with age and was lost
by 13 years.47 In addition, the association was not caused by
an increased risk of allergic sensitization. In these studies, it
would seem that the evidence is against direct viral damage
being the cause of future respiratory morbidity.

HYGIENE HYPOTHESIS: IS EARLY VIRAL
INFECTION PROTECTIVE?

There has been considerable recent interest in the role of
infection in promoting immune maturation. In a com-
pletely clean environment, perhaps our immune system
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does not develop in an appropriate way and produces
aberrant (allergic) responses. The possibility that common
childhood infections could play a protective role in the
development of allergic disease was suggested by British
cohort studies showing a consistent relationship between
birth order and the risk of atopy, the presence of older
children appearing to protect their younger siblings.48'49

More recently, a study from Guinea-Bissau showed that
children with a clinical history of measles (at an average
age of over 3 years) were less likely to develop atopy than
measles-vaccinated children.50 A similar effect is also
reported in the UK.51 The increase in atopic disease in
industrialized countries has been ascribed to the decreased
cross-infection rates due to decreased family size, now
often referred to as the 'hygiene effect'.

Martinez and colleagues examined the relationships
between LRIs in the first three years of life and atopy/
serum IgE levels. Non-wheezing LRIs were associated with
lower IgE levels and less skin test reactivity than wheezing
LRIs and absent LRIs. At the age of 9 months, children
with non-wheezing LRIs had higher IFN--y production
from mononuclear cells than the other groups. Martinez
argues that the immune response to respiratory viral
infections that do not induce wheeze promotes the Thl
development cells while suppressing the Th2 system.52 Von
Mutius et al. conducted surveys soon after reunification of
East and West Germany, and showed a higher frequency
of respiratory symptoms in the East German children
(42% vs 27%) but a lower prevalence of asthma (3.8% vs
5.4%).53 These findings have been used to support the
argument that communal living, pollution and respiratory
infections protect against asthma and atopy. The apparent
protective effects of tuberculin sensitization54 (subse-
quently unverified) and hepatitis virus infection55 could
also be explained in this way. The role of bacterial products
may be greater than that of virus (Chapters 2 and 3).

There are plausible immunological mechanisms for the
protective effect of infections in the development of atopic
disease. Atopy is related to the expression of allergen-
specific responses with production of Th2 cytokines such
as IL-4 and IL-5, which promote IgE production and
eosinophilia56 (see Chapter 4c). In non-atopic individuals,
following an uncommitted period in early infancy, the
T-cell system is biased towards the Thl phenotype with
production of IFN--y and inhibition of Th2 development.
Fetally-derived allergen-reactive T-cells exhibiting a Th2
phenotype exist, which indicates intrauterine T-cell prim-
ing.57 The continuation of these fetal allergen-specific
Th2 responses during infancy, with a decreased capacity to
produce IFN-'Y has been demonstrated in subsequently
atopic neonates.58 Environmental factors such as microbial
agents (viruses, other intracellular organisms, including
mycobacteria, and bacterial products) may then exert their
effects during early life by promoting the maturation of
adaptive immune responses, including Thl cell develop-
ment. Activated macrophages and dendritic cells produce
IL-12, which induces natural killer cells and Thl cells to

produce IFN-"y. IFN-'y provides the environment for the
differentiation of antigen-specific CD4+ T-cells into
Thl cells and CD8+ T-cells into Tel cells with even
higher IFN-'y production. In the absence of such stimuli, it
seems that Th2-biased neonatal immune responses could
persist and that allergen-specific Th2 responses become
entrenched. Normal maturation may be slow and ineffi-
cient in children predisposed to atopy,58 but it may be
promoted by repeated exposure to ingested and inhaled
bacteria as well as childhood viral infections. The epidemi-
ological evidence favouring the protective role of 'dirt' is
covered in detail in Chapter 2. It seems that normal matur-
ation of the immune system is promoted by a rich gut
flora. The situation for viral infections, as discussed above,
is still controversial, and may differ between viruses.

MECHANISMS OF VIRAL WHEEZING

Acute effects on lung function and airway
reactivity

Viral URTIs have been shown to cause small airway
obstruction with no alteration to large airway function in
normal adults; the changes may not always be clinically
evident, but may persist for up to 8 weeks.59 Although
more difficult to study in young children, alterations in
lung function have been found in infants hospitalized
with acute bronchiolitis, as well as infants and children
with simple URTI (reviewed in ref. 3). Some of these
changes include alterations in flow, airway resistance and
lung volumes. In those with bronchiolitis, some of the
changes persisted for over a year, although as described
above, pre-existing lung function abnormalities rather
than consequences of bronchiolitis may have been respon-
sible. In infants with a simple URTI, lung function returns
to normal within 1 month.60 It seems that although
respiratory viruses transiently affect lung function in adults
and children of all ages, the effects usually remain subclin-
ical. However if lung function is already compromised, for
instance in those prone to wheezing, then the effects may
be greater even in the absence of chronic inflammation.61

Whether all respiratory viral infections can lead to
bronchial hyperresponsiveness (BHR) in normal indi-
viduals is controversial. Both natural and experimental
viral infections may lead to increased airway responsive-
ness to a number of agents, although not in all studies.62

This is a particularly difficult area to study in small chil-
dren. The increase in BHR is further enhanced if there is
pre-existing BHR, as is the case in asthmatic children and
adults. In an adult experimental model of viral wheeze,
BHR lasting for up to 17 days was found only in those
with a history of viral wheeze (independently of atopic
status and without baseline BHR) and not at all in healthy
subjects (whether or not atopic).63 BHR usually begins
early during the acute infection and may last for several
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weeks after an URTI,63 even in normal individuals.64 It is
therefore unrelated to atopy, underlying inflammation or
pre-existing BHR.

There are several potential mechanisms for viral
enhancement of bronchial responsiveness:

BHR may result from direct viral injury to airway epithe-
lium by a number of mechanisms, including increased
permeability to antigen, changes in osmolarity of the
epithelial lining fluid and loss of proposed epithelial-
derived relaxant factors.3

Epithelial damage by the virus may also result in expos-
ure and sensitization of cholinergic sensory nerve fibres
normally protected by the epithelium. The M2 muscarinic
receptors on vagal nerve endings are markedly dysfunc-
tional during viral infections, although the M3 receptors
on the airway smooth muscle function normally.65 This
leads to substantial increases in acetylcholine release and
potential reflex bronchoconstriction. Repair of this dam-
aged epithelium would account for the return to normal
airway reactivity after 6 weeks.

The function of fi-adrenoreceptors on airway smooth
muscle is also impaired by viral infections thus reducing
adrenergic relaxation, and in addition, non-adrenergic
relaxation of the airways may be reduced by viral infec-
tion.65

Immune mechanisms are also a factor and are dealt
with later in this chapter. Distant effects of (mainly) URT
inflammation may affect the lower airways, by mech-
anisms which are not clear but are presumed to involve
nerves, or circulating or inhaled agents.15

Overall, although virus-induced alteration in airway
reactivity accounts for exacerbations in older children
with established atopic asthma, this has not been shown
in viral wheeze in young children.

INFLAMMATION

Epithelial cells which are the principal target for respira-
tory viruses, can trigger the initial immune response by
secreting a range of proinflammatory cytokines, chemo-
kines and mediators. Although it helps our understanding
to split virus-induced inflammation into its various com-
ponents, the different cell types, mediators and cytokines
involved do not act in isolation - they all interact together
to form the inflammatory cascade. The resultant inflam-
mation is manifest by smooth muscle contraction, vascu-
lar engorgement, cellular infiltration within airway walls,
oedema of the mucosal and submucosal layers and mucous
secretion. This leads to airway narrowing and symptoms
of cough and wheeze. The immunohistology has been
studied in experimental and natural infections by
bronchial mucosal biopsy66,67 and in fatal cases of asthma.

CELLS

Alveolar macrophages are likely to be involved in the early
immune response to respiratory viruses throughout the

respiratory tract. Once activated, they release several pro-
inflammatory cytokines, and infection of these macro-
phages by RSV leads to increased secretion of tumour
necrosis factor-alpha (TNF-a), IL-6 and IL-8. However,
they are also activated by stimuli that do not provoke
airway obstruction so their relative role in precipitating
wheezing is uncertain.68

Neutrophils are well-recognized as important inflam-
matory cells in viral URTIs, even those uncomplicated
by bacterial infection. There may also be peripheral blood
neutrophilia, an increase in nasal lavage neutrophil counts
and neutrophil infiltration in nasal mucosa.69 Neutrophils
have also been found to be the predominant inflamma-
tory cell in bronchial secretions of children with severe
LRI due to RSV infection,70 as well as in a human experi-
mental model of viral wheeze in young adults.71 Neutro-
phils display enhanced adhesion to airway epithelial cells
infected with RSV or parainfluenza virus. They release a
number of toxic reactive metabolites, which are dam-
aging to airway tissues and could lead to airway inflam-
mation, obstruction and BHR.

The main neutrophil chemoattractant is the chemo-
kine, IL-8. It has been shown to be present and active in
nasal aspirates of children who had naturally occurring
colds causing asthma exacerbations.69 Furthermore, the
IL-8 levels correlated with increased levels of the neu-
trophil enzyme myeloperoxidase (MPO), which in turn
correlated with the severity of upper respiratory symp-
toms in these children.

Eosinophils release a large number of mediators such
as cysteinyl-leukotrienes and platelet-activating factor,
but also release basic proteins such as major basic protein
(MBP) and eosinophilic cationic protein (ECP), which are
toxic to airway epithelium. MBP acts as an M2 muscarinic
receptor antagonist, which causes M2 receptor dysfunction
and subsequent BHR.65 The association of eosinophilic
infiltration and asthma is well documented, and this
includes adult asthmatics infected with rhinovirus.

Eosinophils may also play a part in viral wheezing
in children. In vitro work has shown that RSV activates
human eosinophils and a study measuring the concen-
tration of ECP in nasopharyngeal secretions of infants
found significantly higher levels in those with RSV-
induced wheezing compared with infants with URTI
alone.72 Increased levels of MBP, and the eosinophil
chemoattractants RANTES and macrophage-inhibitory
protein la (MlP-la) have been found in the nasal aspir-
ates of children with naturally-occurring virus-induced
asthma exacerbations, compared with when they were
asymptomatic.73 MlP-la and RANTES have also been
found in lower airway secretions of infants ventilated
with RSV-bronchiolitis together with ECP and eosinophil-
derived neurotoxin (EDN) to a greater degree than in
ventilated controls.74 MlP-la levels correlated with ECP
concentrations suggesting a role for eosinophil degranu-
lation products in the pathogenesis of RSV bronchiolitis.
Non-bronchoscopic bronchoalveolar lavage studies have
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shown that eosinophil (and mast cell) counts and ECP
were not elevated in children prone to viral wheezing
whilst they were asymptomatic, compared with non-
atopic normal controls. Nor are eosinophils involved in
exacerbations of (symptomatic) viral wheeze in an adult
experimental model.71 In contrast, atopic asthmatics had
elevated cell counts and ECP even when well.61,75 In
conclusion, it seems that eosinophilic inflammation is a
feature of viral wheezing during acute episodes but not
at other times, in contrast to asthma where eosinophilic
inflammation may be chronic.

T-lymphocytes have an important role in the patho-
genesis of both adult and childhood asthma, particularly
in terms of immunoregulation and cytokine production.
Two types of T-helper (Th) cells have been identified,
defined by their cytokine secretion patterns: Thl cells
secrete IL-2, IFN--y and lymphotoxin, whereas Th2 cells
secrete IL-4, IL-5, IL-6 and IL-10; several other cytokines
are secreted by both types. Some features of the allergic
asthmatic response are mediated by Th2 cytokines, par-
ticularly IgE production, eosinophil and mast cell activ-
ity. The balance of Thl and Th2 responses is likely to be
important in coordinating both cytotoxic and antibody
responses to viral infection, which together provide anti-
viral activity and immunity against reinfection.62,76

T-helper cells are a common lymphocyte subtype
found in the airways of individuals with RSV and
rhinovirus-induced wheezing.68 Although it is the Thl
response classically associated with antiviral immunity,
in an animal model, the RSV G-protein primarily pro-
moted a Th2 response,77 which could account for some
of the RSV lower airway symptomatology. The mouse
model of RSV bronchiolitis also shows that enhanced
T-cell responses are associated with increased severity of
disease.78 In particular, prior sensitization with a forma-
lin inactivated RSV vaccine, or the attachment G protein
(expressed by recombinant vaccinia virus) leads to Th2
cell driven augmented disease, contrasting to the usual
Thl response seen in primary viral infections. An exag-
gerated lymphocyte response may play a role in the
pathogenesis of viral wheezing although it will also
contribute to the eradication of these viral infections.68

Once present in the airways, T-lymphocytes amplify and
upregulate other inflammatory cells by the release of
proinflammatory cytokines. Examples include IFN--y,
RANTES and MlP-la, each one of which attracts and
activates mast cells, basophils and eosinophils.68

There is intriguing evidence that pulmonary inflam-
mation may be surprisingly prolonged in children with
bronchiolitis. Smyth et al. used soluble interleukin-2
receptor (s!l2R) in serum to monitor T-cell activation in
children with RSV bronchiolitis. Compared with control
children, concentrations in both acute and convalescent
samples were high. Although their levels do fall with time,
high concentrations were found up to five months after
the acute episode of bronchiolitis.79 In contrast, levels are
also increased in acute measles infection, but they decline

rapidly and are often normal one month after infection.
Direct evidence for persisting pulmonary inflammation
is hard to obtain from children who are clinically recover-
ed from RSV infection.

Studies in the mouse model suggest that severe RSV
bronchiolitis is sometimes associated with enhanced IL-4
responses to RSV. To test this hypothesis in man, Openshaw
and colleagues studied the cohort of 7- to 8-year-old
Swedish children described earlier.21 They measured single
cell production of IFN--y and IL-4, and proliferative
responses to RSV antigens and non-viral allergens in
peripheral blood cells. Antigen-specific enhancement of
IL-4 production was found in children with a history of
bronchiolitis, both to whole RSV and purified cat antigen
(Pel d); there was however no generalized bias towards
IL-4 production to all antigens.80 These results are compat-
ible with the hypothesis that viral bronchiolitis in infancy
enhances the risk of asthma/recurrent wheezing in later
childhood by increasing the chance of Th2 sensitization to
subsequent respiratory infections and to inhaled antigen.
Alternatively, it is possible that children who suffer from
bronchiolitis have an inherent predisposition to enhanced
IL-4 responses. This is unlikely for two reasons: first,
family history of asthma or atopy was not a risk factor
for bronchiolitis in this study population;21 secondly, there
was no general trend towards enhanced IL-4 production
to all antigens in these children, suggesting that the
propensity to enhanced IL-4 production is specific and
acquired.

In rhinovirus infection, peripheral blood lymphopae-
nia occurs during the acute phase of the illness (imply-
ing migration to the respiratory tract) and the degree
of lymphopaenia correlates with the increase in airway
reactivity.81 This may represent selective accumulation of
relevant cells in the lung during acute disease. Peripheral
depletion of relevant cells would clearly make them less
accessible to study during acute disease.

Mast cells may be central to the process as they release
both histamine and leukotriene C4. Both these mediators
have been shown to be elevated in respiratory secretions
of infants with viral wheeze.82,83 Furthermore, animal
studies have shown that viral infection can lead to mast
cell hyperplasia and increased activity with associated
bronchial hyperresponsiveness. As discussed above, mast
cell counts were not elevated in bronchoalveolar fluid of
children prone to viral wheezing when asymptomatic.61

MEDIATORS

Lipoxygenase products of arachidonic acid refer to the
cysteinyl-leukotrieneSy which are a group of lipid inflam-
matory mediators, that are released by all the principal
inflammatory cells involved in lung inflammation as well
as pulmonary endothelial and epithelial cells. Leukotriene
C4 and D4 (LTC4 and LTD4) are the most active compounds
and are potent bronchoconstrictors, affecting both small
and large airways. Leukotrienes have also been shown to
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increase vascular permeability and increase mucus pro-
duction. Certain respiratory viruses (RSV, parainfluenza
3 and influenza A) have been shown to induce release
of LTC4 into nasopharyngeal secretions.84 LTC4 release
was particularly enhanced during RSV infection and was
detected more often and in higher concentrations in those
infants who developed bronchiolitis with wheezing rather
than upper respiratory symptoms alone.83'85 However, a
study measuring systemic leukotriene production, found
no alteration in urinary LTE4 levels during acute episodes
of viral wheezing in infants.86 The role of cysteinyl leuko-
trienes in viral wheeze could be evaluated experimentally
using leukotriene receptor antagonists, and it is tempting
to speculate that they might have a beneficial effect in
infant viral wheezing.

Cyclooxygenase products of arachidonic acid include
the prostaglandins and thromboxane. Both prostaglandins
D2 and F2a are potent bronchoconstrictors. Plasma levels of
the primary metabolite of PGF2a are elevated in infants
with RSV bronchiolitis, and those with recurrent wheezing
after the infection had the highest initial levels.87 It has
also been shown that RSV antibody complexes enhance
neutrophil release of thromboxane, another broncho-
constrictor.88 Prostaglandin E2, on the other hand, seems to
have an inhibitory effect and may protect the airways from
bronchoconstriction. Viral damage of the epithelium may
result in loss of some of these protective prostaglandins.

Histamine has been found in increased amounts in the
nasopharyngeal secretions and plasma of infants with
RSV infection.82,87 Elevated histamine concentrations
have also been found in bronchoalveolar fluid of children
with viral wheezing when asymptomatic compared to
normal controls, in levels comparable with those found in
atopic asthmatics, which is surprising.75 Persistent lack of
therapeutic success with anti-histamines however throws
some doubt on the relevance of these findings.

CYTOKINES

Cytokines are extracellular signalling proteins secreted
by many different cell types with the ability to modify
the behaviour of other closely adjacent cells, via specific
receptors on the target cells. There are many different
cytokines and new ones are being recognized and classified
all the time. They interact through a complex network,
influencing the inflammatory and immune responses, so
the effects of combinations of cytokines cannot always be
predicted based on knowledge of the action of individual
ones. Many cytokines have an integral role in promoting
and maintaining the chronic airway inflammation found
in asthma, mainly due to their influences on eosinophil
activity and IgE synthesis. This has been extensively
reviewed recently.89

Cytokines also participate in the acute inflammatory
changes seen during asthma exacerbations, and may be
involved in viral wheezing, although there is less direct
evidence. We will review some recent studies.

Nasal lavage interleukins (11-1(3, IL-8, IL-6 and
TNF-a) are markedly elevated in children with naturally-
occurring acute viral URTIs, and with the exception
of TNF-a, the levels decreased significantly within
2-4 weeks.90 The children studied were aged 3-54 months
and subjects with a history of mild recurrent wheezing
were not excluded. It is not clear how many of the children
were also wheezing at the time of lavage, but it cer-
tainly implies that these cytokine elevations do not cause
wheezing in all children, and therefore other host factors
need to be present. Another study has shown that nasal
TNF-a levels were significantly increased and present in
three-quarters of infants during acute wheezy episodes
associated with respiratory tract infections, and this
was particularly associated with RSV.86 However TNF-a
was still present in the infants 1 week after they were
symptom-free and also detected in more than half of their
non-wheezy siblings during a simple URTI. TNF-a con-
tributes to airway obstruction, again other host factors
are necessary. IL-11 has been shown to produce airway
inflammation and BHR. Its production is stimulated by
RSV, parainfluenza and rhinovirus, and it has been
detected in nasal aspirates of children with URTI, its
levels correlating with clinically detectable wheeze.91 As
mentioned earlier, other nasal lavage work has shown
that the eosinophil chemoattractants RANTES and
MlP-la may be important mediators of virus-induced
asthma exacerbations.73 However the same study failed to
show a role for IL-5 which would have been expected
from its known role in eosinophil regulation and asthma.
Using induced sputum, another study has shown that
asthmatic patients with confirmed viral infections had
increased levels of IL-8 (as well as neutrophil count, ECP
and fibrinogen levels) compared with non-asthmatic
patients.92 An experimental model referred to earlier,
also showed increased IL-8 in induced sputum, but no
increase in ECP, in atopic and non-atopic young adults
with viral wheeze.71

Interferons (IFNs) may well have a role in viral wheez-
ing.3 Some may enhance IgE-mediated histamine release
after exposure to several respiratory viruses, while others
prevent Th2 responses. Whilst RSV has been shown to
be acutely sensitive to both IFN-a and IFN-'y in vitro,
clinical studies show that IFN production seems to be
suppressed by RSV, particularly when compared with
infection with influenza or parainfluenza viruses. A recent
study found increased quantities of IFN--Y in the respira-
tory tract of infants with RSV bronchiolitis compared
with healthy infants and those with RSV-induced URTI
alone.85 In addition, levels of IFN-^y were positively cor-
related with levels of cysteinyl-leukotrienes. This would
imply that those who wheeze with RSV are mounting a
Thl response whilst those with URTI alone a Th2 response.
This may appear to be at odds with some of the animal
data presented earlier in the section on T-lymphocytes in
mice, but in reality it is not. In different inbred strains of
mice, there are clear genetic determinants of Thl or Th2
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responses in similarly sensitized RSV infected animals.93

These studies emphasize the likely variability in the patho-
genesis of bronchiolitis in genetically diverse species. For
instance, in some infants, a syndrome of 'shock lung'
with polymorphonuclear cell efflux may parallel the effects
of overexuberant Thl or cytotoxic T-lymphocyte responses
shown in mice,94 while in others it may represent over-
active Th2 cells.77

In infants hospitalized with bronchiolitis, decreased
production of IFN-g by blood mononuclear cells correl-
ates with reduced pulmonary function and increased his-
tamine responsiveness 5 months after the acute illness,
implying low IFN-'g production may be associated with
the later development of asthma.95 Whether the RSV
induces lower levels or whether poor IFN-'Y production
is a predisposing factor is unknown. Indeed, it seems
likely that low IFN-'y production is in truth a reflection
of increased production of IL-4 and other type 2 cytokines.
Low IFN-'Y may therefore be a marker for increased Th2
activity, which itself is hard to determine directly.

ADHESION MOLECULES

Adhesion molecules are receptors located on vascular
endothelium and airway epithelium with the correspon-
ding ligands located on circulating leukocytes. ICAM-1
has been shown to act as a neutrophil and eosinophil
receptor on airway epithelial cells and induces antigen-
induced BHR. It has been shown by several investigators
that the majority of rhinoviruses attach to the surface
of cells via a receptor identified as ICAM-1,96 If infec-
tion with rhinovirus leads to upregulation of ICAM-1
expression in the lower airways, this could account for
rhinovirus-induced neutrophil influx, hyperresponsive-
ness and wheeze. In addition, upper and lower airway
cells infected with RSV or parainfluenza virus, express
increased levels of ICAM-1, which will in turn lead to
enhanced levels of eosinophil and neutrophil adhesion.
Certainly increased levels of soluble ICAM-1 (sICAM-1)
have been detected in bronchoalveolar lavage fluid of chil-
dren with trivial colds, and the elevated levels were still
present 1 week after complete resolution of symptoms.97

Serum levels of sICAM-1 were increased in children with
RSV bronchiolitis compared with normal controls, and
remained elevated 10 or more days later when the chil-
dren were well; there was however marked overlap with
the normal levels.98 Another study, however, showed
that levels of soluble vascular cell adhesion molecule-1
(VCAM-1) and soluble L-selectin but not ICAM-1, were
elevated in infants with acute bronchiolitis, and the
RSV status had no influence.99 The exact nature of any
association of levels of adhesion molecules with viral
wheezing is not yet clear. However ICAM-1 expression
is increased by several cytokines, for example IL-1 b and
TNF-ct, and it is likely that adhesion molecules have a
role in the pathogenesis of airway inflammation and
viral wheezing.

Host immune responses

The role of host immune responses in protection and
disease pathogenesis has been well studied for RSV and
influenza virus infections, but less so for other respira-
tory viruses. Of these, RSV is clearly of major importance
for paediatricians.

CELL-MEDIATED IMMUNITY

Cellular immune responses are capable of eliminating
viruses before their release from infected cells, but are
necessary for an effective protective antibody response to
be mounted. To achieve viral elimination, a fine balance
between over exuberant reactions and appropriate and
rapid elimination of infected cells needs to be achieved.
In influenza A infections, cellular immune responses are
capable of limiting infection and preventing spread,
although antibody responses are also clearly important.

In RSV infection, CMI is also important in antiviral
defence, but there is good evidence that it also contributes
to the pathological process. Children with impaired
CMI show a prolonged shedding of RSV, 40-112 days
compared with the usual mean of 7 days.100 These children
also develop RSV pneumonia at an age when this is other-
wise uncommon (over 3 years old). Although a 10-year
prospective study did not find any evidence that CMI
contributed significantly to the outcome of RSV infec-
tion,101 virus-specific cellular cytotoxic activity has been
demonstrated in infants with acute RSV infection, usu-
ally within 1 week.102 Chiba et al. found the activity
was age-dependent with the response found in 65% of
those aged 6-24 months, but in only 35-38% of those aged
5 months or less; this may, in part, account for the sever-
ity of the disease in the younger age group.103

The reason for the relatively poor CMI response in the
young may be immunological immaturity, but it is more
likely that the greater response seen in older children is
a reflection of previous RSV infection. The enhanced
response in older children may simply represent booster
effects secondary to stimulation of memory cells.

HUMORAL IMMUNITY

The humoral immune response has an important role
in protection against respiratory viruses, which is con-
firmed by the beneficial effect on incidence and severity
of RSV bronchiolitis in children given prophylactic RSV
immune globulin or humanized monoclonal antibody,104

and by the evident serotype-specific protection conferred
by influenza vaccination. Passive antibody therapy that
delays respiratory viral infection to later childhood may_
even reduce the frequency and severity of pulmonary
disease in later childhood.105,106

In a similar way to the CMI response, age has an import-
ant effect on humoral immunity. Infants under 6-8
months mount a poor antibody response to respiratory
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viral infections compared with older infants, and there is
often a failure to develop a protective secretory IgA or
neutralizing IgG response.107 This poor antibody response
is thought to be due to immaturity of the immune sys-
tem. While this may account for the general age distribu-
tion of the disease, it does not account for the differences
in disease severity seen amongst individuals of the same
age. Concurrent or preceding infection and host genetics
may play an important part.108

It has been argued that the presence of passively
acquired maternal antibody may have an immunosup-
pressive effect on the development of the infant's own
immune response. It seems that it is the response to the
G glycoprotein of RSV that is particularly affected by
maternal antibodies.109 There is contrasting evidence as
to whether these maternal antibodies are harmful or
helpful. It has been hypothesized that due to lack of spe-
cific secretory IgA during the initial challenge with RSV,
maternal IgG could diffuse to the lumen of the infant
airways and form immune complexes.110 Phagocytosis
of these RSV:IgG immune complexes has been shown
to stimulate release of inflammatory mediators by
neutrophils, which could contribute to the pathological
process.111 Conversely, there is good evidence that mater-
nal antibodies have a protective role in the first month
of life and passive antibody therapy is effective in pre-
venting disease in high-risk children.112 RSV infection is
commonest under the age of 6 months when these anti-
body titres are at their highest. As well as this, infants
with the highest titres of transplacentally acquired RSV-
specific IgG tend to develop less severe RSV pneumonia
than those with lower titres and have significantly fewer
infections.113 Although high levels of passive antibody
are protective, maternal antibody is detectable in infants
up to 5 months and yet fails to protect children with the
highest incidence of disease.

higher titres of RSV-specific IgE in naso-pharyngeal
secretions were found in those who wheezed compared
with those with non-wheezing RSV infection; similar
results were found in parainfluenza infection. The ori-
ginal specific-IgE response was found to be predictive of
future wheezing at both 4 and 7-8 year follow-up.25 This
work suggests an association between the production of
RSV-IgE and wheezing, although it is possible that virus-
specific IgE antibody becomes mast cell bound and inter-
acts with viral antigen, leading to the release of vasoactive
and inflammatory mediators, which cause airway nar-
rowing. The bronchoconstrictor mediator leukotriene C4,
detected in the nasopharyngeal secretions of infants with
RSV bronchiolitis was positively correlated with RSV-IgE
titres.83 Other groups have found these studies hard to
replicate, being unable to detect RSV-specific IgE.

The reason why certain children seem prone to a hyper-
active IgE response may be related to abnormal T-cell
regulatory mechanisms. Welliver has shown a reduced
number of CDS positive cells (suppressor/cytotoxic
T-lymphocytes) during convalescence in those who wheezed
with RSV compared with those with upper respiratory
illness alone.117 There was also an inverse correlation
between RSV-IgE in nasopharyngeal secretions and CDS
positive cells in peripheral blood and it is suggested that
these cells may include some that are responsible for sup-
pression of IgE production. It is unknown whether this
abnormal IgE regulation is virus-induced or constitu-
tionally determined. Host factors, which regulate the
response of T-lymphocytes to RSV, may be critical in
determining the clinical outcome of RSV infection. CDS
T-cells and NK cells are an abundant source of IFN-g,
which inhibits the development of CD4 T-cells making
IL-4 and IL-5, and it is these latter cytokines which are
responsible for IgE production and eosinophilia.118

MUCOSAL IMMUNITY

The common respiratory viral infections enter the host
via the airways, and some will then progress distally to the
parenchyma of the lung. It is for this reason, that mucosal
immunity has such an important role in the fight against
these viruses, as it provides the host's first line of defence.

IgA is the predominant immunoglobulin in respira-
tory secretions, where it is found in its dimeric form
known as secretory IgA (slgA). Levels of nasal slgA may
determine susceptibility to respiratory infection. It has
been shown that infants who mount a greater nasal non-
specific IgA response have fewer respiratory infections,
although the frequency of infection was not associated
with the baseline nasal IgA level.114 However a more recent
study has shown that wheezy infants mount a normal
nasal IgA response to viral infection when compared to
their non-wheezing siblings with simple URTIs.115

Local IgE production may have a role in the pathogen-
esis of viral-wheezing (reviewed in ref. 116). Significantly

PROSPECTS FOR PREVENTION AND
TREATMENT

New insights into the pathogenesis of respiratory viral
infections suggest that a duel approach to treatment maybe
necessary. Prevention of infection by vaccination or anti-
viral therapy may clearly be beneficial. But in addition, it
may also be beneficial to reduce the severity of the
immune response, since much of the disease that results
from respiratory viral infection is due to an exuberant
inflammatory response.

With regard to vaccination, progress is being made with
protein subunit vaccines, live attenuated vaccination,
DNA vaccination and possibly synthetic vaccines based on
know-ledge of antigenic peptides.119,120 Clinical trials have
been performed with purified fusion protein from RSV in
children with bronchopulmonary dysplasia,121 and cystic
fibrosis,122 both with promising results. There is also con-
siderable interest in the potential to protect neonates by
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vaccination of pre-pregnant women, and pregnant or
breast-feeding mothers. This may indeed by a good
approach for some respiratory viral infections.123 Since
age appears to be a critical factor in the long-lasting effect
of viral infections in childhood, a vaccine which delays
infection until a later stage may have substantial later ben-
eficial effects. It may indeed be possible to reduce the bur-
den of viral wheeze in preschool children if effective
vaccines are introduced. Such vaccines have the potential
to affect the later development of asthma.

In terms of passive immunotherapy, the introduc-
tion of humanized monoclonal antibody to prevent RSV
disease in high-risk children constitutes a major mile-
stone.124,125 It is possible that administering the antigen-
binding fragment of antibody (Fab) by inhalation may
be even more effective,126 although this awaits testing in
man. At present, the cost of passive immunotherapy has
to be balanced against the likely benefits, and the treat-
ment advantage is not always clear.127

New antiviral therapies are also promising, and many
are under development. The use of anti-influenza drugs
has not been universally adopted, despite their quite
remarkable efficacy. These drugs have to be administered
either prophylactically or within the first 48 hours of infec-
tion to have a significant effect on the duration of disease.
It is probable that effective antivirals against specific respira-
tory viruses will become generally available during the
next 5 years. Improved diagnostics are essential if they are
to be targeted on those most likely to benefit.

An additional approach may be to treat the viral infec-
tion at the same time as using immunomodulators that
reduce the severity of the immune reaction. Immune
modulation based on elimination of T-cell subsets, anti-
cytokines, anti-chemokines and the inhibition of antigen
presentation all may have promise for the future. The
advantage of these approaches to therapy is that they
may be beneficial regardless of the type of virus that has
initiated the inflammatory response. The drawback that
immunotherapy causes immunosuppression maybe over-
come by the introduction of more selective agents.
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INTRODUCTION

For several years gastroesophageal reflux belonged exclu-
sively to the domain of gastroenterologists, because it was
believed to cause oesophageal injury only, with different
degrees of oesophagitis which could cause growth retard-
ation, haematemesis, iron deficiency, pain and oesopha-
geal stenosis. The first report relating gastroesophageal
reflux to a respiratory complication came in 1946 when
Mendelson1 observed that the aspiration of gastric contents
into the respiratory tract caused asthma. Three decades
later Mansfield2 demonstrated that pulmonary aspiration
is not a prerequisite: abnormally low pH values in the
oesophagus can also trigger bronchospasm in some sub-
jects. This finding prompted pulmonologists, especially
paediatric pulmonologists, to show an increased interest
in gastroesophageal reflux and to suspect it whenever
patients without underlying infections or allergy experi-
enced unexplained chronic or relapsing respiratory prob-
lems, or chronic cough.

Definition

One should not mistake belching or possetting (the
regurgitation of a small amount of curdled milk, soon
after a feed) for gastroesophageal reflux. The term belch-
ing is restricted to harmless events, which maybe observed
in up to 38% of healthy newborns.3 Gastroesophageal
reflux is an abnormal event, which is often though not
always harmful. Reflux and belching have some charac-
teristics in common and are characterized by intermit-
tent retrograde movements of the gastric contents into the
oesophagus and occasionally into the pharynx or mouth.

Gastroesophageal reflux can be defined functionally by
measuring the frequency and the intensity of the reflux,
which in healthy subjects should not exceed a certain
threshold. Regurgitations and reflux episodes are thus
specified by quantitative characteristics, because although
they form a continuum, the exact dividing line between
them remains ill-defined. It is not always possible to separ-
ate the children who are diseased from those who are not.

Relationship between gastroesophageal
reflux and respiratory disease

Theoretically, whenever gastroesophageal reflux and respi-
ratory disease are present together, only three possibilities
exist: either the co-existence is purely coincidental without
any causal relationship, or reflux is a complication of the
respiratory disorder, or the gastroesophageal reflux is the
primary disorder and induces respiratory symptoms.

The most frequently studied relationship is that between
asthma and gastroesophageal reflux. Studies started ori-
ginally in adults,2,4,5 before several investigators embarked
upon studying asthmatic children without allergy.6-13 Most
authors, except Moote4 and Ekstrom,5 have shown that
asthma was secondary to reflux and not the reverse and
that the management of gastroesophageal reflux decreased
the asthma attacks, whereas the symptomatic treatment
of asthma attacks did not decrease the number or the
severity of reflux episodes. More recently Palombini et al.14

demonstrated that in adults chronic non-productive cough
could be caused by gastroesophageal reflux disease. Even
in infants and preschool children suffering from cystic
fibrosis, gastroesophageal reflux is unexpectedly frequent
and it always precedes respiratory complications, especially
wheeze and spasmodic cough, which are improved by
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antireflux therapy.15 Lung infection has also been con-
sidered a possible complication of gastroesophageal reflux,
in both children and adults.16'17 Such infections were, how-
ever, believed to be associated with either chronic,18 or
massive airway aspiration of gastric contents.1,17,19-21 It
has more recently been shown that infantile apnoea also
can be due to gastroesophageal reflux.22

Gastroesophageal reflux can remain asymptomatic for
many years, which means that it may not cause any prob-
lem; it is then called silent gastroesophageal reflux. Some
children will suffer exclusively from oesophagitis, others
from asthma only, while very occasionally children will
suffer from both respiratory and intestinal complications.

DIAGNOSIS

Clinical clues

Although recurrent vomiting or possetting (especially
during sleep) may provide a clue in infants, and symp-
toms of oesophagitis later in childhood, there are often no
gastrointestinal clues to the presence of gastroesophageal
reflux.

In infants and children gastroesophageal reflux should
be considered at any age when asthma cannot be explained
by allergy, infection or other conditions, especially in
intractable asthma. Several authors have shown gastroe-
sophageal reflux6'11'13 to be responsible for symptoms in
some 50-60% of such cases of asthma. The asthma asso-
ciated with gastroesophageal reflux is not characteristic
and cannot be differentiated from any other aetiology. It
may be particularly unresponsive to usual therapy.23

Not every patient needs investigation. Where there are
powerful clinical clues (or even a strong suspicion), espe-
cially in an older child, a therapeutic trial of anti-reflux
therapy may be used (see below).

Investigations

Originally a barium swallow was used to demonstrate
presence of gastroesophageal reflux. Now most clinicians
use x-ray investigations to demonstrate only anatomical
abnormalities.24,25 Gastroenterologists quantified and
standardized reflux thoroughly in adults26 using pH elec-
trodes left for about 24 hours in the lower third of the
oesophagus. The same method has been applied to chil-
dren.27'28 Other teams have used radiolabelled tracers
(scintigraphy) to demonstrate gastroesophageal reflux.28-30

Manometry of the oesophagus is not used for diagnostic
purposes but rather as a research tool to understand the
mechanism of the reflux and occasionally to monitor the
effect of drugs in oesophageal function.25,31,32

pH monitoring and scintiscan remain the best investi-
gations to demonstrate reflux. In order to save time, reflux

scintigraphy can be combined with pH monitoring on the
same day. If this cannot be done (for practical reasons),
and if one investigation remains negative, the other needs
to be added. Only if both techniques yield a negative result
can the occurrence of reflux be excluded; pH tracings and
reflux scintigraphy are quite reproducible33 and the risk
of missing reflux is thus negligible. Reflux documented
with a pH electrode is called acid reflux, while reflux docu-
mented exclusively by abnormal reflux scintigram, if the
pH tracing remains normal, is called non-acid reflux. That
non-acid reflux might also be harmful was previously
suspected.l l-12 Ninety per cent of unexplained asthma with
significant gastroesophageal reflux is due to acid reflux
and the remaining 10% to non-acid reflux.9

pH tracings are obtained with a glass electrode at the
tip of a narrow catheter, inserted through the nose, down
to the lower third of the oesophagus. The correct pos-
ition can be checked by chest x-ray. The external part of
the probe is connected to a recorder with a 24-hour mem-
ory (Figure 7c.l). Oesophageal pH is continuously moni-
tored whatever the position of the patient, over prolonged

Figure 7c.1 A baby undergoing pH monitoring in the arms
of his mother. The pH probe is inserted through the nose
and connected to a 24 h capacity recorder (Memolog). At the
end of the measurement period, the Memolog is connected
to a computer in order to plot and calculate the degree
of reflux (Figure 7c.2).



224 Gastroesophageal reflux

Figure 7c.2 This is a very abnormal
20 h pH tracing. The lower dashed
horizontal line separates the normal
oesophageal pH zone (above pH 4)
from the abnormal zone. Several
prolonged episodes can be seen.

Table 7c.1 Definition of the four gastroesophageal reflux
variables. These are measured with a pH electrode over a
period of about 20-24 hours

1 Reflux index: the ratio of the sum of the durations of
all reflux episodes to the entire observation period (%)

2 The longest reflux duration observed: (minutes)
3 The total number of reflux episodes lasting at least

5 minutes during the entire observation period
(expressed per hour)

4 The total number of reflux episodes observed during the
entire observation period (expressed per hour)

periods of time. The normal pH of the oesophagus is
equal to or higher than 5 and one considers events with a
pH of 4 or below to represent acid gastric reflux into the
oesophagus (Figure 7c.2). If the contents of the stomach
are buffered by food such as milk, reflux will not be
detectable by the pH electrode.

Table 7c. 1 defines the four variables of acid reflux. Up
to 15 months of age, the standards of Vandenplas are used28

for the normal mean values and for the upper limits of
normality. Children older than 15 months have the
same standards as adults and for them the standards of
de Meester apply.26 If one of these four variables exceeds
its upper limit, the presence of gastroesophageal reflux is
unequivocal. In general, more than one variable is abnor-
mal, the most sensitive variables being the reflux index
and the longest reflux, followed by the number of reflux
episodes lasting more than 5 minutes.

For the scintigraphic method the stomach needs to be
empty at the start and the child is given a milk feed labelled
with a radioisotope of technetium, the amount of the iso-
tope being proportional to the subject's weight. The scintil-
lation camera detects reflux independently of pH (Plate 10).
Since the gastric radioactivity decreases in time as the
tracer leaves the stomach, the observation period cannot
be prolonged for more than one hour, during which the
oesophageal radioactivity is recorded every 20 seconds
and compared with the remaining gastric radioactivity.
Reflux scintigraphy yields one qualitative piece of infor-
mation, the image (Plate 10) and two important quanti-
tative measurements, the duration of the reflux episode
and their magnitude expressed by the intensity of the
radioactivity (Figure 7c.3). During the recording the
patient needs to remain immobile and in a recumbent
position. Reflux scintigraphy is considered a method of

Figure 7c.3 The duration (x axis) and intensity (y axis) of
reflux episodes recorded by the scintigraphic method.

choice for the observation of postprandial non-acid
reflux,9,11,30 but is available in very few centres.

In community practice, diagnostic facilities are lacking
or they might be too expensive for the patients. In that
case, one can start with a therapeutic trial (see below). It
has however several pitfalls. Firstly, we know that thera-
peutic response can be delayed up to 3-4 weeks. Secondly,
gastroesophageal reflux might be present and responsible
for the respiratory disease, though unresponsive to ther-
apy. This can occur when reflux is due to an anatomical
abnormality, for example hiatus hernia which requires
surgical correction. On the other hand, as is typical for
chronic diseases requiring prolonged therapy, even if there
is a response to the therapeutic trial, after a while compli-
ance may decrease. In all these cases, we strongly recom-
mend transferring the patient to a team correctly equipped
for either confirming the diagnosis of reflux or, if the lat-
ter is not present finding another aetiology for the respira-
tory symptoms.

Natural history

The frequency of belching and possetting decrease with
age.3 Gastroesophageal reflux is more frequently observed
in infancy and in early childhood and presumable the dis-
ease itself has a tendency to disappear in many infants.34

A study in cystic fibrosis patients afflicted with gastroe-
sophageal reflux tends to support this hypothesis.15 The
same seems to be true of asthmatic patients with gastroe-
sophageal reflux, though these patients have been less sys-
tematically investigated for prolonged periods of time.
These observations clearly argue against hasty surgery.
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Nevertheless there remain a number of adults with
chronic respiratory problems, characterized by either
chronic non-productive cough or asthma or both, suffer-
ing from gastroesophageal reflux disease and studies in
them are ongoing. McGreavy et a/.35 investigated 43 non-
smoking adults with chronic non-productive cough (mean
duration: 67 months) as the sole respiratory symptom. In
eight of them, gastroesophageal reflux was the sole cause
of their complaints, whereas no aetiology at all could be
found in eight other patients. Palombini et a/.14 investi-
gating thoroughly 78 non-smoking adults with chronic
cough demonstrated that the latter was due to multiple
causes in 62% of them, gastroesophageal reflux being the
third most frequent reason (41%) either as a single aeti-
ology or in combination with asthma and postnasal drip.
Only specific antireflux therapy could help these patients.
The association between reflux and chronic cough (with-
out wheeze) probably also applies to children.

POSSIBLE MECHANISMS INVOLVED IN
ASTHMA ATTACKS

Classic lung function is usually normal between asthma
attacks and the occasional bronchial obstruction shows a
good response to bronchodilator therapy.

We studied histamine sensitivity in most of our patients
older than 5 years before the start of antireflux therapy and
the challenge was repeated after at least one symptom-
free year. At the start, as well as one-year later histamine
challenges were positive and neither the threshold nor the
intensity of the response to histamine changed (personal
data). The acid and non-acid refluxers reacted compar-
ably to the inhalation of histamine. An explanation might
be that gastroesophageal reflux will only cause asthma
in those children who already have underlying bronchial
hyperresponsiveness, which can increase transitorily dur-
ing reflux. In children with nocturnal gastroesophageal
reflux Wilson etal.8 observed an increase in histamine sen-
sitivity induced by oesophageal acidification. Gastroeso-
phageal reflux is then simply a trigger and the level of host
responsiveness to this trigger can be controlled by antire-
flux therapy, or if it disappears naturally, symptoms seem
to vanish despite persisting bronchial hyperreactivity.

The importance of host responsiveness has also been
pointed by Hampton et al.12 who found no relationship
between the amount of gastroesophageal reflux and the
degree of respiratory dysfunction. They concluded that
predisposing factors such as bronchial hyperresponsive-
ness could determine the importance of the respiratory
symptoms. Mansfield2 believed that oesophageal acidity
was responsible for a vagal reflex inducing asthma attacks.
Other explanations, however, are needed for non-acid
reflux because these too can prompt asthma in non-allergic
children.9,12 Some believe that the relation between
non-acid reflux and asthma can only be explained by

microaspiration20 of gastric contents into the respiratory
tract and others are convinced that asthma results from a
vagal reflex induced by oesophageal dilatation during reflux
episodes.2

The microaspiration theory is not easy to verify. Late
recordings of lung radioactivity after scintigraphy are very
insensitive. Gastric radioactivity continuously declines
during the study and even if microaspirations did occur,
the small quantity reaching the lungs would be dispersed
and the radioactivity would be close to background activ-
ity and hence undetectable. It has been suggested that aspi-
ration of gastric contents might produce lipid inclusions in
macrophages and that the quantity of lipid-laden macro-
phages and the number of inclusions in each macrophage
could be a marker of microaspiration. Many have investi-
gated this thoroughly in adults17,36 and in children,18-21 but
conflicting results suggest that this test is neither sensitive
nor specific. The mechanisms which cause asthma in non-
acid gastroesophageal reflux are still poorly understood.

Many authors are now convinced that abnormal
oesophageal motility may explain why non-acid reflux
may also be harmful. Fouad et a/.36 studied the pathophysi-
ology of the oesophagus in 98 adults with chronic respira-
tory disorders and abnormal oesophageal pH-metry. Their
respiratory patients often showed statistically more inef-
fective oesophageal motility than those with exclusively
oesophagitis. These abnormalities were seen most fre-
quently with chronic cough followed by asthma and by
laryngitis. Orenstein37 considered that in infancy the motil-
ity factors of the oesophagus are more important than the
acid secretion. Prokinetic pharmacotherapy seems more
efficacious than the acid suppression. This contrasts with
the efficacy of pharmacotherapy inhibiting gastric acid
secretion or directed against acid in case of oesophagitis.

TREATMENT OF GASTROESOPHAGEAL
REFLUX

Medical therapy

Medical treatment has two components: non-drug ther-
apy (diet or position therapy or a combination of both) or
drug therapy.

Different body positions have been advocated for use
in infants. These are rarely successful. Diet can help and
in some infants adding solids, rather than only liquids
can decrease reflux.

Inhibitors of the acid secretion and antacid therapy with
alginates (such as gaviscon) and histamine H2 receptor
antagonists may occasionally be helpful though this is not
the rule.38 In non-acid reflux, however, these medications
are certainly ineffective.

Since with respiratory complications, motility factors
might have a more important role, prokinetic pharma-
cotherapy should be the first choice.38 Of the prokinetic
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drugs, cisapride was the most effective and has been exten-
sively used in the treatment of paediatric gastrointesti-
nal motility disorders.38^3 It stimulates gastrointestinal
motor function through indirect cholinergic mechanisms
at the level of the myenteric plexus. It differs from existing
motility-enhancing drugs by not presenting dopamine
receptor-blocking properties or direct cholinergic receptor
stimulating properties at therapeutic doses, avoiding the
associated side effects. It increases reduced lower oesopha-
geal sphincter tonus and oesophageal clearance. It also
improves gastric emptying and the peristalsis in the small
intestine and colon, thereby preventing stasis and reflux.
The activity lasts for about 6 hours and therefore the
drug needs to be taken four times a day before the meals
on empty stomach, each dose consisting of 0.2 mg/kg. A
total daily dose of 0.8 mg/kg should not be exceeded in
infants. Minor transient side effects at the start of the treat-
ment include diarrhoea, abdominal cramps and occasion-
ally vomiting. These can be avoided in sensitive children
by starting lower doses and increasing them progressively
to the therapeutic level. Cisapride also interacts with medi-
cations which inhibit the cytochrome P450 oxydase such
as macrolides and imidazole antifungals. It was shown that
the cytochrome P450 is responsible for the biotransform-
ation and excretion of cisapride and that very young and
immature infants are at greatest risk for accumulation of
cisapride plasma concentrations.44 Moreover, reports of
cardiac adverse effects have raised the issue of its safety
in prematures and infants so that cisapride is no longer
licensed in several countries. Cisapride can prolong the QT
interval by blocking the rapid component of the delayed
rectifying K+ current in the myocardium.44,45 A Cochrane
Review46 reported a significant reduction in reflux index,
but no symptomatic benefit, publication bias and no
greater effect than carobel plug Gaviscon. Because of
its effect on Q-T intervals, the drug has been withdrawn.
Nevertheless, the authors believe, according to the
European Medical Statement,44 that total restriction
should not be applied and that cisapride might be pre-
scribed to paediatric patients who are healthy except for
their gastrointestinal motility disorder, provided that a
correct dosage schedule is used that no interacting drugs
are given and that it is avoided in infants younger than
3 months, prematures and infants with electrolyte distur-
bances. In such patients EGG monitoring before initiation
of therapy and after 3 days of treatment should be done.

If the respiratory symptoms do not improve during
therapy, one has to ascertain whether reflux is controlled
by repeating during therapy all previously abnormal exam-
inations. If reflux is under control, one can conclude that
the reflux is not the main aetiological factor for the respira-
tory problems. If, on the other hand, none of the therapies
has any influence on reflux, anatomical abnormalities
for example incompetent cardia or a sliding hernia, might
be responsible for the gastroesophageal reflux. Radio-
logical and endoscopic investigations should then be
performed, with a view to surgical correction.

If the therapy decreases both the reflux and the asthma
attacks, we recommend the treatment to be continued
for about one year before being withdrawn and check then
whether respiratory symptoms recur. After treatment inter-
ruption, only those investigations which were previously
abnormal need to be repeated, if indicated. In some patients
the antireflux therapy will need to be continued for several
years.

Surgery

Although conservative medical therapy remains the first
choice, in some patients with severe asthma, reflux persists
despite medical therapy. These patients might benefit from
a fundoplication.7,47 Anatomical abnormalities also need
surgical repair if medical therapy fails. In the authors' per-
sonal experience, surgical therapy is rarely needed but if
clearly indicated, yields excellent results.7,9,11,47

Normally one should try to postpone surgery, whenever
possible, until after the age of 18 months as reflux may
decrease with age. This holds also for incompetent cardia
and sliding hernia.3
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INTRODUCTION

The role of adverse reactions to food as a trigger of asthma
is controversial. Certain dietary items have a known poten-
tial to affect airway function and indeed are perceived
by many children and parents to exacerbate asthma.1'2

Yet folklore concerning the relationship between diet
and symptoms abounds and many cases of alleged food
intolerance cannot be substantiated by double-blind
challenge3 or elimination diets.4

In this chapter, some information about the perceived
prevalence of food and drink-related asthma will be pre-
sented. An appraisal of different diagnostic approaches to
identify reactions to ingested proteins and intolerance to
other ingested substances that can affect the airways will
be provided. The mechanisms of food intolerance in asth-
matic children will be mentioned. Finally, food and drink-
related symptoms will be considered in the clinical context
of childhood asthma.

Epidemiologists have demonstrated an association
between regional variations in nutritional habits in the
population and differences in asthma prevalence,5,6

so-called 'ecological' evidence. This and other nutritional
aspects of the epidemiology of asthma, such as the effects
of diets rich in fish oils and antioxidants, are discussed
further in Chapter 2.

CLINICAL EVIDENCE AND PREVALENCE OF
FOOD INTOLERANCE IN ASTHMA

There is very little information about the true preva-
lence of food-related asthma in either children or adults.

Self-completed questionnaires which enquire about the
perceived relationship between diet and symptoms, pro-
vide an estimate of the reported prevalence, reflecting
current cultural fads and fashions, the powers of observa-
tion of subjects, and true symptomatology. In answer to
a general question about diet and symptoms, Anderson
and colleagues7 reported that 6% of 8 to 10-year-olds
gave food as a precipitating factor in asthma. In a survey
of 177 children attending hospital clinics in London, the
result of a combination of postal and personal question-
naires, suggested that 67% of Caucasian and 87% of chil-
dren of South Asian ethnic origin considered at least one
item of their diet exacerbated their symptoms.1 If reac-
tions to orange squash and fizzy drinks, ice and oil were
excluded, 28% of the non-Asian and 66% of the Asian
children considered one or more of the remaining items
affected their symptoms, nuts being the most frequently
incriminated. This and other studies8 suggest that food is
commonly considered to be a factor in asthma symptoms.
In contrast, challenge under controlled conditions elicits
food-induced asthma only in a small minority of adults
and children.3

Ingested allergens

An allergic response to ingested protein often includes
wheezing even in those in whom it has not been recog-
nized.9-14 In a recent large study of 544 children with
known food allergy, 8.6% had respiratory symptoms
induced as their main manifestation of a response to con-
trolled challenge.12 This occurred rarely in those under
3 years and was particularly marked with peanuts. When
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children with asthma were considered respiratory symp-
toms occurred in 5.6% of 140 children following double-
blind challenge,10 but it was seen as an isolated symptom
in only one child.13 In another study of children with sus-
pected food allergy and respiratory symptoms, 67/168
(40%) exhibited wheezing as part of their response. Only
in five (3%) was it the only symptom.11 In a French study
of 300 patients with asthma including children, 8.3%
of subjects reported food allergy.14 However, following
blinded challenge, asthma occurred in only 2.3% and was
the sole symptom in 1.3%. When 10 adults, who reported
that their asthma was precipitated by dairy products,
were challenged no clear adverse response was detected.15

So, although asthma does occur as a response to chal-
lenge in subjects with known food allergy, it is rarely the
sole manifestation of an adverse response in those with
ongoing asthma. Furthermore, food allergy is very rarely,
if ever, the sole cause of asthma. Children who are affected
tend to be highly atopic and react to more than one
substance.12-14 The most frequently incriminated dietary
allergens are peanuts, eggs, cow's milk but a wide range
of foods can produce a reaction.11 Unusual substances
include figs,16 natural honey and camomile tea.17

Food additives

It has been estimated that in Western industrialized coun-
tries, each person eats about 2.5-5 kg of additives a year.18

In most of the population this does no harm but ingestion
of sulphites, particularly in solution, can trigger asthma in
some subjects.19'20 Other substances such as tartrazine, ben-
zoates, nitrates and monosodium glutamate have also been
shown to exacerbate asthma in a few individuals.21"24'25 If
only a minority of individuals react then it is not surpris-
ing that challenge tests or excluding a particular dietary
substance has no overall effect in unselected populations
of asthmatic subjects.

M ETA BISULPHITE AND SULPHUR DIOXIDE

Sulphur dioxide and sodium metabisulphite are widely
used as preservatives and anti-oxidants which may be
added as a gas or stored as metabisulphite added to acidic
food and drink. They are usually harmless in recommended
concentrations but asthmatics may be sensitive even in
high dilutions. Although artificial colourings have been
removed from many proprietary drinks metabisulphite
remains as a preservative. Between 11% and 35% of chil-
dren give a history of exacerbation of asthma after soft
drinks.1'23

When patients in an uncontrolled study with a history
of soft drink-induced asthma were challenged with meta-
bisulphite in the concentrations found in proprietary
drinks, 14 out of 30 responded by rapid falls in FEVj.23

In a further study of asthmatic children, 19/29 (66%)
responded to an acidified oral solution but not to meta-
bisulphite capsules.26 Children may be at greater risk than

adults, as they consume large quantities of soft drinks. Of
particular danger are the kind that need diluting, as preser-
vatives can then inadvertently be given in high concentra-
tions. At least one child has suffered a very severe attack of
asthma shortly after being given a concentrated orange
drink inadequately diluted by a sibling (personal observa-
tion). When a group of adults with reported food-induced
asthma were challenged with a range of additives, a reac-
tion to metabisulphite was the most frequently found.25

However, in adults with severe asthma known to respond
to ingested metabisulphite capsules, wheezing was only
infrequently induced by challenge with a wide variety of
foods treated with sulphites as for normal consumption.27

Also, avoidance of acetyl salicylic acid and metabisulphite
had no overall benefit in a group of childhood asthmat-
ics although a few individuals were considered to bene-
fit.26 All the same, rare life-threatening asthma has been
reported.19,25,27

ARTIFICIAL COLOURINGS AND OTHER
PRESERVATIVES

These have had a bad press in the past decade but many
children perceived by their parents to be intolerant
have been found to be unaffected by controlled single or
multiple challenges.28,29 Nonetheless, individual subjects
including atopic children have been shown to develop

asthma following ingestion o f tartrazine21'28 and s o d i u m , b e n z o a t e . 2 1 ' 2 3 ' 2 8 I t i s no t clear how frequent a problem i t

is in childhood asthma but in a group of asthmatic chil-
dren tartrazine and benzoate avoidance did not result in
improvement of asthma symptoms.28 In a population of
adults with severe asthma, reactions to a number of dif-
ferent azo and non-azo dyes were only found in two out
of 45 subjects.22 In contrast, in the same study, aspirin
intolerance was seen in 20 out of 45. However, carmine
dye has been reported to cause a severe reaction in a num-
ber of individuals with asthma.30 Nitrite and nitrate salts
are commonly used preservatives and have been reported
to induce asthma in adults,25 and a case of anaphylaxis
has been reported in a 22-year-old following nitrate chal-
lenge.31 An assessment of nitrate-induced reactions in
children with asthma is not available.

ASPIRIN AND ACETYLACETIC ACID

Aspirin-induced asthma, particularly associated with nasal
polyps, is usually considered a feature of adults with non-
atopic asthma. The data in children are conflicting, perhaps
due to variations in populations selected for assessment.
In one study 14 out of 50 (28%) children without a history
of aspirin intolerance responded to controlled challenge.32

Girls with severe atopic asthma were particularly affected.
In the other study seven out of 56 (13%) had a positive chal-
lenge but the intolerance was already suspected.33 None
of the 56 children studied showed intolerance to tartrazine.
In a further group of asthmatic children, no intolerance



Mechanisms 231

Figure 7d.1 Effect on the dose-response curve to inhaled
histamine of challenge with oil in an individual child of
South Asian (Indian) ethnic origin, tested on two separate
days. B: baseline; N: normal saline. Arrows indicate PC2o-
(From ref. 39 with permission.)

to aspirin was detected.34 Other cyclo-oxygenase inhibitors
may cross-react with aspirin in sensitive subjects.35

MISCELLANEOUS CHEMICALS

Food cooked in oil has been shown to exacerbate asthma in
some children and adults originating from the Indian sub-
continent (South Asian)1 (Figure 7d.l). This confirms the
claim of a number of such children that fried foods, par-
ticularly French fries (chips), worsen their asthma.1 Some
chemical in reheated oil may be responsible but the mech-
anism is not known. This raises the possibility that other
chemical properties of food could affect airway function.

PHYSICAL AGENTS

Ingested substances may not only contain allergenic pro-
teins and chemicals, but also have other physical proper-
ties which can affect airway function. Following the claim,
particularly by children whose ethnic origin is the Indian
subcontinent,1 that cold and fizzy drinks with a low pH
exacerbate asthma, challenge with ice and dilute HCl (pH
3.1) has been shown to exacerbate asthma in selected indi-
viduals36-39 (Figure 7d.2). The mechanism is not altogether
clear but probably results from oesophageal stimulation.37

The danger to a susceptible person of eating ice cream
has been highlighted.40

MECHANISMS (TABLE 7d.1)

An adverse response to food can be divided into several
categories (Figure 7d.3).

Figure 7d.2 The effect on peak flow and histamine PC20

of challenge with cola and, tartrazine, ice and dilute
hydrochloric acid (closed circles) and control agents
(open circles) in groups of children with a positive history.
(From ref. 39 with permission.)

Immune mediated

The best characterized are those which involve the pro-
duction of food-specific IgE. The process of sensitization
to ingested allergens is discussed in Chapters 4c and 7a.
After the food allergen has crossed the gastrointestinal
mucosal barrier, the IgE antibodies on the various cell types
within the target organ bind with the food allergen causing
release of a number of mediators, including histamine,
prostaglandins, leukotrienes, tryptase and thromboxane
A2.47 This results in symptoms of immediate hypersensitiv-
ity. Late responses have not been objectively demonstrated.3

Possible non-IgE mediated immune processes include
specific food immunoglobulins other than IgE,48 food
immune complexes49 and cell mediated immunity49 have
been suggested. The relevance of these processes to an
allergic response to asthma is controversial,50 except per-
haps that associated with cow's milk intolerance.48,49
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Table 7d.1 Possible mechanisms in asthma induced by ingested substances

Allergen

Inhaled S02/metabisulphite

Oral metabisulphite*

Aspirin

Azo dyes, benzoate*

Monosodium glutamate*

IgE mediated process; milk an exception, since no particular antibody consistently found41

Not certain; proposed action via parasympathetic or non-cholinergic excitatory neural
pathways42 or enzyme inhibition;43

IgE mechanism postulated but if exists, rare; non-immunological release of mediators and
sulphite oxidase deficiency other possibilities19'20

Inhibition of cyclo-oxygenase pathway

Unknown, except evidence of IgE to carmine dye44

Unknown; possible peripheral neurociliary effect24

*An aspirin-like effect for these substances has been suggested, via thromboxane b2 inhibition.45

Figure 7d.3 Classification of adverse reactions to food

based on the European Academy of Allergy and

Immunology recommendation.46

Non-immune mediated

The mechanism by which most non-immune mediated
processes effect the lung are largely unknown (Table 7d. 1).
It is thought that most cases of sulphite sensitivity result
from inhalation of SO2 released when a solution of
metabisulphite is consumed.19 This may simply be a
non-specific response similar in nature to enhanced his-
tamine or methacholine responsiveness, because inhaled
metabisulphite hyperresponsiveness is found in most asth-
matic subjects.42 SO2 release is enhanced by acidification19

and it has been suggested that carbonated drinks may yield
their SO2 more rapidly than still drinks when the pressure
is lowered prior to consumption.23

CLINICAL ASSESSMENT

Presentation and clinical features

Ingested substances can undoubtedly exacerbate asthma in
some children through IgE-mediated pathways, chemical
reactions or physical stimulation (Table 7d.l). The extent
of the problem is not known. To complicate matters,

the magnitude of the response in a susceptible individual
may depend not only upon the amount ingested,11 but also
on the state of the airways at the time of consumption, in
a similar manner to the magnitude of airway response to
other environmental stimuli. This makes estimates of the
prevalence difficult and confounds challenge procedures.
The reporting of severe asthma immediately following
ingestion of a particular substance, especially if associated
with other allergic manifestations, does not give rise to a
diagnostic problem and confirmation is frequently unneces-
sary, particularly if the substance is not a basic dietary
constituent. Peanuts are a good example of this situation.

BRONCHIAL RESPONSIVENESS

The adverse response to an ingested substance is often
reported as an increase in the response to other triggers
of asthma such as exercise.1,39 This raises the possibility
that the deleterious effect on the airways may not always
be manifest as airway narrowing but as an increase in
bronchial responsiveness.39,51 This phenomenon has been
demonstrated in a number of studies of children using a
histamine challenge test to measure bronchial responsive-
ness before and after oral challenge with physical and
chemical agents as well as allergens1,36-39 (Figures 7d.l,
7d.2, 7d.4). In many cases, the increase in bronchial
responsiveness occurred without change in baseline lung
function. In this situation the adverse response would not
have been detected in the laboratory without a test of
bronchial responsiveness. An example of a child challenged
with peanuts on two days is shown in Figure 7d.4. On one
day measurements of peak flow alone were used to assess
the response and on the other histamine responsiveness
was assessed before and after oral challenge. A positive
response was seen only when bronchial responsiveness was
measured, thus confirming the spontaneous claim of
many children.1'39 This approach has also been validated
in adults.25,52

ETHNIC DIFFERENCES

A survey of hospital-based children with asthma
highlighted a significant difference in the reporting of
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Table 7d.2 Cross-reactions between food and inhalant or

contact allergy55,57-9

Ragweed

Birch

Figure 7d.4 Comparison of two methods of assessing

peanut challenge in the same child. Following the same

challenge with peanuts there was no change in PEF

on day 1, but a marked fall in PC20 (i-e. increase in
responsiveness) on day 2.

diet-induced asthma between children of South Asian and
non-Asian origin, with many South Asian children incrim-
inating cola drinks, ice and fried foods, especially French
fries.1 The difference was not explained by a greater sever-
ity of asthma in the children of Asian origin, as in fact they
were using less medication. One possibility is that cul-
tural beliefs account for this difference,53 although it has
been shown that these substances can affect lung func-
tion under controlled conditions in selected South Asian
subjects36-39 (Figures 7d.l, 7d.2, 7d.4).

REPORTED TIMING OF ONSET OF

FOOD-INDUCED ASTHMA

When a pulmonary response does develop, the peak asth-
matic response usually occurs within minutes if it is part
of an anaphylactic response, or up to 2 hours after food
challenge or ingestion.9,10,12-14,54 In a survey of the reported
timing of asthma induced by ingested substances, the onset
of symptoms varied between a few minutes and more than
24 hours.1 In 36% of the children symptoms returned or
were first noticed during the subsequent night. This pat-
tern occurred both following classic allergens such as milk,
nuts and eggs and physical stimuli such as fizzy drinks
and ice. Though a common complaint, this dual response
has not been confirmed objectively. Indeed, in one study
in which the children were followed for 24 hours after
challenge, no delayed responses were detected.3

CROSS REACTIVITY BETWEEN ALLERGENS AND
UNRELATED FRESH FRUIT AND VEGETABLES

The association between pollinosis and reactions to
unrelated fresh fruit and vegetables has been recognized

Grass

Hazel

Mugwort

Dermatophagiodes
pteronyssinus

Latex

Watermelon, melon,
banana, gourd family

Apple, pear, peach,
hazelnut,* carrot, potato,
celery,* fennel

Tomato, melon, watermelon,
kiwi, latex

Hazelnut

Celery

Crustacians, molluscs
(e.g. snail),* peanuts,
garlic, tomato, onion,
egg, port, variety of fruits

Avocado,* banana,*
chestnut,* variety of fruits

* Potential to cause anaphylaxis.

for many years and is best described as the 'pollen-food
allergy syndrome'55-57 (Table 7d.2). It can be caused by
cross-reacting, specific IgE antibodies to pollens and
a variety of fruit and vegetables.55 Many of the reactions
can be explained by the presence of cytoskeletal proteins
(profilins) which are present in several different pollen
species.56 They are also present in many plants, so may
act as pan allergens. The symptoms occur a few minutes
after local contact with the offending fruit or vegetable,
with resulting oropharyngeal itching, tingling and lip
swelling. If ingestion occurs despite local symptoms
more- severe local and systemic reactions may occur. In
one series, 92/706 (13%) experienced glottic oedema and
15 (2.1%) anaphylaxis.57

A similar association between an allergen and a reac-
tion to fresh fruit and vegetables is seen in those allergic to
Dermataphagoidespteronyssinus^ or latex59 (Table 7d.2).

NATURAL HISTORY

Children tend to grow out of food allergies60 so rechallenge
at intervals may be necessary, especially if the substance
is a basic dietary ingredient such as milk. Although it used
to be said that cow's milk protein intolerance was a con-
dition of the first few years of life, it is now recognized
that this persists in some children, particularly those with
multiple allergies or a delayed response,61 or an early IgE
response.49 Allergy to peanuts and fish is usually lifelong.62

Symptoms of food allergy change with age, with atopic
dermatitis occurring in younger children and respiratory
disorders, anaphylaxis and oral syndromes increasing as
children get older.63 It should be noted that a dangerously
increased reaction may occur after the substance has been
excluded for a period of time.
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Figure 7d.5 Twice daily peak flow readings during a
diet containing wheat and its subsequent exclusion, in a
woman with multiple skin tests to food. (From ref. 75 with
permission.)

Investigation and interpretation

WHEN TO INVESTIGATE

Many more patients attribute a reaction to food as a
cause for their symptoms than can be objectively demon-
strated.3 So unless the substance is nutritionally unimpor-
tant, the history unequivocal or a severe reaction reported,
this history needs confirmation by a formal challenge in
controlled conditions or by an indisputable improvement
when the substance is eliminated from the diet64 (Figure
7d.5). This is particularly true for chronic disease, such as
asthma, when the association is difficult to detect.

DOUBLE-BLIND FOOD CHALLENGE (DBFC)65'66

If possible, the food needs disguising, as a positive response
is sometimes seen under open conditions but not when
the challenge is blinded. It may be possible to do this with
the use of freeze-dried food contained in capsules.64 In
asthma, a positive response is shown by a significantly
greater fall in lung function after ingestion of the active
ingredient than a placebo preparation. It is however
difficult to demonstrate a reaction occurring more than a
few hours after ingestion because of the spontaneous
variation in lung function that occurs with time, espe-
cially in severe asthma.

There are other drawbacks to this test as a diagnostic
procedure, particularly if a test of bronchial responsive-
ness is not included (see above). Repeated 'doses' may be
needed or, as with other triggers of asthma, the response
may depend on or be enhanced by the presence of add-
itional stimuli. Also, asthma is a very variable condition and
any adverse response will depend on the underlying degree
of bronchial responsiveness at the time of challenge.
A multiple challenge protocol given over an extended
period may overcome this to some extent but is not with-
out its own problems.28 In addition, the response may be

attenuated by prophylactic medication, the need for which
could, theoretically, depend on the continuing ingestion
of the substance.

IMMUNOLOGICAL TESTS

There have been many appraisals of the use of skin and
RAST tests as indicators of clinically significant IgE sensi-
tization to specific food proteins.54,67,69,71 Immediate reac-
tions, confirmed in the laboratory, are usually associated
with positive tests. However, a positive IgE response has a
low positive predictive value for a positive challenge
result, as many subjects with a significant specific IgE do
not react clinically. On the other hand, a negative RAST or
skin test virtually excludes an IgE mediated response.63

Some diagnostic success has been claimed for leukocyte
histamine release and RAST in the detection of hidden
sensitivity.69 Children who outgrow food allergy often
retain positive skin tests to food and there are many atopic
children with positive skin tests, particularly to wheat, who
are asymptomatic.72 Proven delayed asthmatic responses
to ingested proteins such as milk have been shown to be
associated with negative skin tests.70 The role of immuno-
logical markers in diagnosing asthma associated with food
allergy is therefore limited.

ELIMINATION DIETS

This is the only method available to diagnose hidden food-
induced asthma. Either a few commonly ingested foods
can be eliminated or alternatively a 'few foods' diet insti-
tuted.73 The diagnosis of food intolerance using an elim-
ination diet requires improvement after exclusion of the
item in question and deterioration after reintroduction
(Figure 7d.5). Day-to-day variation in the severity of
asthma, particularly with exacerbations associated with
viral infections, usually makes this a cumbersome process
in asthmatic children. Unless there are clues to possible
culprits, multiple food eliminations are necessary. This
is very difficult to enforce and can be nutritionally detri-
mental unless carefully supervised.62

HIDDEN FOOD-INDUCED ASTHMA

An allergic reaction is nearly always well-recognized by
parents. Nonetheless, the possibility of an unrecognized
adverse response as a cause of continuing symptoms may
remain, particularly with parents. In addition, there are
several reports of greatly improved asthma in adults and
older children following elimination of various food sub-
stances72,74,75 (Figure 7d.5). Asthma induced by an adverse
response to an ingested substance is less likely to be rec-
ognized if wheeze is the only symptom, without other
pointers such as vomiting or eczema, or if the onset were
more than 2 hours after ingestion. However, reported fea-
tures suggesting hidden food-allergic asthma include mul-
tisystem involvement and a highly atopic background
including positive or negative skin-prick tests to food aller-
gens.10,74 The only way to diagnose hidden food-induced
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asthma is with the institution of a carefully conducted
elimination diet. It should be remembered that, in the
vast majority of patients, effective asthma treatment is
much simpler than the problems of diagnostic and ther-
apeutic elimination diets. Such diagnostic diets need
expert supervision, are not always easy to interpret and
can result in malnutrition.62 This makes treating asthma,
with its multiple precipitating factors, a more sensible
option than looking for the very rare case of hidden food
allergy.

MANAGEMENT

BREAST-FEEDING

The place of dietary exclusion in infants and lactating
mothers in the prevention of allergic disease has been
hotly debated for over 50 years.76-78 Breast-feeding appears
to confer protection against lower respiratory illness in
developing countries but the evidence for this in indus-
trialized areas is conflicting.79,80 Confusion may arise
firstly, because of the failure to control for confounding
factors, such as maternal smoking, the fact that the mater-
nal diet can sensitize breast-fed babies and because infants
from highly atopic families are more likely to breastfeed.
Secondly, breast-feeding provides long-term protection
against infections, including virus associated wheeze.81

Two studies suggest a probable reduction in virus-
associated wheeze in breast-fed infants. One showed that
in breast-fed infants, wheezing was reduced in atopic
children for the first 2 years of life but this protection
lasted until 7 years in non-atopic children.82 In the other,
breast-feeding conferred protection against transient
early wheeze, but was a risk factor for asthma.80 The con-
flicting findings on the effect of breast-feeding and
asthma may arise from the fact that virus infections
precipitate wheeze and asthma on the one hand, but on
the other, early infections protect against allergic disease
(See Chapter 2.)

Breast-fed children of atopic mothers may be at greater
risk of asthma.83

Therapy

Broadly speaking, consideration of food or drink-induced
asthma can be divided clinically into four categories:

1 Intermittent mild asthma occasionally triggered by
ingested substances. Common triggers of this type
of event include peanuts, shellfish and ice or cola
drinks (Figures 7d.2 and 7d.4) in South Asian
children. Avoidance is the best policy but occasional
indiscretions can be treated with bronchodilators.
The role of leukotriene receptor antagonists (LTRAs)
in aspirin-sensitive asthma has been demonstrated in
adults.82a

2 Children requiring prophylactic (preventer) treatment
for asthma. When the level of asthma control is good,
apart from exacerbations by viral infections, screening
for hidden food or drink intolerance is unjustified. It
is probably worth attempting to avoid cola drinks
and ice in South Asian children and concentrated
proprietary drinks (containing metabisulphite) in
most children, as well as any other recognized
offenders, such as nuts. Like other environmental
triggers, most potential adverse responses to food
will be prevented or reduced by prophylactic
treatment with inhaled corticosteroids. Institution of
an additive-free diet is unnecessary and is not in any
case recommended for children, although aspirin can
usually be avoided.

3 Severe asthma requiring high-dose inhaled or oral
corticosteroids. Pets and other aeroallergens are much
more likely to be responsible for continuing
symptoms than food. In highly motivated subjects
with multisystem allergic manifestations, with or
without positive skin-prick tests to food, an
elimination diet to screen for hidden food - or
drink-induced asthma may be worth considering
after all other possibilities have been excluded,
in those who continue to have troublesome
symptoms. Case reports, particularly of adults,
have demonstrated dramatic improvements in
a few individuals after removal of a particular
dietary substance. There is no general appraisal
of such a procedure in children, probably because
assessment is so difficult. Exclusion diets are
very demanding on children and their families;
the use of oral cromoglycate may be an easier
option.13

4 Wheezing in infancy. Breast-feeding should be
encouraged to reduce wheezing in the first few years
of life in non-atopic families.83 Further studies are
necessary to evaluate the part played by milk and
soya intolerance in chronic infant wheezing. The
dramatic improvement that often occurs in episodic
viral wheeze between 2 and 4 years must be borne in
mind when assessing the benefit of dietary
manipulation.

ANAPHYLAXIS

Although rare as its sole manifestation, quite severe asthma
may be one of the manifestations of anaphylaxis. There
are usually warning symptoms (oral tingling or tongue
swelling, generalized itching, nausea and vomiting) as well
as extra-pulmonary signs (systemic, circulatory effects,
upper airway obstruction, facial swelling, urticaria and
abdominal cramps). Management of airway obstruction
should take place alongside standard therapy with adrena-
line (epinephrine) and antihistamine. Adrenaline admin-
istered by inhalation from a metered dose inhaler, may
have bronchodilator as well as systemic effects.
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An exclusion diet is mandatory and an epinephrine
self-injection kit should be available at all times, at school
and elsewhere.
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INTRODUCTION

It is almost 30 years since the first studies showed that
adult tobacco smoking damages the health of children.
In 1974, Colley showed the frequency of pneumonia and
bronchitis in infants was related to the parents' smoking
habits: if neither parent smoked the annual incidence
was 7.8%, if one smoked it was 11.4%, and if both par-
ents smoked it was 17.6%.l In the same year, Harlap
and Davies showed a dose-response relationship between
maternal smoking and hospital admissions for pneumo-
nia or bronchitis in the first year of life: the admission rate
for infants of mothers who smoked was 28% higher than
that of the infants of non-smokers.2 Surprisingly, primary
care contacts for children with asthma do not appear to
be greater for those with reported passive smoke expos-
ure or with greater urinary cortinine levels.3

Since these landmark papers, there have been over
3500 publications on the effects of passive smoking on
the health of children. From this mass of information, a
consistent picture has gradually emerged. It is now clear
that passive smoking is an important and potentially
avoidable cause of illness and death in children. Aware-
ness of the effects of passive (involuntary) smoking has
been increased by several reports2-5 and by a series of
systematic reviews.6-15 The evidence supports a causal rela-
tionship between children's exposure to cigarette smoke,
both postnatally, and in utero if the mother smokes dur-
ing pregnancy, and many different adverse outcomes.
Although the respiratory tract is the main site of impact,
other systems are also affected (Table 7e.l). For example,
parental smoking is now the most important avoidable
cause of the sudden infant death syndrome in industrial-
ized countries.16

The main effects of passive smoking on the respiratory
health of children are summarized in Table 7e.2. Overall,
the odds ratios for a wide range of respiratory symptoms
and illnesses are between 1.2 and 1.6 if either parent
smokes. Some effects, such as lower respiratory tract infec-
tions, are greater in the first two years of life than in older
children,6,15 but others persist throughout childhood.
For many outcomes, there is a dose-response relation-
ship, with higher rates if both rather than only one parent
smokes, or with higher daily consumption of cigarettes.
Maternal smoking has a greater effect than paternal
srnoking. Current evidence suggests that this reflects

Table 7e.1 Main effects of parental smoking on children

Fetus
- intrauterine growth retardation
- increased spontaneous abortions (miscarriages)
- increased perinatal mortality
- increased premature delivery
-impaired lung development

Infant
- increased sudden infant death syndrome
- increased lower respiratory tract infections
- increased hospital admissions
-abnormal lung function

Child
- increase of all respiratory symptoms
- increased asthma
- increased acute and chronic middle ear disease
- decreased airway function

Adult
- increased risk of malignancies
- increased likelihood of active smoking
- ? precursor of chronic obstructive pulmonary disease
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Table 7e.2 Summary of effects of parental smoking on respiratory health
of children (From Cook & Strachan14)

Lower respiratory illness, 0-2 yrs
All studies
Community studies of wheeze
Hospital admissions for LRI

Prevalence rates, age 5-16 yrs
Wheeze
Cough
Breathlessness
Asthma (cross-sectional studies)
Asthma (case-control studies)
Bronchial reactivity
Skin prick positivity

Incidence of asthma
Underage 6
Over age 6

1.57(1.42-1.74)
1.55(1.16-2.08)
1.71 (1.21-2.40)

1.24(1.17-1.31)
1.40(1.27-1.53)
1.31 (1.08-1.59)
1.21 (1.10-1.34)
1.37(1.15-1.64)

1.72(1.55-1.91)
2.08(1.59-2.71)
1.53 (1.25-1.86)

1.28(1.19-1.38)
1.40(1.20-1.64)

1.36(1.20-1.55)

1.29(1.10-1.50)
0.87(0.64-1.24)

1.31 (1.22-1.41)
1.13(1.04-1.22)

OR: odds ratio; Cl: confidence intervals; LRI: lower respiratory illness.

antenatal exposure of the fetus to tobacco toxins, such as
nicotine or carbon monoxide, which cross the placenta,
but postnatal exposure to environmental tobacco smoke
(ETS) is also important.

This chapter will focus on the relationship between
parental smoking and asthma and other wheezing dis-
orders in children. Before doing so, we need to consider
the nature of ETS.

THE COMPOSITION AND MEASUREMENT OF
ENVIRONMENTAL TOBACCO SMOKE

The scale of the problem

Tobacco smoke is the commonest and most important
indoor pollutant to which children are exposed. They are
particularly vulnerable, as their rapidly developing lungs
are structurally and immunologically immature. As chil-
dren spend most of their early life in the presence of their
parents, those with parents who smoke have prolonged
exposure to ETS. In Britain, 3.7 million children aged less
than ten live with at least one adult who smokes: in 11%
of homes only the mother smokes, in 19% the father
smokes, and in a further 20% of homes both parents
smoke (Figure 7e. I).17 Although the proportion of children
exposed to ETS has fallen slightly in the last decade, almost
half the children in the UK are still smoking passively.18

The composition of ETS

Tobacco smoke enters the environment in two ways.
Mainstream smoke is the complex aerosol of over 3500
chemicals inhaled by the smoker, filtered by the lungs and
then exhaled. Sidestream smoke enters the environment

Figure 7e.1 Passive exposure to tobacco smoke in
5 to 7-year-olds. (From ref. 17.)

directly from the burning tip of a cigarette: it accounts
for 85% of ETS. Both contain toxins such as carbon
monoxide, ammonia, formaldehyde, oxides of nitrogen,
nicotine and hydrogen cyanide, and over 40 proven car-
cinogens including benzo-[a]pyrene, 2-naphthylamine,
benzene and nitrosamines. Many constituents are in
higher concentrations in sidestream than in mainstream
smoke. How much of these toxins an individual inhales
passively depends on the type and number of cigarettes
smoked, the proximity to the smoker, the size and the
ventilation of the room, and the length of exposure.19

Measuring exposure to environmental
tobacco smoke

Early studies of passive smoking relied on a history of
whether one or both parents smoked or of the number of
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cigarettes they consumed daily. Recent studies have
quantified exposure by measuring levels of biochemical
markers of tobacco smoke. Cotinine, the principal metab-
olite of nicotine, is the most sensitive (97%) and specific
(99%) indicator of smoking. It can be measured in serum,
saliva, urine, hair and meconium. It has a median half-
life in children of 27-28 hours.20 Cotinine levels correlate
closely with air nicotine levels within the home21 and with
questionnaires on smoking habits of parents.22 Parental
self-reporting is less reliable if children suffer from chronic
chest illness: Kohler showed 30-60% underreporting by
the parents of children with asthma or cystic fibrosis when
compared with urinary cotinine levels.23 Significant
levels of cotinine occur in children from non-smoking
households,18 as children inhale ETS from sources other
than their parents. Cotinine levels are influenced by the
number of smokers in the home, and by social class, type
of accommodation, day of the week and season.17 Urin-
ary cotinine levels measured in the first weeks of life are
higher in infants of smoking mothers than in the infants
of non-smokers. Levels are five times higher in the breast-
fed than the bottle-fed infants of smokers, indicating that
nicotine and cotinine are excreted in breast milk as well
as being inhaled.24

Cotinine measurements give a useful measure of recent
ETS exposure, but do not tell us about the duration of
exposure or about the intake of other components of
tobacco smoke which may be more important than nico-
tine. Nevertheless, Jarvis estimated that the nicotine dose
received by children whose parents smoke is equivalent
to the children actively smoking 60-150 cigarettes a year.25

ENVIRONMENTAL TOBACCO SMOKE,
ASTHMA AND WHEEZING

Epidemiological evidence

Until recently, it was difficult to compare or collate the
many hundred studies of the relationship between paren-
tal smoking and asthma and other wheezing disorders in
childhood. Prospective, case-control and cross-sectional
study designs have been used, from both community and
hospital-based populations, often with different, poorly
defined outcome measures. The degree to which import-
ant confounding variables such as socio-economic status,
prematurity, atopy and family size have been controlled
for, has varied greatly. It has been difficult to separate the
effects of intrauterine exposure from postnatal passive
smoking, as 90% of women who smoke in pregnancy
are still smoking 5 years later.

Our understanding of these complex issues has been
aided greatly by a comprehensive series of systematic
quantitative reviews by Strachan and Cook published
recently in ITzorwc,6"14 by a recent review by Le Soue'f,56

and by studies of lung function in infants.

Wheezing and non-wheezing lower
respiratory illness

In their first review, Strachan and Cook assessed the evi-
dence relating parental smoking to acute lower respira-
tory illnesses (LRIs) in the first 3 years of life.6 The results
of the 24 community-based and 17 hospital studies they
identified were broadly consistent, with a pooled odds
ratio for LRI of 1.57 (95% CI 1.42-1.74) if either parent
smoked and 1.72 (1.55-1.92) if only the mother smoked.
The contribution of postnatal as well as antenatal expos-
ure was confirmed by a significant association even if the
mother did not smoke.

Fifteen studies focused on LRIs in which the child
wheezed. All but one found an increased risk associated
with parental smoking: maternal smoking was more
important than paternal. Analysis of case-control stud-
ies of RSV infection also found a significant effect. The
authors concluded there is a causal relationship between
parental smoking and LRI in early childhood.

Prevalence of asthma and other
respiratory symptoms

In later reviews, they examined the relationship between
parental smoking and the prevalence of asthma and
other respiratory symptoms in school-age children (5-16
years)6'11 (Table 7e.2). Once again, paternal and maternal
smoking were both significant, but the mother's smoking
had a greater effect. Despite variations in methodology
and outcome measures in the 60 studies they analysed,
a consistent pattern emerged. In the 25 studies contain-
ing quantitative data specifically on asthma, all but two
showed an odds ratio of greater than one, but in many
the confidence limits included unity. The pooled odds
ratio was 1.21 (1.10-1.34) for asthma. For wheeze, it was
1.24 (1.17-1.31) if either parent smoked. In some stud-
ies, heavy smoking by the mother (more than 15-20 cig-
arettes a day), was associated with far higher odds ratios,
re-emphasizing that the 'dose' of ETS is important.

Similar sized effects were present for cough, phlegm and
breathlessness.8 Again there was a high degree of consist-
ency amongst the studies and the effects were robust to
adjustment for a wide range of confounding variables.

Analysis of 51 longitudinal and case-control studies of
childhood asthma showed maternal smoking increased
the risk of wheezing illness.11 The effect was stronger
up to the age of 6 years (pooled OR 1.31) than in older
children (1.13). Children whose mothers smoked were
more likely to lose their symptoms in the early years,
particularly if they had no evidence of atopy. However,
several indicators of asthma severity, including symptom
scores, attack frequency, and use of asthma medication,
were positively related to ETS exposure.

Strachan and Cook suggest the explanation for this
apparent paradox may be that tobacco smoke is a co-factor
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provoking wheezing attacks in susceptible individuals
rather than a cause of the underlying asthmatic tendency.
In other words, ETS provokes exacerbations rather than
inducing or initiating asthma. By contrast, the authors of
the California Environmental Protection Agency review
of ETS found 'compelling evidence' that ETS contributes
to both the induction and exacerbation of asthma.4

Exacerbations

test employed, or other methodological issues. By con-
trast, five studies of circadian changes in peak expiratory
flow have shown greater diurnal variation in children
exposed to ETS than controls.12

Airway function in infants

It is perhaps surprising that several studies have found
no evidence that passive smoking increases the risk of hos-
pital admission for acute asthma in children. For example,
Reese found no association between urinary cotinine
levels and asthma admissions, in contrast to the posit-
ive correlation with admissions for bronchiolitis they
reported.26 Ehrlich showed a correlation between recent
passive smoking, as assessed by questionnaire and urinary
cotinine, and a diagnosis of asthma, but no association
with acute exacerbations.27 He suggested that passive
smoking increases hyper reactivity rather than causing
bronchospasm. By contrast, Chilmonczyk found higher
urinary cotinine levels in children with asthma were asso-
ciated with a higher incidence of acute exacerbations.28

EFFECTS OF PARENTAL SMOKING ON
LUNG FUNCTION

Our understanding of how adult smoking causes res-
piratory symptoms in children has been aided by elegant
physiological studies of lung function in children, partic-
ularly in infants.

Airway function in school-children

Passive smoking has a statistically significant but small
effect on spirometry values in children. In an analysis of
21 surveys of school-children, the mean reduction in FEVj
associated with parental smoking was only 1.4% (95% CI
1.0-1.9%). There were greater reductions in more sen-
sitive indices of airway function, such as maximal mid-
expiratory (mean reduction 5.0%) and end-expiratory
flow rates (mean 4.3%).13 Maternal smoking was more
important than paternal smoking. The size of the effect
was related to the level of exposure to ETS. Analysis of these
data, and the results of a recent large multicentre study
from California,29 suggests antenatal rather than current
exposure to ETS is the key factor.

Studies of the relationship between parental smoking
and bronchial hyperreactivity or hyperresponsiveness
have produced confusing and conflicting findings.12

Some studies have shown a significant association with
current ETS exposure30 but others have not. This may
reflect differences in the study populations, the challenge

Recent physiological studies in infants support the con-
cept that antenatal exposure to tobacco toxins has a pro-
longed effect on the growth and function of the lungs.31'32

Hanrahan and Tager showed that maternal smoking in
pregnancy results in an increased incidence of wheezing
illness in infancy and reduced forced expiratory flow rates
at functional residual capacity (VmaxFRC) (mean 74.3 vs
150.4ml/s/cm in infants of smokers vs infants of non-
smokers: p = 0.0007)33,34 (see also Chapter 4b). They
found a strong negative correlation between VmaxFRC
and the urinary cotinine levels measured during preg-
nancy. Further measurements in this cohort at 18 months
of age showed persistent reductions in both FRC and
VmaxFRC in the offspring of smoking mothers, particu-
larly in girls.35 The authors suggest smoking in pregnancy
impairs fetal airway development and alters the elastic
properties of the lung.

The Perth group has shown several abnormalities of
lung function in infants enrolled into a prospective,
community-based cohort. Preliminary analysis suggested
that parental smoking contributed to the development
of bronchial hyperresponsiveness, as assessed by hista-
mine challenge, in the first weeks of life.36 In that paper,
VmaxFRC was not lower in the infants of smokers. In
a later report, the time to peak expiratory flow as a
proportion of expiratory time was significantly lower in
461 newborn infants whose mothers smoked more than
10 cigarettes a day, suggesting airway dysfunction.37 In the
most recent analyses of the full cohort, Young reported
that maternal smoking during pregnancy was associated
with significantly lower values of VmaxFRC in both boys
and girls, when compared with the infants of non-
smokers.38,39 This effect persisted throughout the first year
of life: paternal smoking had no detectable effect. There
was no effect on neonatal bronchial responsiveness.39

Data from other studies in the UK, America and
Norway broadly support these findings.12,14,32 Milner
showed reduced static compliance and conductance in the
infants of smoking mothers, with some differences between
girls and boys, but no effect on expiratory flow.40 In the
Tuscon cohort of infants, Martinez et al. have shown dim-
inished respiratory conductance and lower maximal expi-
ratory flows in the early months, before any respiratory
infections, in those infants who subsequently wheezed.41-43

Both the Tuscon and the Perth longitudinal cohort
studies have shown that reduced lung function early in
life both precedes and predicts a greater risk of wheezing
with viral infections, including classical RSV bronchiolitis.
Although many of these children stop having recurrent
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episodes of wheeze in early childhood ('transient early
wheezers')42,43 they continue to show evidence of reduced
lung function in a pattern which suggests they have smaller
pulmonary airways than the children of non-smokers.
This may be a precursor of chronic obstructive airways
disease in adult life.31

The physiological evidence that intrauterine expos-
ure to tobacco toxins impairs normal lung growth and
development is supported by morphometric and histo-
logical studies in both humans and experimental animals.
Abnormal bronchial and alveolar anatomy, decreased lung
volume, weight and nucleic acid content, and reduced
parenchymal elastic tissues and decreased attachment of
airways to lung parenchyma, have all been associated with
exposure of the fetus to tobacco products.38,44,45,57 Some
of these effects may be hormonally mediated. Nicotine
and carbon monoxide can both reduce uterine blood
flow and fetal oxygen delivery.45 Maternal smoking also
reduces fetal breathing movements, an important part of
normal lung development.

Maternal smoking in pregnancy is the most import-
ant, potentially avoidable cause of abnormal airway func-
tion in early childhood.

Other possible mechanisms

As well as impairing lung development, there are several
other pathways by which passive smoking could influence
asthma and other wheezing conditions (Figure 7e.2).

There is a controversial relationship between viral
(upper) and respiratory tract infections and associated
wheezing low respiratory tract illness, in early childhood,
and later childhood asthma (see Chapter 2). As passive
smoking increases both the frequency and severity of
such infections, this may have an important influence on
asthma and other wheezing illnesses.

In the past, it was suggested that exposure to ETS
altered some aspects of the immune response, such as
IgE production, thereby increasing the risk of allergic
sensitisation and atopic illnesses.46 However, a systematic
review failed to identify a consistent relationship between

Figure 7e.2 Possible mechanisms for effects of maternal
smoking on recurrent wheeze.

passive smoking and serum IgE levels, skin-prick test
responses, or atopic conditions such as eczema or allergic
rhinitis.10

THE POTENTIAL FOR INTERVENTION

All of those involved in the care of children have a respon-
sibility to inform parents of the hazards of smoking
and to help them to quit. Many clinicians believe such dis-
cussions rarely make a difference, but very few studies
have assessed this. One randomized controlled trial con-
firmed that simply telling the parents of asthmatic children
that smoking was harmful to their children had no effect
on their smoking or the cotinine levels in the children.47

But in another RCT, a series of counselling sessions was
effective in reducing children's exposure to ETS.48

There is now convincing evidence that several strat-
egies increase the proportion of adult smokers who
quit.45,49,50 We now have practical guidelines for smok-
ing cessation from the British Thoracic Society (Table
7e.3).51 Smoking cessation interventions are behavioural
(counselling, education), pharmacological (nicotine
replacement therapy, bupropion), or a combination of
the two.45 Population-based interventions, such as health
warnings on cigarette packets, self-help leaflets, or public
education campaigns, often have little impact. For exam-
ple, despite a sustained campaign to discourage young
people in the UK from smoking, the proportion of 11 to
15-year-olds who smoke regularly has risen progressively
since 1986.45

Individual counselling of smokers is more effective.
A systematic review of 31 randomized controlled trials
involving over 26 000 adult smokers showed that brief
advice about stopping smoking had a significant, if small,
effect on cessation rates 6 months later.49 More intensive
advice produced only a slightly greater benefit. Group
therapy may be more cost-effective.

Nicotine replacement therapy (NRT) with chewing
gum, transdermal patches, sublingual tablets or inhalation
increases quit rates 1.5 to 2-fold, and about 20% of those
given NRT with counselling remain non-smokers a year

Table 7e.3 Principles of effective smoking cessation
(Based on the British Thoracic Society guidelines51)

-Assess the smoking status of patients (parents) at every
opportunity

- Advise all smokers to stop
- Assist all those interested in doing so
- Refer to specialist cessation service if necessary
-Recommend smokers who want to stop to use nicotine

replacement therapy or bupropion (not pregnant women)
- Provide accurate information and advice on treatment
- Pregnant women should be given firm and clear advice

to stop smoking during pregnancy
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later.52 Bupropion is a new pharmacological treatment for
smokers. Developed as an anti-depressant, its mechan-
ism of action in smoking cessation is unclear.52 In one of
several controlled trials, the rates of quitting one year
after a seven week course of oral bupropion 100-300 mg
daily were 20-23%, compared with 12% in those given
placebo.53 Bupropion is more effective and cheaper
than NRT, but there may be benefits in using both
together.54

About 25-30% of women in the UK smoke in preg-
nancy and there has been no decrease in this figure in
the last 8 years.45 Given what we now know about the
effects of smoking on the fetus, is it not logical to target
women smokers presenting for antenatal care7. Smoking
cessation in pregnancy is effective, resulting in a reduc-
tion in the proportion of women smoking of 6—8%.51,55

It is recommended that such counselling should be used
routinely.51 Unfortunately, nicotine replacement therapy
and bupropion are contraindicated during pregnancy in
the UK, although they are probably safer than smoking.

CONCLUSIONS

Environmental tobacco smoke is an important, and
potentially avoidable, cause of wheeze and other respira-
tory symptoms in children. There is increasing evidence
that antenatal exposure of the fetus to tobacco toxins in
mothers who smoke, impairs lung development and leads
to abnormal airway function in their offspring as infants,
older children, and conceivably as adults. Additional post-
natal exposure to smoking by either parent adds to these
effects.

We can debate whether passive smoking simply exac-
erbates symptoms or whether it also induces childhood
asthma. This is a somewhat semantic argument. What is
now irrefutable is that ETS exposure increases the risk of
a child developing recurrent wheeze, cough and breath-
lessness, whatever diagnostic label we may choose to
describe this symptom complex. However, there is some
evidence that parents who smoke are less likely to bring
these symptomatic children to the attention of doctors.3

What direction should future research in this field
take? New epidemiological or physiological studies are
unlikely to increase greatly our understanding of the
effects of passive smoking. Observational studies of
passive smoking are numbered in their thousands, but
there has been only a handful of studies of interventions
to reduce ETS exposure in children. The challenge now is
to design and assess strategies that reduce children's
exposure.58 We should implement what is already known
about smoking cessation more effectively and more
enthusiastically. At a time of intense interest in the pri-
mary or secondary prevention of asthma, reducing the
burden that passive smoking imposes on children is a
challenge we can no longer reasonably ignore.
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INTRODUCTION

An immense amount of information is available about the
various drugs and treatments for childhood wheeze and
asthma. The information is derived from many sources,
including whole-animal studies, in vitro studies on tis-
sue and cells from animals and humans, in vivo studies in
adults, and in vivo studies in children. In the following
only the main information from studies in humans or on
human tissues and cells is presented. Furthermore, in the
pharmacokinetic and pharmacodynamic sections data
from studies in children are used preferentially (when
available). When the results from clinical studies are dis-
cussed main emphasis has been based wherever possible
on the Cochrane Database of Systematic Reviews. Where
Cochrane reviews are unavailable, the evidence is based
on peer-reviewed systematic reviews of randomized trials
in children with asthma. When no such reviews exist
individual double-blind randomized controlled trials are
scrutinized for evidence.

The clinical effect and effectiveness of the various groups
of drugs used in management has been reviewed. The clin-
ical evidence about a particular treatment or healthcare
intervention should ideally address three basic questions:
can it work (efficacy), does it work in actual clinical prac-
tice (effectiveness), and is it worth it (efficiency).1 However,
at present the majority of our information on childhood
asthma treatment is based on efficacy studies. In addition
other factors such as asthma severity, the benefits and the
risks of each treatment, and the availability of the various
forms of asthma treatment should influence the choice
of treatment. Cultural preferences and differences in

healthcare systems also need to be considered. The final
choice of treatment should integrate individual clinical
expertise with patient preferences and the best available
evidence from systematic, clinically relevant research in
children.

p-ADRENERGIC AGENTS

For many years treatment with b-adrenoceptor agonists
has been the mainstay of asthma treatment in children.
Today these drugs are by far the most effective broncho-
dilators available and therefore the drug of choice in acute
asthma. However, the exact role of p-agonists in the main-
tenance treatment of asthma is undergoing re-appraisal
after the introduction of long-acting inhaled b-agonists.

Pharmacological action

b-agonists act through p-adrenoceptors, which belong
to a family of G-protein linked receptors in the cell mem-
brane (Figure 8a.l).2 b} and b2-receptors have been cloned
and their sequences determined. Stimulation of the recep-
tor causes activation of intracellular adenylate cyclase
which catalyses the production of cyclic adenosine mono-
phosphate (AMP), which in turn causes bronchodilation.
These effects are only observed at relatively high concen-
trations of p-agonist when maximal relaxation responses
have been exceeded. However, much lower concentrations
of p-agonists have been shown to open membrane K+

channels and induce smooth muscle relaxation without
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Table 8a.1 Possible modulatory effects of long-acting
b2-agonists on airway inflammation: preclinical
observations

Figure 8a.1 Molecular mechanisms involved in the
bronchodilator response to /3-agonists. b-adrenoceptor ((b-
AR) stimulation activates a stimulatory G-protein (G5) which
may couple directly to a large conductance Ca2+-activated
K+ channel or may activate adenylyl cyclase (AC), leading to
an increase in cyclic adenosine monophosphate (AMP).
Cyclic AMP activates protein kinase A (PKA), resulting in
phosphorylation of various proteins, including K+ channels,
myosin light chain kinase (MLCK) and enzymes involved in
phosphoinositide (PI) hydrolysis. ATP: adenosine
triphosphate; ATPase: adenosine triphosphatase. (From ref.
2 with permission.)

a rise in AMP, suggesting that this direct effect is a more
important mechanism of airway smooth muscle response
to 3-agonists.2

The most important effect of b2-agonists is bron-
chodilation. This action is mainly due to relaxation of
airway smooth muscle. However, additional effects may
also contribute to their anti-asthma action.

• Modulation of cholinergic neurotransmission via
prejunctional b2-receptors on postganglionic nerves.3

The clinical importance of this is unknown.
• Inhibition of the release ofhistamine from human

mast cells. Whether these in vitro findings are
relevant to in vivo use of the drugs is uncertain.
However, functional evidence suggests that
P-agonists may have an effect on mast cells in vivo
since inhaled b-agonists have a significantly greater
effect on bronchoconstriction induced by indirectly
acting (via mast cells) constrictors such as AMP than
on bronchoconstriction induced by directly acting
constrictors such as histamine and methacholine.4'5

The possible effects on airway inflammation of
long-acting b2-agonists have recently been
summarized (Table 8a.l).6

• Reduction of vascular permeability in the airways, prob-
ably by an action at b2 adrenoceptors at the level of
postcapillary venules.7 The extent to which physiological
doses of b2-agonists produce this effect is uncertain.7,8

• b2-agonists may significantly enhance mucociliary
clearance and maintain the functional integrity of the
airways.9

T-lymphocyte

Macrophage/monocyte

Mast cell

Eosinophil

Neutrophil

Sensory nerves

Endothelial cells
Epithelial cells

Fibroblast

Smooth muscle cell

Inhibition of cytokine
production
Inhibition of mediator and
cytokine release
Inhibition of mediator and
cytokine release
Inhibition of oxidative burst,
mediator release and
cationic protein release
Inhibition of oxidative burst
and mediator release
Inhibition of neutrophil
recruitment
Inhibition of tachykinin
release
Decreased permeability
Decreased permeability,
inhibition of cytokine
expression
Inhibition of adhesion
molecules
Inhibition of proliferation,
inhibition of cytokine
production

Adrenoceptor agonists

b-receptors are widely distributed throughout the body
in most tissues and cells. b1-receptors are mainly located
in the heart while b2-receptors are found in the airways,
the heart, blood vessels, muscles and inflammatory cells.
Stimulation of a-adrenoceptors causes constriction of
bronchial muscle, peripheral blood vessels and sphinc-
ters of the alimentary tract. Furthermore, it causes
decreased motility and tone of the alimentary tract and
inhibition of lipolysis and insulin secretion. Stimulation
of bradrenoceptors has a positive chronotropic and
inotropic effect on cardiac muscle and stimulates lipoly-
sis. Stimulation of b2-adrenoceptors relaxes smooth mus-
cles in the airways, alimentary tract and peripheral blood
vessels, increases tremor in skeletal muscle and stimu-
lates glycogenolysis, glycolysis and insulin secretion.
Stimulation of b3-adrenoceptors may produce a number
of metabolic effects.

Adrenaline (epinephrine), the first adrenoceptor ago-
nist to be used for asthma, has both a and (3 activity.
Although it is an effective bronchodilator, it has undesir-
able side effects caused by its a and pi actions: anxiety,
tremor, hypertension, tachycardia, palpitations and
cardiac arrhythmias. As a consequence its use in modern
asthma treatment is obsolete. It is sometimes suggested
that adrenaline, with its a-adrenoceptor vasoconstricting
activity would be better than other drugs at decreasing
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bronchial oedema because of its constrictor effects on
arterioles. However, it also causes venous vasoconstriction
and this effect could negate or even overwhelm any ben-
eficial effect on arterial constriction and controlled clinical
trials do not demonstrate any advantages over the modern
adrenoceptor agonists in relieving airway obstruction in
children (other than acute laryngo-tracheo-bronchitis).10

However, the a stimulating action makes adrenaline the
drug of choice for the treatment of anaphylactic shock. Iso-
prenaline has no a activity but an equal activity on b1 and
b2-receptors. It is rapidly metabolized and has a very short
duration of action. Selective b2-agonists with longer dur-
ation of action have been developed and today isoprenaline
should not be used for asthma treatment if these drugs are
available. At present no purely b2 specific agonists have
been developed. All also show dose-dependent stimulation
of (^-receptors.

The normal duration of action of a standard dose of a
short-acting b2-agonists (SABA) is 1-5 hours depending
upon the outcome parameter. Protection against exer-
cise-induced asthma is briefer than the duration of bron-
chodilation.14 Salmeterol and formoterol have both been
shown to have significant bronchodilator and protective
effects against various challenges for 10 hours or more
after a single dose.6,12,13,15,16 This prolonged action is
only seen after inhalation and not after oral or systemic
dosing so these drugs are only given by the inhaled route.
Both drugs are substantially more lipophilic than other
b2-agonists. This combined with a high receptor affinity
seems to be important for the long duration of action.
However, in addition salmeterol probably also binds to a
specific exo-site domain of the b2-receptor protein to
produce continuous stimulation of the active site of the
receptor (Figure 8a.2).

SELECTIVITY

Salbutamol, terbutaline and formoterol seem to have the
same b2 selectivity, whereas fenoterol may be somewhat
less b2 selective.3,6,11 Salmeterol seems to be even more P2

selective than any of the other b2-agonists.6,12 The differ-
ences in b2-selectivity between the various modern b2-
agonists have not been shown to be clinically important
in day-to-day treatment.

EFFICACY

Some b2-agonists (salmeterol and salbutamol) are partial
agonists with 60-85% of the efficacy of isoprenaline.12,13

The clinical relevance of this is not known since in clinical
practice there is no evidence that one b-agonist causes
a greater maximal effect than another or that one drug
diminishes the effect of another. However, studies in
acute asthma have not yet been performed to assess this.

POTENCY

Marked differences are seen in potency between the vari-
ous b-agonists. They are unimportant, however, since
lower potency can be compensated for by giving a higher
dose of the drug. Differences in dose equivalence between
recommended doses of different b-agonists is more
important. In this respect salbutamol 200 u,g, terbutaline
500 (jig, formoterol 6 mg, and salmeterol 50 m,g appear to
have roughly similar effects on b2-receptors for each dose
from a dry powder inhaler. Fenoterol 200 mg has some-
where between two and four times higher effect on both
b1 and b2-receptors.11

DURATION OF ACTION

After inhalation the duration of action of 'conventional'
inhaled b2-agonists largely depends on dose; the higher
the dose the longer the duration of action. Equipotent
bronchodilating doses of salbutamol, terbutaline and
fenoterol seem to have the same duration of action.

CLINICAL EFFECT

The main action of b-agonists is to inhibit or reverse
bronchoconstriction. Pretreatment with a single dose of
an inhaled b2-agonist protects against virtually all bron-
choconstrictor stimuli including histamine, metha-
choline, hyperventilation, cold air, exercise, AMP and
allergen. Normally a parallel shift to the right in the
dose-response curve is seen so that higher doses of the
constrictor are required to produce a certain fall in lung
function (Figure 8a.3). However, sometimes the treat-
ment may not only cause a parallel shift in the curve but
also change its shape so that the slope becomes steeper
and the magnitude of the response is unaffected or
increased (Figure 8a.3).17

Pharmacokinetics and dynamics

SYSTEMIC ADMINISTRATION

The pharmacokinetics of systemically administered P-
agonists have not been studied extensively in children,
so it is not known whether important differences exist
between the various drugs. However, in general terms
about 33% of an oral dose is systemically absorbed in
school-children.18,19 Because of a high first-pass metabo-
lism in the wall of the gastrointestinal tract and in the
liver the bioavailability after oral dosing is only about
10-15% when plain tablets are used and about 30% lower
after administration of a slow release product. Therefore,
somewhat higher doses should be used when therapy is
changed from plain to slow release tablets. Concomitant
intake of food further reduces gastrointestinal bioavail-
ability by about one third.

Peak plasma drug levels are measured 1-2 h after oral
dosing. Most of the absorbed drug is excreted in the urine
mainly as unchanged drug or a sulphate conjugate.19,20

Renal clearance correlates with creatinine clearance and
dose reductions should be considered in patients with
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Smooth muscle cell preparations

Membrane affinity Salmeterol > Formoterol
Duration Salmeterol > Formoterol
Selectivity Salmeterol > Formoterol
Onset Formoterol > Salmeterol
Potency Formoterol > Salmeterol
Efficacy Formoterol > Salmeterol

Inflammatory cells

Inhibition of guinea pig eosinophil Formoterol > Salmeterol
activation
Inhibition of human mast cell Formoterol > Salmeterol
activation

(h)

Figure 8a.2 Pharmacologic differences and similarities

between salmeterol and formoterol. (a) The salmeterol

molecule consists of the saligenin head of the salbutamol

molecule that binds to the active site of the b2-adrenergic

receptor (b2 AR), coupled to a long alphatic side chain that

markedly increases the lipophilicity of the molecule. The

molecule is thought to diffuse laterally through the cell

membrane to approach the b2 AR. The side chain then

interacts with an auxiliary binding site (exo-site), a group

of highly hydrophobic amino acids within the fourth

domain of the b2 AR. Binding to the exo-site prevents

dissociation of salmeterol from the b2 AR and allows the

active saligenin head to repeatedly engage at the active

site of the receptor. This results in a long duration of the

effect, but a slow onset of action. The length of the side

chain and the resulting lipophilicity of formoterol is

intermediate between salmeterol and salbutamol. This

moderate lipophilicity allows formoterol to enter the

plasmalemma and to be retained. From this depot, the

molecule slowly diffuses to activate the b2 AR over a

prolonged period. Conversely, sufficient drug remains

available in the aqueous biophase to allow rapid

interaction with the active site of the receptor and hence
a rapid response, (b) The most important differences and

similarities of salmeterol and formoterol. (From ref. 383.)

impaired renal function.21 As for most other drugs the
clearance of b-agonists is a little higher in children than
in adults.19,20

A significant correlation is seen between plasma
drug levels and bronchodilating effect after systemic

Figure 8a.3 Three dose-response curves after provocation

with a bronchoconstrictor agent: curve A is without any

pretreatment; curve B and C after pretreatment with a

(32-agonist. In curve B, a parallel shift in the dose-response

curve is seen without any change in the slope of the curve

or the magnitude of the response. In C the same degree

of protection is seen but the slope is steeper and the

maximum fall in lung function is greater. Although the

shift to the right of this curve is beneficial, the steepness

and the magnitude of the response are potentially

dangerous.

administration of a b-agonist.22 However, considerable
inter-individual variation exists in both plasma level and
physiological effect after a given dose.22 Therefore standard
doses are not feasible, and dosing should be individual-
ized by monitoring of the therapeutic response and the
occurrence of side effects.20 A rational approach would
be to start at a dose around 0.15mg/kg/day and then
gradually increase the dose until a sufficient clinical effect
or systemic side effects are seen. Oral doses of terbutaline
around 0.5 mg/kg/day are probably required to produce
significant clinical effects.23 This is higher than the nor-
mally recommended dose and emphasizes the importance
of individual dose titration.

Continuous treatment with oral p2-agonists does not
protect effectively against exercise-induced asthma,23

though it improves symptoms and peak expiratory flow
and protects against nocturnal asthma, particulary when
slow release products are used.23,24

INHALATION

b2-agonists should preferably be given by inhalation
since this allows bronchodilation to be achieved more
rapidly, at a lower dose and with fewer side effects than
by either oral or intravenous administration.25,26 After
inhalation a measurable bronchodilator effect is seen within
one minute, reaching >90% of maximal within 10 min-
utes.27 Inhalers usually deliver rather large doses so one
dose results in near maximum bronchodilation when the
patient is not suffering from severe airway obstruction.
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Furthermore, inhalation offers significant protection
against exercise-induced asthma and other challenges14

which is not seen after systemic administration.23 Gener-
ally quite low doses (25% of the normal dose in the inhaler)
produce marked bronchodilation whereas higher doses
are required to protect effectively against various chal-
lenges. Most of the drug that is deposited in the intra-
pulmonary airways is systemically absorbed and excreted
in the urine, though some may be metabolized locally in
the airways. The clinical effects after inhalation correlate
with dose and not with plasma level.

Clinical trials of short-acting fo-agonists

SCHOOL-CHILDREN

Inhaled SABA have repeatedly proved their superiority
to other drugs in the treatment of acute episodes of
wheeze.28'29 Furthermore, premedication with such single-
dose therapy effectively diminishes exercise-induced
asthma.14

Continuous treatment with oral SABA does not pro-
tect as effectively against exercise-induced asthma as an
occasional single dose,23 though it improves symptoms
and peak expiratory flow and protects against nocturnal
asthma, particularly when slow release products are
used.23'24 A combination of theophylline and oral SABA
has been found to be more effective than either drug used
alone,24 though it is not known whether the combination
is preferable to single drug therapy when the drug is used
in optimal doses.

PRESCHOOL CHILDREN AND INFANTS

Bronchodilation,30"32 and bronchoprotection33'34 from
inhaled SABA have been demonstrated with objective
measurements in preschool children. Early studies failed
to find any bronchodilator response to nebulized SABA in
infants, which led to the belief that SABA were ineffective
in this age group. A fall in transcutaneous oxygen pressure
was interpreted as lack of bronchodilator response, though
alternative explanations have been suggested includ-
ing acidity of the nebulizer solution,35 and ventilation-
perfusion mismatch. Others have reported an increase in
transcutaneous oxygen.36 Placebo-controlled double-blind
studies have demonstrated significant bronchodilator
effects, protective effects against bronchoconstrictor agents
and clinical improvement in infants treated with SABA
either alone or in combination with steroids,37 indicating
the presence of functioning (3-adrenoceptors. The reason
for this discrepancy is not clear. The various studies have
differed with respect to dose, device (spacer, nebulizer),
baseline lung function, duration of symptoms, method of
lung function measurement, and age of subjects. The dis-
crepancy is only seen in studies assessing bronchodilator
effects. All studies find a significant protection against
bronchoconstriction induced. Thus, it seems that infants

have functional b2-receptors from birth and that stimula-
tion of these receptors can produce the same effects as in
older children. For very young infants with bronchiolitis,
the effects are less clear cut (Chapter 9).

ACUTE ASTHMA

The value of inhaled b2-agonists in the treatment of acute
asthma in school and preschool children has been demon-
strated in several controlled trials.38-45 Such treatment is
superior to treatment with all other bronchodilators.
Similarly, subcutaneous, intramuscular or intravenous
administration is associated with a significant effect.22

For the same b2-agonist the inhaled route is as effective
or more effective than other routes of administration,
but with fewer side effects. Nebulizers are normally pre-
ferred for the delivery though the same results can often
be obtained with spacers.38,39,44,45

The optimal dose of nebulized b2-agonist for acute
asthma depends upon the nebulizer brand and volume
fill and upon the severity of the attack. However, high
doses (0.30mg salbutamol/kg) were better than low
doses (0.15mg/kg) when given at 3-hourly intervals.43

Furthermore, continuous nebulization of 0.3 mg salbu-
tamol/kg/h produced better results than the same dose
nebulized intermittently over 20 minutes every hour.46

Similarly, a single dose of six puffs terbutaline (1500 m,g)
from a spacer was less effective than three puffs given
twice at 15 minute intervals.40

An intravenous loading dose of 2 m/kg terbutaline fol-
lowed by a continuous infusion of up to 5 mg/kg/h seems
to be optimal for the majority of children.22 The same
seems to be the case when salbutamol is used.47 When
systemic administration is combined with high-dose
inhaled therapy the systemic doses should probably be
reduced. A Cochrane review questioned the role of intra-
venous b2-agonists in the management of acute severe
asthma.48 The review concluded that there is no evidence
to support the use of IV b2-agonists in patients with
severe acute asthma who are also treated with inhaled
b2-agonists. In these situations b2-agonists should
preferably be given by inhalation. No subgroups were
identified in which the IV route should be considered.

Bronchodilators may have a modest, short-term clini-
cal effect in mild to moderate acute infantile bronchioli-
tis.49 This is contentious (see Chapter 9).

ADVERSE EFFECTS OF SHORT-ACT ING
b2-AGONISTS

The occurrence of side effects is directly proportional to
the plasma concentrations of drug and therefore mainly
depends on route of administration as well as on select-
ivity. Skeletal muscle tremor, headache, palpitations and
some agitation are the most common complaints when
high doses are used. After systemic administration these
complaints seem to occur when the top of the broncho-
dilator dose-response curve is reached.22 Tolerance to
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side effects seems to develop easily so that they disappear
with continued use of the drug.50,51

A small drop in blood pressure and a compensatory
increase in pulse rate is seen after systemic use or adminis-
tration of high doses of inhaled drug. Furthermore, hyper-
glycaemia, hypokalaemia (which should be monitored)
and an increase in free fatty acids are common under these
conditions,51 but disappear with continuous treatment.
P2-agonists reduce the nocturnal secretion of growth
hormone.52 The clinical importance of this is unknown.

Asthma is associated with considerable ventilation-
perfusion imbalance. This may result in low PaO2 and
hypoxaemia. (3-agonists have two pharmacological actions
which may effect PaO2 in different directions. Firstly, they
may decrease PaO2 by causing pulmonary vasodilation,
which increases perfusion of the poorly ventilated areas
and thus increases the shunt effect. Secondly, (3-agonists
will increase cardiac output, decrease peripheral resistance
and cause bronchodilation, all of which will increase PaO2.
The net effect on PaO2 is the balance of these effects. The
clinical significance of any b-agonist-induced fall in PaO2

depends on the initial oxygen tension of the patient. Con-
comitant use of theophylline may enhance most of the
side effects.

Long-acting p-adrenergic agents

PHARMACOKINETICS AND DYNAMICS

The long-acting selective (32-agonists (LABA) salmeterol
and formoterol exert prolonged bronchodilation (>12
hours) as well as prolonged protection against EIB and
other challenges. Some children achieve full bronchopro-
tection for more than 12 hours after a single dose, although
considerable heterogeneity in duration and magnitude
of response may be seen.53

Salmeterol and formoterol differ in many respects
(Figure 8a.2).6 Salmeterol is more lipophilic, has a slower
onset of action, is only a partial agonist (formoterol is a
full agonist), is more b2-selective and has a somewhat
longer duration of action in vitro but not in vivo. The
clinical importance of these differences is not known.
Though highly lipophilic there is no evidence of accu-
mulation of drug in the tissues after prolonged use.

Inhaled formoterol has a rapid onset of action (3 min-
utes) and a maximum effect at 30 minutes to 1 hour after
inhalation in asthmatic children similar to the effect of the
short-acting b2-agonist, salbutamol.54,55 Inhaled salme-
terol has a relatively slow onset of action with a significant
effect reported 10-20 minutes after inhalation of a single
dose of salmeterol 50 mg,56 and comparable to the effect of
salbutamol after 30 minutes.57 Because of its slow onset
salmeterol is not recommended for the treatment of
acute asthma symptoms including exercise-induced bron-
choconstriction or in the treatment of patients with rap-
idly deteriorating asthma. Patients prescribed salmeterol

should have a short-acting b2-agonist available at all times
to treat breakthrough symptoms.

The recommended dosage of formoterol for children
>6 years is 6 mg (nominal dose) bid, which is probably
close to the top of the dose-response curve of formoterol
in children with asthma. Individual responses show con-
siderable variation and some patients may benefit from
doses above the usual recommended dose. The recom-
mended dosage of salmeterol for children >4 years of
age is 50 mg bid, which is probably close to the top of the
dose-response curve.

TACHYPHYLAXIS AND TOLERANCE

Tolerance and attenuated response is seen with chronic
stimulation with high concentrations of b-agonists in
animals and in vitro.58 The protective effect of b-agonists
on inhibition of the release of histamine and other mast
cell mediators readily shows tachyphylaxis.59 Bronchopro-
tection against stimuli which cause bronchoconstriction
such as exercise and cold air is reduced when SABA or
LABA is given regularly60 independently of any concurrent
steroid treatment (Figure 8a.4). The reduced protection
is mainly seen as a reduction in the duration of protection,
so if the treatment has been taken shortly before exercise
the protection will be close to the maximum achievable.
In contrast the bronchodilator response to LABA is rela-
tively resistant to tachyphylaxis.61 The disparity between
tolerance to bronchodilation and bronchoprotection is
poorly understood. The clinical significance of this toler-
ance is not yet clear, but may be at least partially
explained by polymorphisms in the b2-adrenoceptor
gene62 (Chapter 4d).

Figure 8a.4 Protection by salmeterol ( ) against
exercise-induced fall in FEVi compared with placebo ).
After a single dose, significant protection is seen
both 1 and 9 hours after dosing. After the children have
been treated with salmeterol 50 mg bid for 4 weeks the
protection is attenuated and no longer significant 9 hours
after dosing. Notice also the marked reduction in post-
exercise fall in FEVi after 4 weeks of placebo treatment.
(From ref. 60 with permission.)
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Prolonged treatment with systemic b2"agonists also
produces a marked tolerance to the occurrence of side
effects such as tremor and headache.51

CLINICAL TRIALS

Single-dose therapy effectively diminishes exercise-induced
asthma though with a certain heterogeneity of effect.53

Regular mono-therapy with LABA should be avoided since
it does not control the underlying airway inflammation
and loss of lung function and increased airway hyper-
reactivity has been reported in children with moderate
asthma severity receiving mono-therapy with salmeterol
for one year (Figure 8a.5).63

Regular LABA may be used as add-on to established
treatment with ICS (Figure 8a.6). However, the available
double-blind randomized controlled trials of such add-on
treatment in children with poorly controlled asthma are
inconclusive and reported improvements have been much
less than for adult patients.64"66 Most trials find a statisti-
cally significant albeit small improvement in lung func-
tion. The effect on other outcomes such as symptoms and
exacerbations is more variable and often marginal. The
reason for this apparent discrepancy between the findings
in children and adults is not known. Generally adult
patients have had lower lung function and more frequent

Figure 8a.5 (a) Changes in FEV1 % predicted (mean, 95% Cl)
from baseline during treatment of children with asthma,
with salmeterol or bedomethasone (BDP). (b) Changes in
airway responsiveness (PD2o) in doubling doses (mean, 95%
Cl) from baseline during treatment with salmeterol (*) or
bedomethasone ( ). A significant reduction in FEV1 and
a worsening of airway responsiveness was seen during
treatment with salmeterol. (From ref. 63 with
permission.)

symptoms and exacerbations during placebo treatment
than the children enrolled in the paediatric studies, so
there may have been less room for improvement in the
paediatric studies. The only add-on study in children
which included patients with frequent symptoms and low
lung function found the most marked benefit, although
still not as much as in the adult studies.

Studies in adults have suggested that the addition of
LABA to existing corticosteroid therapy may be more effi-
cient in controlling asthma symptoms and lung function
than doubling the dose of inhaled corticosteroid. A simi-
lar study in childhood asthma management failed to show
any effect of either LABA as add-on or of doubling the
dose of ICS. Continuing the lower dose of ICS was equally
effective and associated with an improved asthma control
and lung function during the treatment period so that
the patients at the end of the study period had improved
so much spontaneously that they would no longer have
been candidates for the study.67

Figure 8a.6 (a) Changes in FEV1 from baseline during
treatment with salmeterol (+) or placebo ( ) in
children whose asthma was uncontrolled during
continuous treatment with inhaled corticosteroids.
(b) Changes in symptom free days in the same patients.
Significant improvements were seen in both parameters.
(From ref. 65)
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SIDE EFFECTS

LABA are well-tolerated drugs, even after long-term use,
with an adverse effect profile comparable with that of
short-acting f32-agonists.

CORTICOSTEROIDS

Cortisone and hydrocortisone were the first glucocorti-
costeroids to be used therapeutically. Subsequent struc-
tural modifications separated the mineralocorticoid from
the metabolic and anti-inflammatory effect. However, so
far it has not been possible to remove the metabolic
effects and isolate the desired anti-inflammatory proper-
ties. Halogenation increases topical potency by increas-
ing receptor affinity but the systemic potency is also
increased and biotransformation rate decreased so that
the clinical effect/systemic effect ratio is unchanged. 68

When budesonide was designed it was found that struc-
tural modifications at positions 16, 17 and 22 could
increase anti-inflammatory and topical potency without
a corresponding rise in unwanted systemic activity. The
various structural changes have led to new molecules
with high topical anti-inflammatory potency and low
systemic bioavailability and activity. Thus it has been
estimated that 1 mg inhaled budesonide per day pro-
duces an anti-asthma effect equivalent to approximately
45 mg oral prednisone per day, while the systemic effect
is only equivalent to approximately 8 mg prednisone per
day. In children the systemic effects of 800 |xg budes-
onide per day are less than the systemic effects of 2.5 mg
prednisolone per day.70-72 For these reasons inhaled
steroids are superior to oral steroids for maintenance
treatment of childhood asthma. Oral steroids should be
reserved for the treatment of acute exercabations.

Pharmacological action73

Glucocorticosteroids exert their effects by binding to a sin-
gle glucocorticoid receptor (GR), which is predominantly
located in the cytoplasm of the target cells, and only on
binding of the glucocorticoid does it move into the nuclear
compartment where it produces its effect by regulating
the transcription of certain target genes (Figure 8a.7).
In this way several aspects of the inflammatory process
may be modified through increasing or decreasing gene
transcription.

Steroids have direct inhibitory actions on most of the
inflammatory cells implicated in asthma74 and on airway
microvascular leak induced by inflammatory mediators.
Furthermore, inhaled steroids inhibit the increased
expression of GM-CSF in airway epithelial cells of asth-
matic patients75 and the increased mucus secretion in the
airways. The latter probably by a direct action on submu-
cosal gland cells. Finally, steroids increase the expression

Figure 8a.7 (a) Molecular mechanism of glucocorticosteroid

(GCS) action. GCS binds to a cytosolic glucocorticoid receptor

(GR) that is normally bound to two molecules of heat shock

protein 90 (hsp 90). The activated GR translocates to the

nucleus where it binds to specific glucocorticoid response

elements (GRE) in the upstream regulatory region of genes,

which either inhibit (nGRE) or stimulate (+GRE)

transcription in steroid-responsive target genes (of which

many are likely to be relevant in asthma therapy), (b)

Interaction between cytokines and glucocorticosteroids

(GCS). Cytokines bind to surface receptors (CyR) that lead

to activation of transcription factors such as activator

protein-1 (AP-1) in the nucleus. Activated AP-1 binds to AP-1

consensus sequences in the upstream regulatory portion of

a gene and either increases or decreases transcription.

Similarly, GCS binds to a glucocorticoid receptor (GR) that

binds to a glucocorticoid response element (GRE) on the

same gene and has the opposite effect on transcription,

thereby blocking the effect of the cytokine. Furthermore,

AP-1 and GR may interact directly via a protein-protein

interaction and thereby neutralize each other. (From ref.

384 with permission.)

of (3-receptors, which may increase b-adrenergic
bronchodilator responsiveness and reduce the down-
regulation of p-receptors that may occur after prolonged
b-agonist exposure. As a result of all these actions
steroids are very effective in controlling chronic inflam-
mation in asthmatic airways. Several biopsy studies have
demonstrated normalization of the numbers of
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Figure 8a.8 (a) Electron microscopic picture of a section of a
biopsy specimen obtained from airway of a patient with
extrinsic asthma of 9 months duration. Patient has a highly
damaged airway epithelium (E). Deeper in lamina propria,
beneath basement membrane (thick arrows), an intense
inflammatory reaction can be observed. Different types of
inflammatory cells, eosinophils, lymphocytes, and plasma
cells reflect chronic inflammation. Mast cells (thin black
arrows) are highly degranulated; bar, 10. (b) Airway of same
patient after 3 months of inhaled budesonide treatment.
Normal airway epithelium (E) with ciliated and goblet cells
is restored on basement membrane (thick black arrows)
and inflammatory cells have disappeared. Picture is
comparable to that obtained in normal airways
(from ref. 385 with permission).

eosinophils, macrophages, mast cells, and lymphocytes,
restoration of the disrupted epithelium and normali-
zation of the ciliated-to-goblet cell ratio after inhaled
steroid treatment (Figure 8a.8).

Figure 8a.9 Mean (±SEM) dose-response curves to inhaled
methacholine before (o) and after ( ) 4 weeks treatment
with placebo (upper panel) and budesonide (lower panel) in
two groups of eight subjects with mild asthma. Budesonide
not only caused a shift to the right of the dose-response
curve but also a reduction in the magnitude of the
maximum response. (From ref. 87 with permission.)

Inhaled steroids reduce airway responsiveness to both
direct and indirect stimuli.76 Single doses reduce the late
response and continuous treatment reduce early and late
responses to allergen and the subsequent delayed increase
in BHR.77 Chronic treatment reduces airway respon-
siveness to inhaled histamine and methacholine,77-80 the
bronchoconstriction elicited by metabisulphite and
bradykinin (which may act via neural mechanisms), and
hyperosmolar, hyperventilation and exercise challenges
(which may act via mast cells).81-86 These effects are
probably a result of the reduction in the underlying
inflammation, but the component of increased airway
responsiveness caused by structural changes in the airway
('remodelling') seems to be irreversible by steroids.
Unlike all other drugs steroids not only shift the dose-
response curve to spasmogens to the right, but also limit
the maximum narrowing in response to the spasmogen87

(Figure 8a.9).

Pharmacodynamics

Dose-response studies are important to determine the
clinically relevant doses of inhaled corticosteroid to use
in trials in various patient groups.

Over the last 5 years a number of well conducted
dose-response studies or dose titration studies have been
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Figure 8a.10 Dose-response relationship of different asthma
outcomes in children treated with budesonide delivered by
a metered dose inhaler with a spacer, (a) Measured increase
in morning and evening peak expiratory flow and fall in
FEV1 after exercise in children with moderate and severe
asthma. (From ref. 89.) (b) Dose-response curves constructed
upon the basis of dose-response studies in children with
moderate asthma. The shape of the dose-response curves
for normalization of the chronic inflammatory changes in
the airways or for maintaining normal growth of lung
function are not known. (From ref. 229.)

carried out in children with mild, moderate and severe
asthma.88-92 All studies demonstrate marked and rapid
clinical improvements and changes in symptoms, and
lung function at very low daily doses around 100m,g
(Figure 8a.10). Further improvement with increasing
doses is rather small, often taking a four-fold increase in
dose to produce further statistically significant (but clin-
ically trivial) effects. In patients with mild disease low
doses have also been found to normalize the exhaled NO
concentration (eNO) and to offer full protection against
exercise-induced asthma,92'93 whereas children with
more severe asthma may require four weeks treatment
with a daily dose of budesonide of 400 m,g from a pMDI
with a spacer to achieve a maximum protection against
exercise-induced asthma. Low doses are clinically effec-
tive, such that even very large, well-conducted studies
normally fail to show any statistically significant or clini-
cally relevant additional effect on symptoms and lung
function when the dose is increased beyond 100 mg per
day. The marked effect of low doses may be even more
pronounced in children with mild disease, but at present
no studies have used daily doses < 100 u-g in this
category.

These findings and several clinical trials suggest that
the vast majority of school-children will achieve optimal
symptom control, maximum effect on peak expiratory
flow, and marked and clinically significant effects on
other outcome parameters at daily doses of <400 u-g/day
of inhaled steroids. However, the dose of inhaled steroid
required to produce the maximum clinical effect seems
to depend upon several factors, including the outcome
measure studied, the duration of administration of the
inhaled steroid, the severity of the disease, the drug/ inhaler
combination used, the age of the patient and the duration
of asthma when treatment is initiated. As a consequence,
each patient may have her/his own individual dose-
response curve, which also depends on the main clinical
problem (and therefore outcome) in that particular patient.
This emphasizes the importance of regular, individual
tailoring of the dose. If this is done the majority of patients
will be optimally controlled on daily doses of inhaled cor-
ticosteroid <400 mg. Moreover, a large number of studies
have found that, in children, the beneficial effects of low
doses of inhaled corticosteroid are normally more pro-
nounced than for any other anti-asthma drug with which
they have been compared.63,79,93-101

Pharmacokinetics

The systemically available inhaled corticosteroid derives
from two sources (Figure 8a.ll) (Table 8a.2): the major-
ity of steroid deposited in the intrapulmonary airways is
absorbed systemically, since the available steroids are
only metabolized in the liver and not in the airways; the
inhaled drug that is deposited in the oropharynx is swal-
lowed and absorbed from the gastrointestinal tract. The
extent to which the latter occurs depends upon the inhaled
corticosteroid used and the amount of drug deposited in
the oropharynx, the latter mainly determined by the inhaler
device. The degree of first-pass metabolism in children
differs markedly between the various corticosteroids (from
50-99%). Drugs with high first-pass metabolism will have
low systemic availability after absorption from the gas-
trointestinal tract. The contribution of oro-pharyngeal
deposition to systemic effect is important in children,
because children deposit a much higher proportion of the
inhaled dose in the oropharynx than adults.102-104 On the
other hand, children metabolize budesonide about 40%
faster than adults.104,105 The pharmacokinetics of other
inhaled corticosteroids have not been studied in children.

Clinical trials

SCHOOL-CHILDREN

Several controlled trials have established that inhaled
steroids are highly effective in children irrespective of
asthma severity.63,76-79,92-99-101,106-116 Continuous treatment
controls asthma symptoms, reduces the frequency of acute
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Figure 8a.11 The fate of inhaled corticosteroids. The amount of an inhaled corticosteroid reaching the systemic circulation is
the sum of the pulmonary and orally bioavailable fractions. The fraction deposited in the mouth will be swallowed, and the
systemic availability will be determined by absorption from the gastrointestinal tract and degree of first-pass metabolism. The
fraction deposited in the intrapulmonary airways is likely to be more or less completely absorbed in active form to the systemic
circulation, as there is no evidence for metabolic inactivation of any currently available inhaled corticosteroid in airway tissue.
The systemic concentration will be reduced by continuous re-circulation and inactivation of the drug by the liver.

Table 8a.2 Basic pharmacokinetic parameters of inhaled
corticosteroids which have been studied in children.
Children metabolize budesonide and fluticasone
propionate faster than adults. There are not sufficient data
to assess whether this is also the case for beclomethasone

Beclomethasone 2.7

Budesonide 3.5

Fluticasone 7.5

2.8

2.1

4.1

1.7

2.2

4.3

0.90 50

0.91 10

0.87 <2

The half life and clearance of beclomethasone cannot be
compared to those of budesonide and fluticasone since the
sampling period in the beclomethasone study was shorter and the
assay less sensitive. Vss - volume of distribution at steady state,
CL - clearance, MRT - mean residence time, T1/2 - half life.

exacerbations and the number of hospital admissions,
improves quality of life, lung functions and bronchial
responsiveness, reduces exercise-induced bronchocon-
striction, eNO and sputum eosinophils97 both in hospital
patients and in primary care. Symptom control and
improvements in peak expiratory flow rate occur rapidly
(1-2 weeks) at low doses around l00 mg per day in
children with moderate and severe asthma, whereas
longer treatment (1-3 months) or sometimes somewhat
higher doses (around 400 m,g/day) is required to achieve
maximum effect on bronchial responsiveness as assessed
by an exercise challenge test. When steroid treatment is

discontinued there is usually a deterioration of the asthma
control and bronchial responsiveness to pretreatment
level within weeks to months, though in some patients
the effect is maintained much longer.117

As for other asthma drugs most studies with inhaled
corticosteroids have been of rather short duration. How-
ever, three long-term studies (two years or longer) with
inhaled budesonide have added interesting information
on the beneficial clinical effects and risk of side effects
associated with long-term continuous use.79,98,101 All stud-
ies found marked reductions in exacerbations and visits
to the emergency room and improvements in lung func-
tion, morning and evening peak flow, symptoms, use of
rescue b2-agonists and bronchial hyperresponsiveness
in children treated with budesonide (Figure 8a.l2). The
differences were maintained throughout the study peri-
ods in two of the studies whereas the difference from
placebo diminished with time in the third study so that
the effect on post-bronchodilator FEVj was no longer
significant after 4 years of treatment.101 A small reduction
in FEVj with time was seen in children who did not
receive budesonide in two of the studies.79,98 Further-
more, in one study the effect on lung function was signifi-
cantly greater when budesonide was started early (within
2 years) after asthma was diagnosed (Figure 8a.l3).98

PRESCHOOL CHILDREN

Oral steroids have been reported effective in the treat-
ment of acute exacerbations of recurrent wheezing in
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Figure 8a.12 Clinical effects of budesonide inhaled from a Turbuhaler. (a) Hospital admissions with acute severe asthma.
The control group received all kinds of asthma medication except inhaled corticosteroids. (From ref. 98.) (b) Effect on day
and night symptoms measured on a scale of 0 to 5. (From ref. 182.) (c) Effect on exacerbations requiring prednisolone.
The probability of receiving prednisolone was significantly lower in children treated with budesonide than in children
treated with nedocromil sodium or placebo. (From ref. 101.) (d) Effect of budesonide 400 mg per day on bronchial
hyperresponsiveness. Budesonide had a significantly greater effect than nedocromil sodium and placebo. (From ref. 101.)

Figure 8a.13 Influence of asthma duration at the start of
inhaled budesonide on the mean annual increase in FEV-,
after initiation of budesonide treatment. Children who
started treatment sooner had a more rapid and attained
significantly better lung function than children who did not
receive budesonide treatment until some years after the
onset of asthma symptoms. (From ref. 98.)

children from the age of 2 months in some double-blind
randomized controlled trials,37'118 though not in
others.119 Budesonide (BUD) and fluticasone (FP) admini-
stered from pMDI and spacer devices have benefited
young asthmatic children of 0-3 years in six double
blind randomized controlled trials120-125 comprising a

total of 469 young children; as well as in a study of slightly
older children.126 Nebulized beclomethasone (BDP) sus-
pension from jet-nebulizer has failed to show convincing
effects, probably due to inefficient nebulization of this
particular steroid preparation.127 Nebulized BUD from
jet-nebulizer has shown significant steroid sparing
effect128 as well as improvement of other health outcomes
in large parallel double-blind randomized controlled trials
of children of 1A-S years129,130.

Subsets of young children may not benefit from the
treatment. Generally, young asthmatic children do not
become symptom-free. ICS typically reduce the number
of asthma exacerbations by half,123'124 but do not com-
pletely prevent exacerbations. Whether this is due to
insufficient adherence, too low doses (or inefficient
delivery systems) or subsets of wheezers unresponsive to
treatment is the important focus of future studies.

The variable nature of recurrent wheeze in young
children and the strong seasonality partly explain the dif-
ficulty in performing clinical trials and the difficulty in
clinical practice. Often patients are given preventer ther-
apy or included in a trial during periods of exacerbation,
typically during winter season. Simple regression towards
the mean is exaggerated in such children by the strong
seasonality and variable course of the disease. This is very
clearly reflected in the pronounced improvement during
placebo treatment in most trials.
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A dose-response relation on exacerbation rate was
documented from daily dose of l00 mg vs. 200 mg of
fluticasone propionate delivered from pMDI and
spacer.124 Since only two dose-steps were applied the
plateau of the dose-response relation was not denned.
Accordingly, the doses chosen are at the steep part of the
dose-response relation, but higher doses may be
required to obtain a full effect. Comparison of 0.25 mg,
O.Smg and 1.0 mg nebulized budesonide once daily
and twice daily130 showed significant improvement over
placebo treatment but failed to indicate a dose-response
effect. Another study suggested a dose-effect from 0.25 to
1.0 mg nebulized budesonide bid.131 Individual dose-
finding studies have been performed with nebulized
budesonide.132 Marked individual variations were seen
and the conclusion of both studies was that the dose of
nebulized budesonide must be individualized.

Lung function and BHR have been reported as primary
endpoints in six small double-blind randomized controlled
trials of ICS in young chronically wheezy children. BDP
nebulized suspension was used in two trials though this is
a comparatively inefficient steroid regime (vide supra).

BDP pMDI from spacer have been applied in two
physiological studies in infants with recurrent wheeze.
Infants with a history of persistent wheezing were treated
in a placebo-controlled, parallel double-blind randomized
controlled trial with a daily dose of 400 |xg of BDP pMDI
via spacer with face-mask. Forced flow at FRC (rapid
thoraco-abdominal compression technique) was used to
measured BHR to histamine.133 BHR improved signifi-
cantly in the active treatment group, though symptoms
did not improve. Lung function (whole body plethysmo-
graph estimates of thoracic gas volume and airway con-
ductance) improved in a controlled trial of 29 infants of
2-25 months with recurrent wheezing.120

The effect of BUD pMDI via a metal spacer has been
studied in a double-blind randomized controlled trial
in 38 young asthmatics aged 2-5 years.134 Symptoms
improved significantly, with exacerbation rate as the best
discriminator between active and placebo treatment;
bronchial hyperresponsiveness improved significantly as
measured by the cold, dry air hyperventilation method,
but not by methacholine challenge.

In summary, the available evidence suggests that
symptoms, lung function and BHR in young chronically
wheezy children are improved by ICS. A rise in exhaled
NO subsequent to dose reduction of ICS has been reported
in young asthmatic children of 2-5 years, indirectly sug-
gesting an anti-inflammatory effect. None of the available
studies on ICS in young children have reported on the
effect on blood eosinophils or markers.

Acute viral bronchiolitis (usually caused by respiratory
syncitial virus) in previously healthy young infants is unre-
sponsive to steroid treatment. Double-blind randomized
controlled trials have found no short- or long-term clinical
benefits from the administration of systemic135"137 or
inhaled steroids,138-141 though some short-term improve-
ments have been reported.37'142

Viral episodic symptoms in young children without regu-
lar symptoms may benefit marginally from ICS. Inter-
mittent high-dose ICS administered for 1-2 weeks in
association with virus induced wheeze reduced the severity
of the symptoms.143'144 The differences between placebo
and inhaled steroids were statistically significant though
generally small and inhaled corticosteroids did not reduce
the need for oral steroids or frequency of hospitalization.
One small study reported no effect from regular steroid
ICS treatment on viral induced wheeze attacks. The small
clinical benefit may not justify ICS treatment in this sub-
set of wheezy children. Accordingly it was the conclusion
of a Cochrane review, that episodic high-dose inhaled corti-
costeroids provide a partially effective strategy for the
treatment of mild episodic viral wheeze of childhood,
but there is no current evidence to favour maintenance
low-dose inhaled corticosteroids in the prevention and
management of episodic mild viral induced wheeze.145

In conclusion, ICS are clearly effective in young children
with regular symptoms as reflected in health-outcomes,
lung function measurements and measurements of inflam-
matory markers. Steroids have no effect on the isolated
acute attack of wheeze in a previously healthy young infant
(bronchiolitis). However, ICS are effective in viral exacer-
bation in young children with a history of chronic symp-
toms. ICS also have little effect on viral induced episodic
symptoms in children without chronic symptoms.

ACUTE ASTHMA

The beneficial effects of systemic steroids in the manage-
ment of acute severe asthma has been shown in several
controlled trials in all age groups except infants and the
value of such therapy has only rarely been questioned.
Thus a Cochrane analysis found that use of corticosteroids
within 1 hour of presentation to an emergency department
significantly reduced the need for hospital admission in
patients with acute asthma. Benefits appeared greatest in
patients with more severe asthma, and those not currently
receiving steroids. Children appeared to respond well to
oral steroids.146

The optimal doses of steroid and route of administra-
tion have not been carefully evaluated, so the recommen-
dations for this condition are rather empirical and based
upon personal experience and the dose regimens used in
studies evaluating the treatment. Undoubtedly, oral pred-
nisolone is sufficient in the majority of children, espe-
cially when used early during the exacerbation146'147

when it has been shown to reduce the severity of virus
induced exacerbations and hospital admissions. In some
patients intravenous hydrocortisone or methylpred-
nisolone may be preferable. Theoretically, methylpred-
nisolone is preferable to hydrocortisone because of its lesser
mineralocorticoid effect and better penetration into the
lung tissue.148 Very high doses of steroids are probably
not necessary and may cause hypokalaemia, fluid reten-
tion and an acute myopathy. A recent Cochrane analysis
in mainly adult patients concluded that no differences
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in effect were identified among different doses of cortico-
steroids in acute asthma requiring hospital admission.
Low-dose corticosteroids (80 mg/day or less of methylpre-
dnisolone or 400 mg/day or less of hydrocortisone)
appeared to be adequate in the initial management of
these adult patients. Higher doses did not appear to offer
a therapeutic advantage.

The normally recommended steroid doses for acute
asthma are: prednisolone - loading dose 0.5-1 mg/kg,
followed by 1 mg/kg/24 h; methylprednisolone - loading
dose 1 mg/kg, followed by 0.5 mg/kg every 6 h.

Systemic dexamethasone or oral prednisolone were of
little benefit in infants with acute wheeze in two studies
but of significant benefit in another.37 Therefore, further
studies are needed in this age group.

High doses of inhaled corticosteroids are sometimes
recommended for the treatment of exacerbations. How-
ever, at present there are no studies to support this except
for a recent study which did find a significant additional
effect of nebulized budesonide in acute wheeze in chil-
dren up to 18 months of age.37 It seems, however, that if
given early to children with asthma provoked by viral
upper respiratory tract infection such treatment can reduce
the severity of asthma attacks but probably not the inci-
dence of hospital admissions.143,149 A recent Cochrane
review on this topic concluded that early use of inhaled
steroids during the acute attack reduced admission rates in
patients with acute asthma.146 It was unclear if there also
was a benefit of ICS when used in addition to systemic
corticosteroids. Similarly, there was insufficient evidence
that ICS alone is as effective as systemic steroids.

treatment with inhaled (32-agonists has been found to
adversely affect the secretion of GH.52,152 Although
statistically significant, these findings are probably not
clinically relevant though, as yet, there have been no
thorough clinical studies to assess this.

The vast majority of studies evaluating the risk of sys-
temic effects have been in children older than 5 years.
Our knowledge about the dose levels at which measur-
able systemic effects of inhaled corticosteroids are seen in
short-term controlled studies in patients with mild dis-
ease is quite good. Though the clinical relevance of the
finding in such studies may be questioned it can probably
be assumed that doses of an inhaled corticosteroid which
are not associated with any measurable systemic effects
in sensitive laboratory test systems are also clinically safe
(Figure 8a. 14).

Clinically relevant adverse effects should be studied in
controlled, long-term clinical trials, using clinically relevant
doses in groups of patients with a disease severity and age
similar to the groups in which the drugs would normally
be prescribed. Such studies require large numbers of
patients and are difficult to conduct.

BONES

In children the rate of bone modelling or turnover is much
higher than in adults. Furthermore, in adults the skeletal
mass is decreasing over time, while in children it is increas-
ing over time until peak bone mass/density is reached in
early adulthood. The increase in bone mass is not a con-
stant process but varies with age and season of the year.

Systemic effects and clinically important
adverse effects

Often no distinction is made between a measurable sys-
temic effect and a clinically relevant adverse effect of an
inhaled corticosteroid. This may lead to unwarranted
and unnecessary fear among physicians and patients. All
inhaled corticosteroids are systemically absorbed to some
extent. Whether the absorbed drug leads to a measurable
systemic effect depends upon the amount of drug that is
absorbed, the potency and pharmacokinetics of the drug
and the sensitivity of the method used for measuring the
systemic effect. Most doses will be measurable in one or
more systemic effect models. However, more often than
not, these measurable effects merely reflect small changes
within the normal range of the normal biological feed-
back system and maybe without clinical relevance. There
are several examples in children of detectable systemic
effects of asthma drugs the clinical relevance of which
must be questioned. This does not just apply to the effects
of inhaled corticosteroid therapy. For example, sodium
cromoglycate treatment has been found to have a signifi-
cant effect on urinary excretion of growth hormone
(GH)150 and markers of bone metabolism,151 and

Figure 8a.14 Dose-response curves for systemic effects of
two inhaled corticosteroids or inhaler devices; A being
more potent than B. For a given drug or inhaler there will
always be a dose below which no effect can be detected.
Then there will be a dose range within which the effects
are measurable (depending on the outcome studied).
Within a certain dose range there will be a linear (or log
linear) relationship between the magnitude of the effect
and dose of drug. We have very good knowledge of the
doses of various corticosteroids at which a systemic
effect can be detected. The clinical relevance of a
detectable systemic effect is not well defined either
in its magnitude or duration.
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The skeletal modelling/'turnover rate and the retention
of calcium is highest during spring and summer and
during infancy and adolescence. Normally, most of the
skeletal mass will be accumulated by late adolescence.
Just as adult height in relation to predicted adult height
is the most important outcome measure of growth in
children, so fracture or maximal peak bone mass/density
is probably the most clinically relevant outcome measure
for assessing the influence of steroids on bones in chil-
dren. In addition to nutrition (including calcium intake),
heredity (both parents), endocrine factors (sexual devel-
opment), poor asthma control and physical activity
appear to have profound effects on peak bone mass for-
mation.153-158 Some chronic diseases have also been
reported to be associated with reduced peak bone mass in
children.159 The finding that delayed puberty in itself is
associated with a significantly lower peak bone mass/ den-
sity159'160 is particularly important in the clinical manage-
ment of children with asthma since this condition is seen
in many children with asthma and atopy, independent of
treatment. Obviously, these confounding factors must be
considered when the effects of steroids on bone metabo-
lism are assessed. Finally, children show a remarkably abil-
ity to repair steroid induced bone loss. Children <3 years
with Synacthen-induced compression fractures of the
spine had normal x-rays of the spine 5-10 years later.161

Such remodelling and repair is not seen in adults.
The effect of exogenous steroids on bone can be

evaluated by measurement of biochemical markers of
bone metabolism (bone formation and degradation),
bone mineral density (BMD) or frequency of fractures.
Several studies have assessed markers of bone resorption
and formation. They all found that only high daily doses
of inhaled steroids (800 jxg may have a detectable effect
on some markers in children, suggesting a reduction
in both bone formation and degradation at this dose.
Daily doses of 400 mg or less had no effect in any of the
studies.151,162-170 All these studies were short term and
involved patients with mild disease. So, no adverse effects
on markers of bone formation and degradation have
been reported at standard paediatric doses of inhaled
corticosteroids, whereas high doses may cause significant
changes, which suggest a reduced bone turnover rate.
The clinical importance of this has yet to be elucidated.

Bone densitometry has been applied to assess the bone
mineral density in children receiving inhaled cortico-
steroids in two long-term trials. The findings have been
consistent. A long-term, prospective study found that
total body bone mineral density (BMD) of children
treated with 3-6 years of continuous inhaled budesonide
at an average daily dose of around 500 |xg was not differ-
ent from the BMD of 112 children with asthma, who had
never received inhaled or oral steroids (Figure 8a.l5).171

Furthermore, bone density did not correlate with years
of treatment or current or accumulated dose. These find-
ings were corroborated in a prospective, randomized,
double-blind study on 1000 children, which compared

the changes in BMD over four years in three groups of
children with mild asthma. No differences were found in
increases in BMD between the group which received
inhaled budesonide at a daily dose around 400 jxg, and the
groups of children treated with nedocromil or placebo.101

Several cross-sectional studies and prospective, longitu-
dinal studies on much smaller groups of children treated
for shorter periods of time with inhaled steroids have
reported similar results.170,172-174

In summary, long-term treatment with inhaled cortico-
steroids at an average daily dose of 400 |JLg is not asso-
ciated with an increased risk of osteoporosis or fracture
in children. Standard paediatric doses are not associated
with any changes in biochemical markers of bone forma-
tion or degradation, whereas low doses of prednisolone
(2.5-5 mg/day) and high doses of inhaled corticosteroids
adversely affect some of these markers. Further con-
trolled prospective studies are needed to assess the effect
of long-term treatment on peak bone mass/density.

ADRENAL SUPPRESSION

Adrenal suppression is the most extensively studied sys-
temic effect of inhaled corticosteroids. However, any effect
rarely appears to be clinically important, as no cases of
adrenal crisis have been reported in adults using only
inhaled corticosteroids while only a few such cases have
been reported in children.175"177

No significant effects on urinary cortisol excretion
have been reported with doses up to 400 |xg/day budes-
onide pMDI plus spacer 89,126,164,178-180 and 200 mg/day
budesonide Turbuhaler.181 In contrast, 200|jLg/day and
400|xg/day fluticasone propionate Diskhaler, and
400 m,g/day budesonide Turbuhaler seemed to reduce urin-
ary cortisol excretion.181,182 A significant effect on urinary

Figure 8a.15 Individual bone mineral density as a function
of height and age in 157 asthmatic children treated
continuously for 3-6 years with the inhaled corticosteroid
budesonide at a mean daily dose of 504 /m,g. For
comparison the 95% prediction interval and mean
regression lines from measurements in 111 children with
asthma, who had never received continuous treatment with
exogenous steroids are given. (From ref. 171.)
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cortisol excretion by 300-400 mg/day BDP has been found
in some studies,163,183-185 but not others.152,186-189 Cortisol
excretion was still within the normal range in all the stud-
ies which reported a significant effect.

Among studies in which plasma cortisol was measured
at frequent intervals during night-time or over a 24 h
period, 400-1000 mg/day BDP pMDI was associated with
a significant reduction in the normal physiological secre-
tion of cortisol.185,190-192 Similar findings have been
reported for budesonide pMDI with large volume plastic
spacer when plasma cortisol was measured at frequent
intervals during night-time. Overnight urinary cortisol
excretion was also affected, whereas no effects were seen
on ACTH or growth hormone values.185 In contrast, pre-
school children treated with daily doses of 200-300 |xg
budesonide for 3-5 years showed normal adrenal function
as assessed by frequent plasma cortisol measurements over
24 h.193 Finally, a daily dose of 200 |xg fluticasone propi-
onate and 800 jxg budesonide did not affect plasma corti-
sol profile over a 24 h period, or the increase in plasma
cortisol increase after ACTH stimulation.194 Both had sig-
nificantly less effect than 2.5-7.5 mg prednisolone per day.

Most studies assessing long-term treatment with BDP
or BUD in doses of up to 400 |xg/day have found no sup-
pression of the HPA-axis response to stimulation.187,195,196

One study evaluating high-dose therapy with these drugs
found a reduced response in some children,197 and
another found abnormal insulin tolerance test in a group
of 16 children, nine of whom had also received oral
steroids in the past, as compared with a group of normal
non-asthmatic children. The results of that study were
challenged198 with regard to the timing of the tests and
the fact that the control group were non-asthmatics.
None of the children in these studies had any clinical
symptoms of adrenal insufficiency, although isolated
examples have been described in clinical practice.177

Improvements in HPA-axis function have been repeat-
edly shown in glucocorticoid-dependent patients when
their oral steroid dose is reduced following the intro-
duction of inhaled corticosteroids.199,200 However, the
effect of chronic administration of oral steroids may
continue for a long time after reduction of the oral dose.

Summary. Though differences exist between the
various inhaled corticosteroids and inhalation devices,
treatment with low doses (<400 (jug/day) of inhaled cor-
ticosteroids is not normally associated with any signifi-
cant suppression of the HPA-axis in children. With
higher doses, small changes can be detected with sensi-
tive methods. The clinical relevance of these findings
needs further study.

LUNG DEVELOPMENT

Systemic steroids given to rats during the first two post-
natal weeks have been shown to impair normal alveolar
development.201 Fears have sometimes been raised that
inhaled corticosteroids may have similar effects in young

children.202 However, there are no data to substantiate
these fears and marked differences exist in lung develop-
ment between baby rats and young children. Thus, if
inhaled corticosteroids have a definite positive clinical
effect in a young child, concerns about possible adverse
effects upon lung growth should not be a reason to
withhold the treatment.203

CATARACTS

Atopic patients, particularly patients with atopic eczema,
may have a higher occurrence of cataracts than non-
atopic subjects.204 Four recent studies have evaluated the
risk of posterior subcapsular cataracts in more than 800
children receiving long-term treatment with inhaled
corticosteroids. The conclusions were that continuous
treatment with inhaled corticosteroids is not associated
with an increased occurrence of cataract development in
children.205"207 These findings corroborate those reported
in previously published studies of smaller groups of less
well-characterized children and of adolescent patients
treated for shorter periods of time with inhaled gluco-
corticosteroids.208"211 These data suggest that long-term
treatment with inhaled corticosteroids in the doses
required to control mild and moderate asthma is unlikely
to cause cataract formation.

CENTRAL NERVOUS SYSTEM EFFECTS

For inhaled corticosteroids, the published evidence con-
cerning CNS effects is limited to isolated case reports in a
total of nine patients (three adults and six children).212"214

The manifestations have been hyperactive behaviour, aggre-
ssiveness, insomnia, uninhibited behaviour and impaired
concentration. All returned to normal after discontinu-
ation of the inhaled corticosteroid.

OROPHARYNGEAL EFFECTS

Oral candidiasis is seldom a problem in children treated
with inhaled or systemic steroids. The occurrence seems
to be related to concomitant use of antibiotics, dose,
and dose. Spacers seem to reduce the incidence.215"217

Mouth-rinsing has not been reported to be beneficial.
The condition is easily treated and rarely necessitates
withdrawal of the treatment.

Increased level of dental erosion has been reported in
asthmatic children.218-220 The exact reason is not known.
Increased frequency of mouth-breathing and a marked
lowering of pH in saliva after inhalation of certain drugs
such as b2-agonists nave Deen suggested.221,222 The find-
ings had been reported before inhaled corticosteroids
were used in children and at present there are no studies
to suggest that they contribute to this problem.

Hoarseness has been reported in adults treated with
high doses of inhaled corticosteroids. Few studies have
assessed its occurrence in children. One study found that
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three to six years' treatment of 178 children with inhaled
budesonide at an average daily dose of about 500 jxg was
not associated with an increased occurrence of hoarse-
ness or other noticeable voice changes.368 Hoarseness
is reversible after withdrawal of treatment, but unlike
thrush, it tends to recur when the treatment is rein-
troduced. Spacers do not appear to protect against dys-
phonia.

OTHER SIDE EFFECTS

There is no evidence of an increase in infections, including
tuberculosis, of the lower respiratory tract after chronic
use of inhaled steroids. Although thinning of the skin
around the mouth may occur in young children treated
with nebulized corticosteroids through a face-mask, there
is no evidence for a similar process in the airways. Bruis-
ing is not increased by inhaled corticosteroid use in
children.

Growth effects of corticosteroids

GENERAL CONSIDERATIONS

The relationships between childhood asthma, cortico-
steroids therapy, and growth are thoroughly reviewed in
Chapter 15, along with the published evidence. They will
be summarized here (Table 8a.3).

Many chronic diseases of childhood have been shown
to adversely affect the normal growth pattern of a child.
The most commonly observed effect of asthma on growth
is a reduction in growth rate, which is most often seen
towards the end of the first decade of life. This reduced
growth rate continues into the mid-teens and is associ-
ated with a delay in the onset of puberty. The pre-pubertal
deceleration of growth velocity resembles growth retard-
ation. However, the delay in pubertal growth is also asso-
ciated with a delay in skeletal maturation so that the
bone age of the child corresponds to the height. Ultim-
ately, there is no decreased adult height, although it is
reached at a later than normal age. This difference in
growth pattern seems to be unrelated to the use of inhaled
corticosteroids, and may affect non-asthmatic atopic
children too (Chapter 15).

Poorly controlled asthma may itself adversely affect
growth. Thus, height standard deviation scores before
effective treatment with inhaled corticosteroids were found
to correlate significantly with lung function and degree
of asthma control and severe asthma may adversely affect
final adult height. The exact mechanisms by which severe
or poorly controlled asthma adversely affects growth are
unclear, but there may be similarities with the factors
operating in poor socio-economic conditions. These issues
must be considered when assessing the possible effects of
corticosteroid therapy on growth.

The disease and level of lung function may affect
the systemic availability of inhaled corticosteroid. Several

Table 8a.3 Summary of effects of inhaled corticosteroids
on statural growth

Short and intermediate effects
• No controlled studies have reported any statistically

or clinically significant adverse effect on growth
with daily doses of 100-200 |xg of inhaled
corticosteroid.

• Growth retardation may be seen with all inhaled
corticosteroids when a sufficiently high dose is
administered without any dose adjustment for disease
severity.

• Growth suppression in both short- and intermediate-
term studies is dose dependent.

• Important differences seem to exist between the growth
retarding effects of different inhaled corticosteroids
(and their respective delivery devices).

• Different age groups seem to differ in susceptibility to
the growth retarding effects of inhaled corticosteroids;
children aged 4-10 years being more susceptible than
pubertal children.

• The growth retarding effect of inhaled corticosteroid
treatment seems to be more marked at the beginning of
the treatment and in some way becomes attenuated
with continued treatment.

Adult height attained
• Uncontrolled or severe asthma seems to adversely

affect growth and attained adult height.
• Corticosteroid-induced changes in growth rate during

the first one or two years of treatment do not affect
adult height.

• Children with asthma treated with inhaled
corticosteroids have consistently been found to attain
normal final adult height.

studies have suggested that the systemic bioavailability
and systemic effects of an inhaled drug are more pro-
nounced in patients with mild asthma than in patients with
more severe disease,223"226 probably due to differences in
deposition pattern caused by a smaller airway diameter in
more severe disease or possibly due to the differential
effects of airway inflammation in absorption. This means
that children with mild disease are more likely to experi-
ence adverse growth effects of a given dose of inhaled cor-
ticosteroid than children with more severe disease.

Short-term growth studies

Knemometry (the accurate measurement of the length of
the lower leg, from knee to heel) can be used to measure
changes in short-term linear growth over periods as short
as 4 weeks. This measurement maybe a valuable adjunct/
alternative to traditional growth studies since knemome-
try allows very controlled designs. All children partici-
pating in placebo-controlled, double-blind knemometry
studies assessing the effects of inhaled corticosteroids
on lower leg growth have been mild asthmatics that
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have not required continuous treatment with inhaled
corticosteroids.

The findings in these studies can be summarized as
follows: the short-term effect of inhaled corticosteroids
on lower leg growth rate is dose-dependent. Generally, low
doses (200 (Jig per day or lower) are not associated with
detectable effects, but higher doses are. Moreover, the
growth inhibition dose-response curves seem to differ
between the various inhaled corticosteroids, BDP having
greater effects than other corticosteroids.

As a marker of long-term linear growth, knemometry
studies still need further assessment since steroid-induced
changes in short-term in lower leg growth rate explain
virtually nothing of the variation in annual statural
height velocity. This means that knemometry exaggerates
the growth stunting effects of exogenous steroids. On the
other hand, we believe that if an exogenous steroid has no
adverse effect on lower leg growth in a properly performed
knemometry study, it is unlikely that such treatment will
be associated with any growth suppression during long-
term treatment. This assumption is supported by the find-
ing that so far none of three well powered growth studies
have found any adverse effects on statural growth of doses
of inhaled corticosteroid, which in well designed knemo-
metry studies had no effect on lower leg growth rate.

INTERMEDIATE-TERM STATURAL GROWTH
STUDIES

Over the years the influence of inhaled corticosteroids on
growth of asthmatic children have been studied exten-
sively. There have been flaws in the designs of most studies.
Several have been retrospective or uncontrolled. Others
have been conducted under artificial conditions, which
are very different from the day-to-day treatment situation.
This makes it difficult for the clinician to draw unequivo-
cal conclusions about their clinical relevance. A brief
summary of the findings and the conclusions is given
below. A large number of intermediate-term studies have
evaluated the effect of inhaled corticosteroids on statural
growth. None of these studies, comprising more than
3500 children treated for mean periods of 1-13 years
found any adverse effect upon growth. A metanalysis of
21 studies representing 810 patients to some extent cor-
roborated the findings in these studies.227 Significant but
small reduction in attained height was found in children
receiving oral steroids whereas children treated with
inhaled steroids attained normal height. Furthermore,
there was no statistical evidence of an association between
inhaled steroid therapy and growth impairment at higher
doses or during extended therapy.

A follow-up of a cohort of 3347 children with asthma
treated in primary care settings corroborated these find-
ings. The vast majority of children had normal growth
rates. Only children receiving daily doses of inhaled
corticosteroids 5=400 m,g showed growth impairment.
However, this effect on growth was smaller than the

effect of poor socio-economic status or severe asthma.228

This study illustrates how important it is to account for
confounders in growth studies.

Prospective controlled growth studies using parallel
group designs have been conducted in recent years. The
results differ between the three main agents: beclometha-
sone dipropionate (BDP), budesonide (BUD) and fluti-
casone propionate (FP).

Beclomethasone dipropionate caused significant growth
retardation in children with mild asthma treated con-
tinuously for 9-12 months with a fixed daily dose of
beclomethasone 5=400 m,g.229 This dose is markedly higher
than the dose normally required to control mild asthma.
A dry powder inhaler or a pMDI was used for the admin-
istration of BDP in all studies. These devices deposit a
large amount of drug in the oropharynx, which is exten-
sively absorbed (50%) into the systemic circulation
through the gastrointestinal tract resulting in a subse-
quent increase in systemic effect. The growth retarding
effect in these studies would have been smaller if a spacer
device and dose titration had been used. The effects may
be transient.100,230 The magnitude of the growth reduc-
tion in these trials has been rather consistent at 1.5cm
per year of treatment.231

In a prospective observational study of inhaled budes-
onide, high doses (>400u,g/day) were associated with
poor control and with lower growth rates.98 Other stud-
ies have given inconsistent results, but the biggest
(around 1000 patients aged 5 to 12 years) and longest
randomized, controlled growth study conducted so far
found that growth over 4.3 years during treatment
with 400 |JLg BUD per day by Turbuhaler was significantly
lower (around 1 cm over 4 years) than in the two other
groups.101 The difference between the three groups was
only significant during the first year of treatment. The
growth rate during the last 3 years of the study was simi-
lar in the three groups and at the end of the study bone
age, projected final height and Tanner stage were similar
to those in the placebo group. The authors concluded
that extrapolation from one-year growth studies to pro-
jected loss in subsequent years is not appropriate.

Fluticasone propionate in daily doses of 100 and 200 (Jig
had no effect on growth.232 The effect of other inhaled
corticosteroids upon growth has not been thoroughly
assessed though a retrospective study did not find any
adverse effects upon growth during one year's treatment
with triamcinolone.233

Though no formal dose-response studies have been
conducted these data suggest that the effect of inhaled
corticosteroids on statural growth in short-term studies
is dose dependent.67

Comparison of the effect of different inhaled cortico-
steroids on growth: The annual growth rate of prepuber-
tal children was higher during treatment with FP
400 |xg/day (4.99 cm/year) than with 400 |JLg BDP per day
(4.09cm/ year)234 (Table 15.1, Chapter 15). In other
studies treatment with BUD 800 |xg per day adversely
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affected growth significantly more than treatment
with FP 400 mg/day (a supposedly clinically equivalent
dose),235 and BDP 400 jxg per day had a significantly
greater influence on growth than FP 200 fxg per day.236

The differences in growth rate between the various treat-
ments may be caused by differences in dose, differences
between the drugs or both.

Long-term studies and studies on final adult height:
Most physicians consider attained adult height the most
important growth outcome and the seminal question with
regard to effects on growth is whether slowing in short-
term growth rates leads ultimately to a diminished adult
height. Several prospective long-term studies on attained
adult height have been conducted.

Retrospective studies have shown that in the era prior
to the introduction of inhaled corticosteroids, asthma itself
was associated with a reduction in adult height attained.237

Several studies compared measured adult heights of cor-
ticosteroid treated children with their target adult heights.
All reported no effect of corticosteroid treatment on final
adult height, although some noted an adverse effect of
severe asthma.238"240

Prospective observation studies: In two of the most
influential studies, Balfour-Lynn241'242 found no differ-
ence in overall growth rate between children who
received inhaled BDP and those who did not. Predicted
height was estimated from bone age measurement in
children, and not from parental height. These findings
were corroborated by a 14-year prospective study of chil-
dren treated with inhaled budesonide for several years in
doses tailored to disease severity.243 Long-term treatment
with inhaled budesonide did not adversely affect adult
height (Figure 8a.l6) whereas poorly controlled asthma
did (Figure 8a.l7). Furthermore, slowing in growth rate
during the first year of budesonide treatment was not
helpful in predicting adult height. These conclusions
agree with the findings of the largest randomized growth
study conducted so far.101

PRESCHOOL CHILDREN

Some aspects of the assessment of safety are unique to
preschool children, including the rapid growth velocity
and somewhat different metabolism. Therefore the safety
findings in school-children or adults cannot uncritically
be extrapolated to young children. Growth in the first
2-3 years of life is mainly influenced by factors similar
to those controlling fetal growth, and the growth from
age 3 mainly by endocrine factors.

Short-term growth measurements by knemometry show
dose-related effects of budesonide by pMDI and spacer in
toddlers 1-2 years of age with mild recurrent wheezing.
A daily dose of 200 (xg of budesonide pMDI from spacer
may be safe treatment in 1-2-year-old toddlers.

Intermediate growth studies have not been reported
specifically for toddlers, but nebulized budesonide ranged
from 0.5 to 1.0 mg caused a statistically significant decrease

Figure 8a.16 Measured adult height in relation to target
adult height in 142 children treated with inhaled
budesonide for 3-13 years. A: females; •: males. The black
line is the line of identity. (From ref. 243.)

Figure 8a.17 Correlation between height standard
deviation score before budesonide treatment and the
difference between measured and target adult height. The
correlation was highly significant fp < 0.001) so that
children who were short for age (had a low height standard
deviation score) before treatment with budesonide tended
to end up shorter than expected, whereas children who were
tall before treatment with budesonide tended to end up
taller than expected. The dose of inhaled budesonide and
the duration of treatment before adult height was attained
did not influence adult height. A: females; •: males. Height
SDS - height standard deviation score. (From ref. 243.)

in growth velocity of —0.8 cm/year compared with the
controls.244

Long-term observations of 3-5 years have not shown
growth impairment during treatment with 200-300 (Jig
budesonide per day from a pMDI with a spacer, but there
are no controlled studies in preschool children.

IS THERE VARIATION IN INDIVIDUAL
SENSITIVITY TO STEROIDS?

Case reports suggest that individual children may be par-
ticularly sensitive to the growth retarding effects of exogen-
ous corticosteroids. When such reports are evaluated it
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must be remembered that growth is a complex process
that may be affected by a host of factors including disease
severity, social and psychological factors, nutrition, body
composition, age, puberty, genetic factors and treatment.

Healthy children show spontaneous fluctuations in
growth velocity, often with seasonal variations, most
children growing faster in the summer. In some children
fluctuations are not purely seasonal, but cycles of growth
may span two or more years. This leads to a very poor
correlation between the growth velocity in one year and
that in the next year. These variations in combination with
the standard error of the height measurement, which for
trained observers is around 0.2-0.3 cm, and unusual
growth patterns seen in many asthmatic children, inde-
pendently of the use of inhaled corticosteroids, mean
that case reports of apparently reduced growth in associ-
ation with an asthma treatment should be interpreted
with caution.

There is no evidence of subgroups of children who are
more susceptible to the effects of long-term treatment
with inhaled corticosteroids.

Summary

Inhaled steroids have been used for the treatment of
asthma in children for 30 years. During this time, a sub-
stantial number of studies have been performed evaluat-
ing the safety and efficacy of this therapy. Inhaled
corticosteroids have been found to have a marked benefit
on both immediate and long-term outcome of asthma.
In patients with mild and moderate asthma, low daily
doses of around 100-200 |xg/day of inhaled steroid pro-
duce a clinical effect that, in most trials, is better than the
effect of any other treatment to which it has been com-
pared. No adverse effects on growth have been associated
with treatment in this dose range and idiosyncratic
adverse reactions are rare. Higher doses of inhaled corti-
costeroids can reduce growth rate during the first years
of treatment, particularly in patients with mild disease.
Potentially, suppression of the adolescent growth spurt
could have long-lasting effects. However, attained adult
height is not adversely affected even if such doses are
used for several years. It seems that these children will be
somewhat shorter than their peers for some years. This
risk will also be there if the asthmatic condition is not
sufficiently controlled, but in contrast to the growth
retardation caused by high-dose inhaled corticosteroids,
the growth inhibition caused by uncontrolled disease
may also adversely affect adult height.

Since the occurrence of measurable systemic effects
and risk of clinical side effects increases with dose, the
lowest dose which controls the disease should always be
used. Furthermore, inhaler-steroid combinations with a
high clinical efficacy/systemic effect ratio should be used.
If a child is not sufficiently controlled on a low dose of
inhaled steroid it might be better to add another drug

to the low-dose inhaled steroid treatment rather than to
increase the steroid dose. Further studies are needed to
resolve this question. The answer may be different for
each individual steroid-device combination.

LEUKOTRIENE MODIFIERS

Cysteinyl leukotrienes, synthesized de novo from cell
membrane phospholipids, are proinfiammatory mediat-
ors that play a major role in the pathophysiology of
asthma.245"247 These mediators are potent bronchocon-
strictors and cause vasodilation, increased microvascular
permeability, exudation of macromolecules, and oedema.
Cysteinyl leukotrienes also have chemoattractant proper-
ties for eosinophils and reduce ciliary motility. In addition,
these mediators are potent secretagogues (Figure 8a.l8).
Asthmatic patients demonstrate increased production of
cysteinyl leukotrienes during naturally occurring asthma
and acute asthma attacks as well as after allergen and exer-
cise challenge. These observations suggest that the cysteinyl
leukotrienes represent a novel therapeutic target and that
leukotriene blockade may operate additively with corti-
costeroid therapy in asthma.

The leukotriene receptor antagonists (LTRA) mon-
telukast, zafirlukast, and pranlukast inhibit broncho-
constriction in asthmatic patients undergoing allergen,
exercise, cold air, or aspirin challenge.248,249 Montelukast
attenuates the hallmarks of asthmatic inflammation,
including eosinophilia in the airway mucosa and periph-
eral blood.250-252 Moreover, exhaled NO concentrations
decrease during montelukast treatment in children in
contrast to adults.253

Pharmacokinetics and pharmacodynamics

The onset of action of LTRA is within few hours to days,
but not rapid enough to make them useful as rescue
medication. They are all administered orally. Intravenous
preparations may be made available for trial in acute
severe asthma in the future.

At present three Cys-LTRA are available for the treat-
ment of asthma in children. Zafirlukast, an orally avail-
able Cys-LTRA approved for treatment of asthma in
children 7 years and older in some countries, is adminis-
tered twice daily. Dose-ranging studies have not been
performed in children. As a consequence the optimal
dose in children is uncertain. There is up to a 40% reduc-
tion in bioavailability when zafirlukast is taken with
food.254 Zafirlukast is metabolized by the liver, and
hepatic cytochrome P450 is inhibited by therapeutic
concentrations of zafirlukast. Therefore, there is a risk of
drug interactions, and transient elevations of liver
enzymes have been reported. Pranlukast is available on
few markets and further introduction has been post-
poned because of suspected liver toxicity.
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Potential sites and effects of cysteinyl leukotrienes relevant to a pathophysiological role in asthma

Figure 8a.18 (a) The 5-lipozygenase pathway and sites of action of leukotriene modifier drugs. (From ref. 386.) (b) Possible
modulatory effects of leukotriene receptor antagonists on airway inflammation. (Adapted from ref. 387.)

Montelukast is an oral Cys-LTRA administered once
daily.255 In some countries the drug has been approved
for the treatment of asthma in children 2 years and older.
There is no difference in systemic bioavailability in
young and elderly patients, and food does not have
a clinically important influence on the systemical
bioavailability of the drug. Therapeutic concentrations

of montelukast do not inhibit the cytochrome P450
isoenzymes. Dose-ranging studies have not been per-
formed in children. Instead, the paediatric dosage has
been chosen as the dosage yielding a pharmacokinetic
profile (single-dose area under the plasma concentra-
tion-time curve) in children comparable to that achieved
with the 10-mg tablet in adults.252
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Clinical trials

SCHOOL-CHILDREN

Zafirlukast has been shown to be modestly effective in
moderate to severe asthmatics of 12 years and older.256-258

The studies failed to define a plateau at the highest dose
used, indicating that higher doses might be more effective.
This is however prevented by the risk of side effects. The
therapeutic effects of zafirlukast have been reported
in one paediatric double-blind randomized controlled
trial of asthmatic children from 6 to 14 years of age.259

Treatment with zafirlukast provided 20-30% protection
against exercise-induced bronchoconstriction 4 hours
after dosing. Montelukast provided a similar reduction
in maximum percentage fall in FEVj at approximately
20 hours after dosing.260

Montelukast has been compared with placebo in 336
children aged 6 to 15 years with moderate to severe asthma
(Mean FEVj 72% predicted; 2-3 daily doses of (32-agonist;
1-2 nocturnal awakenings per week) (Figure 8a.l9).261

Approximately one third of the children were maintained
on inhaled steroids during the study at a constant dose.
The primary outcome variable, FEVj, increased signifi-
cantly by a mean of 8% from baseline, compared with
4% in the placebo group, while the use of inhaled (32-
agonists was significantly reduced. Eighty-five per cent of
the patients in the montelukast group and 96% of the
patients in the placebo group experienced asthma exac-
erbations (p < 0.05). The onset of action of montelukast
occurred within 1 day of the first dose, with maximum
effect after a few days, and no evidence of tolerance during
the 8-week treatment period.

Adding montelukast to children with a mean FEVj
of 78% predicted, and a reversibility of 18.1% after a
(32-agonist, whose asthma was not controlled on 400 u,g
budesonide per day was studied in 279 children,262 and
resulted in a small improvement in FEVl5 significant
increases in morning and evening PEF, a decrease in
asthma exacerbation days (15.9% during placebo and
12.2% during montelukast) and a decreased (32-agonist
use (0.3 puffs/day lower during montelukast treatment).
Clinical observations suggest that 30-40% of children
with moderate asthma respond to montelukast therapy.
Since the benefits are seen within a week, a trial in indi-
vidual subjects is practicable in clinical practice.

The clinical effect of leukotriene antagonists has rarely
been compared with the effect of other drugs in children.
In one study the protective effect against exercise-induced
bronchoconstriction of montelukast lOmg per day was
found to be significantly less than than that of budes-
onide 400 (Jig/day (Figure 8a.l9).263

PRESCHOOL CHILDREN

Montelukast was studied in 689 in preschool children,
who had asthma symptoms and used beta-agonists
6 days/week.264 Compared with placebo there were

Figure 8a.19 (a) Clinical effects of montelukast in a
large double-blind, parallel group study on children with
moderate asthma severity. (From ref. 261.) (b) Protective
effect of montelukast on exercise-induced fall in FEVj.
Compared with placebo treatment montelukast offered
a significant attenuation of exercise-induced fall in lung
function. However, the effect of montelukast was
significantly less than the effect of budesonide 400 ^g
per day. (From ref. 263.)

significant improvements in day and night-time asthma
symptoms, percentage of days without asthma and the
need for beta-agonist or oral corticosteroids. The effect
was independent of concomitant use of inhaled cortico-
steroid or cromolyn therapy. Caregiver global evaluations,
the percentage of patients experiencing asthma attacks,
and improvements in quality-of-life scores were not sig-
nificantly different from placebo.

Cold-air hyperventilation was found to cause a 17%
increase in airway resistance after pretreatment with mon-
telukast compared with 47% after placebo pretreatment,
a significant difference.265

In conclusion, the leukotriene receptor antagonist
montelukast has significant clinical effects when used
alone or in addition to inhaled corticosteroids, in chil-
dren over 2 years old. Its place as a first-line preventer in
mild asthma, in place of low-dose inhaled corticos-
teroids, has yet to be fully established. There are individ-
ual differences in response which could, in part, be
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explained by genetic polymorphisms in the promoter
gene for 5-lypoxygenase (ALOX5).62 This could be the
basis for a screening test.

SODIUM CROMOGLYCATE AND
NEDOCROMIL

Pharmacological action

The exact mechanisms of action of sodium cromoglycate
(SCG) and the related cromone nedocromil sodium
are not fully understood, although these non-steroidal
anti-inflammatory medications partly inhibit IgE-
mediated mediator release from human mast cells in a
dose-dependent way, and they have a cell-selective and
mediator-selective suppressive effect on other inflamma-
tory cells (macrophages, eosinophils, monocytes). There
is some evidence that these medications inhibit a chlo-
ride channel on target cells.266

In asthmatic patients cromones inhibit allergen
induced bronchospasm, both immediate and delayed
responses.267-269 Furthermore, in the laboratory single
doses of SCG and nedocromil given just prior to a challenge
have shown protective effect against airway obstruction
induced by exercise,270-278 hypertonic saline, and hyper-
ventilation.279 The effect of continuous treatment on
these challenges has not been thoroughly studied except
for exercise where long-term continuous treatment with
SCG does not offer any significant protection against
exercise-induced bronchoconstriction unless given just
prior to the exercise. Most controlled studies have found
that continuous treatment with SCG does not affect the
non-specific bronchial hyperreactivity to histamine or
methacholine in patients with asthma,280 though some
have found an effect. In one study, 16mg nedocromil
sodium daily for periods of 12-16 weeks decreased hista-
mine responsiveness significantly compared to placebo.
However, no effect was seen on the responsiveness to
fog.281 In contrast 4 years' treatment of 300 children with
nedocromil sodium 8 mg/day did not significantly decrease
bronchial responsiveness to methacholine compared to
placebo.101 Other studies have also failed to show any effect
on methacholine or histamine hyperresponsiveness.

Neither SCG nor nedocromil has been shown to affect
the chronic inflammatory changes or epithelial disruption
seen in the airways of asthmatic patients. However, in
several studies in vitro and in vivo anti-inflammatory
effects have been found.282-285 The exact clinical impor-
tance of these findings remains unknown since the mag-
nitude of the clinical benefit reported in the majority
of controlled clinical trials is modest compared with
the reported effect on various inflammatory mediators
and challenges in laboratory studies. Thus nedocromil
sodium does not reduce exhaled nitric oxide in
children.93-286

Pharmacokinetics and dynamics

No pharmacokinetic studies are available on children so
all information comes from adult studies.287'288 Both
SCG and nedocromil have to be inhaled to be effective.
The drug deposited in the intrapulmonary airways is
extensively absorbed and becomes systemically bioavail-
able.289 The absorbed drug is not metabolized but mainly
excreted in the urine and bile with a half life of around
1.5 hours (nedocromil). The part of the inhaled dose
deposited in the oropharynx is swallowed and not
absorbed. Since no double-blind, placebo-controlled clin-
ical dose-response trials have been performed in children
the optimal daily doses of SCG and nedocromil in the
day-to-day management are not known.

Clinical trials

SCHOOL-CHILDREN

It is generally assumed that SCG is only beneficial in a
proportion of children and that the drug has a more
marked effect in children with mild disease. Although sev-
eral placebo-controlled clinical trials have found SCG to
reduce asthma symptoms in school-children, to improve
lung functions and decrease the need for concomitant
bronchodilators,290'291 the drug appears to be ineffective
in infants and preschool children. A meta-analysis of
22 controlled clinical trials concluded that continuous
treatment with SCG in children had not been shown to
be significantly better than placebo (Figure 8a.20).292

The interpretation of the evidence is thought by some to
be seriously flawed by merging data from school-children
and preschool children (see below).

Nedocromil has been reported to improve symptoms
(by 50%), lung function and reduce the use of b2-agonists

Figure 8a.20 Meta-analysis of placebo-controlled clinical
trials with sodium cromoglycate in children. Overall no
significant clinical effect was seen. Trials conducted before
1980 (mainly in school-children) were more often in favour
of SCG, while after 1997 (almost all in preschool children
and infants) there was no benefit. The funnel plots
suggested publication bias; small studies with negative or
equal outcomes were lacking. (From ref. 292.)
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when given in a daily dose of 16 mg.293 A systematic
review concluded that nedocromil given prior to an exer-
cise test reduces the severity and duration of exercise-
induced bronchoconstriction.294 A combination of
nedocromil and salbutamol might provide better protec-
tion against exercise-induced bronchoconstriction than
salbutamol alone.272 In contrast, a well powered long-
term, placebo-controlled trial only found a significant
albeit small effect of nedocromil 8 mg per day on exacer-
bations (but not other outcomes) as compared with
placebo (Figure 8a.l2).101 Nedocromil was markedly less
clinically effective than budesonide 400 (Jtg per day.

Treatment with SCG is normally less effective than
treatment with inhaled corticosteroids97 with respect to
symptoms, lung function, exercise-induced asthma and
bronchial responsiveness.

Cromones do not have a role in the management of
acute asthma attacks at any age.

PRESCHOOL CHILDREN

The clinical documentation on sodium cromoglycate in
preschool children is very sparse, and there are no reports
on nedocromil. The available double-blind randomized
controlled trials are conflicting with several unable to
demonstrate any effect of nebulized SCG in a dose of
20 mg 3-4 times daily on health outcomes or lung func-
tion while other studies have indicated a significant effect
of the same magnitude as theophylline. A recent double-
blind randomized controlled trial using a pMDI with a
spacer for the administration of SCG also failed to show
any benefits of SCG over placebo. Indeed, the children in
the SCG group experienced more troublesome cough and
and perioral skin irritation than the children in the placebo
group.295 Overall, in preschool children there is probably
no clinical effect (Figure 8a.20).

SIDE EFFECTS

The risk of systemic side effects of the cromones has not
been extensively reported. However, neither SCG nor
nedocromil appear to have important systemic side
effects. Sodium cromoglycate treatment has been found
to reduce the excretion of growth hormone in the urine,150

and to affect markers of bone metabolism. Cough, throat
irritation and bronchoconstriction affect a few patients
treated with SCG and the hypotonicity of the nebulized
solution may cause bronchoconstriction. A bad taste,
headache and nausea are the most common problems for
nedocromil.293 Hypersensitivity reactions to SCG have
been reported but are probably extremely rare.

XANTHINES (THEOPHYLLINE)

Theophylline has been used in asthma treatment since
the early 1920s. For many decades the use of this drug

rested a great deal on clinical impressions and an evolving
therapeutic tradition. At the beginning of the 1970s the
clinical scientific documentation of theophylline was not
advanced and its role in therapy was questioned (particu-
larly in Europe). During the period 1970-1990 slow release
theophylline preparations and reliable theophylline assays
have increased the use of this drug in asthma therapy and it
is the still a frequently prescribed oral agent used for
maintenance therapy in many countries.

Chemically theophylline is a dimethylated xanthine
that is similar in structure to the common dietary xan-
thines caffeine and theobromine. Over the years the
molecule has been substituted at various positions with
subsequent modifications in effects. Although these
changes have provided interesting new information about
the possible modes of action, they have not yet resulted
in new xanthine molecules which are available in the
day-to-day treatment.

Caffeine has been used in the management of asthma
and has weak bronchodilator effects.296 It may be impor-
tant to warn patients to avoid tea and coffee for two hours
before attending for lung function tests!

Pharmacological action

A large number of subcellular mechanisms including
adenosine antagonism, phosphodiesterase inhibition,
release of catecholamines, interactions with G-proteins,
5'-nucleotidase inhibition, prostaglandin antagonism
and effects on calcium metabolism have been proposed
for theophylline.297 However, the exact anti-asthmatic
mechanism still remains unknown (Table 8a.4).

Of the effects listed in Table 8a.4, some are probably
without any important clinical relevance. Recently, it has
been argued that the clinical effect of theophylline may
reflect anti-inflammatory properties more than smooth
muscle relaxation.298 In vitro the drug reduces the activity
of basophils, macrophages, mast cells, platelets, lympho-
cytes and polymorpho-nuclear leukocytes.298"300 At ther-
apeutic levels theophylline produces a slight reduction
of immediate response in asthmatics challenged with

Table 8a.4 Therapeutic effects of theophylline

• Bronchial smooth muscle relaxation: related to
phosphodiesterase inhibition and is mainly seen at high
concentrations (>55 jjimol/l)
Increase in mucociliary clearance
Inhibition of release of mediators
Suppression of vascular permeability
Improved contractility of fatigued diaphragm374

Central stimulation of ventilation375

Anti-inflammatory effects:376 due to an unknown
mechanism; may occur at low concentrations
(25-55 mmol/l) and influence chronic asthmatic airway
inflammation221,377
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allergen. In addition, it markedly inhibits the late
response occurring after several hours. The effect on vas-
cular permeability seen in patients with allergic rhinitis7

may be important in preventing this late reaction.
Theophylline also significantly inhibits the late reaction
followed by toluene diisocyanate challenge.301'302 However,
it does not affect the subsequent increase in bronchial
responsiveness or inhibit allergen induced increase in air-
way responsiveness to methacholine.298'303 Furthermore,
several weeks of treatment does not change the bronchial
responsiveness of asthmatics in comparison to the marked
attenuation achieved with inhaled steroids over the same
period.304 Finally, there is no clinical evidence that con-
tinuous theophylline treatment modifies the chronic
inflammation or epithelial disruption in the asthmatic
airways, though one study suggested that theophylline
treatment may reduce the number of eosinophils in the
airway mucosa.305

Theophylline has a weak acute protective effect on
histamine and methacholine responsiveness in patients
with mild asthma and also some effect on exercise-induced
bronchospasm.306'307 Furthermore, the drug also attenu-
ates the bronchial response to provocation with distilled
water. There is, however, no evidence of any important
effect on non-specific bronchial hyperresponsiveness in
patients with severe asthma.304

Pharmacokinetics and dynamics

Dose-response studies with theophylline in a limited
number of patients have mainly assessed bronchodilator
effects308 and protective effect against exercise-induced
asthma.306 A therapeutic range of 55-110mmol/l has
been defined upon the basis of such studies. Significantly
better clinical results have been demonstrated in children
with plasma theophylline levels around 75 mmol/1 than
in children with levels around 3 5 mmol/1. However,
many children have been shown to obtain significant
clinical results and some bronchodilation at lower
plasma levels.309'310 Furthermore, the other actions of
theophylline such as its anti-inflammatory properties
may not require such high concentrations. Thus, after so
many years there is still considerable difference in opin-
ion regarding the optimum plasma levels for a child with
asthma. It seems rational to individualize the dose upon
the basis of the clinical effect, and to use plasma levels to
prevent toxic effects.

The pharmacokinetics of theophylline in children
have been thoroughly described in an excellent review.311

Ninety per cent of a theophylline dose is eliminated by
metabolic degradation in the liver and around 10%
is renally excreted. Generally children metabolize theo-
phylline much more rapidly than adults, and in the child
population the elimination rate also varies with age so
that young children have a much higher clearance than
older children. The normally recommended theophylline

doses for maintenance therapy in different age groups
have been:

<1 year: (0.3)*(age in weeks) +8 mg/kg/24 h
1 to 9 years: 24 mg/kg/24 h
9 to 12 years: 20 mg/kg/24 h
12 to 16 years: 18 mg/kg/24 h
Over 16 years: 10 mg/kg/24 h

These dose recommendations are based upon lean body
weight and they aim at plasma theophylline levels between
55 and 110 mmol/1, which, as mentioned earlier, may be
too high. It is appropriate to aim for a level of 55 mmol/1
for the best ratio of benefit to risk. Within each age group
the inter-individual variations in theophylline half life
maybe up to 10-fold and in addition other drugs includ-
ing p2-agonists (increase clearance so that higher doses
are required) and viral infections (reduce clearance) may
also affect the metabolism. Therefore, theophylline dose
must always be individualized and if high doses are used
plasma theophylline levels must be measured. When dose
adjustments are made upon the basis of serum theo-
phylline determinations it is important to remember that
theophylline often shows dose dependent kinetics so that
on average the per cent change in serum concentration is
about 50% greater than the per cent change in dose.

Gastrointestinal absorption from plain tablets is com-
plete and almost as rapid as from a solution. The absorp-
tion may be somewhat slower but not less complete when
the tablets are taken with food. Because children metab-
olize theophylline very rapidly frequent dosing (4—6 times
per day) is required when plain tablets are used for con-
tinuous treatment. Slow release products are preferable
for maintenance therapy, since this administration allows
twice daily dosing in most children. However, concomi-
tant intake of food may change the absorption character-
istics of many slow release theophylline products in an
unpredictable way. Reduced absorption, dose dumping
and marked variations in absorption profiles may be
seen.312 This complicates safe, effective treatment. As the
food effect is quite unpredictable only slow release prod-
ucts which have been shown to be well-absorbed in com-
bination with food should be used for maintenance
treatment. In this respect it is important to evaluate both
mean and individual absorption profiles. The variation
in absorption seems to be more pronounced in school-
children than adults. Slow release theophylline products
with reliable absorption profiles and complete bioavail-
ability also with food have been developed.313

Clinical trials

SCHOOL-CHILDREN

The vast majority of theophylline studies in children
have only assessed the drug's pharmacokinetic properties
and not its clinical effect. However, studies have found
that theophylline is significantly better than placebo in
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Figure 8a.21 Clinical effect of treatment with slow
release theophylline on nocturnal asthma in children with
moderate to severe asthma. The study was a double-blind,
randomized, crossover study in children who during run-in
had nocturnal asthma at least twice a week. (From ref. 310.)

controlling symptoms and improving lung function even
at doses below the normally recommended therapeutic
range.309'310 Furthermore, a single dose of 15 mg/kg of slow
release theophylline taken before bedtime is effective
against nocturnal asthma (Figure 8a.21).31° Continuous
treatment offers some protective effect against exercise-
induced asthma,306 though this effect is far less than the
effect of an inhaled (32-agonist or continuous treatment
with inhaled corticosteroids. Though definite beneficial
effects have been demonstrated, continuous theophylline
treatment was found ineffective in preventing asthma
deterioration induced by viral infections.314

Theophylline treatment is normally far less effective
than low doses of inhaled corticosteroids.96'106 On the other
hand theophylline has been found to improve asthma con-
trol and reduce the maintenance steroid dose in children
with severe asthma treated with inhaled or oral steroids.

Theophylline and oral b2-agonists seem to have an
additive effect.24 However, it remains unclear whether
the combination has any clear advantages compared with
either drug used alone.

INFANTS AND PRESCHOOL CHILDREN

The majority of studies in preschool children have only
evaluated theophylline pharmacokinetics and not clinical
effects. Thus, although there are clear indications that
theophylline treatment offers some beneficial clinical
effects and also some bronchodilation in these age groups,
further double-blind studies are needed to assess the
optimal dose and place of theophylline relative to other
treatments in young children. The effect of continuous
theophylline treatment has not been assessed in double-
blind controlled studies in infants with wheeze.

ACUTE ASTHMA

Xanthine derivates (aminophylline or theophylline) have
been used for many years in the treatment of acute severe

asthma in children (Chapter 12). The number of con-
trolled studies assessing the acute effect is relatively
sparse. However, it has been shown that a bolus dose of
theophylline causes significant increases in lung function
in school-children with wheeze.315 Only one controlled
trial has supported its use in hospitalized children with
severe asthma. However, that study did not use aggressive
therapy with inhaled b2-agonists. No formal dose-
response studies have been conducted in children with
acute wheeze, but the bronchodilating effect seems to some
extent to correlate with the plasma theophylline level.
Therefore, it is normally recommended that the thera-
peutic strategy in such situations is to aim at plasma
levels between 55 and 110 mmol/1. This can be achieved in
all age groups by giving an intravenous bolus of 6 mg/kg
lean body weight over 5 minutes to a child who has not
received any theophylline for 12 hours prior to the treat-
ment (volume of distribution = 0.5 I/kg) and then con-
tinue with theophylline infusion rates as mentioned for
oral therapy. If the child is already receiving treatment
with theophylline additional theophylline therapy should
only be given under the guidance of plasma theophylline
monitoring.

Although acute bronchodilating effects have been
demonstrated by theophylline its role in the modern
management of acute asthma is still controversial and
two meta-analyses have come to different conclusions.
One meta-analysis of 13 double-blind controlled studies
on the treatment of acute asthma in children and adults
concluded that there was no clinical benefit of adding
theophylline to treatment with steroids and sympath-
omimetics.316 In contrast a Cochrane meta-analysis of
seven trials317 concluded that addition of intravenous
aminophylline should be considered early in the treat-
ment of children hospitalized with acute severe asthma
and who have a suboptimal response to the initial inhaled
bronchodilator therapy. Although the improvement was
sustained for 24 hours, there was no apparent reduction
in length of hospital stay or number of inhaled P2-
agonists nebulizations. It was also found that treatment
with aminophylline was associated with an increased risk
of vomiting.

Side effects

In recent years the use of theophylline has been somewhat
controversial since the incidence of side effects has contin-
ued unabated. The drug has a narrow therapeutic window
and potentially lethal side effects when overdosed.318'319

Deaths have been reported in studies with theophylline.320

The most common side effects are anorexia, nausea, vom-
iting and headache.318'319'321 These symptoms are quite
common especially when initiating theophylline therapy
and are often the practical dose-limiting side effects in
maintenance therapy. Mild central nervous stimulation,
palpitations, tachycardia, arrhythmias, sleep disturbance,
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abdominal pain, diarrhoea and, rarely, gastric bleeding may
also occur. In maintenance therapy, initial dosage should
be low to avoid side effects, which seem to occur much
more frequently if the initial dose is high. Some patients
do not tolerate theophylline at all no matter which precau-
tions are taken.

The most serious toxicity is the risk of seizures, which
have been associated with a mortality rate as high as 50%.
However, seizures appear to be rare at serum levels less
than 220 mmol/1. In theophylline-induced seizures higher
than normal doses of benzodiazepines should be used as
theophylline antagonizes the effect of benzodiazepines on
GABA receptors in the brain. If modern kinetic principles
are used seizures should not occur.

Theophylline has been reported to induce changes in
mood and personality and impairment of school perform-
ance in children.322 However, subsequent studies have not
reproduced these findings323 and it seems that these prob-
lems are not a widespread general problem associated with
the treatment but rather a phenomenon that may occur at
an unknown frequency in single individuals.

ANTICHOLINERGIC AGENTS

Anticholinergic alkaloids such as atropine exist in many
plants and have been used in herbal remedies for centuries.
The natural agents produced unpleasant side effects which
limited their use. These problems have now been over-
come by the development of synthetic anticholinergics
that are much less prone to produce side effects and
therefore potentially more useful clinically.

Clinical pharmacology

The clinical pharmacology of atropine and its synthetic
relatives has been described in thorough reviews.324 Anti-
cholinergic alkaloids act on muscarinic receptors in the
human airways interfering with the cholinergic sympa-
thetic nervous system's control of airway calibre. Several
subtypes of receptors have been recognized pharmaco-
logically. Mpreceptors are partly responsible for vagal
nerve transmission in ganglia. M2-receptors are located
pre-synaptic on postganglionic vagal nerves where they
are stimulated by acetylcholine secreted in the synaptic
cleft (negative feedback). M3-receptors are located on
bronchial smooth muscle and submucosal glands. All
anticholinergic drugs available for clinical use act on pre-
junctional and smooth muscle muscarinic receptors with
equal effect. As a consequence, they both increase ACh
release and block its effect on the muscles. In animals
low doses of ipratropium bromide may actually increase
vagally mediated bronchoconstriction and it has been
suggested that the paradoxical bronchoconstriction which
is occasionally seen with inhaled anticholinergics may be
due to this effect. Further information about this will be

available when drugs that are selective for the muscarinic
receptors on airways smooth muscle (M3-antagonists)
have been developed.

Anticholinergic drugs inhibit cholinergic smooth mus-
cle contraction and reduce the release of secretion from
submucosal glands. The first action is clinically most
important so anticholinergics should be considered mainly
as bronchodilators.

In laboratory studies anticholinergics provide partial
protection against bronchoconstriction induced by stim-
uli such as exercise,325 hyperventilation,326 inhalation of
cold and dry air327 and non-specific dust. The effects are
smaller than the effect of an inhaled b2-agonist though
the addition of ipratropium bromide may prolong the
duration of the protection of the p2-agonist.

Continuous treatment does not influence non-specific
bronchial hyperreactivity and anticholinergic agents have
not been shown to influence the chronic inflammation
and epithelium disruption in the asthmatic airways.

Pharmacokinetics and dynamics

No pharmacokinetic studies are available in children so
all information is derived from studies in adults. Virtually
all pharmacodynamic data in children refer to one drug:
ipratropium bromide. The dose ranging studies in school-
children have all used a nebulizer for the delivery so the
optimal dose is only known for this administration. It
would be expected that the optimal dose from a metered
dose inhaler would be lower. Various studies have found
that increasing the dose above 250 jxg adds no extra
benefit in protection against exercise-induced asthma,325

cold air hyperventilation or in bronchodilation.328 The
same dose (250 jxg) has also been used in most studies
on preschool children. No formal dose-response studies
have been performed in infants but a dose of 25 m,g/kg
has produced beneficial effects in one study.329 The opti-
mal dose frequency remains unknown.

Clinical trials

SCHOOL-CHILDREN

Significant bronchodilation and improvement of symp-
toms have been shown in some studies in school-children
after both single dose and regular therapy.328 However, in
another study treatment with 250 (mg ipratropium brom-
ide three times daily did not diminish symptoms, diurnal
variation in airway calibre or bronchodilator responsive-
ness. The response to ipratropium bromide seems to be
quite variable and always less than the response after
inhalation of a b2-agonist. Furthermore, there is no bene-
fit from adding the drug to regular b2-agonist treatment
in the day-to-day management.330 These findings indicate
that these drugs have no or a very limited role in the
day-to-day management of asthma in school-children.
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INFANTS AND PRESCHOOL CHILDREN

In preschool children bronchodilation is seen after single
dose inhalation of ipratropium bromide. The effect in
these studies being similar to the effect of 5 mg nebulized
salbutamol. However, in one study regular treatment
(ipratropium bromide 250 u,g three times a day) was no
better than placebo in the day-to-day management. Para-
doxical bronchoconstriction has been described follow-
ing the use of this agent in young children. Up to 40% of
infants studied between acute attacks have been reported
to improve their lung functions after inhalation of
250 |xg ipratropium bromide from a nebulizer in an open
study.331 A Cochrane review concluded that there is not
enough evidence to support the uncritical use of anti-
cholinergic agents for wheezing infants, although patients
using it at home were able to identify some benefits.332

ACUTE ASTHMA

Anticholinergics result in less bronchodilation than
inhaled p2-agonists and administrated alone these drugs
have no role in the management of acute severe asthma

in school-children.333 However, controlled studies have
found that the combination of a (32- agonist and an anti-
cholinergic agent produces somewhat better results than
either drug used alone333"335 without an increase in side
effects. Though statistically highly significant, the advan-
tages of the combination therapy were small in most
studies. This may be the reason why other studies failed
to find any benefit of such combined therapy. A meta-
analysis in children concluded that: the addition of ipra-
tropium bromide to a b2-agonist produces statistically
better improvement in FEV1 and (probably) a reduction
in the need for hospital admission336 (Figure 8a.22).
Another independent systematic review reached the same
conclusions.337 As it may cause deterioration in PEF in
severely asthmatic children, ipratropium bromide should
not be used universally for acute childhood asthma until
further research determines the clinical significance of
these spirometric changes.338

SIDE EFFECTS

Paradoxical bronchoconstriction after inhalation and dry-
ness of the mouth may be a problem in some patients.339'340

Figure 8a.22 Meta-analysis of placebo-controlled clinical trials with anti-cholinergics used as add-on therapy to inhaled
(32-agonists in children with acute wheeze concluded that the addition of ipratropium bromide to a (32-agonist offers a
statistically significant improvement in percentage predicted FEV1 but no clinical benefit. (From ref. 336.)
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Some of these incidents seemed to be due to benzalkonium
chloride which has now been removed from the nebulizer
solution. Otherwise no important side effects are associ-
ated with treatment with inhaled ipratropium bromide.

OTHER AGENTS

Antihistamines

Given the importance of mast-cell activation and histamine
release in allergic disorders in general, there ought to be
a role for antihistamines (H! receptor antagonists) in the
management of asthma.341 There is evidence from studies
in adults for effects in exercise-induced asthma.342 There
may be additional effects in moderately severe asthma in
conjunction with leukotriene receptor antagonists. One
large prospective study of cetirizine343 has shown marginal
effects, preventing the development of asthma in a small
subset of children at risk (see Chapter 14). Except for
ketotifen, however, there are little data in children.

KETOTIFEN

Ketotifen is an orally active benzocyclo-heptathiophine
derivate, which is widely used in the treatment of asthma
in many parts of the world, especially in children. Yet its
role in the management of childhood asthma is increas-
ingly being questioned.

The most clearcut action of ketotifen in humans is
histamine H! receptor antagonism. Thus histamine-
induced skin weal and bronchoconstriction are potently
blocked by the drug.344 Ketotifen can abrogate the devel-
opment of tachyphylaxis of p-adrenergic receptor that
occurs after continuous exposure to high doses of (3-
agonists.345 The diminished b2-

recePtor density and res-
ponsiveness seen in lymphocytes of asthmatic patients is
increased to values within the normal range by ketotifen
treatment.346,347

Ketotifen does not affect non-specific bronchial hyper-
reactivity as assessed by methacholine provocation even
after high-dose treatment for 12 weeks348 and the effect
against exercise-induced asthma is inconsistent.346,349,350

The drug seems to have an effect against allergen provoca-
tion which is compatible with an H1 blocking effect, i.e.
some attenuation of the early response but no effect upon
the late-phase reaction or the subsequent increase in non-
specific bronchial reactivity.344 It has not been shown to
influence the chronic inflammation or epithelial disrup-
tion seen in the airways of asthmatic patients.

No pharmacokinetic trials have been conducted in chil-
dren and no dose-response studies are available, so the
optimal dose of the drug is not known. Most clinical stud-
ies have used the same dose, 1 mg twice daily, irrespective
of the age or the size of the patient. In very young children
younger than 1 year, 0.1 mg/kg has normally been
used.351'352

Some double-blind placebo-controlled clinical trials
have found that ketotifen treatment improves symptoms
significantly and reduces concomitant use of theophylline
and p2-agonists in children assessed to have mild and
moderate asthma.353"355 In one of the studies a significant
effect on lung function was also seen.354 Other studies
have failed to show convincing therapeutic effects.348,356

The results from controlled clinical trials in preschool
children have been conflicting. Four controlled, double-
blind studies involving a total of 227 children did not
find any significant effect of ketotifen357-360 whereas sim-
ilar studies on 33 and 107 children found that ketotifen
improved symptoms and reduced the use of rescue b2-
agonists.348'361'362 As in older children, the magnitude of
the effect has not been properly assessed by comparisons
with other drugs in controlled trials. Ketotifen was found
to be equieffective with SCG in a double-blind trial which
was not placebo-controlled and therefore not capable of
demonstrating a clinical effect (especially as SCG is prob-
ably ineffective in this group!). In a similarly designed
trial ketotifen was found somewhat less effective than
theophylline.363

It has been suggested that one year's prophylactic
continuous ketotifen treatment of children with atopic
dermatitis (but no wheeze) reduces the number
of wheezing episodes during the treatment period,364 sug-
gesting that the treatment prevents or delays the onset
of asthma in these children. No account was taken of
important confounding factors. A large study of cetirizine,
set up to replicate these observations, failed to do so.342

No double-blind placebo-controlled trials have been per-
formed in infants. Ketotifen has not been shown to be of
any value in the treatment of acute asthma attacks.

Side effects include: drowsiness, dry mouth, and abnor-
mal weight gain.

351, 359, 360 The frequency of these events is
not known. No studies have assessed the implication of
the sedative effect on intellectual performance.

Other agents

Several immunosuppressive/modulating agents have been
shown to have an anti-asthma effect, including low-dose
methotrexate, oral gold, cyclosporin, and intravenous -y-
globulins.365"367 Recent case reports suggest cyclosporin
may sometimes be of benefit to children with difficult
asthma. Its renal side effects demand careful monitoring.368

Placebo-controlled trials in children are lacking, but gen-
erally these therapies have side effects that may be more
troublesome than those of oral steroids and therefore
they are indicated only as an additional therapy to reduce
the requirement for oral steroids and not as additional
therapy to inhaled steroids. Several other drugs including
azathioprine, dapsone, and hydroxychloroquine have not
been found to be beneficial.

Treatments which are used specifically in acute severe
asthma, such as magnesium sulphate, heliox, an dintra-
venous theophylline, are discussed in Chapter 12.
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Table 8a.5 New drugs for asthma

Cytokine blocking agents
Anti-IL-5 monoclonal antibody378

Soluble IL-4 receptor379

Immunomodulatory agents
Anti-lgE (omalizumab)380

Anti-chemokines and receptors
T-cell targetting381

Blockers of mediator release or action
COX-2 inhibitors382

Drug interactions are rarely a problem in childhood
asthma, but must be borne in mind when antibiotic or
anticonvulsant therapies are used concomitantly,369 espe-
cially with theophylline.

Macrolide antibiotics have weak anti-inflammatory
effects which may be of marginal benefit in severe
asthma.370

New treatments in development

Several new lines of therapy are being developed, mostly
aimed at specific inflammatory targets (Table 8a.5). Their
use in children will await clinical trials in adults. So far,
the effect of anti-cytokines has been disappointing, but
that of the anti-IgE monoclonal antibody omalizumab is
encouraging. It binds to the FCe RI binding site of the
circulating IgE molecule, so that IgE is no longer capable
of binding to receptors and is cleared without inducing
any adverse effects. Serum IgE levels fall to very low levels.
In adolescents and adults, there are significant beneficial
effects in moderate-severe asthma, on a wide range of
inflammatory, physiological, and clinical outcomes, of
repeated intravenous or subcutaneous injections over
periods of several months.371"373 Concomitant allergies
also improve. However, because it is expensive and requires
parental administration, its use is likely to be restricted to
severe or therapy-resistant atopic asthma. New opportu-
nities will continue to present themselves.388'389
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INTRODUCTION

When inhaled therapy is used the therapeutic dose
is small compared with other routes of administration
and consequently the incidence of side effects is nor-
mally lower. This is of special importance in the case of
treatment with corticosteroids when long-term systemic
administration is associated with serious systemic side
effects whereas effective inhaled therapy is normally
quite safe (Chapter 8a). Compared with oral adminis-
tration, the delivery of a drug directly to the airways
by inhalation has a more rapid onset of action, which is
advantageous when bronchodilators are used to treat acute
attacks of bronchoconstriction. Furthermore, inhalation
of a P2-agonist offers highly effective protection against
exercise-induced asthma, whereas oral administration of
high doses of the same drug has no or only a marginal
protective effect against this condition. Finally, some agents
such as sodium cromoglycate (SCG) and nedocromil are
effective only when given by inhalation. For these reasons
inhaled therapy has now become accepted as the main-
stay of treatment of childhood asthma.

The effect of inhaled therapy seems to depend upon the
amount of aerosol reaching the bronchial tree and per-
haps also upon its distribution within the airways. How-
ever, the distribution of receptor sites in the bronchi is
not known in detail and there maybe differences between
various groups of drugs. Therefore the optimal distribu-
tion of aerosol particles within the bronchial tree has not
yet been decided. Some studies suggest that a rapid redis-
tribution of drug in the airways may take place after the

initial deposition. If this is the case the distribution pat-
tern may not be so important.

Four different inhalation systems constitute the cor-
nerstones of inhalation therapy in children with asthma:

1 conventional metered dose inhalers (MDI);
2 MDI with a spacer attached, with or without a

face-mask;
3 dry powder inhalers (DPI);
4 nebulizers (with mouthpiece or face-mask).

They differ with respect to construction, aerosol cloud gen-
eration, optimal inhalation technique and ease of use. This
may be confusing for paediatricians prescribing inhalation
therapy to children and over the years many investigators
have reported high frequencies of incorrect inhaler use as a
direct cause of treatment failure in asthmatic children.
Accurate knowledge about the nature and magnitude of the
problems children experience with inhalation therapy and
the age groups that can normally use the various inhalation
devices correctly is a precondition for effective asthma
treatment. Therefore, the principles and construction of the
most widely used inhalers and their advantages, disadvan-
tages and limitations will be discussed in some detail with
special attention to some of the more important issues:

• Efficiency: which inhaler most consistently
delivers the highest fraction of delivered dose to the
intrapulmonary airways in each age group during
optimal use?

• Acceptability: which inhaler is the most simple to use
for each age group?
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• Safety: which inhaler has the best clinical effect for a
given systemic effect in day-to-day use?

The topic of aerosol therapy in childhood has recently
been reviewed.1'2

METHODS OF INHALER ASSESSMENT

When information on an inhaler is assessed it is import-
ant to consider how the information was derived since
inhalers can be evaluated in many different ways.2

In vitro measurements

The quality of the generated aerosol is assessed by in vitro
measurement of the metered dose, the dose retained in
the inhaler, the delivered dose and the size distribution of
the particles in the aerosol cloud. Particle size and distri-
bution may be measured by a laser diffraction device or
by entrapment in a multi-stage impactor. It is important
to realize that the dose reaching the intrapulmonary air-
ways is normally substantially lower than both the metered
and the delivered dose.

Radioactive deposition studies

Under standardized conditions these measure the depos-
ition pattern of radioactive labelled particles of drug.
Most deposition studies use particles with aerodynamic
properties as similar to those of drug particles as pos-
sible, labelled with radionuclides such as 99mTc because
direct labelling of drugs with ^-emitting radionuclides is
difficult. This renders direct correlation between effect
and pulmonary deposition difficult. Furthermore, it may
also be hard to predict the actual amount of drug delivered
to the bronchi because the amount depends not only
upon the number but also upon the size of the particles
deposited, the dose of drug in a 3 u,m particle being nine
times higher than that contained in three 1 |xm particles.
Ipratropium bromide is the only drug with which actual
drug labelling has been achieved with 77Br. However, even
in this case the active drug and the radioactive label may
dissociate in the lungs, which complicates the interpret-
ation of the results.

In recent studies the radiolabel 99mTc was not chem-
ically bound to the active drug but only acted as a marker
for the active drug component in the formulation; thus
the label was associated to the active drug. This makes it
critical that the particle size patterns are the same for the
active drug and the radiolabel. Finally, the active drug
can be labelled by coprecipitation with 99mTc, resulting
in a mixture of unlabelled and labelled active drug and
free radioactive particles. Also with this technique, it is
important to ensure that the particle size patterns are the
same for the active drug and the radiolabel.

The various labelling techniques may give somewhat
different results and clinical conclusions based upon com-
parisons of results obtained with different techniques
should not be made.

Pharmacokinetic studies3"5

These assess deposition pattern and the local/systemic
effect ratio of the drug. This is achieved by measuring the
systemic availability of drug after oral and intravenous
administration and after inhalation when the gastro-
intestinal absorption is blocked, for example by charcoal.
When this is blocked, the systemic bioavailability depends
exclusively on intact drug absorbed via the lungs. If the
drug is not metabolized locally in the lung and the sys-
temic absorption of drug from the airways is 100% then
the systemic bioavailability will equal pulmonary depos-
ition. Normally there is a reasonable correlation between
the findings in pharmacokinetic studies and the results
obtained in deposition studies.

Filter studies6"8

The amount of drug delivered to the patient can be
measured during inhalation by inserting a filter, which
will collect all drug particles larger than the pore size
between the inhaler orifice and the mouth of the patient.
When the particle size distribution of the aerosol cloud is
known, estimates of the amount of drug in respirable
particles can be made. As for the other methods, clinical
conclusions based upon the results of filter studies should
be made with caution.

Clinical effect studies

Laboratory studies, performed under standardized condi-
tions, measure the bronchodilator response or protective
effect against various challenges and sometimes systemic
effects, often after a single dose of the drug. Clinical trials
of the day-to-day treatment of patients measure the clin-
ical effect, systemic side effects and ease of inhaler use.

The various methods are complementary since they
provide somewhat different information. At present,
we do not know the clinical implications of the small
but statistically significant differences between devices
obtained under standardized laboratory conditions. These
may not always reflect the clinical results achieved by
patients on a daily basis (effectiveness) when ease of use
may be more important in encouraging compliance with
therapy.

At present few radioactive label studies or pharma-
cokinetic studies and filter studies have been performed
in children. Due to differences in airway calibre and the
anatomy of the upper airways between children and adults,
the inspiratory air flow dynamics of children may be
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quite different from that of adults; therefore conclu-
sions from adult deposition studies should not merely be
extrapolated to children. Furthermore, results obtained
in school-children may not be valid in infants or very
young children. These reservations should be remembered
when the various inhalers are discussed. Furthermore,
few studies evaluate repeatability of the technique. Often
marked variations are seen between patients but little is
known about the variation in the individual patient, which
may be clinically very important.

PHARMACODYNAMICS

When the effects of various inhalation techniques or
inhaler devices are evaluated it is important to consider
the quantitative relationships between the dose and the
effect of the drug used. There is no single characteristic
relationship between drug effect and drug dosage, but in
most cases a sigmoid dose-response curve is obtained
when the measured effect is plotted against the loga-
rithm of the dose. This means that differences between
treatments or inhaler devices are more likely to become
apparent when doses of drug are used that ensure the
patient is at the beginning of the more or less linear,
central portion of the dose-effect curve (Figure 8b.l).
If the dose is too high and the clinical response reaches
the 'plateau' phase, important differences may be missed.
Furthermore, differences between small quantities of drug
are more readily detected if the dose-response curve is
rather steep. Differences in effect between various inhalers
can be compensated for by increasing the dose. However,
this is not feasible when inhaled corticosteroids are used
because higher doses are more likely to cause unwanted
side effects as no inhaler delivers all the drug to the intra-
pulmonary airways.

Figure 8b.1 Dose-effect curves for two different inhalers.
Inhaler A is more effective than B. This difference in
effect will only become apparent if doses in the range
X-Y are studied. At higher doses, the inhalers seem equally
effective because both inhalers have produced maximum
effect.

General aspects of particle deposition
(Figure 8b.2)

The larger the particles of an aerosol and the higher the
velocity, the greater the central deposition in the oro-
pharynx, larynx and large conducting airways in adult
patients. The optimal size of a particle to reach the per-
iphery of the tracheobronchial tree in children is not
known, but in general intrapulmonary deposition of an
aerosol in adults is greatest for particles between 2 and
5 |xm in diameter. Most particles greater than 8 |xm in
diameter will impact above the level of the larynx in
adults. Particles less than 1 jjim in diameter may not be
deposited at all. The importance of particle size on the
effectiveness of inhaled therapy has been confirmed in
some adult studies.

Some therapeutic aerosols are hygroscopic, which
means that the inhaled particles may absorb water within
the humid environment of the respiratory tract, sub-
sequently enlarging in size, so that their aerodynamic
behaviour is difficult to predict. The clinical relevance
of this is not known. Studies with terbutaline, which is
hygroscopic, and budesonide, which is not, found that
total and regional lung deposition was similar for the two
drugs, suggesting that it is not important for the depos-
ition pattern.2

The four most widely used inhaler systems will be
discussed below. Apart from deposition studies, only
studies performed in children will be mentioned. No
two inhalers are alike. Therefore, conclusions from one
inhaler should not be applied to other inhalers of the
same class or a different class of inhalers. The termin-
ology of aerosols is important and definitions are
provided in Table 8b. 1.

Figure 8b.2 Effect of particle size on deposition in the
airway. (From ref. 98.)
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Table 8b.1 Aerosols: some definitions (from ref, 2)

An aerosol: a two phase system made up of a gaseous
continuous phase, usually air, and a discontinuous
phase of individual liquid or solid particles.

Mass median diameter (MMD): the diameter of a
particle such that half the mass of the aerosol
is contained in smaller diameter particles, and
half in larger.

Mass median aerodynamic diameter (MMAD): the
diameter of a sphere of unit density that has the
same aerodynamic properties as a particle of
median mass from the aerosol.

Geometric standard deviation (GSD): a dimensionless
number which gives an indication of the spread of
sizes of particles that make up the aerosol. An
aerosol with a GSD of 1 is made up of particles of
uniform size.

Heterodisperse aerosol: the aerosol is made up of
particles of many different sizes. The GSD is >1.2.

Monodisperse aerosol: the aerosol particles are uniform
size (or very nearly uniform). The GSD is <1.2.

PRESSURIZED METERED DOSE INHALERS
(pMDIs)

In pMDIs the active drug is dispersed as fine powder par-
ticles throughout the propellant kept at a high pressure
(about 400 kPa) in an aluminium canister (Figure 8b.3).
The particles are very small (MMAD about 3 Jim), have
a high surface energy and therefore tend to agglomerate.
This tendency is reduced by the addition of a surfactant
which normally consists of a non-volatile liquid which is
soluble in the propellant.9'10

The patient actuates a dose from the aerosol by press-
ing down the canister in the actuator seating. This releases
a metered volume of drug, propellants and surfactant
through the actuator orifice into the air (Figure 8b.3).
The dose is released in less than O.ls. Just after the release
the droplets are rather large (MMAD about 40 (xm) and
have a high velocity of about 30 m/s. As they travel through
the air they are markedly decelerated by the air resistance
and their size is reduced due to evaporation of the pro-
pellants (velocity about 12 m/s and MMAD about 12 |xm
10m from the actuator orifice). Thus, up to a certain point,
the further the droplets travel the lower is their velocity
and the smaller their size.10

Pressurized aerosols contain multiple doses of the
drug and do not have to be reloaded before each inhal-
ation. The canister should be shaken before treatment
to ensure proper filling of the metering chamber with
a homogenous mixture of the content. If the aerosol is
cold due to storage in a refrigerator or in a school bag
during winter the dose emitted may decrease as the vapour
pressure of the propellants becomes too low to produce
an adequate dose and to generate sufficiently small drug
particles.

Figure 8b.3 Metered dose inhaler with a spacer attached. A
variety of spacer designs exist. Their main function is to
remove large particles and to ensure that the aerosol
particles have a lower velocity when they reach the patient.

CFC free metered dose inhalers

Chlorofluorocarbons (CFCs) have been shown to dam-
age the earth's ozone layer11 and their use will become
illegal for most purposes over the next few years.12 Pharma-
ceutical manufacturers have redesigned their metered dose
inhalers using new hydrofluoroalkalane (HFA) propel-
lants. Various formulations have now been released
including a non-CFC formulation of salbutamol, beclo-
methasone dipropionate and fluticasone.

Some of the new drugs have been formulated to have
equivalent particle size and drug output to their CFC con-
taining precursors. It cannot be assumed that CFC and the
replacement HFA inhalers are equivalent in all situations.
For example, the delivered dose of a new HFA salbutamol
inhaler from spacer devices is markedly different to the
existing CFC formulations.13 CFC free beclomethasone
(3M and Baker Norton) emits drug in very much smaller
particles (approximately one micron in size) than the CFC
preparation. This results in a much greater lung depos-
ition of a given dose and systemic bioavailability. In the
case of beclomethasone dipropionate marketed by 3M, the
dose of drug prescribed should be half of that of a conven-
tional metered dose inhaler of this drug.

It is important that the results obtained in adult stud-
ies are not extrapolated to young children, particularly
those under the age of 5 years where small particles may
bypass the nose in significant quantities enhancing lung
delivery and subsequent systemic absorption.

The dose released by new CFC free metered dose
inhalers tends to be unaffected by storage orientation at
ambient temperature and the reproducibility14 has been
improved on the non-CFC metered dose inhaler.15 The
aerosol produced from some HFA formulations is less
dense and warmer than that from CFC containing metered
dose inhalers. Patients should be reassured that this does
not mean the inhaler is not working appropriately.

Inhalation technique

The results from various depositon studies with metered
dose inhalers vary, but generally about 80% of the dose
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from a conventional pMDI lodges in the oropharynx. Of
the remaining 20%, 10% is retained in the inhaler and
10% is deposited in the intrapulmonary airways.2'10 There
may be some differences between the various pMDI
brands. The mode of inhalation influences the pulmon-
ary deposition of particles from a pMDI. Very slow inhal-
ations (about 301/min) followed by a breath-holding
pause of 10s after the inhalation have been found to
enhance pulmonary deposition as compared with fast
inhalations (about 901/min) with and without a breath-
holding pause.3'10 Actuating the aerosol 4cm from the
wide open mouth has been suggested to increase pulmon-
ary deposition when compared with actuations with the
lips closed around the mouthpiece of the inhaler; how-
ever, the results from studies evaluating this have been
inconsistent.10

Other laboratory studies

The MDI has served as a gold standard for comparison
with other inhalers and some of the laboratory studies
performed with this device will be discussed in the sec-
tions about the other inhalers.

Dose-response studies and single dose studies in
school-children have found that a terbutaline pMDI has
the same or a lower effect than a pMDI and large volume
spacer when both devices are used correctly.16 Further-
more, a pharmacokinetic study suggested that the intra-
bronchial deposition of budesonide was somewhat lower
after inhalation from a pMDI than after inhalation from
a pMDI and large volume spacer. The total area under the
serum drug concentration vs time curve (reflecting the
bioavailability) was the same for the two devices because
the pMDI was associated with a higher gastrointestinal
absorption of drug. So even if the spacer produced higher
lung deposition the systemic effects of the two inhalers
were the same.5 This indicates that the clinical/systemic
effect ratio is lower for budesonide pMDI than for the
pMDI and large volume spacer. Similar comparisons have
not been performed in children between pMDIs and
other devices.

Clinical studies - ease of use

Virtually all children's difficulties with the MDI are
related to the high velocity of the aerosol particles (3 m/s)
leaving the orifice: problems with coordination of actu-
ation and inhalation, stopping inhalation when the cold
aerosol particles reach the soft palate (cold Freon effect),
actuation of the aerosol into the mouth followed by inhal-
ation through the nose, and rapid inhalation.10'17 All these
mistakes are associated with a reduced clinical effect.
As a consequence more than 50% of children receiving
inhalation therapy with a pMDI alone gain less clinical
benefit from the prescribed medication17 when com-
pared with pMDI and spacer or dry powder inhalers.

Therefore, all prescriptions of a pMDI should be accom-
panied by repeated, thorough tuition of correct inhaler
use followed by a demonstration of inhalation technique
by the child. Conventional pMDIs cannot normally be rec-
ommended for children if alternative devices are available.

When is a pressurized metered dose
inhaler empty?

There is currently no way, apart from counting individ-
ual actuations, to know when a metered dose inhaler is
empty. Counters for metered dose inhalers should be a
standard requirement. It has been claimed that the pMDIs
float on water when they have delivered their licensed
number of doses and it has been suggested that they should
be replaced at this time.18 Ogren clearly demonstrated that
this is a very misleading technique.19

Breath actuated metered dose inhalers

Breath activated pMDIs incorporate a mechanism that,
when activated during inhalation, triggers the metered
dose inhaler to fire. In theory, this should reduce tuition
time and the need for the patient or parent to coordinate
metered dose inhaler actuation with inhalation. Young
patients may stop breathing due to the cold Freon effect
when the metered dose inhaler is actuated or have a sub-
optimal inspiration.20 Use of these devices for the deliv-
ery of salbutamol should be restricted to children older
than 6-7 years and adults. Here, children can be taught a
correct inhalation technique with breath actuated inhalers
within 2-3 minutes and then use them during episodes
of acute wheeze,21"23 when they are very effective, or
before physical exercise.

Evaluation of their efficacy in children under 5 years
of age is limited to eight children in one study.24 The
selection of this group was biased as all children included
had to be able to perform reliable peak flows. Only half of
the children studied had evidence of bronchodilation
following inhalation of p2-

ag°nist and one child was not
able to trigger the device. We are unaware of any trials
that have been performed on the use of inhaled steroids
from these devices in children or adults. Oral deposition
using these devices is still very high, and will be minimized
by the use of the conventional metered dose inhaler and
spacer instead.

Breath activated pMDIs maybe used with a short open
tube spacer (Optimizer). Although this may be expected
to reduce extra thoracic drug deposition, there are no
published evaluations of this.

Intelligent metered dose inhalers such as the Smartmist
(Aradigm Corp, California, USA) have been developed
to deliver a drug bolus at a pre-programmed point dur-
ing inhalation, defined by both flow and volume. Although
they can also store data on patient use and lung function,
costs currently limit their use.25
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Mete red dose inhalers with extended
mouthpieces

The Spacehaler (Evans Medical Limited, Leatherhead,
UK) has an actuator that is designed to reduce the vel-
ocity of the aerosol cloud emerging from the inhaler. This
should reduce the impaction of the aerosol in the orophar-
ynx and thus the amount of non-respirable drug delivered
to the patient.26 Although the device appears to be as effect-
ive in the delivery of salbutamol to adults as a metered
dose inhaler given via a large volume spacer, there are no
published studies of this device used by children or for
the delivery of steroids.27

An open tube spacer known as the Syncroner (Fisons
PLC, Loughbrough), is 10 cm long and, if inhalation is not
coordinated with actuation of the metered dose inhaler,
an aerosol cloud can be seen to escape from the open top
of the spacer. It is thought this provides visual feedback for
the patient of their poor technique and it was designed
primarily as a training aid. In an adult lung deposition
study, it has been shown to reduce oropharyngeal deposi-
tion of sodium cromoglycate compared to the metered
dose inhaler.28 However, the Syncroner does not function
as a holding chamber and good coordination is essential
for its use. This precludes its use in young children.

SPACERS

Various devices may be attached to the mouthpiece of a
conventional pressurized aerosol to ensure that the aerosol
particles have a slower velocity and a small particle size due
to evaporation of the propellant within the device, before
they reach the patient. This is a theoretical advantage.

The popularity of spacer devices is reflected by their
recommended use in Table 8b.2. However, there is a
plethora of different spacers available and the emitted dose
from different spacers may vary up to 400%, depending
on the spacer, the drug, the tidal volume of the patient
and their technique.29

There are two main types of spacer devices, holding
chambers and extension devices.

Extension devices

Such devices increase the distance the aerosolized drug
has to travel before the patient inhales. They allow the
aerosol to slow and propellants to evaporate and large
particles to be trapped within the spacer. Such spacers do
not have a one-way valve and coordination is still required
for optimal drug delivery. These devices are, therefore,
not suitable for young children and may be inappropri-
ate for the many patients of any age who have difficulty
in coordination. They should not be used in children
under the age of 5 years.

Holding chambers

For the rest of this section, these will be referred to as
spacers. They provide a reservoir of drug from which the
patient breathes. Holding chambers have the properties of
extension devices, but reduce the need for coordination
between inhaler actuation and patient inhalation.

If the pressure drop required to open and close the
valve is insufficient, the expiration may partly go through
the spacer, expelling some of the aerosol, or air entrain-
ment may occur through the side hole or through leaks
between the lips and the mouthpiece or the face and the
face-mask.7 This will lead to a reduction in the inhaled
dose. Furthermore, a substantial amount of drug may be
lost through the valve when the aerosol is fired into a
straight tube spacer if the valve is not tight.8

Inhalation technique

Slow inhalations improve the effect when a straight
extension tube spacer is used in children, whereas breath-
holding, tilting of the head during inhalation or inhal-
ation from functional residual capacity instead of residual
volume does not influence the effect.10'30 Quiet tidal
breathing results in an optimal effect when a large vol-
ume spacer is used.31

All spacers reduce the oropharyngeal deposition of
drug substantially (by about 50%).32 As a result the occur-
rence of oropharyngeal candidiasis is reduced when cor-
ticosteroids are used. The amount of drug retained in the
inhaler is increased markedly by all spacers (most by the
low volume spacers) and hence the dose to the patient is
reduced. Yet the dose delivered to the intrapulmonary
airways is often the same or higher than that from a
pMDI,9'32 though not all spacers have been thoroughly
studied in this respect.

No more than one dose should be fired into the spacer
at a time when a large volume spacer is used, otherwise
the inhaled dose is reduced.33 Actuation of more than
one puff at a time into low volume spacers is also not
recommended.13

Static charge

The output of respirable particles from a plastic spacer
may be markedly improved by use of an antistatic lining
in the spacer.33

Static charge accumulates on the walls of many plastic
and polycarbonate spacers. These can very rapidly attract
the charged particles produced when the metered dose
inhaler is actuated. Highly charged spacers deliver less
drug than those where the static charge has been reduced
by an antistatic lining.34 Washing polycarbonate spacers
with a detergent negates the effect of static charge with
some drugs.35
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In order to overcome the problems with spacer static,
a metal spacer (Nebuchamber) has been developed. This
is a 280ml stainless steel device and produces a larger
output of both large and small particles than do other
spacers. As there is no electrostatic attraction to the spacer
walls, there is much less need for the patient to inhale
immediately after metered dose inhaler actuation, because
particles remain suspended for longer.36

Other laboratory studies

One study indicated that there may be important dif-
ferences between the effect of various spacer devices. The
Aerochamber produced less bronchodilation in school-
children than the Inspirease or Aerosol Bag.37 This
agrees with the findings in another study measuring the
dose of budesonide delivered to children younger than
two years after inhalation from a large volume spacer
(Nebuhaler) and two low volume spacers (Aerochamber
and a Babyspacer).8 The dose after Aerochamber treat-
ment was significantly lower (about 40%) than the dose
delivered from the other spacers. This indicates that the
volume of the spacer is not the critical issue in these age
groups. The reason for the finding seemed to be that
children hyperventilated markedly when a tightly fitting
face-mask was placed around their mouth and nose.8

An in vitro study has found that only at low tidal vol-
umes (around 25ml) was a low volume spacer like
the Aerochamber more efficient at drug delivery;38 at
tidal volumes (around 150ml) drug delivery was more
efficient from the Nebuhaler. Finally, an in vitro study
of a circuit designed to administer a pMDI to mechani-
cally ventilated neonates found that the Aerochamber
deposited more drug on a filter than did the Aerovent
spacer.39

Other studies in school-children have compared the
pMDI with the Volumatic and the Siriraj spacer40 or the
pMDI and Aerochamber with a pMDI alone41 and did
not find any significant differences in effect between
the spacers or between the spacers and the correctly
used pMDI.

Assessed by filter studies, drug delivery to preschool
children can be markedly improved by attaching a face-
mask to the mouthpiece of a large volume spacer, pre-
sumably because the face-mask reduces the occurrence
of air leakage between the mouthpiece and the lips dur-
ing the inhalation.7 The face-mask in this study created a
tight seal with the face, but is not the one currently com-
merically used with this device. The inhalation technique
of preschool children, with a large volume spacer and
face-mask was not as good as the inhalation technique of
older children. As a result, a 2-year-old child had to use a
50% higher dose than a 14-year-old child to get the same
amount of drug on the filter.7 Such age-dependent differ-
ence in delivered dose was not seen in children between one
and seven years when a low volume spacer (Baby-spacer)

was used.7 This finding calls for more in vivo studies in
different age groups of children to assess the optimal
spacer volume.

Infants who cry during administration receive a lower
dose.42'43 Using an antistatic spacer increases the dose and
decreases variability.44

Clinical studies - ease of use

All spacers reduce the risk of the cold Freon effect and
the occurrence of coordination problems. Therefore,
spacers are easier to use than a pMDI10 and some pro-
duce a better clinical effect, particularly if they have a
valve system. Virtually all school-children can learn to use
these devices and to use them effectively during attacks of
acute bronchoconstriction when they are as effective as
nebulizers.45'46

It is also possible to train most preschool children to
use valved spacers with face-mask for prophylactic admin-
istration of all appropriate anti-asthma medication. Their
clinical value has been demonstrated in many clinical
trials in all age groups. At present a pMDI and spacer is
probably the system of choice in preschool children.47'48

Problems may occur with opening and closure of the valve
of some spacers. This maybe reduced by tilting the spacer
inhaler upwards during inhalations so that the valve opens
by gravity.47

Generally spacers have a very favourable clinical/sys-
temic effect ratio, though this has only been studied in
school-children not using a face-mask. Most young chil-
dren breathe through their nose, which serves as an effi-
cient filter of larger particles and may therefore cause
considerably reduced drug deposition in the lung.49'50

So nose breathing may reduce the clinical/systemic effect
ratio since many drugs are well-absorbed from the nasal
mucosa. However, a spacer retains the large particles, which
contain the highest amount of drug, so the importance
of nasal breathing may be less.

No formal clinical comparisons between the various
spacers have been performed in children.

The main problem with spacers is that they are bulky
and difficult to carry about so they are more suitable for
prophylactic treatment given at home morning and
evening.

Due to their many advantages, new spacer systems are
launched every year. Though deceptively similar in appear-
ance, there may be marked differences in the amount of
drug retained in them. Therefore, uncritical use of any
new spacer device is not recommended until its value has
been documented in controlled trials.

DRY POWDER INHALERS

In dry powder inhalers (DPI) the drug is provided as
a finely milled powder in individual blisters or gelatin
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capsules or in a reservoir chamber. Each blister or capsule
contains only a single dose so it has to be replaced before
each treatment. Often the active drug is mixed with a car-
rier substance such as lactose or micronized glucose so
that the material in the capsules consists of fine drug
particles in large aggregates (diameter of about 60 u-m),
either alone or in combination with the carrier particles.
Most of the particles from dry powder inhalers are too
large to penetrate into the lungs. However, the turbulent
airstream created in the inhaler during inhalation causes
the aggregates to break up into particles sufficiently small
to be carried into the lower airways. Thus the effective
use of powder inhalers is dependent upon a certain min-
imum amount of energy imparted from the patient's
inhalation to create the correct particle size of the drug.
Up to a certain point, increases in flow will increase the
number of particles within the 'respirable range' and
therefore the clinical effect of a dose.10'51

The storage of dry powder at high humidity (or exhal-
ation into the device) may cause the drug to go into solu-
tion or cause agglomerates to form which are not easily
dispersed into fine particles during inhalation.

The devices

INDIVIDUAL DOSE DEVICES

In the Spinhaler the gelatine capsule is placed in the mid-
dle of a rotor. During inhalation vibration frequencies
and the wings of a spinning rotor draw out and disaggre-
gate the dry powder from the capsule. Even with an opti-
mal inhalation technique around 25% of the nominal dose
is retained in the capsule and only 6-12% is deposited in
the intrapulmonary airways.51"53

The Rotahaler also uses gelatine capsules. After the
capsule is broken a coarse net causes turbulence during
the inhalation. This disintegrates the small drug particles
from the large lactose particles, which are used as a carrier
substance. Intrabronchial deposition with the Rotahaler
varies from 6-11% in different studies when an optimal
inhalation technique is used. Oropharyngeal deposition
is around 80%.54'55'56

In the Diskhaler active drug and lactose are kept in the
airtight aluminium blister that is pierced before inhal-
ation. The Diskhaler also uses a coarse net to disintegrate
the particles. Intrabronchial deposition was found to be
around 11% in two studies.57'58 In one the deposition of
a Diskhaler was only half the intrabronchial deposition
when a pMDI was administered via a Volumatic.57

The Turbuhaler (Turbohaler) has a powder reser-
voir, which contains doses of pure drug without any
additives. The dose is metered by a dosing disk just prior
to inhalation. During inhalation the aggregated drug
particles are drawn through spiral formed channels in
the mouthpiece. The turbulence generated in these chan-
nels disaggregates the large particles. Intrabronchial
deposition with this inhaler varies from 17-32% in

various studies; 20-25% is retained in the inhaler and
around 50% is deposited in the oropharynx. The intra-
bronchial deposition after Turbuhaler use has been
found to be twice the deposition of a correctly used
pMDI.3'56'59

The Accuhaler (Diskus) is a dry powder device that
contains 60 individual doses on a foil strip. A dose
counter is included. The device is of lower resistance than
a Turbohaler and has been designed to deliver a similar
dose to that received from a metered dose inhaler of
similar nominal strength. It is taking over from the
Diskhaler.

Comparative studies of the Turbohaler and the
Accuhaler are inconsistent and confined to adults and
older children.60'61 In vitro studies suggest the Accuhaler
is more consistent in the dose delivered at different flows,
although it has a reduced fine particle mass and emits
more large particles than the Turbohaler.

MULTIDOSE DEVICES

The Clickhaler is a generic dry powder device designed to
look similar to a metered dose inhaler, even mimicking
the press down action of a metered dose inhaler to load a
unit dose for inhalation. The device gives similar results
to properly used metered dose inhalers and has a dose
counter and warning near the end of its 200 doses. It
locks when these are completed, making it impossible for
the patient to inadvertently try to administer medication
from an empty device.

Dry powder spacer: to overcome the requirement of
the patient to use their inhalation to aerosolize the drug,
a power assisted dry powder inhaler has been developed
which uses a mechanical piston of compressed air to
force the powder into a spacer from which it may be
inhaled. A modification to the Turbohaler that involves
the mechanical actuation of the aerosol into a non-
electrostatic spacer has been described. The half life for
the dry powder is 82 seconds within this device. It has yet
to be marketed.62

Inhalation technique

Fast inhalations enhance the effect of dry powder
inhalers in children, whereas breathholding, tilting of the
head during inhalation or inhalation from functional
residual capacity instead of residual volume have no influ-
ence.10'51 The number of respirable particles and the clin-
ical effect may decrease with decreasing inspiratory flow
rates. The inhalation effort and the inhalation flow rate
needed to generate a therapeutic aerosol vary between dif-
ferent DPIs. Therefore, results obtained with one inhaler
cannot be used to characterize another. At present no cor-
rectly performed comparisons between the various DPIs
have been done so that the clinical importance of these
differences is not known. They are most likely to be
important in preschool children, who may not be able to
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generate such high inspiratory flows and therefore benefit
less than older children from dry powder inhaler treat-
ment.10'63'64 Until further studies are available DPIs should
be reserved for children older than 5 years.

Other laboratory studies

Pharmacokinetic studies and filter studies in school-
children suggest that the intrabronchial deposition is
twice as high after Turbuhaler treatment as after treat-
ment with a pMDI and large volume spacer.4'5 In accord-
ance with this, the terbutaline Turbuhaler was more
effective than a pMDI in preventing exercise-induced
asthma in school-children.65 Furthermore, the Turbuhaler
produced better bronchodilation than a Rotahaler in
children with exercise-induced asthma66 and it was
assessed as being somewhat more effective than the
Rotahaler in 3-5-year-old children in an open, controlled
trial.67 The findings in other studies have been at variance
with these results.41'68'69 However, not all of these studies
ensured that the comparison took place with doses on the
steep part of the dose-response curve (Figure 8b.l) and
therefore many are unsuitable for detecting differences
between the various inhalers. The same problem applies
to other laboratory comparisons between DPIs and
between DPIs and other inhalers. Therefore, no firm con-
clusions about equi-effective doses from the various
inhalers can be based upon these results.

Clinical studies

Effectiveness in day-to-day use may depend more on ease
of use than on arcane laboratory experiments. DPIs are
breath-actuated, thereby reducing or eliminating the
coordination problems which are seen with the pMDI.10

For many years dry powder inhalers have been single
dose inhalers and therefore less convenient but easier to
use than the MDI. Some children have difficulties with
correct loading and splitting of the capsules when using
the single dose inhalers, particularly during episodes of
acute wheeze.10'70 The newer multiple dose powder
inhalers are easier to use and more convenient and so are
preferred to the single dose inhalers (and possibly MDIs)
by school-children.

The main problem with multidose DPIs is to train the
child not to exhale through the inhaler before inhaling,
since that will blow the dose out of the inhaler or cause it
to clog. The Turbuhaler should be loaded in the upright
position otherwise the metered dose will be reduced
when the powder reservoir is less than half full.

Clinical studies have indicated that there is not a
molar dose equipotency between DPI and pMDI. The
Rotahaler is somewhat less effective than the MDI,71

whereas the Turbuhaler is twice as effective as a MDI plus
Nebuhaler.72'73 These findings agree with various depos-
ition studies and emphasize the importance of not applying

conclusions from one inhaler to other inhalers of the
same class.

NEBULIZERS

Jet-nebulizers

In a jet-nebulizer, air or oxygen from an electric compres-
sor or compressed gas supply passes through a narrow
orifice, known as a venturi. At the venturi, the velocity of
the gas increases and hence the pressure falls. Liquid from
a reservoir is sucked up a tube and expelled in the form
of fine 'ligaments' that collapse into droplets due to the
surface tension (Figure 8b.4). Only about 0.5% of this
primary droplet mass (comprising the smallest droplets)
leaves the nebulizer directly; the remaining 99.5% impacts
on baffles within the nebulizer or on the internal walls,74

returns to the reservoir and is nebulized again. Thus the
nebulizer produces a spray continuously over a treatment
period of several minutes.

A variety of designs of jet-nebulizers exist. Some have
no baffle, others possess baffles in varying sizes and shapes
and some have concentric air and liquid feeds which are
intended to minimize blockage by drug residue and a flat
liquid pick-up plate which enables the nebulizer to be
tilted by up to 90°. The baffle design has a critical effect
upon nebulizer output characteristics, in particular upon
droplet size distribution.

During nebulization a fall in temperature of the nebu-
lizer and its contents is seen, being typically 10-15°C at a

Figure 8b.4 Operation of a jet-nebulizer. Compressed gas
passes through a narrow venturi where negative pressure is
created. Liquid is drawn up a feed tube and is fragmented
into droplets. Large droplets impact on baffles (b), while
smaller droplets are carried away in the inhaled airstream.
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compressed gas flow rate of 8 1/min because the diluent
evaporates during nebulization. As a consequence of solv-
ent evaporation, the drug concentration remaining in
the nebulizer increases steadily during nebulization.75

Paradoxical deterioration of infants' lung function from
a nebulized p2-agonist has been reported, possibly due to
an increased tonicity of the aerosol during the selective
evaporation of solvent during nebulization or due to
preservatives.76"78

It is not possible to deliver all the fluid as aerosol since
some is trapped as a dead or residual volume within the
nebulizer, even after nebulization to dryness (when no
more spray is produced). Thus an initial volume fill of 4 ml
might typically leave a dead volume of 1 ml, but it would
be a mistake to think that three-quarters of the drug has
been nebulized. If the drug concentration in the reservoir
has doubled (as often occurs) then only 50% of the drug
has been nebulized. Output from nebulizers is sometimes
assessed by weighing the nebulizer before and after nebu-
lization, but this is misleading because it does not take into
account the increase in drug concentration within the
nebulizer. It is better to wash out the nebulizer after use and
assay the amount of drug washed out and subtract this
from the amount of drug initially placed in the nebulizer.

Drug output will vary according to the type of nebu-
lizer, variation in dead volume and the volume of fluid
initially placed in the nebulizer. Nebulizers work more
efficiently (deliver more drug) when higher volume fills
are used. To give an example, it may be possible to release
only 40% of the dose with a 2 ml fill, and up to 60% with
a 4 ml fill.79

Modified jet-nebulizers

To reduce the inefficiency of conventional jet-nebulizers,
a new breed of jet-nebulizers have emerged over the last
few years. They are discussed below briefly in order of
their introduction to the market.

OPEN VENT NEBULIZERS

As gas under high pressure expands through the small
opening within the nebulizer (the venturi) it expands
rapidly creating a negative pressure that sucks aerosol
up which is then atomized. The Sidestream nebulizer
(Medicaid, UK) incorporates an extra vent that allows air
to be drawn through the nebulizer as a result of the nega-
tive pressure generated. The additional airflow pushes out
more small particles in a given time, reducing nebuliza-
tion time considerably. Blockage of the vent would allow
the nebulizer to release a similar amount of drug but over
a much longer time. The main advantage of such systems
is that nebulization occurs within half of the usual time.
However, because of the high flow of aerosol laden air
from the device, the dose received by young children may
be surprisingly low due to their lower respiratory tidal
flow and volume.

BREATH ENHANCED, OPEN VENT NEBULIZERS
(MEDICAID VENTSTREAM, PARI LC PLUS, LC STAR)

These nebulizers also have an extra vent that is protected by
a one-way valve. The valve opens only during inspiration.
On exhalation, the valve closes and expired air passes out of
the device through a separate expiratory port. The amount
of drug inhaled on inspiration is increased as the additional
airflow generated from the patient's inspiration pulls
through more small particles increasing the nebulizer out-
put and again reduces nebulization time. The amount of
drug inspired may be doubled but nebulization time is not
reduced as much as a simple open vent device.

INTELLIGENT DOSIMETRIC NEBULIZER

The Halo-lite is classed as an intelligent nebulizer that
monitors the breathing pattern of the patient continu-
ously. Once the patient has inhaled on three occasions
from the device, pulses of aerosol are generated during a
specific part of early inspiration only. The constant
monitoring allows the device to adapt to the patient's
breathing pattern if it changes during the nebulization
period. A major advantage of the device is that the dose
prescribed may be pre-set and once the patient has
inhaled this dose, feedback is given in terms of a beep to
the patient. A compliance chip was incorporated in the
device used in clinical trials that allowed the time, date
and the amount of drug inhaled to be documented.
Other devices incorporating flow controllers which
release boluses of aerosol early in inspiration are also
being developed.

Aerosol characteristics

Most nebulized aerosols are heterodisperse, that is, the
droplets in the spray cover a wide range of sizes (Figure
8b.5). MMAD varies with type of nebulizer, drug and gas
flow rate through the nebulizer.80 Normally an increase
in air flow is associated with a decrease in MMAD. Infor-
mation about droplet size provided by manufacturers of
nebulizers is often sparse and sometimes misleading. It
is common practice for manufacturers' data to quote the
number of particles smaller than a given size, for instance,
to say that 80% of the droplets are smaller than 5 jxm
diameter. Since the mass of drug contained in any droplet
is proportional to the cube of its radius a single 10 u-m
droplet will contain the same amount of drug as 1000
1 |xm droplets. Hence it is likely that most of the droplet
mass will be contained in the 20% of droplets larger than
5 |xm in diameter! It is therefore essential to quote droplet
sizes from nebulizers in terms of mass or volume dis-
tribution if they are to have any meaning. Finally, the
output characteristics of the nebulizer may change during
ageing.

Nebulization time depends upon the type of nebu-
lizer, the gas flow rate and the volume fill, as well as the
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Figure 8b.5 Nebulized droplet size distribution from a
jet-nebulizer using a Malvern Instruments series 2600 laser
analyzer (Malvern, UK), (a) Percentage of droplet mass
contained within each of 75 size bands on a logarithmic
scale; (b) cumulative mass distribution. The MMD (50%
point on the cumulative distribution) is 3.8 ̂ m diameter;
66% of the aerosol mass is contained in droplets smaller
than 5/xrt? diameter. The GSD (ratio of 84% to 50% points)
is 1.8. (From ref. 99.)

temperature and type of solution. Normally nebulization
time should not exceed ten minutes.

Ultrasonic nebulizers

Ultrasonic nebulizers use a piezoelectric crystal vibrating
at a high frequency to generate a fountain of liquid
in the nebulizer chamber. They operate silently and
often produce droplets with a higher MMAD than jet-
nebulizers.75'81'82 Furthermore, they cannot be used for
suspensions since they only nebulize the fluid and not the
drug. They may not be able to make a spray from some
viscous drug solutions and they may cause damage to
some drugs.82 For these reasons ultrasonic nebulizers are
not at present as widely used as jet-nebulizers and they
will not be discussed in detail.

Figure 8b.6 Air entrainment during tidal breathing from a
jet-nebulizer. Inspiratory and expiratory flow patterns are
shown. Inspiratory flow exceeds the gas flow through the
nebulizer (dark grey blocks) in adults and children, so that
the aerosol is diluted by entrained air. Infants may inhale
undiluted aerosol. Except for breath-activated orsidestream
nebulizers, aerosol is wasted during expiration (light grey
blocks). (From ref. 84.)

quiet tidal breathing is normally recommended because
it produces optimal results in adults.83

A Spira jet-nebulizer delivered a median of 11% of the
nominal dose to the inspiratory filter of children aged 6
months increasing to 14% at 8 years.7 Approximately 20%
of the nominal dose was found on the filter at the expira-
tory side. This fraction would have been lost as aerosol into
the surrounding air. Approximately 68% of the nominal
dose was retained in the jet-nebulizer after nebulizing to
emptiness. The inhaled dose showed only a weak correl-
ation to age or height of the child. These findings substan-
tiate previous reports suggesting that after 6 months of
age the quantity of aerosol inspired from a jet-nebulizer is
largely independent of age, since inspiratory flow exceeds
jet-nebulized flow during all or part of inspiration84 (Figure
8b.6). Children aged 1-2 years hyperventilate when a face-
mask is applied to their face, permitting air entrainment to
take place in these age groups.8 The distribution of oropha-
ryngeal and intrabronchial deposition is not known.

Suction through the jet-nebulizer, which may occur
when there are no holes in the face-mask or mouthpiece,
may draw relatively large droplets, which would other-
wise fall back into the jet-nebulizer reservoir into the
inhaled airstream.85

Inhalation through a face-mask 2-3 cm from the face
reduces the drug delivery by approximately 50% in school-
children with a corresponding increase in release of aerosol
to the environment. In vitro studies have reported an
85% reduction in the inhaled dose of respirable particles
when the face-mask was moved 2 cm from the inspira-
tory orifice.39 The clinical effect appears to be the same in
school-children whether the inhalation takes place
through a mouthpiece or a face-mask.86

Inhalation technique Other laboratory studies

No controlled studies have been done in children on the
optimal inhalation technique from nebulizers. However,

Simply varying the choice of compressor, jet-nebulizer
and size of volume fill has been shown to vary the mass of
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drug in respirable particles over a ten-fold range.87 There-
fore, ideally each nebulizer/drug combination should be
characterized separately. This is very rarely done. Due to
this enormous variation it is not meaningful to discuss
comparisons with other inhalers in general. However,
generally nebulizers are far less efficient (per mg drug) than
other inhalation systems in school-children, so higher
doses are required to achieve the same clinical effect.46'88

This difference in delivery seems to be more pronounced
for steroids21 than for p2-agonists because fewer respirable
particles are generated from a steroid suspension.

The pMDI and spacer combination is atleast effective
for the administration of (32-agonists in acute severe
asthma as a nebulizer.89

Ease of use

Little coordination is required from the patient if contin-
uous nebulization through a face-mask with holes is
used. Therefore nebulizers are simple to use. However,
compared with other devices nebulizers are expensive,
bulky, inconvenient, time-consuming, inefficient delivery
systems and with our present knowledge their use for
daily treatment should be limited to children who cannot
be trained to use another device or for drugs which can-
not be delivered by any other inhaler system. In clinical
practice this means some children younger than 3-4 years
and handicapped older children. In our clinics it is rare
for any child to take a nebulizer home.

In spite of all the problems with nebulized therapy
nebulizers are still used in the treatment of acute severe
asthma in all age groups even if the same results can
be obtained with other inhalation systems in school-
children.22'45'46'86'89 In the acute situation it is an advantage
that oxygen can be administered through the nebulizer at
the same time as the p2-agonist.

Remarkably few controlled nebulizer studies of day-
to-day treatment have been performed. Therefore, our
knowledge about optimal dose requirement and nebu-
lizer system for young children is rather limited. At pre-
sent nebulized therapy to young children has to be based
on a few clinical studies and empirical experience. They
have clearly demonstrated that nebulizers can be used for
effective prophylactic therapy and (32-agonist adminis-
tration in children of all ages.23'90

The optimal method and frequency of cleaning a
nebulizer is not known. Some manufacturers provide
instructions. Normally it is recommended to rinse the
nebulizer (plus face-mask or mouthpiece) in hot water
after each nebulization. In addition, the nebulizer and
tubing should be washed in hot soapy water twice weekly
and rinsed and disinfected once a week in a mixture of
one cup of hot water plus two tablespoons of vinegar. This
should be followed by drying by blowing air through the
system. Some nebulizers are supplied with needles to
unblock the feeding tubes, but generally these should not

be used because they may damage the nozzles. Finally
the air inlet filter should be changed at regular intervals,
depending upon the environment in which the nebulizer
is being used.

Though spacers, powder inhalers and nebulizers are
apparently easy to use, careful and repeated tuition is
required every time one of these inhalers is prescribed
otherwise the therapeutic result may not be satisfactory.

CLINICAL - SYSTEMIC EFFECT RATIO

The systemic effect of an inhaled drug depends upon the
amount of drug deposited in the intrapulmonary airways
and the amount absorbed from the gastrointestinal tract
(Figure 8a.l 1). The clinical effect only depends upon the
intrapulmonary deposition. Therefore, a clinically very
effective inhaler will also be expected to have a higher sys-
temic effect. In contrast the contribution of the orally
deposited drug to the systemic effect is higher for an
inhaler with a low intrapulmonary and high oral drug
deposition. So, when an inhaler is studied it is important
to evaluate both the effect and side effect profile so
that an effect-side effect ratio can be defined. This has
been done thoroughly for the Turbohaler and for
corticosteroids.

Most studies evaluating the use of inhaled cortico-
steroids have only compared the systemic effect of an
identical dose of a corticosteroid delivered from two dif-
ferent inhalers without considering the question of clin-
ically equieffective doses of the two inhalers studied. In
such studies it has been shown that beclomethasone
delivered via a large volume spacer (Volumatic) has less
systemic activity than the same dose delivered from a
MDI or a Diskhaler.91'92'93 Since the Volumatic seems
to be at least as effective as these inhalers the clinical-
systemic effect ratio for the Volumatic is probably better
than the ratio for these inhalers. Furthermore, budes-
onide from a Nebuhaler has the same systemic effect
as budesonide from a MDI and less systemic effect
than budesonide from a Turbuhaler.94'95 However, the
Turbuhaler is twice as effective as these inhalers. So the
higher systemic effect of the Turbuhaler is mainly due to
a higher intrabronchial deposition and hence the clinical-
systemic effect ratio is the same for this inhaler and the
Nebuhaler.

We have no knowledge about the clinical/systemic
effect ratio for the various nebulizer systems. However,
nose breathing would be expected to filter off the large
particles, which are likely to be absorbed and cause
systemic effects without adding to the clinical effect. Jet-
nebulizers with spacer-like reservoirs, which filter out
large particles, are likely to improve the therapeutic ratio.

In summary, spacer systems have advantages over
other devices for delivering inhaled steroids though this
has only been studied in school-children not using a
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face-mask. Most young children breathe through the
nose, which serves as an efficient filter to separate most
larger particles and therefore may cause considerable
drug deposition in the nose and reduced deposition in
the lung.49'50 Nose breathing may reduce the clinical-
systemic effect ratio since many drugs are well-absorbed
from the nasal mucosa. Furthermore, recent findings
with the dry powder inhaler Turbuhaler show that the
clinical-systemic effect ratio of this inhaler is quite simi-
lar to that of a spacer without a face-mask and the low
oral bioavailability of fluticasone probably also reduces
the importance of a spacer for this drug. The difference
in clinical-systemic effect ratio between the various
inhalers is most important when high doses of inhaled
corticosteroids are used.

ADHERENCE TO THERAPY

Adherence to asthma medications is poor.96 Under-use
of prescribed medications occurs approximately 50% of
the time. There is no evidence that compliance is improved
by changing to a different inhaler device, be it small or
unobtrusive even though such devices are often marketed
on the basis that they are more acceptable to the patient
and they will, therefore, be used more. With improve-
ment in technology, there is increasing likelihood in drug
delivery devices that can both monitor and prompt
patient use.

Implementation of evidence-based pMDI and spacer
therapy for acute severe asthma in place of jet-nebulizers
takes a great deal of effort and persistence.97 Thus it is
not only patients whose motivation wavers, but health
professionals too!

INHALER STRATEGY

Children up to 5 years can use a spacer with a valve system
and a face-mask for the delivery of all drugs. If the child
cannot be taught correct use of a spacer, a nebulizer
should be prescribed (Table 8b.2).

Children over 5 years can be prescribed a multiple dose
powder inhaler (if not available, a single dose DPI) or a
breath-actuated pMDI for p2-agonists or SCG and a large
volume spacer for the administration of inhaled cortico-
steroids. If these alternatives are not available a con-
ventional DPI or MDI can be used in these age groups
provided that careful tuition is given. Fluticasone dipro-
pionate may be given by DPI or spacer pMDI.

Nebulizers are mainly used for severe acute attacks of
asthma if children refuse to use a spacer.

With this approach children can be taught effective
inhaler use with a minimum of instructional time by the
doctor, nurse or therapist, whoever has the necessary skills
and patience to succeed. Finally, it must be remembered
always to consider the child's wishes since prescription of

Table 8b.2 The choice of inhalation device (assumes all devices used optimally) (from ref. 2)

0-2

3-6

6-12
(bronchodilators)

6-12
(steroids)

12+
(bronchodilators)
12+
(steroids)

Acute asthma
(all ages;
bronchodilators)

MDI + spacer and
face-mask
MDI + spacer

MDI + spacer or
breath-actuated
MDIsorDPI

MDI + spacer or
Turbohaler or FP DPI

DPI or breath-
actuated MDI
MDI + spacer or
Turbohaler or FP DPI

MDI + spacer

Nebulizer

Nebulizer

Other DPI or breath-
actuated MDI

Other DPI or breath-
actuated MDI

Nebulizer

Avoid 'open vent' nebulizers

Very few children at this age
can use DPIs adequately
If using DPI or breath-
actuated MDI, also prescribe
MDI + spacer for acute
exacerbations
May need to adjust dose if
switching between inhalers
Advise mouth rinsing or
gargling

May need to adjust dose if
switching between inhalers
Advise mouth rinsing or
gargling
Ensure appropriate dosing
Nebulize for a set period of
time
Provide written instructions

MDI: metered dose inhaler; DPI: dry powder inhaler Fluticasone Propionate.
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an inhaler which the physician likes but the child does
not is likely to reduce compliance.

AIMS OF FUTURE DEVELOPMENTS

It is obvious that the ideal 'wonderhaler' which can be
used by all patients and for all drugs has not yet been
developed. The aim of future inhaler development must
be to develop a convenient, easy to use, breath actuated,
Freon-free, effort-independent multiple dose inhaler,
which filters off all larger particles and delivers a repro-
ducible fraction of the dose to the patient in the form of
slowly moving respirable particles. Ideally, it should con-
tain a data logger so that, dose by dose, compliance can
be recorded. For young children a valve system and a
face-mask which prevents nasal inhalation would be
ideal. Until such an inhaler has been developed, a more
complicated inhaler strategy has to be followed.
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THE NATURE OF WHEEZING IN EARLY
CHILDHOOD

A brief history of wheeze

Attitudes to infant wheezing disorders have come full cir-
cle over the last 40 years. While the techniques which led
paediatricians1 and family doctors2 in the 1960s to recog-
nize that infant wheezing disorders differed in important
ways from childhood asthma can be criticized, their
conclusions were very perceptive. In particular, these
observers noticed that wheezing in the youngest children
was episodic, associated with upper respiratory tract infec-
tion and that the overwhelming majority of wheezy
infants, including some who had been admitted to hospital
many times, out-grew their disease so that by school age
they were unlikely to exhibit the features of asthma (Figure
9.1). Recent studies of birth cohorts collected from a whole
population and from groups at high risk of developing
atopic asthma have confirmed some of these observations
(Chapter 3).

A different message was promulgated in the 1970s
and 1980s. Alarm at the apparent epidemic of childhood
asthma and awareness that under-diagnosis and under-
treatment of asthma could lead to excess morbidity and
mortality, along with the ready availability of all the main
therapeutic agents which are in use today, caused paediatri-
cians to abandon vague descriptive terms such as 'wheezy
bronchitis' in favour of the apparently more precise and
prescriptive term 'asthma' for all ages, although termin-
ology for those under one year remained contentious.

Figure 9.1 Concordance of community reporting of upper
respiratory infections and admissions to one hospital with
acute severe asthma in the first year of life. (From ref. 1
with permission.)

By this means, it was hoped that appropriate therapy,
including bronchodilators and prophylactic anti-asthma
agents, would be prescribed for young wheezy children in
place of the ineffectual antibiotics and antitussives which
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Table 9.1 Major differences between the risk factors

for wheezing lower respiratory illness in infants and for

asthma in school

Tobacco smoke exposure
In utero
Childhood

Virus infection
Atopy
Aeroallergen exposure
Infant formula feeding
Low birth weight

*The risk factors for the aetiology of wheezing disease or asthma
may not be the same as the trigger factors for the manifestation
of symptoms. **ln infants of allergic mothers.

had been customary. Up to a point, this clinically driven
paradigm was valuable. It certainly raised awareness of
asthma and abated the shift away from the inappropriate
use of antibiotics for young wheezy children. But by
lumping all wheezers under a single diagnostic label, diag-
nostic, therapeutic and prognostic subgroups lay hidden.

In the last 15 years, it has become clear that early wheez-
ing disorders, particularly in the first 2-3 years of life,
should be considered as largely independent of later child-
hood asthma (Table 9.1 and Chapter 3). The evidence
includes the characteristic infant patterns of episodic
wheeze, the viral aetiology of wheeze in the youngest age
groups, recent evidence demonstrating the absence of
chronic inflammation in episodic viral wheeze, the over-
whelmingly non-atopic nature of infant wheezing, the
generally poor response of wheezing infants to thera-
peutic agents and the lack of progression to atopic child-
hood asthma in the majority of cases. By opening up the
debate again, we are no longer in danger of throwing out
the wheezy baby with the bath water. Instead, it would be
wise to admit that the term 'asthma' encompasses a range
of disorders, and to qualify the term with descriptors in
order later to target therapy, predict prognosis and con-
duct focused clinical research.3

Terminology

Wheeze is a symptom, not a diagnosis (Chapter 6a). The
use of the term leads to a problem-orientated rather than
a diagnosis-led approach to management which affects all
aspects of care, including the identification of contribu-
tory factors, clinical evaluation, therapeutic measures and
determination of outcome. The range of names applied
to the commonest group of wheezing infants and toddlers
is wide: wheezy bronchitis, wheezy baby syndrome, wheez-
ing LRI (lower respiratory illness), wheeze-associated res-
piratory illness, recurrent bronchiolitis, infantile asthma

or simply asthma. As the term 'wheezy bronchitis' implies,
in addition to wheeze, cough is an important symptom.
The thorny question of the existence of 'cough-variant
asthma' is considered in Chapter 6a. Even the term 'wheeze'
is ill-defined, and may be mis-interpreted by parents
(Chapter 6a). Other types of noisy breathing such as
rattly or bubbly noises (called 'ruttles' in the English
Midlands) which emanate from the large airways or
pharynx, and even stridor, are sometimes mistakenly
labelled wheeze by parents and sometimes by health pro-
fessionals too.4

Despite using the deliberately vague term 'wheezy
child', the label 'asthma' still has a place in management,
if only to simplify discussion with the parents of wheezy
children. However, it should be used only as a general term.
Arguments concerning the number of episodes of wheeze
required to justify the label of asthma are reminiscent of
medieval debate: how many angels can sit on the point of
a needle?

The relationship between acute infantile bronchiolitis
and wheezing disorders in infancy is not entirely clear:
bronchiolitis is part of the spectrum of wheezing, albeit
at one extreme, and not a 'cause' of recurrent wheezing
LRI (see below). The term 'recurrent bronchiolitis' is con-
fusing and therefore unhelpful and should be dropped.
Even the term 'bronchiolitis' is used differently in North
America where it is applied to episodes of wheeze, whether
isolated or recurrent, in the first 2 years of life. In Europe,
it applies to the first episode of infantile lower respiratory
wheezing illness, generally caused by RSV, in infants of
less than 6-8 months old.

Disease patterns

As is the case for other age groups, disease patterns can be
broken into three types (Figure 1.2, Chapter 1).

1 Most wheezy young children simply have episodic
attacks of wheeze and cough associated with evidence
of viral upper respiratory infection, punctuated by
symptom-free intervals of variable duration. At one
extreme, some children have a single episode, either a
mild attack lasting from 2-3 days, often with their
first RSV infection or a severe but isolated attack of
acute bronchiolitis; at the other extreme, monthly
admissions to hospital may be precipitated by each
passing cold.

2 A less common pattern of illness consists not only
of acute episodic wheeze and cough with virus
infection, but also includes interval symptoms
between episodes, brought on by laughter or crying
or at night, for instance.

3 The least frequent pattern in the community
(although common in hospital outpatient practice) is
the young child with persistent wheeze who even at
his or her best appears to be functioning suboptimally.
If well-adapted, fat and content, the term
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'happy wheezer' is sometimes applied; however this is
an inappropriate term which may encourage
therapeutic nihilism. In addition, in such a child,
symptoms may vary from day to day and acute
episodes may complicate viral respiratory infections.
Without lung function tests, the degree of persistent
airway obstruction from which such children suffer
can only be guessed.

Whereas for school-children disease patterns can be
constructed from a combination of lung function (domi-
ciliary PEF monitoring) and symptom diaries, for infants
only the latter are available, supplemented by careful his-
tory taking to fill the gaps and to establish the severity of
symptoms. These patterns of disease are of major import-
ance in management for several reasons:

• as is the case for asthmatic school-children, evaluation
of control is based on day-to-day symptoms, which
thus determine the level of'preventer' therapy;

• the therapy of acute episodes may differ from the
management of interval symptoms, so that acute
episodes need to be identified and their severity
gauged;

• the outcome for children with purely episodic
symptoms may be better than for those with interval
symptoms, although this is disputed.

Acute viral bronchiolitis deserves special mention as a
distinctive acute lower respiratory illness characteristi-
cally due to infection with the respiratory syncytial virus
(RSV). In its hospitalized form it has a peak incidence at
the age of about 3 months, much earlier than the onset of
most wheezing disorders. Although the main symptom is
cough rather than wheeze and the main physical signs
are hyperinflation, intercostal and subcostal recession
and crackles rather than rhonchi, the relevance of acute
bronchiolitis to wheezing disorders is that the majority
of infants (up to 90% in some studies) subsequently suf-
fer recurrent, episodic viral wheeze during early child-
hood (Chapter 7b). Whether RSV causes lung 'damage',
leading to recurrent wheeze, or whether RSV merely
picks out infants at a particularly early age who are sus-
ceptible to recurrent wheezy LRI (or both) is not entirely
clear (Chapter 3).5 Recent research showing that pre-
morbid lung function is abnormal in infants who develop
bronchiolitis, supports the latter.6 The fact that RSV is
also responsible for much wheezing illness in slightly
older infants and has an excellent long-term prognosis
supports the latter hypothesis. Atopy, as normally defined,
certainly has little role in acute bronchiolitis.

Acute bronchiolitis does nevertheless present particu-
lar problems because of the scale of the illness (1-2% of
all infants in the UK require admission to hospital), the
age and size of victims, the relatively frequent occurrence
of severe respiratory failure needing high dependency or
intensive care in up to 5% of hospital cases, the poor
response to treatment and the predilection of children

with other disorders (such as chronic lung disease of pre-
maturity, congenital heart disease or cystic fibrosis) to be
over-represented in hospitalized populations.

OTHER CAUSES OF WHEEZE

The respiratory system has a limited range of pathologi-
cal and physiological responses. The range of symptoms
and signs is even more limited. It is not surprising that a
large number of conditions which affect airflow in the
lower respiratory tract can cause wheeze (Table 9.2). In
population terms, most of these are very rare (Figure 9.2)
and in clinical terms many are obvious. (See also Chapters
6a and 13a.) But it is important to consider that some
of these conditions may contribute to symptoms in
children who are independently predisposed to wheeze -
gastroesophageal reflux is an example (Chapter 7c); clues
to differential diagnosis should always be sought and acted
upon (Table 9.3); the presence of wheezing in one of these
alternative conditions may in any case demand the same
management as simple recurrent wheeze - chronic lung
disease of prematurity (Chapter 13b) and cystic fibrosis
(Chapter 13a) are examples.

The range of investigations which might be invoked
to examine all the possible diagnoses is huge. In practice,
the only 'routine' investigation of value is the chest radi-
ograph. All others should be selected as appropriate.

Table 9.2 Differential diagnosis of chronic or recurrent
wheezing in infancy

Developmental anomalies
Tracheoesophageal fistula and related disorders
Bronchomalacia (localized or generalized)
Stove-pipe or rat-tail trachea
Airway compression syndromes
• vascular ring
• anomalous origin of R. subclavian artery
• bronchial or pericardia! cyst
Congenital heart disease (L-R shunting)
Granulomata or polyps

Host defence defect
Cystic fibrosis
Ciliary dyskinesia
Defects of immunity
• severe combined immune deficiency
• combined IgAand lgG2 deficiency

Postviral syndromes
Obliterative bronchiolitis
Airway stricture or granuloma or lymphadenitis

Recurrent aspiration
Gastroesophageal reflux
Disorders of swallowing
Neuromuscular disease
Mechanical disorders

Perinatal disorders
Chronic lung disease of prematurity
Congenital infection
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Paediatricians should have a low threshold for sweat
testing, and CF genotyping, even in the presence of popula-
tion screening for cystic fibrosis. The role of investigations
for gastroesophageal reflux has been reviewed in Chapter
7c and other investigations are discussed below.

EPIDEMIOLOGY

Figure 9.2 Likely frequency of wheezing disorders in a UK
population of infants. Figures are percentages. The central
hatched area represents the random distribution of the
atopic genotype (at about 30%) across all groups.

Natural history and risk factors

Assuming that they are causally related to wheeze, import-
ant factors for clinical management are those which are
amenable to modification (Table 9.1). The feeding regime
will have been decided by the time most infants develop
wheezing. Similarly, it will be too late to avoid smoking in
pregnancy! Household smoking is the only remediable
factor and should be addressed (Chapter 7e). If parents
cannot quit smoking, they should at least avoid smoking
in the dwelling. Virus infections, the main precipitants
of acute episodes (Chapter 7b), are more common in chil-
dren from large families, with parents who have asthma
and who attend day care. Where mother is a smoker, the
risk of viral infections in day care maybe the lesser of the
two evils. These risk factors are reviewed in Chapters 2
and 3. Paradoxically, some risk factors for early wheeze
(absence of breast-feeding and exposure to more viral
infections) are protective against later allergic asthma,7

although data on breast-feeding are disputed.8 It is proba-
ble that risk factors for asthma and wheeze differ in high-
risk and low-risk populations.9

Prospective studies of cohorts of newborn children have
provided more reliable information on the natural history
and prognosis of wheeze in young children (Chapter 3), but
there are insufficient longitudinal data to be certain about
the long-term outcome for individual wheezy infants.

Table 9.3

Perinatal and family history
Symptoms present from birth; perinatal lung
problem
Neonatal conjunctivitis
Family history of unusual chest disease
Severe upper respiratory tract disease
Recurrent febrile illnesses

Symptoms and signs
Persistent cough without wheeze
Excessive vomiting
Feeding difficulty or symptoms during feeding
Abnormal voice or cry
Focal physical signs in the chest
Crackles in the absence of acute infection
Inspiratory stridor as well as wheeze
Failure to thrive
Unusual skin rashes (i.e. other than eczema)

Investigations
Focal or persistent radiological signs

Pattern of 'airway closure' or expiratory
obstruction during lung function measurement

Developmental anomaly; perinatal infection; CF;
CLD; ciliary dyskinesia

Chlamydial infection
CF; developmental anomaly
Defect of host defence
Infective cause (host defence defect)

Recurrent aspiration; perinatal infection
Recurrent aspiration
Developmental anomaly; recurrent aspiration
Neurodevelopmental anomaly
Focal developmental disease; postviral syndrome
Pulmonary oedema or fibrosis; host defence defect
Major central airway or laryngeal disorder
CF; host defence defect; gastroesophageal reflux
Granulomatous or storage disorder

Developmental disorder; post-infective disorder; recurrent
aspirations; inhaled foreign body
Bronchomalacia; central airway disease

CF: cystic fibrosis; CLD: chronic lung disease of prematurity.
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For the majority of infants in the population, includ-
ing those who present initially with bronchiolitis, symp-
toms are largely confined to the preschool years; by
middle childhood except for those who develop atopic
childhood asthma, most children become symptom-free
(Figure 9.3). Persistent mild bronchial hyperresponsive-
ness may be a temporary feature of ex-bronchiolitics and
indeed hospital-based cohorts of wheezy infants may
also be different from population-based groups in the
greater contribution of atopy and likelihood of later
disease. Such differences could explain much of the
controversy regarding prognosis when viewed from the
different perspectives of hospital and community.
Hospital-recruited populations are more likely to suffer
long-term wheeze as are those children who have more
attacks in their preschool years.10 In the latter study, 33%
of children who had four or more attacks by the age of
four were still wheezy at ten. One large prospective pop-
ulation study in the USA has reported that a family
history of either atopy or asthma is a risk factor for any
lower respiratory illness in very young infants, while
wheezing in patients (but not atopy) was a risk factor for
doctor diagnosed asthma by 18 months.11

Prognostic factors for individual preschool wheezy
children, gleaned from several studies, are given in Table
9.4. Even the best combination of predictions of later
asthma in young recurrently wheezy children are of low
sensitivity.12 Inflammatory markers related to esinophil
activation, have been shown to be of prognostic signifi-
cance in some studies13'14 but not others.15'16 They may
simply be markers of atopy, a well known association of

asthma! These conflicting studies were based on small
numbers. If large numbers are needed to demonstrate
prediction, then the tests will be too insensitive for clini-
cal application.

In late adolescence and early adult life, follow-up stud-
ies of birth cohorts suggest that those who had LRI in the
first 2 years are more prone to productive early morning
cough and have a significant but small reduction in lung
function17 and enhancement of BHR.

There may be very long-term consequences to appar-
ently benign wheezing infantile LRI. Recent evidence links
premorbid lung function to the risk of early childhood
wheezing and later asthma, 18~21 suggesting intrauterine
risk factors, of which maternal cigarette smoking is one

Table 9.4 Factors which indicate increased risk of later
asthma, in young children with wheeze (from
several sources)

Parental asthma
Personal eczema
Wheeze without colds
Several episodes of wheeze
Older age at onset of wheeze
Allergic rhinitis
Eosinophilia (>95% Cl)
Raised EPX or ECP
Serum soluble IL-2R level
Cockroach allergen load
Prematurity

+ + +
+ +
+ +
+ +
+
+
+
+
+
+

Figure 9.3 The graphs indicate the
changing prevalence of recurrent
wheezy lower respiratory illness (LRI)
and atopic asthma in childhood. The
two distribution curves suggest the
major recognizable factors which
determine the distribution of affected
individuals. For episodic wheezing LRI,
an additional 'viral factor' is needed;
for atopic asthma, perhaps bronchial
responsiveness in response to

aeroallergen sensitization is a necessary
factor.
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example. Other data link size at birth and the presence
of LRI in infancy with reduced lung function and excess
mortality from chronic obstructive pulmonary disease
(COPD) in late adult life.22 These observations raise the
intriguing possibility that fetal lung maldevelopment
predisposes both to LRI in infancy and COPD later in
life.22

Prevalence

The prevalence of wheezing disorders is difficult to estab-
lish, since there is no clear dividing line between health
and disease. However, the recorded cumulative preva-
lence over the first years of life varies between 25-60%
for different populations depending on definition.23"27

The prevalence of viral respiratory tract infection28 and
the influence of smoking and social contacts are impor-
tant variables.29'30

Currently in the UK preschool children account for
about 80% of admissions to hospital for childhood
asthma and wheezing disorders and about half of asthma
admissions at all ages. These disorders account for 25%
of all acute admissions of children to hospital and this
figure may increase to 50% during RSV epidemics when
acute bronchiolitis looms large. In Sweden, most of the
recent increase in hospital admissions for obstructive air-
way disease in all age groups was due to the under-fives
and this was not explained by RSV bronchiolitis in the
under-ones.31 In contrast, the distribution of wheezing
disorders in the community reveals quite a different
distribution (Figure 9.2), with mild episodic wheeze
being the most common variety. It would appear from
the results of a UK cohort study, that the reported preva-
lence of both episodic/transient wheeze and multiple/
persistent wheeze has increased during the 1990s.27 If, as
is believed, the former pattern occurs mainly in non-
atopic and the latter in atopic children, then the rise in
preschool wheezing cannot simply be ascribed to the
increase in allergic sensitization. Some other process is
at work.

Recent trends suggest that the 'epidemic' of wheezing
in preschool children may have peaked in the UK since
1990-93, admissions to hospital with a diagnosis of
asthma or related conditions32 and attendances in primary
care33 have declined nationwide. The seasonal pattern of
presentation in primary care in the UK ties in closely with
the school year, showing a major peak as the summer vaca-
tion ends and viral infections proliferate (Figure 9.4). The
peak for hospital admissions follows soon after.34

With the exception of acute viral bronchiolitis and
bronchopulmonary dysplasia, wheezing disorders of early
life are very rarely fatal. The death rate for asthma and
related conditions for England and Wales for children of
all ages, has fallen from about 4.5 to 2.5 per million at risk
per year, over the last 15 years, with a peak in the teenage
years.

Figure 9.4 Weekly seasonal indices of general practice

episodes and hospital admissions by age group plotted as

3-week moving averages, (a) 0-4 years; (b) 5-14 years. WRS

weekly return service. (From ref. 34.)

MECHANISMS

Physiopathology

Until recently the pathological basis for airway disease in
infancy and young children was known only from fatal
cases of acute bronchiolitis and chronic lung disease of
prematurity. Neither situation is representative of the
common patterns of wheezing disease, which are very
rarely fatal.

Indirect, non-invasive methods which use the nose as a
model of acute airway disease or which rely on the detec-
tion of the stable breakdown products of inflammatory
mediators and cytokines in the urine have begun to pro-
vide data to support an inflammatory process in acute
episodes of wheeze in very young children.35'36 An adult
experimental model of viral wheeze has recently been
described.37'38 Its findings, that neutrophil-associated and
not eosinophil driven disease, appears to be the key
inflammatory process, may be an important observation.
Using the technique of non-bronchoscopic bronchial
lavage (BAL), a team in Belfast, UK has shown that during
relatively asymptomatic periods, the inflammatory milieu
of the airways differentiates between preschool children
with viral wheeze, atopic non-asthmatic and atopic asth-
matic children.39 In a bronchoscopic BAL study of 20
wheezy, mostly atopic children (mean age 15 months)
with 'episodes' or 'prolonged' wheeze, excessive cellularity
was found with increases in all cell types.40 Eosinophils
and mast cell derived mediators were not prominent, in
contrast to older asthmatics. This is further confirmation
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of the separate phenotypes which comprise preschool
wheezing disease.

Methods of studying airway inflammation in young
children have recently been reviewed.41 As yet, they do
not contribute to clinical management (Chapter 6d). Most
indirect methods of studying eosinophilic airway inflam-
mation from blood markers simply relate to atopic sta-
tus,16'42 but some markers may relate more specifically to
viral wheeze.43

The nature of viral susceptibility is unknown or even
whether children with wheezy LRI have more viral illness
than other children. There is weak evidence for a familial
aggregation of lower respiratory symptoms,44 but not of
increased bronchial responsiveness20'45'46 or of atopy.47

Risk factors for transient wheeze differ from those for per-
sistent disease.48 Knowledge of the specific virus involved
may allow appropriate immunization therapy to be con-
sidered in the future.

That acute episodes are predominantly viral in aeti-
ology is not in doubt (Chapter 7b). Other organisms also
contribute. Using molecular techniques Chlamydia pneu-
moniae (about 5% of cases) and Mycoplasma pneumoniae
(less than 5%) have been reported.49'50 Bacterial second-
ary infections are probably very uncommon, but there
are no reliable data.

Pulmonary physiology

The developmental basis for infant wheeze and the
physiological abnormalities in wheezy infants has been
described earlier (Chapters 3 and 5). Much knowledge
has been gained by airway function tests but the demand-
ing nature of such measurements means that there are no
tests which can easily be applied in the routine manage-
ment of infants. New techniques based simply on tidal
flow-volume curves recorded during natural sleep have
been shown to have diagnostic value51 in infants with
noisy breathing (Figure 9.5). A number of more demand-
ing methods have been used in research in this age group
(Chapter 5). Some techniques were analagous to those
used in older subjects, and may thus be more easily inter-
preted and more useful in longitudinal studies.52

The issue of bronchial hyperresponsiveness and its role
in preschool wheeze and asthma is contentious. Two pro-
spective studies have shown that female infants with levels
of airway responsiveness in the first few weeks of life
had the greatest risk of infantile wheeze19'20 suggesting the
importance of fetal developmental or genetic determin-
ants of BHR and wheeze. However, later in infancy, there
was no difference in bronchial responsiveness between
those with and without LRI20,45,46 possibly because of the
interaction of many postnatal environmental factors. One
group has found neonatal bronchial responsiveness to
be a risk factor for asthma (but not BHR) later in child-
hood.21 Less invasive techniques for measuring BHR in
infants may permit a better evaluation of their role in the
clinical management of wheezy infants.53'54

Figure 9.5 Tidal breathing flow-volume loop patterns.
(a) Normal pattern: round-shaped inspiratory (in) and
expiratory (out) limbs, (b) Pattern 1: irregular fluctuations
of the inspiratory flow (inspiratory fluttering), with
normal expiratory shape (associated with laryngomalacia).
(c) Pattern 2: flattening of the expiratory limb of the loop
with a normal (or variably flattened) inspiratory shape
(associated with an airway obstruction between the glottis
and mainstem bronchi), (d) Association between expiratory
flattening (Pattern 2) and inspiratory fluttering (Pattern 1)
in a child with laryngomalacia and primary
tracheomalacia. (e) Pattern 3: early expiratory peak flow
followed by reduced flow rates at lower volumes, with
normal inspiration (associated with reactive airway
disease), (f) Association between peripheral airflow
limitation (Pattern 3) and inspiratory fluttering (Pattern 1)
in a child with laryngomalacia and asthma. (From ref. 51)

Disturbances of gas exchange are invariable in wheezy
infants. The ready availability of oximetry has taught us
that moderate hypoxaemia (SaO2 85-92%) is common
in acute severe episodes (Chapter 6b). This puts infants
at risk of acute severe hypoxaemia if, for instance, against
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a background of moderate hypoxaemia they develop add-
itional episodes of obstructive apnoea during sleep. This
is a significant risk, especially in young infants. Add-
itional factors, such as chronic lung disease of prematurity
(Chapter 13b) or congenital heart disease (e.g. ventricu-
lar septal defect), put infants at great risk since exacerba-
tion of pre-existing pulmonary hypertension can lead to
right-to-left shunt or exaggerated intrapulmonary venti-
lation/perfusion imbalance with acute, severe hypoxaemia.
Sedation of wheezy infants for investigations may exac-
erbate hypoxaemia.55

In severe respiratory failure, ventilatory compensation
for hypoxaemia becomes impaired with consequent CO2

retention. Arterial blood gas estimations are needed in
critical cases, although in general, other clinical features
decide the need for intensive care or mechanical ventila-
tion (see assessment of severity below).

CLINICAL EVALUATION

History and symptom recording

Careful recording of the perinatal, personal and family
history allows the doctor or nurse to build up a subjective
picture of the illness, to glean clues to alternative diag-
noses (Tables 9.2 and 9.3), and to evaluate the severity of
the symptoms (Table 9.5) and the degree of disruption
which they cause to family life. The steps involved in the

evaluation of an infant are outlined in Figure 9.6 and in
detail in Figure 1.4 (Chapter 1).

Severity can be defined in various ways (Table 9.5).
The severity before starting treatment gives a guide to the
appropriate starting level for therapy. Adequate control is
defined as the abolition of symptoms by therapy or their
amelioration to a level which renders them trivial.

Questions should be directed in such a way that the
pattern of acute and chronic symptoms emerges (Chapter
1, Figure 1.2). Particular attention should be paid to peri-
natal factors (Chapter 13b), gastrointestinal symptoms
(Chapter 7c), cigarette smoke exposure (Chapter 7e) and
the timing of symptoms in relation to the introduction of
a weaning diet (Chapter 7d). Inhalant allergens may be
important triggers and should not be overlooked.

In order to evaluate the cardinal symptoms of wheeze
and cough (Chapter 6a) attention should be paid to sleep
disturbance, disruption of feeding, the relationship to
non-specific provoking factors such as laughter, exercise
or smoke or to specific factors such as viral respiratory
tract infections. In my experience, the report of wheeze
provoked by laughter (tickle-induced asthma), crying or
exercise implies airway hyperresponsiveness and should
have the same implications for diagnosis and manage-
ment as a report of exercise-induced asthma in an older
child. There are many features which suggest alternative
diagnoses (Table 9.3). Two of the most important clues
to important alternative diagnoses are: the presence of
persistent 'moist' cough (apart from colds), which sug-
gests chronic infection, and wheeze of very sudden onset,

Table 9.5

Mild
(good control)

Moderate

Severe
(poor control)

Life-threatening

Intermittent mild symptoms
(wheeze, dry cough) which do
not limit any normal activity by
day or night

Intermittent symptoms including
breathlessness, which limit
vigorous activity but not
feeding or sedentary activities
and rarely disturb sleep

Intermittent symptoms which
affect all but sedentary activities
on most days, with sleep
disruption on most nights

Unremitting symptoms (wheeze,
dry cough) which rarely disturb
the child, by day or night

Unremitting symptoms with
breathlessness, which limit
vigorous activities and disturb
sleep several times each week

Unremitting symptoms which
limit all but sedentary activities,
and wake the child every
night

Unremitting breathlessness with
misery, difficulty feeding,
talking or playing; frequent
nightly sleep disruption

Symptoms worse than steady
state, with limitation of
active play, and some sleep
disruption, but not of
feeding or sedentary
activities; may respond
to b2-agonist

Symptoms worse than
steady-state, with
unwillingness to play,
misery and frequent sleep
disruption; may respond
to b2-agonist

Will not feed or play
actively; too breathless
to lie down; brief or no
response to b2-agonist

Too breathless to feed, talk
or play; frightened,
cyanosed; no response
to b2-agonist
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Figure 9.6 The bare bones of diagnosis. The diagnosis is

always provisional in very young children. The algorithm is

presented more fully in Figure 1.4, Chapter 1.

which may be the only clue to the presence of an inhaled
foreign body.

The older the child, the more informative is the assess-
ment of response to prior therapy, especially inhaled b2-
agonists and inhaled or oral corticosteroids (assuming
an adequate delivery device and adequate compliance).
Neither is especially effective in young infants, so failure
of response does not have the same diagnostic implica-
tions as in older children and adults.

Symptom recording systems such as diary cards for
school-children with asthma are appropriate for infants.
The accuracy of such systems and the statistical treatment
of symptom 'scores' have not been adequately determined
(Chapter 6a). There are no criteria for denning or quan-
tifying acute episodes and no 'objective' lung function
measurements to back up symptom reporting. The work
of Clough and colleagues on the definition of acute epi-
sodes in older children may be applicable to infants,56 but
it is of interest that even this group uses subjective methods
to define episodes in their own research!57

The evaluation of the severity of acute severe episodes
in infants demands different questions. The features which
suggest a severe attack requiring management in hospital
are listed in Table 9.6. Scoring systems for acute bron-
chiolitis and other acute episodes have been devised but
never fully evaluated for interobserver bias or statistically
justified (Chapter 6a). Nevertheless, they do provide a
simple means to detect trends and have been used, in
default of objective measures, in therapeutic trials.58

Physical examination

A remarkable variety of physical features is found in
wheezy babies: thin or fat; happy or miserable when

Table 9.6 Features of a severe acute episode

in infancy

Unable to settle, sleep, or lie down
Unable to feed or drink
Agitated, restless, frightened
Cyanosis*, Sa02 < 90%
Tachypnoea (>60-70) with use of accessory
muscles of breathing
Tachycardia (>150)

*Suggests life-threatening airway obstruction.

wheezy; atopic features such as eczema or none; hyper-
inflated chest or small, possibly hypoplastic thoracic cage;
crackles during acute episodes or simply wheezes. Their
significance is not always obvious. Physical signs are
important in the identification of alternative diagnoses and
in the assessment of severity (Tables 9.3 and 9.6) as well as
in the ongoing management of acute episodes. A com-
pletely normal examination does not preclude significant
morbidity, especially if the disease is episodic in nature.

Examining wheezy toddlers may be a challenge to the
inexperienced. In general, however, there are no particu-
lar features which do not apply to older children (Chapter
6a). Again, except in an acute episode, most children have
no abnormal residual signs. The presence of abnormal-
ities between episodes is thus of great importance, imply-
ing chronic (poorly controlled) inflammation or some
other underlying structural or functional abnormality
(Table 9.2).

A common clinical problem is posed by the presence
of'transmitted', 'rattly' or 'noisy' breath sounds (euphon-
ically called 'ruttles' in the English East Midlands4). The
quality and amplitude of breath sounds seem to convey
little useful information and in fact one often wonders
whether the stethoscope is not a redundant instrument,
retained simply as a badge of office. Features such as hyper-
inflation, recession or the use of accessory muscles are
better guides to severity. Asymmetrical breath sounds,
persistent crackles and a persistent wet cough are import-
ant clues to alternative diagnoses.

Investigations

LUNG FUNCTION MEASUREMENTS

Measurements of lung mechanics and bronchial respon-
siveness have played an important part in research into
the mechanisms, epidemiology and therapeutics of wheez-
ing disorders. Most methods are technically demanding,
and in infants, usually require a face-mask for tidal flow
and volume measurements, and sedation.59 Techniques
based on non-invasive monitoring of the motion of the
chest wall and abdomen during tidal breathing have been
developed, and could be useful in monitoring. Methods
of monitoring based on breath-sound analysis promise
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to be useful for monitoring children in hospital or at home.
New methods of signal processing may allow patterns of
tidal breathing to be analysed on a continuous basis in
the near future, to monitor children at home or in hospi-
tal in order to detect changes in breathing pattern which
indicate changes in airway obstruction. Details of infant
lung function techniques are provided in Chapter 6b.

Of the range of techniques available for measuring
airway function in awake preschool children, the follow-
ing are currently practicable, but all require the use of a
mouthpiece:

• spirometry, success is variable,60'61 although with
incentive training, 80% success is reported.62

• interrupter methods for measuring resistance (Rint),
based on tidal breathing methods, which have been
used to demonstrate bronchodilator responsiveness
for diagnostic or therapeutic purposes in toddlers.63'64

• plethysmography with the infant seated on parent's
knee, to provide an index of specific airway resistance
(sRaw).65

• impedance methods for measuring airway resistance
and reactance to which, like the interrupter technique,
are very sensitive to upper airway distortion.65

Disturbed gas exchange is a feature of acute wheezing
episodes and bronchiolitis. Clinical observations suggest
that infants who enter an acute episode with pre-existing
problems such as chronic lung disease of prematurity may
quickly exhaust their ability to maintain alveolar ventila-
tion and ventilation/perfusion matching in the lung and
thus develop more severe hypoxaemia than those who are
free of disease between attacks. Oximetry is the appropri-
ate technique to detect hypoxaemia and to monitor the
response to oxygen therapy and bronchodilators. Nebu-
lized |32-agonist bronchodilators may worsen hypox-
aemia but this does not seem to happen with p2-agonists
given by MDI and spacer or with ipratropium bromide
or adrenaline. Transcutaneous PO2 and PCO2 devices are
useful for trend monitoring or for detecting significant
change after interventions, but their absolute accuracy is
poor and they have been superseded by oximetry in clin-
ical practice.

For critical or deteriorating acute severe episodes or
bronchiolitis, direct arterial puncture is occasionally use-
ful. It should be achievable so quickly in a sleeping infant
that the sample is in the syringe before the steady state is
disturbed by crying. Otherwise, thorough analgesia should
be used, starting with a local anaesthetic skin patch and
followed by local anaesthetic infiltration around the radial
artery (no adrenaline (epinephrine) should be used in the
local anaesthetic). The key measurement is the arterial
PCO2 since hypoxaemia is likely to have been treated with
oxygen therapy and is in any case detectable by oximetry.
PaCO2 values of 6-8 kPa suggest early respiratory failure
and such infants should be nursed in a high dependency
area; values over 8 kPa in conjunction with signs of exhaus-
tion and a rising inspired oxygen concentration indicate

the need for intensive care and for frequent re-evaluation.
Although a decision to commence mechanical ventila-
tion is not made on the level of PaCO2 alone, blood gas
analysis is an important determining factor.

Imaging

Children with mild or intermittent symptoms, in whom
none of the features mentioned in Table 9.3 are found,
need no further investigation. Troublesome wheeze or a
first acute episode demands a simple chest radiograph.
Abnormalities such as bronchial wall thickening, peri-
bronchial shadowing and hyperinflation are often found
in chest radiographs of older children referred to hospital
for the management of asthma.66 In a study of 101 infants
(median age 9 months) with 'obstructive bronchiolitis',
Wennergren et al. found many radiological abnormal-
ities including perihalar infiltrates (19%), peripheral infil-
trates (32%) and atelectasis (3%).67 Radiological changes
were not useful predictions of outcome; 70% of the chil-
dren were symptom free at the age of 10 years.68 Unex-
pected diagnoses can occasionally be made simply as a
result of chest radiograph (Chapter 6a). Children who
have features listed in Table 9.3 will all need a plain chest
radiograph as a minimum.

A repeat chest radiograph is not needed for subsequent
episodes unless clinical features suggest major segmental
collapse or consolidation or an air leak. Specialized imag-
ing under sedation or anaesthesia (CT, MRI, angiography
and ventilation/perfusion radioisotope scanning) is per-
formed rarely in order to follow up clues to alternative
diagnoses (Table 9.3 and Chapter 6a).

Host defence and allergy

Sweat testing should be performed if there is a family
history of cystic fibrosis or if there are clinical features
compatible with the disease, such as a failure to thrive,
malabsorption syndrome, meconium ileus equivalent or
troublesome chest disease. The latter may include per-
sistent or moist cough, repeated febrile LRI and unusu-
ally delayed recovery from acute viral bronchiolitis. With
the recognition of new gene polymorphisms, the old cer-
tainties of an 'all or none' approach to the diagnosis of
cystic fibrosis have weakened.

Allergy tests to identify either a general atopic predis-
position (serum IgE level) or specific sensitization (by
skin-prick testing or specific IgE test) are increasingly
useful in children beyond the first year. Apart from the
rare response to food allergens, the long-term significance
of which is often unclear, skin testing is generally negative
in infants, even those who are subsequently shown to have
been sensitized.69 A positive skin test to inhalant allergens
has low sensitivity but high specificity for allergic disease
in a wheezy infant. The immunological process which takes
place during the 'silent phase' between early aeroallergen
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sensitization and the subsequent onset of clinical disease
is a topic of much research (Chapter 7a). Atopy plays a
significant role in only a minority of wheezy infants, even
those with atopic parents, but an increasing role in older
wheezers, as discussed earlier.

The value of other tests of immune function such as total
serum immunoglobulin levels and IgG subclasses is dubi-
ous. The reference range is very wide in healthy infants
(Appendix). Without evidence of transient neonatal respi-
ratory distress followed by troublesome ENT infections,
tests for ciliary dyskinesia are probably unwarranted.70

of contact between the child and family and a health
professional.

As implied above, the reasons for this cautious approach
in infants and young children are many: the frequency and
importance of alternative diagnosis; the weak relation-
ship to markers of allergy; lack of physiological measure-
ment tools; the poor response to 'standard' anti-asthma
therapy; the rapidly changing prognosis. Nevertheless,
at the end of the period of clinical evaluation, the child's
parent(s) need(s) to be told a diagnosis and given a
management plan!

Other investigations
THERAPEUTIC MEASURES

Claims that bronchoscopy reveals many unsuspected
abnormalities may be the result of over-enthusiasm by the
bronchoscopist! Bronchoscopy is clearly indicated for
some problems.71'72 A study of 30 wheezy infants under
18 months who were poorly responsive to b2-agonists,
reported 40% segmental trachomalacia (over 50% under
6 months of age) mainly due to extrinsic compression.73

The fact that the prevalence fell with increasing age raises
questions about the relevance of the findings, and whether
dynamic narrowing was mistakenly reported as trachoma-
lacia. A similar rate of anomaly has been reported in infants
with chronic cough.74 At the moment, this sort of investi-
gation is still in the realms of research, but gleaning as
much information as possible from each clinically justi-
fied bronchoscopic procedure is imperative.40

The relationship between cause and effect in gas-
troesophageal reflux and wheeze is often unclear and the
interpretation of relevant investigations is rarely straight-
forward (Chapter 7c). Microbiological studies provide
little therapeutic information but do help in the man-
agement of a clinical service by permitting isolation and
cohort nursing of potentially infectious acutely wheezy
children and by giving warning of the onset of an impend-
ing epidemic (of RSV infection, for instance). Certain
adenoviral subtypes may lead to obliterative bronchiolitis;
bronchiectasis or airway granuloma formation, especially
but not exclusively in malnourished children, or those with
concurrent viral infections (measles and Herpes simplex,
for example).75 It is important to diagnose such infections
for prognostic reasons. It is doubtful whether awareness
of chlamydial, mycoplasma or bacterial pathogens in the
airways of uncomplicated wheezy young children alters
management or prognosis.

Reaching a diagnosis

In infants and very young children, to a greater extent
than for older children, reaching a diagnosis of asthma
(or one of its phenotypes) is simply one stage in an inter-
ative process (Figure 1.4, Chapter 1). The central ques-
tion 'Could it be asthma?' implies the provisional nature
of the diagnosis. It should be addressed at every point

General aspects of management

The aims of management are to abolish or minimize
symptoms with the minimum disturbance to the child
and family. Good management depends on mutual respect
and understanding between the families of young children
and health professionals. More than at any other age,
care in the community by community paediatric nurses,
health visitors and public health doctors supplements the
work of family doctors, paediatricians and hospital staff.
The tangible outcome of medical consultation should be a
guided self-management plan for the family, built on infor-
mation and advice, which takes into account the extent to
which the family can cope with self-management deci-
sions, and which is based as far as possible on published
evidence.

A number of international and national consensus
statements dealing with adult and childhood asthma have
been published, but only one deals purely with childhood
asthma and has considered the management of infants
and young children in any detail.76 It must be acknowl-
edged that the evidence base for management in early
childhood is slim.

Avoiding trigger factors

Cigarette smoke is probably the major avoidable factor,
although it is possible that many of its damaging effects
takes place during fetal life (Chapter 7e). Apart from
viral infection against which active and passive immu-
nization are now possible for certain viruses (RSV and
influenza A, for example), there are few other important
triggers. Overcrowding day care and the presence of
several older siblings may increase the risk of viral infec-
tion, as does day care.77'78 Paradoxically, the increased
risk of wheezing in the first years of life translates into a
reduced risk of asthma at school age. Indoor air pollution
may aggravate the risk of wheeze.56 Breast-feeding proba-
bly reduces the risk of wheezing LRI, whatever its dis-
puted value in relation to atopic disease (Chapter 2),9>26>79

the major effect occurring in the first two years.
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Primary allergen avoidance measures in general are
contentious and there is an emerging realization that
the effects of exposure (or avoidance) during pregnancy
or early infancy may have different risks and benefits to
children at high risk (i.e. for atopic or asthmatic families)
and to those at low risk. Recent evidence suggests that pri-
mary avoidance of dust mite before birth and during the
first year reduces the prevalence of chronic and severe
wheeze (but not virus-induced episodes) in infants of
atopic parents.80

Atopic asthma may begin in infancy. A strong family
history and active eczema are pointers. Tertiary interven-
tion by reduction of sources of aero-allergens such as
house-dust mites and cats may be worthwhile if there is
supporting evidence from the history (such as wheezing
after visiting grandma and her cats) and positive tests
for allergic sensitization. The house-dust mite content of
infants' bedding is minimal except for fleece bedding in
New Zealand, although the mite may even thrive on the
surface of impermeable mattress coverings. The main
source of aerial Der pi is natural wool carpeting in humid,
centrally heated houses (especially those with furry pets).
Measures to reduce house-dust mite levels are reviewed
in Chapter 14.

The evidence to support an alteration in feeding prac-
tices for infants or young children with wheezing illnesses.
However, where there is a clear history of the onset of
wheeze with weaning from breast to bottle milk or with
the introduction of specific foodstuffs such as egg, espe-
cially with the supporting evidence of food-sensitive
eczema, a trial of a dietician-supervised elimination diet is
worthwhile. Wheeze is very rarely the sole manifestation of
allergy to cow's milk. Soya-based infant formula should
not be used as a substitute for cow's milk formula, since
sensitization to soya is common in cow's milk-sensitive
infants81 and its use does not reduce the risk of wheezing in
the infants of atopic families.82 Trial periods of 4-6 weeks
should be allowed on low-allergy formula, with phased
reintroduction if no benefit occurs. With clear benefit,
supervised reintroduction should be postponed until the
child is 2 years old.

Pet ownership is a controversial issue, some cross-
sectional studies seeming to show a protective effect against
allergy, of cat ownership. However, prospective studies
clearly show that cat ownership leads to sensitization.80'83

Once sensitization has occurred, avoiding the ever-present
cat antigen Pel d I is almost impossible.

Education

The aim of part of every consultation should be to pro-
vide information about the nature of the illness and its
management, according to the parents' wants and needs;
but information by itself is unlikely to improve their child's
health. Training is required in the skills needed to monitor
the disease, to fill in record cards and to administer

medication. Although advice is often accepted better
when provided by a trained nurse or other health profes-
sional rather than by a doctor, its quality may be less good
(Chapter 18). The value of guided self-management pro-
grams in improving healthcare in preschool children has
not been proved by randomized trial. In fact, a recent two-
centre UK trial of a structured discharge programme for
200 preschool children attending an Emergency Depart-
ment or admitted to a Children's Ward (incorporating
parental training, a guided self-management plan, written
information and follow-up session reinforcement) failed
to show any effect on subsequent morbidity or caregiver
quality of life over any part of the subsequent 12 months.84

The contrast with the outcome of similar research in
older children is striking and suggests either that current
management guidelines are inappropriate for the (mainly)
episodic pattern of preschool wheezing disease, or that
our 'educational' techniques are not appropriate.

Anybody who deals with the parents of sick children
must appreciate their anxiety. This may lead to questions
which the doctor may consider irrelevant, but which
should be patiently tackled with the help of published lit-
erature. The most frequent question concerns prognosis.
Explaining that the frequency and severity of acute
episodes in infancy tend to decline with age and do not
necessarily carry a poor long-term prognosis can be very
reassuring (Table 9.4 and Chapter 3).

Drug therapy: review of therapeutic trials

GENERAL CONSIDERATIONS

In the era of evidence-based medicine (EBM), the double-
blind randomized controlled trial (RCT) is master and
the systematic review (with or without meta-analysis) is
king. But clinical trials are usually designed to show effi-
cacy; effectiveness in clinical practice is always much less,
partly because motivation and therefore adherence falls
and partly because RCTs are usually performed on small,
highly selected groups of subjects, whereas their results
are often generalized indiscriminately. Systematic review
has the aura of extreme objectivity, but in practice, it
too can be subject to bias, as illustrated by the conflicting
outcomes of two reviews of the evidence relating to
house-dust mite avoidance.85'86 Nevertheless, RCTs are the
essential starting point for rational prescribing.

Many variables demand consideration in any review of
clinical trials of asthma. In young children, some of these
are particularly important (Table 9.7) in determining the
validity and generalizability of clinical trials. Symptom
pattern (episodes or chronic symptoms) has already been
emphasized, but is rarely taken into account in clinical
trials. A large proportion of all published trials concern the
short-term, physiological outcome of single doses of bron-
chodilators administered by jet-nebulizer. While this sort
of study may be important, for instance in dose-ranging
investigations, as technical studies or as a preliminary to
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Table 9.7 Therapeutic trials in wheezy
infants - Important variables to note

Target population
Hospital or domiciliary
Acute episodes or intercurrent symptoms
Age

Drug administration
Dose and form of agent
Device for administration
Route of administration

Trial design
Randomized controlled trial or other format
Size of study and statistical power

Outcome measures
Physiological or clinical, short- or long-term
Toxicity

a full clinical trial, the results cannot be generalized to most
clinical situations. Very few studies have been carried out
at home.

The influence of devices used for the administration of
aerosols on the dose delivered to the lungs of infants has
only recently been explored (Chapter 8b). Metered dose
inhalers (MDI) can be used with a spacer and integral face-
mask from the neonatal period. Small volume spacers,
close application of the face-mask, single activations and
minimal residence time are all important in increasing effi-
ciency of drug delivery.87 Infants who fight the application
of a face-mask, a problem which increases with age, may
peacefully accept their therapy while asleep. Crying reduces
drug availability.88 Although nebulized therapy is widely
used, we find it less acceptable for most young children and
subject to many technical difficulties, both for freely
breathing and for intubated subjects. A systematic review
and two trials in infants have demonstrated slight superior-
ity for MDI spacer over jet-nebulizer for bronchodilator
therapy,89"91 although for both, the dose delivered to the
lungs is very small (<l-2%), lower in younger subjects92

and very variable.93

Age is an important determinant of the response to
treatment. Animal studies have shown major developmen-
tal changes in the structure of the airways94'95 an in the dis-
tribution of receptors96 during postnatal maturation as
well as in the relative dimensions of the various struc-
tures.97 These and other factors will have differential effects
with age on such important effects as smooth muscle
contractility,98 airway collapsibility with bronchodila-
tors67 and aerosol distribution.100 One other major age-
related factor which limits pulmonary deposition of
aerosol is the nose which acts as a natural filter.101

Bronchodilators

A review of short-acting (32-agonists in infant wheeze in
1984 concluded that while clinicians recognized a clinical

response in some patients, former clinical trials had shown
little benefit.102 The efficacy of these drugs increases with
increasing age. Since then, many more studies have been
performed, but the message is the same. It is possible to
draw a number of conclusions.

1 A single dose of nebulized albuterol (salbutamol) in
infants with acute wheeze or bronchiolitis or after
recovery commonly leads to a transient worsening
of hypoxaemia103"107 and no change or even a
diminution in forced expiratory flows by the squeeze
technique108"110 in contrast to the passive deflation
method.111 Airway resistance as measured
plethysmographically during quiet breathing in a
convalescent or recovery phase either changes
little108'110'112 or seems to improve.113'114 A novel
transfer impedance method showed significant
(25%) reduction in airway resistance.112

2 The transient adverse effects of nebulized (32 agonists
may be in part due to the pH of the aerosol and to
other additives.104'115 Another explanation is that the
airway effects of b2-agonists simply alter the
compliance (floppiness) of the airway wall rendering
it more likely to narrow during expiration, without
sufficient compensatory increase in airway calibre, in
the youngest children. b2-agonist-mduced pulmonary
vasodilation then causes (transient) worsening of
V/Q imbalance. MDI/spacer administration of
fJ2-agonists appears to be less troublesome and
possibly clinically more effective90'113 than nebulizer,
and is the method of choice.89

3 There is no evidence for an overall beneficial clinical
effect of nebulized b2-agonists in acute severe episodes
in infancy or acute bronchiolitis,114"118 although some
infants may seem to respond. A systematic review
suggested marginal benefits in recurrent episodes in
(presumably older) children in the first 2 years of life.119

4 Regular short-acting inhaled 32-agonist therapy is no
better than placebo in infants with chronic wheeze.120

5 Nevertheless, fi2-agonists do seem to protect against
bronchial challenge121"123 and to hasten recovery
from challenge in infants,124 suggesting that there are
effective (32-receptors in infant airway smooth muscle.
Lack of a b2 response in acute episodes implies that
the mechanisms of airway obstruction during natural
acute episodes and during artificially induced airway
obstruction differ. Failure of (32-agonists to cause
bronchodilation, despite their protective role in
challenge, is in direct contrast to the situation of
b2-agonist 'tolerance' induced in adults by excessive
P2-agonist use. Thus, the situation in infants is not
equivalent to 'tolerance' in older subjects. It is possible
that acute viral episodes, the commonest form of
asthma in young children, lead to transient
down-regulation of f}2-receptors on airway smooth
muscle,125 hence reducing the efficacy of (32-agonists
in acute episodes of wheeze or asthma (at all ages126).
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6 The likelihood of a clinical response to b2-agonists
increases with age.127'128 This may be explained
partly by the greater dose delivered to larger children
by some (but not all) devices.129'130

In contrast to 32-agonists, adrenaline (epinephrine)
has benefits on clinical scores, oxygenation and lung func-
tion.117'131'132 Its use deserves further clinical evaluation
in acute severe episodes, where an adrenergic effect may
serve to reduce submucosal swelling of vascular origin.
Whether repeated administration could lead to rebound
mucosal oedema has not been ascertained.

Long-acting b2-Sagonists are commonly added to low-
dose inhaled corticosteroids in managing poorly con-
trolled asthma in young children, despite almost total lack
of clinical trial data in this age group. One bronchopro-
tection study of salmeterol delivered by MDI and spacer
to preschool children showed significant effects on metha-
choline induced bronchoconstriction, of single 50 and
100 |xg doses, after a 1 hour interval.133 Duration of pro-
tection is unknown. Recent concerns about the develop-
ment of p2-tolerance with chronic use, should engender
caution134 (Chapter 8a).

There is a perception that the antimuscarinic, anti-
cholinergic bronchodilator ipratropium bromide is more
effective in wheezy infants than p2-agonists, but a recent
systematic review135 did not support its 'uncritical' use in
children under 2 years. Another recommended it as add-
on therapy to (32-agonists for severe asthma attacks in
children of school age.136 Single dose physiological stud-
ies have also proved disappointing.137'138 The complexity
of the muscarinic receptor system139 raises the possibility
of developmental changes which could be exploited
by increased selectivity of receptor subtype agonists or
antagonists.

Corticosteroids

Very few of the variables listed in Table 9.7 have been ade-
quately addressed in clinical trials of corticosteroid ther-
apy in infants and young children. Some statements can
be made and practical conclusions drawn (Table 9.8).

1 Clinical trials over a 30-year period have failed
to demonstrate any benefit from oral or inhaled

corticosteroids in acute viral bronchiolitis.140"149

A meta-analysis would be helpful.
2 Short course oral or inhaled (high-dose)

corticosteroids have trivial or no effects on acute
wheeze in infancy,150"153 but one trial has shown an
effect of dexamethasone.154 A single i.m. dose of
dexamethasone may be as effective (or ineffective) as
a 5-day course of prednisolone.155

3 Double-blind studies have shown benefit from
regular inhaled corticosteroids as preventer therapy
for chronic wheeze in infants and toddlers when
administered by MDI/spacer156~160 or nebulizer.161"166

4 Regular inhaled corticosteroids are of no benefit in
purely episodic viral wheeze at any age.167

The apparent paradox of the lack of effect of corticos-
teroid prophylaxis in acute episodes in the absence of
interval symptoms, contrasting with their beneficial
effects on both acute and interval symptoms in those with
chronic (relapsing) asthma requires explanation. A hypo-
thetical explanation is provided in Figure 9.7.

There are data showing medium-term safety of
inhaled steroid therapy in infants and young chil-
dren.168-169 One study raised concern about effects on
linear growth.159 One particular aspect of long-term
inhaled steroid therapy which has not been addressed
adequately is the potential to inhibit the active process of
alveolization which takes place over the first postnatal
year (Chapter 4a). Doses administered to infants and
toddlers tend to be high, in part to compensate for depo-
sition in the nose by nasal filtration of droplets. If nasal
deposition leads to absorption, the potential for systemic
effects, as well as local effects in the nose, will be propor-
tionately greater in infants, at an age when the rate of
body growth is maximal.

Other agents

A recent systematic review170 showed that cromoglycate
(cromolyn sodium) is ineffective in preschool children
despite an apparently protective effect against acute
challenge with nebulized distilled water.171 Similarly,
theophylline has never been shown to work in infants
with bronchiolitis172 or acutely wheezy preschool children
as emergency therapy.173 A meta-analysis reported no

Table 9.8 The efficacy of corticosteroid therapy in wheezy infants and preschool children

Acute therapy:
Inhaled
Oral

Chronic therapy

0
0
0*

-»- ? —

? ? -
0 + + +

*For several weeks after the acute illness.
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Figure 9.7 Possible explanation for the apparent paradox that inhaled corticosteroid preventer therapy (a) appears to
have little or no effect on acute attacks of purely episodic viral wheeze (without interval symptoms), but (b) ameliorates
episodes in children with chronic asthma (with interval symptoms as well as acute epidsodes), by reducing the variable
baseline of interval symptoms.

significant benefit in older children.174 The resurgence
of interest in its low-dose, anti-inflammatory actions
suggests the need for its re-examination as oral therapy
in young children with chronic symptoms. Antiviral
agents such as ribavirin have a marginal role in the man-
agement of acute RSV bronchiolitis in the compromised
infant.175 There is little, if any evidence of long-term
benefit.175'176

Antibiotic therapy has not been subjected to clinical
trial in infantile wheezers, possibly because of the slender
evidence that bacterial infection is relevant.177 'Atyp-
ical' infections such as Chlamydia pneumoniae or Myco-
plasma pneumoniae maybe more common than suspected,
warranting a trial of a macrolide antibiotic if clinically
indicated.

Leukotriene receptor antagonists (LTRAs) have a poten-
tial role to play in acute viral wheeze (Chapter 8a) and in
young children with exercise-induced exacerbations of
chronic asthma.178 Clinical trials in the preschool age
group are beginning to demonstrate efficacy.76'178'179

Physical forms of therapy

Chest physiotherapy (physical therapy) has no role in acute
bronchiolitis or wheezy preschool children and in our
experience, causes deterioration in clinical status and in
oxygenation in infants with acute severe airway obstruc-
tion.180 Respiratory support for acute bronchiolitis by

means of positive airway pressure181 or mechanical
ventilation182 is discussed in Chapter 12.

Drug therapy: clinical management

OVERALL STRATEGY

Management schemes will be based on the recognition of
three components to the pattern of asthma (Chapter 1,
Figure 1.2): day-to-day symptoms such as nocturnal,
laughter- or exercise-induced cough and wheeze; acute
episodes generally associated with viral infection; and
persistently suboptimal function, indicated by unremit-
ting symptoms poorly responsive to therapy.

Guided self-management

The flexibility to vary doses of preventer agents and
to start additional therapy for exacerbations, within writ-
ten and agreed limits, is the essence of guided self-
management. Alterations in the level of therapy must be
decided on symptoms alone in preschool children; use-
ful lung function monitoring is impossible. The basis for
written plans may be pre-printed material such as the
Children's Asthma Card developed by the UK National
Asthma Campaign, or simply a blank piece of paper,
filled in by parent and health professional to produce an
agreed plan. Although guided self-management seems
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entirely reasonable, it has yet to be proved effective in this
age group.84

Domiciliary (ambulatory) care

The step-wise hierarchy of drug administration for
day-to-day use is similar in many respects to that employed
for older children (Figure 9.8). Oral bronchodilator ther-
apy should be used only in the mildest intermittent cases
in infancy. Aerosol therapy is given where tolerated by
MDI/spacer and, for under-twos, face-mask and, if not,
by jet-nebulizer and face-mask (Chapter 8b, Table 8b.2).

The doses employed for infants and young chil-
dren have never been adequately standardized and seem
by adult standards to be excessive (Table 9.8). This is
partly because the agents are less effective in infancy,
mainly because the delivery devices are less efficient and
possibly because of the very effective nasal filter, as dis-
cussed above.

At one extreme of therapy, for infants with stable,
non-life threatening symptoms, one must question the
possible long-term risks of dubious short-term symptom-
atic gains. In many cases it is prudent to advise parents
that the symptoms are preferable, when all alternative
avenues of management have been explored.

Most wheezy infants have only acute episodes with few
or no intervening symptoms. The evidence that any ther-
apy helps the very youngest infants is poor, as reviewed
above. With increasing age and with recurrent episodes,119

P2-agonist treatment becomes more effective. Self-
management plans should indicate the amount and
frequency of bronchodilator therapy which may be
administered at home. It is wise to administer an initial
nebulized dose of a (32-agonist under supervised condi-
tions to ensure that hypoxaemia is not exacerbated.103"107

Hypoxaemia does not seem to be a problem with metered

dose inhaler/spacer administration. The only significant
risk of short-term high-dose 32-agonists, is the possibil-
ity of arrhythmias in the presence of hypoxia. There is no
rationale for paediatricians' preference for ipratropium
bromide for wheezy infants.135 Clear instructions must
be given to contact medical help if before a second
(or subsequent) dose of bronchodilator is due, symptoms
relapse or deteriorate further. Oral prednisolone should
be started at the first sign of coryzal symptoms if a con-
sequent severe attack is predicted on previous experience
or at the first sign of significant lower respiratory tract
symptoms, but it has to be said that evidence of efficacy
from controlled clinical trials in infants is not available.
There is no evidence to support the use of acute high-
dose topical corticosteroid therapy in this age group.167

The question is frequently raised as to whether regular
preventer therapy with inhaled corticosteroids can reduce
the frequency or severity of acute viral LRI. (There is
no evidence at all to support the use of cromoglycate.)
The effect of long-term preventer therapy seems to differ
between those children who only suffer from episodic
viral wheeze, without interval symptoms, in whom there
is no evidence for efficacy167 and those who have chronic
interval symptoms as well as episodes in whom inhaled
corticosteroids are effective (see above). Trials conducted
in the latter group generally show benefit both in symp-
toms and in the frequency or severity of acute episodes.
Direct comparison between MDI/spacer and nebulizer
therapy has not been carried out in this age group, but
evidence for older age groups suggests that MDI/spacer
is at least as effective as a nebulizer.

Children who receive more than occasional broncho-
dilator therapy should be reviewed at least 3-monthly,
for several reasons.

1 Opportunity should be made to reinforce advice, to
review the technique of drug administration and

* or 4-6 times daily for short periods during episodes
x or by nebulizer if spacer unacceptable
#the lowest dose possible as a supplement to high-dose topical corticosteroids can be tried once control has been achieved.
LIRA: leukotriene receptor antagonist (Montelukast)

Figure 9.8 Stepwise hierarchy of drug therapy for chronic symptoms in infants and young children. Only the first three
steps may be managed without specialist advice.
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to ensure that parental assessment of the child's
condition is appropriate.

2 The pattern of disease evolves rapidly early in
childhood so doses of drugs may need to be adjusted
up or down; with increasing age, preventer therapy is
more likely to become effective and its introduction
considered.

3 Growth monitoring is mandatory for any children
given corticosteroid preparations; other
complications which should be sought include oral
candidiasis and facial cutaneous thinning for those
receiving inhaled corticosteroids by jet-nebulizer and
face-masks. Monitoring is especially important for
children who also receive topical steroid therapy for
other conditions, such as rhinitis or eczema.

4 The earlier the onset of symptoms, the more one
should question the diagnosis (Chapter 1, Figure 1.4)!

Any infant who requires inhaled steroid therapy or who
has moderate or severe wheezing disease and any toddler
on more than low-dose therapy, should be referred to a pae-
diatrician for management. Any child on high-dose steroids
or with severe chronic or episodic symptoms should be
under the care of a specialist in paediatric respiratory
medicine. Indications for acute referral to hospital are
given in Table 9.6. Before and during transfer, nebulized
bronchodilators and oxygen should be given.

Acute severe episodes in hospital

Any infant or preschool child referred to hospital
with acute airway obstruction should be managed from
the time of arrival by members of the paediatric team.
Triage procedures in the accident and emergency depart-
ment should assign a high priority, especially to infants.
Oximetry should be carried out and oxygen therapy
administered if the SaO2 is below 90% in air. After initial
evaluation, bronchodilator treatment should be initiated
in the emergency department if the child is in a critical
state, before transfer to another part of the hospital.
Children with mild symptoms maybe held in an observa-
tion area, pending discharge home, while most will be
admitted to a children's ward (Figure 9.9) for monitor-
ing and treatment. Those with critical signs (Table 9.6)
should be managed in a high dependency area with access
to full resuscitation facilities and blood gas analysis.

General aspects of care include oxygen therapy for sig-
nificant hypoxia (SaO2 < 90%), by headbox (for infants)
or fine nasal (if the nose is not blocked) or nasopharyngeal
low-flow cannula. If the child is too breathless to feed or
drink, intravenous fluid therapy should be administered
at usual maintenance levels, taking care to detect the
syndrome of inappropriate ADH secretion in severely
obstructed young infants, especially those with acute
viral bronchiolitis, by daily weighing and serum sodium
estimation. Nasogastric tube feeding should in general be
avoided for breathless infants, since by increasing the

nasal airway resistance with a catheter, respiratory diffi-
culties may be worsened. This is a matter for clinical judge-
ment. Heart rate monitoring, oximetry and a symptom
score chart, if used, should be instituted. Infants whose
clinical state is exacerbated by crying can benefit from a
hypnotic dose of chloral hydrate. This requires experi-
enced judgement and careful monitoring, and if either is
not available it should be avoided.

Specific drug therapy is controversial. In particular, evi-
dence for the efficacy of bronchodilator therapy is poor in
the youngest infants and there is good evidence that nebu-
lized (B2-agonists ma7 cause worsening of hypoxaemia
with little relief of airway obstruction whereas nebulized
adrenaline may be less likely to have adverse effects.132

Ipratropium bromide has been considered to provide ben-
efit in acute episodic wheeze in infants although objective
evidence is lacking.135 None of these has convincingly
been shown to be of short or long-term benefit in acute
infantile bronchiolitis. Clinical experience suggests that all
are increasingly likely to be effective in older infants and
toddlers. Trial doses of b2-agonist and of ipratropium bro-
mide should be given and repeated as necessary if effective.
Tachycardia and tremor result from (32-agonist over-
dosage, and serum potassium should be monitored daily
for children in high dependency or intensive care units.

Corticosteroids have no role in the management of
acute infantile bronchiolitis. For older infants and tod-
dlers, oral or intravenous corticosteroids should be given
as for acute severe asthma in older children (Table 9.9 and
Chapters 10 and 11). High-dose inhaled steroids appear to
be ineffective in established acute severe infantile wheeze,
although there are no trial data. Any response to oral cor-
ticosteroid therapy should be followed up by oral pred-
nisolone l-2mg/kg daily given for 2-3 days after
discharge from hospital, together with any bronchodila-
tor which has proved to be effective. The latter should be
administered by MDI with a small volume spacer and
face-mask, such as the Aerochamber (Trudell) Babyhaler
(GSK) or Nebuchamber (AZ) for infants, or a large
volume spacer for toddlers.

Other forms of therapy which may be considered
include ribavirin for severe RSV bronchiolitis in infants
at risk (chronic lung disease of prematurity and congeni-
tal heart disease). The complexities of administration
and its marginal benefits, cost and teratogenic potential
are the main arguments against its use.175

About 5% of young children admitted to hospital with
an acute severe episode develop sufficiently severe respira-
tory failure to warrant admission to an intensive care unit,
but very few need mechanical ventilation. Mechanical
ventilation is more likely for smaller, younger infants,
those who were born prematurely, and those with a second
underlying diagnosis. The duration of mechanical ventila-
tion is likely to be longer if there are infiltrations on the
chest radiograph, if there is a family history of atopy and if
sedation has been used.182 Criteria for instituting mechan-
ical ventilation vary widely (Chapter 12).
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Figure 9.9 Flow chart for secondary care for acute severe attack in infant or young child.

Follow-up arrangements at discharge are important.
It is generally easier to review the events surrounding the
admission in the calm of a consulting room. Potential
causal factors can be sought. Delays in self-referral or in
medical referral for the acute attack can be identified and
a plan set up to obviate such problems in the future. The
need for regular or emergency therapy, a guided self-
management plan and revision of inhaler use can all be
examined.

OUTLOOK

Prognosis

As discussed earlier, the long-term outlook for many
wheezy preschool children is excellent. At one extreme,
some will experience monthly severe attacks requiring
hospital inpatient management for the first 2 years of life.
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Table 9.9 Drug doses for infants and young children

Bronchodilators
b2-agonist

Ipratropium bromide

Long-acting b2-agonist

LIRA

Theophylline

Corticosteroids*

100-500 (jig up to 4 times
daily by pMDI + spacer

40-240 jxg up to 4 times daily
by pMDI + spacer

Usual childhood dose by
pMDI + spacer 12 hourly

Montelukast 4 mg orally
at bedtime

(see Chapter 8a)

50 |Ag-400 (jig by
pMDI + spacer or up to 2 mg
by jet-nebulizer (see Figure 9.8)
12 hourly

Up to 1 mg by pMDI + spacer
or 2.5-5 mg by jet nebulizer
3-4 hourly as needed

120-240 (jug by pMDI + spacer
or 250 (Jig by jet nebulizer
6 hourly

Prednisolone 1-2 mg/kg daily
for 1-3 days

2.5-5 mg by jet-nebulizer
(or IV therapy) as frequently
as needed, if responsive

250 [jig by jet-nebulizer
4-6 hourly if responsive

Not recommended

Prednisolone 1-2 mg/kg
daily or hydrocortisone
sodium succinate 4 mg/kg IV
and 1 mg/kg/h by IV infusion

PMDI: metered dose inhaler (with spacer and face-mask); LIRA: long-acting leukotriene antagonist (currently for children over 2 years old).
*lnhaled doses in 'BDP equivalent' doses.

Just as parental despair and medical disillusion begin to
set in, spontaneous improvement usually occurs, with a
strong likelihood of a healthy and symptom-free middle
childhood (Chapter 3). There is no satisfactory prognos-
tic formula; prognostic features are summarized in Table
9.4. Many studies have confirmed the obvious: that atopy
is a risk factor for later asthma.12'183"188 The hypothesis
that children with purely episodic wheeze (usually non-
atopic) may have a better prognosis than children with
intercurrent symptoms (normally atopic) (Figure 9.3)
discussed above, has been confirmed by recent work.187

Early anti-inflammatory treatment of young children
with severe, acute wheeze does not appear to alter the
medium-term prognosis.183 Whether early intervention
in children at high risk of later asthma (those with atopy
of a strong family history) can alter the natural history,
has yet to be established (Chapter 14).

There is no reason to believe that infants whose
wheezing career starts with acute bronchiolitis are likely
to behave any differently from other episodic, viral
wheezers. The weight of evidence is that recurrent
wheeze after an episode of RSV-induced lower respira-
tory illness in infancy, is transient and is not associated
with persistence of wheeze or allergy by late child-
hood.189 For hospitalized cases of acute infantile bron-
chiolitis, the prognosis may be different.63 As discussed
above,140"149 corticosteroid therapy for acute infantile
bronchiolitis has no long-term prognostic benefits.190

Other viruses may damage the lungs, leading to oblitera-
tive bronchiolitis75'191 or chronic idiopathic post-infective
bronchiolitis.192

The mortality rate for disorders encompassed by
the umbrella term 'asthma' has decreased in the 0-4
age group in the UK, despite evidence of an increase in
the prevalence of these disorders. Most deaths from acute
severe episodes occur in infants compromised by
congenital heart disease or underlying pulmonary dis-
eases such as cystic fibrosis and chronic lung disease of
prematurity.

Changing attitudes

In contrast to the research effort in the field of (atopic)
asthma, viral wheeze and bronchiolitis attract meagre
support. The research field is wide open, since we know
little of the genetics, biomechanisms, potential drug
targets or social and economic impact of these prevalent
disorders.

But the therapeutic nihilism of a few years ago is being
gradually modified by clinical trials based on more than
single-dose physiological studies in convalescent or mildly
affected infants. Improved inhalation devices have recently
been developed after many years of neglect. Advances in
our ability to treat viral infection, the most important trig-
ger factor in this age group, are taking place. RSV vaccine
will drastically reduce the incidence of acute bronchiolitis,
while agents which can block rhinovirus adherence to
respiratory epithelium will, if effective, modify most of
the rest of acute wheezing LRI in infants. Better under-
standing of the causes and mechanisms involved in viral
wheeze will require new investigative techniques.41 These
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will go a long way towards the development of targeted or
preventative programmes, aimed at therapies relieving
suffering and preventing long-term disease.193

REFERENCES

1. Selander P. Asthmatic symptoms in the first year of
life. Acta Paediatr 1960;49:265-9.

2. Fry J. 'Acute wheezy chests'. Clinical patterns and
natural history. Br Med J 1961 ;1:227-32.

3. Silverman M, Wilson NM. Asthma: time for a change
of name? Arch Dis Child 1997;77:62-4.

4. Elphick HE, Sherlock P, Foxall G, Simpson EJ, Shiell NA,
Primhak RA, Everard ML. Survey of respiratory sounds
in children. Arch Dis Child 2001 ;84:35-9.

5. Supplement: The link between respiratory syncytial
virus and reactive airway disease. Am J Respir Crit
Care Med 2001 ;162(2):XX-XX.

6. Turner SW, Yolung S, Landan LI, LeSouef PN. Reduced
lung function both before bronchiolitis and at eleven.
Arch Dis Child 2002; in press.

7. Rusconi F, Galassi C, Corbo GM, Forastiere F, Biggeri A,
Ciccone G, Renzoni E. Risk factors for early, persistent,
and late-onset wheezing in young children. SIDRIA
Collaborative Group. Am J Respir Crit Care Med
1999;160:1617-22.

8. Oddy WH, Holt PG, Sly PD, Read AW, Landau LI,
Stanley FJ, Kendall GE, Burton PR. Association
between breast feeding and asthma in 6 year old
children: findings of a prospective birth cohort study.
Br Med y 1999;319:815-19.

9. Wright AL, Holberg CJ, Taussig LM, Martinez FD.
Factors influencing the relation of infant feeding
to asthma and recurrent wheeze in childhood.
Thorax 2001 ;56:192-7.

10. Park EJ, GoldingJ, Carswell F, Stewart-Brown S.
Preschool wheezing and prognosis at 10.
Arch Dis Child 1986;61:642-6.

11. Bosken CH, HuntWC, Lambert WC, SametJM.
A parental history of asthma is a risk factor for
wheezing and non-wheezing respiratory illness in
infants younger than 8 months of age. Am J Respir
Crit Care Me</2000;161:1810-15.

12. Castro-Rodriguez JA, Holberg CJ, Wright AL, Martinez FD.
A clinical index to define risk of asthma in young
children with recurrent wheezing. Am J Respir Crit
Care Me</2000;162:1403-6.

13. Koller DY, Wojnarowski C, Herkner KR, Weinlander G,
Raderer M, Eichler I, FrischerT. High levels of
eosinophil cationic protein in wheezing infants
predict the development of asthma. J Allergy Clin
Immunol 1997;99:752-6.

14. Reijonen TMM, Korppi M, Kleemola M, Savainen K,
Kuikka L, Mononen I, Remes K. Nasopharyngeal
eosinophil cationic protein in bronchiolitis: relation

to viral findings and subsequent wheezing. Pediatr
Pt//mom)/1997;24:35-41.

15. Oymar K, Bjerknes R. Is serum eosinophil cationic
protein in bronchiolitis a predictor of asthma? Pediatr

Allergy Immunol 1998;9:204-7.
16. Sigurs N, Bjarnason R, Sigurbergsson F. Eosinophil

cationic protein in nasal secretion and in serum and
myeloperoxidase in serum in respiratory syncytial
virus bronchiolitis: relation to asthma and atopy.
Acta Ped/flf/-1994;83:1151-5.

17. Strachan DP. Do chesty children become chesty
adults? Arch Dis Child 1990;65:161-6.

18. Martinez FD, Morgan WJ, Wright AL, et al.
Initial airway function is a risk factor for recurrent
wheezing respiratory illness during the first 3 years
of life. Am Rev Respir Dis 1991;143:312-16.

19. Clarke JR, Salmon B, Silverman M. Bronchial
responsiveness in the neonatal period as a risk factor
for recurrent lower respiratory illness in infancy.
Am J Respir Crit Care Med 1995;151:1434-40.

20. Young S, Arnott J, O'Keeffe PT, Le Souef PN, Landau LI.
The association between early life lung function and
wheezing during the first 2 years of life. Eur Respir J
2000;15:151-7.

21. Palmer LJ, Rye PJ, Gibson NA, Burton PR, Landau LI,
Le Souef PN. Airway responsiveness in early infancy
predicts asthma, lung function, and respiratory
symptoms by school age. Am J Respir Crit Care Med
2001;163:37-42.

22. Barker DJ. A new model for the origins of chronic
disease. Med Health Care Philos 2001 ;4:31-4.

23. Wright AL, Taussig LM, Ray CG, et al. The Tucson
children's respiratory study. II Lower respiratory
tract illness in the first years of life. AmJ Epidemiol
1989;129:1232-46.

24. Taylor B, Wadsworth J. Maternal smoking during
pregnancy and lower respiratory tract illness in early
life. Arch Dis Child 1987;62:786-91.

25. Tager IB, Hanrahan JP, Tosteson TD, et al. Lung
function, pre- and postnatal smoke exposure, and
wheezing in the first years of life. Am Rev Respir Dis
1993:147:811-17.

26. Haby MM, Peat JK, Marks GB, Woolcock AJ, Leeder SR.
Asthma in preschool children: prevalence and risk
factors. 7ftorax2001;56;589-95.

27. Kuehni CE, Davis A, Brooke AM, Silverman M.
Are all preschool wheezing disorders in very
young (preschool) children increasing in prevalence?
Lancet 2001;357:1821-5.

28. Isaacs D. Cold comfort for the catarrhal child.
Arch Dis Child 1990;65:1295-6.

29. Wright AL, Holberg C, Martinez FD, Taussig LM.
Relationship of parental smoking to wheezing and
non-wheezing lower respiratory tract illness in
infancy.) Paediatr *\991 ;118:207-14.

30. Lux AL, Henderson AJ, Pocock SJ and the Aspal Team.
Wheeze associated with pre-natal tobacco smoke



References 327

exposure: a prospective longitudinal study. Arch Dis
Child 2000;83:307-12.

31. Wickman M, Farahmand BY, Persson PG, Pershagen G.
Hospitalization for lower respiratory disease during
20 years among under 5 year old children in
Stockholm County: a population based survey.
EurRespirJ 1998;11:366-70.

32. Lung and Asthma Information Agency;
http://www.sghms.ac.uk/depts/laia.htm

33. Fleming DM, Sunderland R, Cross K, Ross AM.
Declining incidence of episodes of asthma: a study of
trends in new episodes presenting to general
practitioners in the period 1989-98. Thorax2000;
55:657-61.

34. Fleming DM, Cross KW, Sunderland R, Ross AM.
Comparison of the seasonal patterns of asthma
identified in general practitioner episodes,
hospital admissions, and deaths. Thorax 2000;
55:662-5.

35. Balfour-Lynn L, Valman B, Silverman M, Webster AD.
Nasal IgA response in wheezy infants. Arch Dis Child
1993;68:472-6.

36. Balfour-Lynn LM, Valman HB, Wellings R, et al. Tumour
necrosis factor-a and leukotriene E4 production in
wheezy infants. Clin Exp Allergy 1993;24:121-6.

37. McKean MC, Leech M, Lambert PC, Hewitt C,
Myint S, Silverman M. A model of viral wheeze in
nonasthmatic adults: symptoms and physiology.
EurRespir J 2001;18:23-32.

38. McKean MC, Leech M, Lambert PC, Hewitt C, Myint S,
Silverman M. An adult model of viral wheeze:
inflammation in the upper and lower respiratory
tracts. Clin Exp Allergy 2002; in press.

39. Stevenson EC, Turner G, Heaney GG, Schock BC,
Taylor R, Gallagher T, Ennis M, Shields MD.
Bronchoalveolar lavage findings suggest two different
forms of childhood asthma. Clin Exp Allergy
1997;9:1027-35.

40. Krawiec ME, Westcott JY, Chu HW, Balzar S,
Trudeau JB, Schwartz LB, Wenzel SE. Persistent
wheezing in very young children is associated with
lower respiratory inflammation. Am J Respir Crit Care
Med 2001;163:1338-43.

41. Silverman M, Pedersen S, GriggJ, eds. Measurement of
airway inflammation in children. Am J Respir Crit Care
Merf2000;162:(Suppl).

42. Shields MD, Brown V, Stevenson EC, Fitch PS,
Schock BC, Turner G, Taylor R, Ennis M. Serum
eosinophiliccationic protein and blood eosinophil
counts for the prediction of the presence of airways
inflammation in children with wheezing. Clin Exp
Allergy 1999;10:1382-9.

43. Marguet C, Dean TP, Warner JO. Soluble intercellular
adhesion molecule-1 (slCAM-1) and interferon-gamma
in bronchoalveolar lavage fluid from children with
airway diseases. Am J Respir Crit Care Med 2000;
162:1016-22.

44. Camilli AE, Holberg CJ, Wright AL, et al. Parental
childhood respiratory illness and respiratory illness in
their infants. Pediatr Pulmonol 1993;16:275-80.

45. Stick SM, Arnolt J, Turner DJ, Young S, Landau LI,
LeSouef PN. Bronchial responsiveness and lung
function in recurrently wheezy infants. Am Rev Respir
D/s 1991;114:1012-15.

46. Clarke JR, Reese A, Silverman M. Bronchial
responsiveness and lung function in infants with
lower respiratory tract illness over the first 6 months
of life. Arch Dis Child 1992;67:1454-8.

47. Halonen M, Stern D, Taussig LM, et al. The predictive
relationship between serum IgE levels at birth and
subsequent incidences of lower respiratory tract
illness and eczema in infants. Am Rev Respir Dis
1992:146:866-70.

48. Halonen M, Stern DA, Lohman C, Wright AL,
Brown MA, Martinez FD. Two subphenotypes of
childhood asthma that differ in maternal and
paternal influences on asthma risk. Am J Respir Crit
Care Med 1999;160:564-70.

49. Freymouth F, Vabret A, Brouard J, Toutain F, Verdon R,
Petitjean J, Gouarin S, Duhamel JF, Guillois B.
Detection of viral, Chlamydia pneumoniae and
Mycoplasma pneumoniae infections in exacerbations
of asthma in children.; Clin W>o/1999;3:131-9.

50. Zarm HJ, Van Dyk A, Yeats JK, Hanslo D. Chlamydia
trachomatis lower respiratory tract infection in
infants. Ann Trap Paediatr 1999;1:9-13.

51. Filippone M, Name S, Pettenazzo A, Zaccello F,
Baraldi E. Functional approach to infants and young
children with noisy breathing. Am J Respir Crit Care
Med 2000:162:1795-800.

52. Castile R, Filbrun D, Flucke R, Franklin W, McCoy K.
Adult-type pulmonary function tests in infants without
respiratory disease. Pediatr Pulmon 2000;30:215-17.

53. Frey U, Jackson AC, Silverman M. Differences in airway
wall compliance as a possible mechanism for
wheezing disorders in infants. Eur Respir J 1998;
12:136-42.

54. Springer C, Godfrey S, Picard E, Uwyyed K,
Rotschild M, Hananya S, Noviski N, Avital A. Efficacy
and safety of methacholine bronchial challenge
performed by ouscultation in young asthmatic
children. Am J Respir Crit Care Med 2000;162:857-60.

55. Mallol J, Sly PD. Effect of chloral hydrate on arterial
and oxygen saturation in wheezy infants. Pediatr
Pulmonol 1988;5:96-9.

56. Clough J, Sly PD. Association between lower
respiratory tract symptoms and falls in peak
expiratory flow in children. Eur Respir J 1995;
8:718-22.

57. Linaker CH, Coggan D, Holgate ST, Clough J, Josephs L,
Chauhan AJ, Inskip HM. Personal exposure to nitrogen
dioxide and risk of airflow obstruction in asthmatic
children with upper respiratory infection. Thorax
2000;55:930-3.



328 Wheezing disorders in infants and young children

58. Sanchez I, Koster J, Powell RE, Wolstein R, Chernick
V. Effect of racemic epinephrine and salbutamol on
clinical score and pulmonary mechanics in infants
with bronchiolitisj Pediatr 1993;122:145-51.

59. Standards for infant respiratory function testing:
ERS/ATS Task Force. Series published in Eur RespirJ
2000-2001 .Volumes 16-17.

60. Kanengiser S, Dozer AJ. Forced expiratory manoeuvres
in children aged 3-5 years. Pediatr Pulmonol 1994;
18:144-9.

61. Eigen H, Bieler H, Grant D, Christoph K, Terrill D,
Heilman DK, Ambrosius WT, Tepper RS. Spirometric
pulmonary function in healthy preschool children.
Am J Respir Crit Care Med 2001 ;163:619-23.

62. Vilozni D, Barker M, Jellouschek H, Heimann G,
Blau H. An interactive computer-animated system
(SpiroGame) facilitates spirometry in preschool
children. Am J Respir Crit Care Med 2001 ;164:
2200-5.

63. McKenzie SA, Bridge PD, Healy MJR. Airway
resistance and atopy in preschool children with
wheeze and cough. Eur Respiry2000;15:833-8.

64. Merkus PJ, Mijnsbergen JY, Hop WC, de Jongste JC.
Interrupter resistance in preschool children:
measurement characteristics and reference values.
Am J Respir Crit Care Med 2001 ;163:1350-5.

65. Klug B, Bisgaard H. Specific airway resistance,
interrupter resistance, and respiratory impedance in
healthy children aged 2-7 years. Pediatr Pulmonol
1998;25:322-31.

66. Faure C. Imaging of the lower respiratory tract.
Curr Opin Fed 1991 ;3:12-20.

67. Wennergren G, Hansson S, Enstrom I, et al.
Characteristics and prognosis of hospital-treated
obstructive bronchitis in children aged less than
2 years. Acta P0tt//0f/-1992;81:40-5.

68. Wennergren G, Amark M, Amark K, Oskarsdottir S,
Sten G, Redfors S. Wheezing bronchitis reinvestigated
at the age of 10 years. Acta Paediatr 1997;86:351-5.

69. Van Asperen PP, Kemp AS. The natural history of IgE
sensitization and atopic disease in early childhood.
Acta Pfltt//0fr 1989;78:239-45.

70. Bush A, Cole P, Hariri M, Mackay I, Phillips G,
O'Callaghan C, Wilson R, Warner JO. Primary ciliary
dyskinesia: diagnosis and standards of care.
Eur RespirJ 1998;12:982-8.

71. De BlicJ, Scheinmann P. Fibreoptic bronchoscopy in
infants. Arch Dis Child 1992;67:159-61.

72. Wood RE. Flexible bronchoscopy in infants. Int
Anesth Clin 1992;30:125-32.

73. Schellhase DE, Fawcett DD, Schutze GE, Lensing SY,
Tryka AF. Clinical utility of flexible bronchoscopy and
bronchoalveolar lavage in young children with

recurrent wheezing. 7 Ptt//ofr1998;132:312-18.
74. Holinger LD, Sanders AD. Chronic cough in infants

and children: an update. Laryngoscope 1991;
101:596-605.

75. Chang AB, Masel JP, Masters B. Post-infectious
bronchiolitis obliterans: clinical, radiological and
pulmonary function sequelae. Pediatr Radiol 1998;
1:23-9.

76. Warner JO, Naspitz CK. Third international pediatric
consensus statement on the management of
childhood asthma. International Pediatric Asthma
Consensus Group. Pediatr Pulmonol 1998;25:1-17.

77. Celedon JC, Litonjua AA, Weiss ST, Gold DR. Day care
attendance in the first year of life and illnesses of
the upper and lower respiratory tract in children
with a familial history of atopy. Pediatrics 1999;
104:495-500.

78. Ball TM, Castro-Rodriguez JA, Griffith KA, Holberg CJ,
Martinez FD, Wright AL. Siblings, day-care
attendance, and the risk of asthma and wheezing
during childhood. N Engl J Med 2000;343:538-43.

79. Wright AL, Holberg CJ, Taussig LM, Martinez FD.
Factors influencing the relation of infant feeding to
asthma and recurrent wheeze in childhood. Thorax
2001;56:192-7.

80. Custovic A, Simpson BM, Kissen P, Woodcock A, for
NAC Manchester Asthma + Allergy Group. Effect of
environmental manipulation in pregnancy and early
life on respiratory symptoms and atopy during the
first year of life: a randomised trial. Lancet 2001;
358:188-93.

81. Garson JZ, Maningas CS. Cows milk allergy: prevalence
and manifestations in an unselected series of
newborns. Poed/ofr Scorn/1973 ;234(Suppl):1-21.

82. Burr ML, Limb ES, Maguire MJ, Amarah L, Eldridge
BA, Layzell JC, Merrett TG. Infant feeding, wheezing
and allergy: a prospective study. Arch Dis Child
1993:68:724-8.

83. Wahn U, Lau S, Bergmann R, Kulig M, Forster J,
Bergmann K, Bauer CP, Guggenmoos-Holzmann I.
Indoor allergen exposure is a risk factor for
sensitization during the first three years of life.
J Allergy Clin Immunol 1997;99:763-9.

84. Stevens CA, Wesseldine LJ, Couriel JM, Dyer AJ,
Osman LM, Silverman M. Parental education and
guided self-management of asthma and wheezing in
the preschool child: a randomised controlled trial.
Thorax 2002;57:39-44.

85. Gotzsche PC, Hammarquist C, Burr M. House dust
mite control measures for asthma: (Cochrane Review)
Cochrane Database Syst. Rev 2001:2.

86. Custovic A, Simpson A, Chapman MD, Woodcock A.
Allergen avoidance in the treatment of asthma and
atopic disorders. Thorax 1998;53:63-72.

87. Barry P. Administering treatment - inhaled therapy.
In: M Silverman, C O'Callaghan, eds. Practical
Paediatric Respiratory Medicine. Arnold, London,

2001.
88. lies R, Lister P, Edmunds AT. Crying significantly

reduces absorption of aerosolised drug in infants.
Arch Dis Child 1999;81:163-5.



References 329

89. Gates CJ, Rowe BH. Holding chambers versus

nebulizers for (3-agonist treatment of acute asthma
(Cochrane Review). The Cochrane Library, 4, 2000.
Update Software, Oxford.

90. Rubilar L, Castro-Rodriguez JA, Girardi G.
Randomized trial of salbutamol via metered-dose
inhaler with spacer versus nebulizer for acute
wheezing in children less than 2 years of age. Pediatr
Pulmonol 2000;29:264-9.

91. Ploin D, Chapuis FR, Stamm D, Robert], David L,
Chatelain PG, Dutau G, Floret D. High-dose albuterol
by metered-dose inhaler plus a spacer device versus
nebulization in preschool children with recurrent
wheezing: a double-blind, randomized equivalence
trial. P<?<//<rt/7tt 2000;106:311-17.

92. Salmon B, Wilson NM, Silverman M. How much
aerosol reaches the lungs of wheezy infants and
toddlers?/Uc/? Dis Child 1990;64:401-3.

93. Janssens HM, Devadason SG, Hop WC, LeSouef PN,
De Jongste JC, Tiddens HA. Variability of aerosol
delivery via spacer devices in young asthmatic
children in daily life. Eur RespirJ 1999;13:787-91.

94. Penn RB, Wolfson MR, Shaffer TH. Development
differences in tracheal cartilage mechanics. Pediatr
Res 1989;26:429-33.

95. Panitch HP, Deoras KS, Wolfson MR, Shaffer TH.
Maturational changes in airway smooth muscle
structure-function relationships. Pediatr Res
1992;31:151-6.

96. Schell DN, Durham D, Murphree SS, Muntz KH,

Shawl PW. Ontogeny of beta-adrenergic receptors in
pulmonary arterial smooth muscle, bronchial
smooth muscle and alveolar lining cells in the rat.
Am J Respir Cell Mol Biol 1992;7:317-24.

97. Griscom NT, Whol MBB. Dimensions of the growing
trachea related to body height. Length,
anteroposterior and transverse diameters,
cross-sectional area, and volume in subjects younger
than 20 years of age. Am Rev Respir Dis 1985;
131:840-4.

98. Sparrow M, Mitchell HW. Contraction of smooth
muscle pig airway tissues from before birth to
maturity. J Appl Physiol 1990;68:468-77.

99. Bhutani VK, Koslo RJ, Shaffer TH. The effect of
tracheal smooth muscle tone on neonatal airway
collapsibility. Pediatr Res 1986;20:492-5.

100. Behr P. Inhalation pathways in relation to infants
and children. In: GB Gerbo, H Metivier, H Smith, eds.
Age Related Factors in Radionudide Metabolism
and Dosimetry. Martinus Nighoff, Dordrecht, 1987,
pp. 67-78.

101. Everard ML, Hardy JG, Milner AD. Comparison of
nebulized aerosol deposition in the lungs of healthy
adults following oral and nasal inhalation. Thorax
1993;48:1045-6.

102. Silverman M. Bronchodilators for wheezy infants?
Arch Dis Child 1984;59:84-7.

103. Prendiville A, Rose A, Maxwell DL, Silverman M.
Hypoxaemia in wheezy infants after bronchodilator
treatment. Arch Dis Child 1987;62:997-1000.

104. Seidenberg J, Mir Y, con der Hardt H. Hypoxaemia
and after nebulized salbutamol in wheezy infants:
the importance of aerosol acidity. Arch Dis Child
1991;66:672-5.

105. Ho L, Collis G, Landau LI, Le Souef PN. Effect of
salbutamol on oxygen saturation in bronchiolitis.
Arch Dis Child 1991;66:1061-4.

106. Connett G, Lenney W. Prolonged hypoxaemia after
nebulized salbutamol. Thorax 1993:48:574-5.

107. Alaris AJ, Lewander W, Dehenney P, et al. The
efficacy of nebulized meta proterenol in wheezing
infants and young children. Am J Dis Child 1992;
146:412-18.

108. Prendiville A, Green S, Silverman M. Paradoxical
response to nebulized salbutamol in wheezy infants,
assessed by partial expiratory flow-volume curves.
Thorax 1987;42:86-91.

109. Sly PD, Lanteri CJ, Raven JM. Do wheezy infants
recovering from bronchiolitis respond to inhaled
salbutamol? Pediatr Pulmonol 1991;10:36-9.

110. Hughes DM, Le Souef PN, Landau LI. Effect of
salbutamol on respiratory mechanics in
bronchiolitis. Pediatr Res 1987;22:83-6.

111. Mallory GB, Motoyama EK, Koumbourlis AC, Mutich
RL, Nakayama DK. Bronchial reactivity in infants in
acute respiratory failure with viral bronchiolitis.
Pediatr Pulmonol 1989;6:253-9.

112. Jackson AC, Tennhoff W, Kraemer R, Frey U. Airway
and tissue resistance in wheezy infants: effects of
albuterol. Am J Respir Crit Care Med 1999;2:557-63.

113. Kraemer R, Frey U, Sommer DW, Russi E. Short-term
effect of albuterol delivered via a new auxiliary
device in wheezy infants. Am Rev Respir Dis
1991;144:347-51.

114. Soto ME, Sly PD, Uren E, Taussig LM, Landau LI.
Bronchodilator response during acute viral
bronchiolitis in infancy. Pediatr Pulmonol 1985;
1:85-90.

115. O'Callaghan C, Milner AD, Swarbrick A. Paradoxical
deterioration in lung function after nebulized
salbutamol in wheezy infants. /.0nceM986;ii:424-5.

116. Bentur L, Canny GJ, Shields MD, et al. Controlled trial
of nebulized albuterol in children younger than two
years of age with acute asthma. Pediatrics 1992;
89:133-7.

117. Sanchez I, Koster J, de Powell RE, Wolstein R,
Chernick V. Effect of racemic epinephrine and
salbutamol on clinical score and pulmonary
mechanics in infants with bronchiolitis. J Pediatr
1993;122:145-51.

118. Dobson JV, Stephens-Groff SM, McMahon SR,
Stemmier MM, Brallier SL, Bay C. The use of

albuterol in hospitalized infants with bronchiolitis.
Pediatrics 1998;101:361-8.



330 Wheezing disorders in infants and young children

119. Kellner JD, Ohlsson A, Gadomski AM, Wang EEL
Bronchodilators for bronchiolitis (Cochrane Review).
The Cochrane Library, 3, 2000. Update Software,
Oxford.

120. Chavasse RJ, Bastian-Lee Y, Richter H, Milliard T,
Seddon P. Inhaled salbutamol for wheezy infants:
a randomised controlled trial. Arch Dis Child
2000;82:370-5.

121. Prendiville A, Green S, Silverman M. Airway
responsiveness in wheezy infants: evidence for
functional beta-adrenergic receptors. Thorax
1987;42:100-4.

122. O'Callaghan C, Milner AD, SwarbrickA. Nebulized
salbutamol does have a protective effect on airways
in children under 1 year old. Arch Dis Child 1988;
63:479-83.

123. Clarke JR, Aston H, Silverman M. Delivery of
salbutamol by metered dose inhaler and valved
spacer to wheezy infants: effect on bronchial
responsiveness. Arch Dis Child 1993;69:125-9.

124. Henderson AJW, Young S, Stick SM, Landau LI, Le
Souef PN. Effect of salbutamol on histamine induced
bronchoconstriction in healthy infants. Thorax
1993;48:317-23.

125. Henry PJ, Rigby PJ, McKenzie JS, Goldie RG. Effect
of respiratory tract viral infection on murine airway
P adrenoceptor function, distribution and density.
BrJ Pharmacol 1991;104:914-21.

126. Reddel H, Ware S, Marks G, Sahme C, Jenkins C,
Woolcock A. Differences between asthma
exacerbations and poor asthma control. Lancet 1999;
353:364-9.

127. Holmgren D, Bjure J, Engrostrom I, et al.
Transcutaneous blood gas monitoring during
salbutamol inhalation in young children with acute
asthmatic symptoms. Pediatr Pulmonol 1992;
14:75-9.

128. Turner DJ, Landau LI, Le Souef PN. The effect of age
on bronchodilator responsiveness. Pediatr Pulmonol
1993;15:98-104.

129. Turpeinen M, Nikander K, Malmberg LP, Pelkonen A.
Metered dose inhaler add-on devices: is the inhaled
mass of drug dependent on the size of the infant?
J Aerosol Med 1999;12:171 -6.

130. Wildhaber JH, Janssens HM, Pierart F, Dore ND,
Devadason SG, Le Souef PN. High-percentage lung
delivery in children from detergent-treated spacers.
Pediatr Pulmonol 2000;29:389-93.

131. Kristjansson S, Lodrup-Carlsen KC, Wennergren G,
Stannegard I-L, Carlsen K-H. Nebulized racemic
adrenaline in the treatment of acute bronchiolitis in
infants and toddlers. Arch Dis Child 1993;69:
650-4.

132. Bertrand P, Aranibar H, Castro E, Sanchez I. Efficacy
of nebulized epinephrine versus salbutamol in
hospitalized infants with bronchiolitis. Pediatr
Pulmonol 2001;31:284-8.

133. Primhak RA, Smith CM, Yong SC, Wach R, Kurian M,
Brown R, Efthimiou J. The bronchoprotective effect
of inhaled salmeterol in preschool children:
a dose-ranging study. Eur RespirJ 1999;1:78-81.

134. Bisgaard H. Long-acting beta(2)-agonists in
management of childhood asthma: A critical review
of the literature. Pediatr Pulmonol 2000;29:221-34.

135. Everard ML, Bara A, Kurian M. Anti-cholinergic drugs
for wheeze in children under the age of two years
(Cochrane Review). The Cochrane Library, 2, 2000.
Update Software, Oxford.

136. Plotnick LH, Ducharme FM. Combined inhaled
anticholinergics and (32-agonists for initial
treatment of acute asthma in children (Cochrane
Review). The Cochrane Library, 4, 2000. Update
Software, Oxford.

137. Henry RL, Milner AD, Stokes GM. Ineffectiveness of
ipratropium bromide in acute bronchiolitis. Arch Dis
CMd1983;58:925-6.

138. Prendiville A, Green S, Silverman M. Ipratropium
bromide and airways function in wheezy infants.
Arch Dis Child 1987;62:397-400.

139. Barnes PJ. Muscarinic receptor subtypes in airways.
Eur RespirJ 1993;6:328-31.

140. Connelly JH, Field CMB, Glasgow JFT, Slattery CM,
MacLynn DM. A double blind trial of prednisolone in
epidemic bronchiolitis due to respiratory syncytial
virus. Acta Paediatr Scand 1969;58:116-20.

141. Leer JA, Green JL, Heimlich EM, et al. Corticosteroid
treatment in bronchiolitis: a controlled collaborative
study in 297 infants and children. Am J Dis Child
1969:117:495-503.

142. Springer C, Bar-Yishay E, Uwayyed K, et al.
Corticosteroids do not affect the clinical or
physiological status of infants with bronchiolitis.
Pediatr Pulmonol 1990;9:181-5.

143. Roosevelt G, Sheehan K, Grupp-Phelan J, Tanz RR,
Listernick R. Dexamethasone in bronchiolitis:
a randomised controlled trial. /.0m:eM996;348:292-5.

144. Klassen TP, Sutcliffe T, Watters LK, Wells GA, Allen
UD, Li MM. Dexamethasone in salbutamol-treated
inpatients with acute bronchiolitis: a randomized,
controlled trial. J Ped/ofr 1997;130:191-6.

145. Berger I, Argaman Z, Schwartz SE, Segal E, Kiderman A,
Branski D, Kerem E. Efficacy of corticosteroids
in acute bronchiolitis: short-term and long-term
follow-up. Pediatr Pulmonol 1998;26:162-6.

146. Richter H, Seddon P. Early nebulized budesonide in
the treatment of bronchiolitis and the prevention
of postbronchiolitic wheezing. J Pediatr 1998;
132:849-53.

147. WongJYW, Moon S, Beardsmore C, O'Callaghan C,
Simpson H. No objective benefit from steroids
inhaled via a spacer in infants recovering from
bronchiolitis. Eur RespirJ 2000;15:388-94.

148. Cade A, Brownlee KG, Conway SP, et al.
A. Randomised placebo controlled trial of



References 331

nebulised corticosteroids in acute respiratory
syncytial viral bronchiolitis. Arch Dis Child
2000;82:126-30.

150. Webb MSC, Henry RL, Milner AD. Oral corticosteroids
for wheezing attacks under 18 months. Arch Dis Child
1986;61:15-19.

151. Wilson NM, Silverman M. Treatment of acute,
episodic asthma in preschool children using
intermittent high dose inhaled steroids at home.
Arch Dis Child 1990;65:407-10.

152. Connett G, Lenney W. Prevention of viral induced
asthma attacks using inhaled budesonide. Arch Dis
Child 1993;68:85-7.

153. Svedmyr J, Thunguist P, Asbrink-Nilsson E, Hedlin G.
Prophylactic intermittent treatment with inhaled
corticosteroids of asthma deterioration due to upper
respiratory tract infections in young children.
Acta Paediatr'\999;ZB-A2-7.

154. Tal A, Bavilski C, Yohai D, et al. Dexamethasone and
salbutamol in the treatment of acute wheezing in
infants. Pediatrics 1983;71:13-18.

155. Gries DM, Moffitt DR, Pulos E, Carter ER. A single
dose of intramuscularly administered
dexamethasone acetate is as effective as oral
prednisolone to treat asthma exacerbations in young
children. J Pediatr 2000;136:298-303.

156. Noble V, Ruggins NR, Everard ML, Milner AD. Inhaled
budesonide for chronic wheezing under 18 months
of age. Arch Dis Child 1992;67:285-8.

157. Bisgaard H, Munch BL, Nielsen JP, Petersen W,
Ohlsson SV. Inhaled budesonide for treatment of
recurrent wheezing in early childhood. Lancet
1990;336:649-51.

158. Kraemer R, Graf Bigler U, Casaulta Aebischer C,
Weder M, Birrer P. Clinical and physiological
improvement after inhalation of low-dose
beclomethasone dipropionate and salbutamol in
wheezy infants. Respiration 1997;64:342-9.

159. Bisgaard H, Gillies J, Groenewald M, Maden C. The
effect of inhaled fluticasone propionate in the
treatment of young asthmatic children: a dose
comparison study. Am J Respir Crit Care Med 1999;
160:126-31.

160. Chavasse RJ, Bastian-Lee Y, Richter H, Milliard T,
Seddon P. Persistent wheezing in infants with an
atopic tendency responds to inhaled fluticasone.
Arch Dis Child 2001 ;85:143-8.

161. Van Bever HP, Schuddinck L, Wojciechowski M,
Stevens WJ. Aerosolized budesonide in asthmatic
infants; a double blind study. Pediatr Pulmonol
1990:9:177-80.

162. Maayan C, Itzhaki T, Bar-Yishay E, et al. The
functional response of infants with persistent
wheezing to nebulized beclomethasone
dipropionate. Pediatr Pulmonol 1986;2:9-14.

163. De Blic J, Delacourt C, le Bourgeois M, et al. Efficacy
of nebulized budesonide in treatment of severe

infantile asthma: a double-blind study. J Allergy Clin
Immunol 1996;98:14-20.

164. Allen ED, Whittaker ER, Ryu G. Six-week trial of
nebulized flunisolide nasal spray: efficacy in young
children with moderately severe asthma. Pediatr
Pulmonol 1997:6:397-405.

165. Baker JW, Mellon M, Wald J, Welch M, Cruz-Rivera M,
Walton-Bowen K. A multiple-dosing, placebo-
controlled study of budesonide inhalation
suspension given once or twice daily for treatment of
persistent asthma in young children and infants.
Pediatrics 1999;103:414-21.

166. Kemp JP, Skoner DP, Szefler SJ, Walton-Bowen K,
Cruz-Rivera M, Smith JA. Once-daily budesonide
inhalation suspension for the treatment of persistent
asthma in infants and young children. Ann Allergy
Asthma Immunol 1999;83:231-9.

167. McKean M, Ducharme F. Inhaled steroids for episodic
viral wheeze of childhood (Cochrane Review). The
Cochrane Library, 4, 2000. Update Software, Oxford.

168. Hedlin G, Svedmyr J, Ryden AC. Systemic effects of
a short course of betamethasone compared with
high-dose inhaled budesonide in early childhood
asthma. Acta Paediatr 1999;88:48-51.

169. Scott MB, Skoner DP. Short-term safety of budesonide
inhalation suspension in infants and young children
with persistent asthma, y Allergy Clin Immunol
1999;104:200-9.

170. Tasche MJ, Uijen JH, Bernsen RM, de Jongste JC,
van der Wouden JC. Inhaled disodium cromoglycate
(DSCG) as maintenance therapy in children with
asthma: a systematic review. Thorax2000;
55:913-20.

171. O'Callaghan C, Milner AD, Swarbrick A. Nebulized
sodium cromoglycate in infancy: airway protection
after deterioration. Arch Dis Child 1990;54:404-6.

172. Brooks LJ, Cropp GJA. Theophylline therapy in
bronchiolitis. A retrospective study. Am J Dis Child
1981:135:934-6.

173. Vieira SE, Lotufo JP, Ejzenberg B, Okay Y. Efficacy of
IV aminophylline as a supplemental therapy in
moderate broncho-obstructive crisis in infants and
preschool children. Pulm Pharmac Ther2000;
13:189-94.

174. Goodman DC, Littenberg B, O'Connor GT, Brooks JG.
Theophylline in acute childhood asthma: a meta-
analysis of its efficacy. Pediatr Pulmonol 1996;
21:211-18.

175. McBrideJT, McConnochie KM. RSV, recurrent
wheezing, and ribavirin. Pediatr Pulmonol 1998;
25:145-6.

176. Rodriguez WJ, Arrobio J, Fink R, Kim HW, Milburn C.
Prospective follow-up and pulmonary functions from
a placebo-controlled randomized trial of ribavirin
therapy in respiratory syncytial virus bronchiolitis.
Ribavirin Study Group. Arch Pediatr Adolesc Med

1999;153:469-74.



332 Wheezing disorders in infants and young children

177. Korppi M, Leinonen M, Koskela M, Makela P,
Launiala K. Bacterial co-infection in children
hospitalized with respiratory syncytial virus
infections. Pediatr Infect DisJ 1989;8:687-92.

178. Bisgaard H, Neilsen KG. Bronchoprotection with a
leukotriene receptor antagonist in asthmatic
preschool children. Am J Respir Crit Care Med
2000;162:187-90.

179. Knorr B, Franchi LM, Bisgaard H, et al. Montelukast,
a leukotriene receptor antagonist, for the treatment
of persistent asthma in children aged 2 to 5 years.
Pe<//0fr/«2001;108:E48.

180. Webb MS, Martin JA, Cartlidge PH, Ng YK, Wright NA.
Chest physiotherapy in acute bronchiolitis.
Arch Dis Child 1985;60:1078-9.

181. Soong WJ, Hwang B, Tang R-B. Continuous positive
airway pressure by nasal prongs in bronchiolitis.
Pediatr Pulmonol 1993 ;16:163-6.

182. Lebel MH, Gauthier M, LacroixJ, Rousseau E,
Buthieu M. Respiratory failure and mechanical
ventilation in severe bronchiolitis. Arch Dis Child
1989;64:1431-7.

183. Reijonen TM, Korppi M. One-year follow-up of young
children hospitalized for wheezing: the influence of
early anti-inflammatory therapy and risk factors for
subsequent wheezing and asthma. Pediatr Pulmonol
1998;2:113-19.

184. Clough JB, Keeping KA, Edwards LC, Freeman WM,
Warner JA, Warner JO. Can we predict which wheezy
infants will continue to wheeze? Am J Respir Crit Care
Med 1999;160:1473-80.

185. Wever-HessJ, Kouwenberg JM, Duiverman EJ,
Hermans J, Wever AM. Prognostic characteristics of

asthma diagnosis in early childhood in clinical
practice. Acta Paediatr 1999;8:827-34.

186. Wever-HessJ, Kouwenberg JM, Duiverman EJ,
Hermans J, Wever AM. Risk factors for exacerbations
and hospital admissions in asthma of early
childhood. Pediatr Pulmonol 2000;4:250-6.

187. Martinez FD, Wright AL, Taussig LM, et al. Asthma
and wheezing in the first six years of life. New Engl J
Med 1995;332:133-8.

188. Stein RT, Holberg CJ, Morgan WJ, Wright AL,
Lombardi E, Taussig L, Martinez FD. Peak flow
variability, methacholine responsiveness and atopy
as markers for detecting different wheezing
phenotypes in childhood. Thorax 1997;52:946-52.

189. Stein RT, Sherrill D, Morgan WJ, Holberg CJ,
Halonen M, Taussig LM, Wright AL, Martinez FD.
Respiratory syncytial virus in early life and risk of
wheeze and allergy by age 13 years. Lancet
1999;354:541-5.

190. van Woensel JB, Kimpen JL, Sprikkelman AB,
Ouwehand A, van Aalderen WM. Long-term effects of
prednisolone in the acute phase of bronchiolitis
caused by respiratory syncytial virus. Pediatr
Pulmonol 2000:30:92-6.

191. Hardy KA, Schidlow DV, Zaeri N. Obliterative
bronchiolitis in children. C/7esM988;93:460-6.

192. Hull J, Chow CW, Robertson CF. Chronic idiopathic
bronchiolitis of infancy. Arch Dis Child 1997;
77:512-15.

193. Martinez FD. Present and future treatment of asthma
in infants and young children. J Allergy Clin Immunol
1999;104:169-74.



10
The management of asthma in school-children

JOHN F PRICE

Introduction
Environmental issues in management
Drug therapy
Partnership in management

333 Information and education
334 Patterns of asthma
335 Regular review and step down
340 References

341
343
346
346

INTRODUCTION

Throughout the world the high and increasing preva-
lence of asthma has stimulated the development of guide-
lines which set standards and make recommendations
for the management of asthma (Table 10.1). The imple-
mentation of the Global Initiative for Asthma (GINA)
international guidelines1 was tested recently by a survey
of patients, of whom about 750 were children, in seven
European countries.2 Asthma control comparable with the
overall aims of the GINA guidelines was seen in only 6%
of children surveyed. Nearly 40% had symptoms weekly,
30% experienced significant limitation of activity and
60% had never had any form of lung function test. In this
survey 46% of the children reported persistent symptoms
ranging from mild to severe (Figure 10.1). All recent
national and international guidelines including GINA
recommend the use of inhaled steroids in children with
persistent symptoms. However of the 46% of children
with persistent symptoms less than one third were taking
an inhaled steroid. The results of this study clearly indi-
cate that although the management of asthma is well
standardized and described in guidelines, their imple-
mentation is far from perfect (Chapter 18).

Table 10.1 Recommendations for
asthma control

• minimal chronic symptoms
• minimal episodes
• no emergency visits
• minimal bronchodilator use
. no limitation of activity
• near normal lung function

Good management of asthma in children depends
on accurate diagnosis, careful assessment of severity,
recognition of environmental influences and selection of
age-appropriate treatment. These principles need to be
understood and accepted by the child and family and
form the basis of a partnership leading to guided self-
management (sometimes referred to as 'home manage-
ment', to reflect the role of the whole family). Asthma care
includes dealing with specific patterns of illness at home
and at school and regular review. Most recurrent wheez-
ing in school age children is caused by asthma and the
diagnosis can usually be made from a carefully taken his-
tory (Chapter 6a). Reversible airway obstruction should
be confirmed by lung function testing (Chapter 6b).
Historically asthma has carried the stigma of a small
thin child who is breathless and ill. Occasionally there
is still a reluctance to tell parents that their child has
asthma. As long as appropriate explanation and manage-
ment follow, the child and parents' anxiety is much more

Figure 10.1 Childhood asthma classified according to
frequency and severity of symptoms. (Adapted from ref. 1.)
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likely to be relieved than increased by being told the
diagnosis.

ENVIRONMENTAL ISSUES IN MANAGEMENT

There are three main ways in which an adverse envir-
onment will affect asthma control: outdoor and indoor
air pollution, the presence of allergens to which the child
is sensitized and individual or family psychopathology.

Air pollution and smoking

Air pollutants may influence the severity of asthma by a
direct irritant action provoking bronchoconstriction, by
causing inflammation in the airways and thus increasing
bronchial responsiveness or by altering the immune res-
ponse to environmental allergens.

Many asthmatic children are exposed to high levels of
tobacco smoke at home.3 A total of 86% of children exposed
to adults who smoke have salivary cotinine concentrations
greater than 0.6ng/ml.4 Exposure to tobacco smoke in
utero is associated with raised IgE concentrations in cord
blood,5 reduced lung function,6 and more wheezing ill-
ness in early life.7 Antenatal clinics have a responsibility to
warn pregnant mothers of the dangers of cigarette smoke
to their unborn infants and offer help with stopping
smoking.8 Such guidance is of course particularly import-
ant in families with a strong history of atopy. There is good
evidence that children with asthma have more severe
symptoms if their parents smoke.9 Evidence for an associ-
ation with increased bronchial reactivity and with increased
allergic sensitization have been reviewed10 (Chapter 7e).
Exposure to cigarette smoke provokes asthma attacks and
chronic exposure has a cumulative adverse effect on the
lung function of asthmatic children.11 Parental smoking
is an important marker of non-attendance at education
programs about asthma.12 Moreover a randomized trial of
intervention informing parents about the harmful effects
of smoking on their children did not encourage them to
stop smoking. Salivary cotinine levels in the children
before and one year after the intervention were the primary
endpoints.13

Epidemiological studies also suggest that outdoor pol-
lutants, particularly those occurring in urban areas, may
affect the severity of childhood asthma.14 For example
children living in a polluted area of Spain had more fre-
quent asthma attacks than those living in a non-polluted
region.15 Climatic conditions may combine with envir-
onmental pollutants to create adverse conditions for
asthma sufferers; for example, ground level ozone accu-
mulates in cities during periods of hot sunshine and lit-
tle wind. Thunderstorms after a period of dry weather
are known to trigger local 'mini-epidemics' of asthma.
The increased release of mould spores or possibly the
fragmentation of pollen grains may be responsible. Part

of the management of asthma is to make families aware
of this and to be alert to the possibility of deterioration in
symptoms during certain types of weather.

Allergen exposure

In low altitude temperate zones the main environmen-
tal allergens are house-dust mite (Dermatophagoides
pteronyssinus) antigen Der pi in faecal pellets, cat antigen
(Pel d 1) in saliva, and seasonal pollens especially grasses.
Other allergens maybe important elsewhere (Table 7a.2).
It is easy to identify an allergic precipitant of asthma if
exposure repeatedly causes acute symptoms. More often
however continued exposure causes chronic symptoms.
The role of an allergen in the consequent increase in vul-
nerability to asthma attacks provoked by other factors
such as viral infection and exercise is then difficult to
discern. Improvement in asthma when children go on
holiday without any other change in their management,
strongly suggests an allergic trigger at home. If negative,
skin-prick tests or measurement of specific IgE antibodies
rule out allergic sensitization, but false positives are com-
mon. The threshold for carrying out skin testing in chil-
dren varies widely in different countries. They should
certainly be done before embarking on house-dust mite
avoidance or recommending removal of pets.

The allergen to which asthmatic children in the UK
most commonly become sensitized is the house-dust
mite. Unfortunately no particular pattern of symptoms
characterizes house-dust mite allergy. Exposure to mite
allergens is highest at night but asthma symptoms in chil-
dren generally tend to be worse at night anyway. House-
mite allergy often causes severe nasal symptoms in the
early morning and this may be a useful clue. When chil-
dren sensitized to mite reside at high altitude in the
European Alps or in a hospital environment, where mite
allergen concentrations are low, symptoms and bronchial
responsiveness decrease. Return to the home environ-
ment causes rapid relapse.16 A meta-analysis of the effi-
cacy of house-dust mite avoidance concluded there was
marginal benefit.17 This analysis was subsequently criti-
cized for including trials that succeeded with those which
failed to reduce allergen concentrations in the home. Mite
reduction in the home is time consuming and re-accu-
mulation of mites occurs rapidly. A trial of mite reduction
measures, including removal of carpets in the bedroom,
covering mattresses, vacuuming, freezing or removal of
soft toys and washing bed linen at 60 degrees, is only
worth considering in highly motivated families with chil-
dren who have good evidence of mite allergy. House con-
struction has a marked influence on mite concentrations.
The number of mites is related to temperature and
humidity; well-heated and poorly ventilated houses are
those most conducive to mite proliferation. In Denmark
experimental houses with mechanical ventilation systems
contain very low levels of mite antigen.18 Whether factors
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relating to mite proliferation will be taken into considera-
tion in future house building remains to be seen. The
topic of mite avoidance in the management of childhood
asthma has recently been reviewed19 and is considered in
Chapter 14.

Families with an asthmatic child should be encour-
aged not to acquire pets. Pets should be removed when
allergy has been clearly established. Cat allergens are par-
ticularly pervasive in Europe. Children with cat sensitiv-
ity in a class at school in which more than 18% of the
children own cats have worse asthma as a result of school
attendance.20 When cats are removed it may be months
before the dander disappears completely from dust in the
home.21 One must be quite sure a household pet really is
triggering asthma before advising its removal because the
resulting emotional upset could make things worse.
When removal of a cat is likely to cause great upset it has
been suggested that a weekly wash will reduce levels of
cat antigen and this, together with removing carpets, fre-
quent vacuuming and air filtration, may allow the family
cat to be retained.22

Psychosocial issues

Individual or family psychopathology can influence
childhood asthma directly by its association with deteri-
orating symptoms or indirectly by acting as a barrier to
asthma education and adherence to treatment (Chapter
13e). Stressful events in children's lives have been linked
with decreased school performance,23 a requirement for
increased doses of steroids24 and prolonged admissions
to hospital.25 Several mechanisms have been proposed to
explain the association between psychopathology and
poor asthma control. The pathophysiology and clinical
manifestations of asthma depend on complex neural
mechanisms and changes in the autonomic nervous sys-
tem. In depression (3-adrenergic hyporesponsiveness has
been demonstrated. Certain neuropeptides thought to
regulate airway inflammation and responsiveness are
released during stress. Alterations in immune responses
observed during stress may have implications for the
exacerbation of asthma particularly by increasing the risk
of respiratory infections.26 Family support naturally has an
important influence on a child's asthma. Many of the psy-
chosocial factors implicated in poor asthma control,
including childhood anxiety, depression, non-adherence
and family conflict, are dependent on family structure and
function. There is some evidence that exposure to violence
is associated with deterioration in asthma among inner city
children.27 Acute and chronic stress have different effects.28

Psychosocial factors may affect perception of asthma
control and can influence attitudes to treatment and self-
management adversely. Adherence to prescribed treat-
ment is poorer in children and families with psychological
problems although very few studies have examined this
specifically in children with asthma. One study however

found that the level of family conflict predicted adherence
with theophylline treatment.29 Psychosocial barriers to
asthma education include economic status, literacy level
and ethnicity. Socio-economic status has a significant
effect on patterns of asthma symptoms. A study in the UK
has shown that socio-economic status does not influence
asthma diagnosis or prescribed treatment, but children in
less privileged social classes have more frequent asthma
attacks especially at night.30

In the past there has been a tendency for polarization
of views about the role of psychosocial issues in asthma.
Collaborative research between respiratory physicians
and psychologists is needed to advance our knowledge in
this complex area.

DRUG THERAPY

Guidelines and their implementation

National and international guidelines for the manage-
ment of childhood asthma have the advantages of pro-
moting good clinical practice and providing a basis for
clinic audit. In the past, most have been compiled by con-
sensus, but henceforth will be expected to describe the
level of evidence on which recommendations are based.
They should not be regarded as inflexible protocols but
rather to be adapted according to local circumstances
and the needs of individual patients and families. They
require regular updating as new drugs and delivery sys-
tems become available.

Most guidelines propose a step-wise or algorithmic
approach to drug management, choosing a treatment regi-
men based on the initial assessment of severity. Asthma
guidelines generally divide children with asthma into
those with intermittent and those with persistent symp-
toms. A fundamental assumption is that children with
persistent symptoms have chronic airway inflammation
and therefore require regular anti-inflammatory therapy.
For ethical reasons there is little histological evidence
to support this assumption in mild persistent asthma in
children. Nevertheless, by analogy with the situation in
young adults with asthma, the increase in bronchial
responsiveness characteristic of children who develop
chronic symptoms provides strong indirect evidence for
underlying airway inflammation. By convention persistent
asthma has been divided into mild, moderate and severe
(Figure 10.2). A recent survey2 using a symptom severity
index similar to that applied in Global Initiative for
Asthma (GINA) guidelines1 suggests that intermittent
asthma may be slightly more common and persistent
asthma a little less common in children than in adults. A
suggested scheme for classifying severity and control of
acute and chronic (steady-state) symptoms in young chil-
dren is given in Chapter 9 (Table 9.7) and can easily be
adapted for school-children.
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Figure 10.2 Symptom severity and drug treatment in school-children.

Mild intermittent asthma - Step 1

This category includes children who over a period of sev-
eral months have symptoms of asthma occurring less than
once a week and nocturnal asthma no more than twice a
month. Spirometry and peak flow variability return to
normal between symptomatic episodes. Symptoms rarely
interfere with daytime activity or sleep. Children who fall
into this category need to have available bronchodilator
medication given by inhalation to relieve symptoms. The
selective, short-acting (32-adrenergic agonists (albuterol/
salbutamol, terbutaline) are the most rapidly effective and
safest bronchodilators. In school-children p2-adrenergic
agonists should be used in preference to anticholinergic
agents such as ipratropium bromide.

Some children experience seasonally troublesome
asthma, but for the remainder of the year, have few symp-
toms. For instance those with symptoms provoked pre-
dominantly by viral respiratory infection may have mild
symptoms during the summer but more frequent virus-
induced episodes in the winter. For such episodes, they
may need to take a bronchodilator regularly during and
for a week or two after a cold. Treatment with a prophy-
lactic agent should be considered if they have symptoms
between viral episodes. However, there is no evidence
that school-age children with mild intermittent symptoms
provoked only by viral infections benefit from low-dose
inhaled steroid treatment.31 Although there are theoreti-
cal reasons for believing leukotriene receptor antagonists
may have a place in treating wheezing provoked by viral
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upper respiratory infections there are as yet no published
studies to support their use in children with mild inter-
mittent asthma. Some children who do not normally
wheeze with exercise may develop coughing or wheezing
during physical activity when they have a cold. A single
dose of an inhaled (3-adrenergic agonist taken shortly
beforehand helps to prevent this.

Conversely, children with seasonal asthma due to
pollen allergy may require a step-up during the pollen
season, but little more than intermittent bronchodilator
therapy (Step 1) at other times.

demonstrate improvement with treatment, deterioration
when it is stopped and improvement again when it is
restarted. In school-children with chronic cough who can
perform lung function, there is little justification for a
therapeutic trial of anti-inflammatory treatment without
first attempting to document variable airflow obstruction.

There is currently a choice of two types of agent to con-
trol airway inflammation in mild persistent asthma, inhaled
steroids and cromones. Future studies may show that the
leukotriene receptor antagonists (LTRA) also have a place
in treating mild persistent asthma in school-children.

Mild persistent asthma - Step 2

School-children with persistent asthma are usually atopic
or have an atopic family history. Wheezing may be trig-
gered by allergic, physical or emotional factors although
viral respiratory infections remain the predominant trig-
ger of acute asthma attacks in school-age children. Spirom-
etry may be close to normal between attacks, but some
indices of small-airway obstruction, such as MEF25 and
MEF50 (Chapter 6b) may remain depressed. Persistent
asthma is considered mild if the child has symptoms at
least once a week but less than daily, occasionally affect-
ing daytime activity and causing sleep disturbance (less
than weekly). Bronchodilator medication maybe needed
on most days. Parents and children may have diffi-
culty remembering the frequency of cough and wheeze.
Recording day and night symptoms and morning and
evening peak flow on a diary card for a brief period (say
4 weeks) may help in determining the pattern and sever-
ity of symptoms, and the need for regular medication.
A written record can be helpful in persuading parents
and children that regular preventer therapy is necessary.

Some guidelines include 'cough variant asthma' in the
category of mild persistent asthma but this is controver-
sial in school-children (Chapter 6a). Cough is undoubt-
edly a common symptom of asthma but it has been
estimated that less than 10% of asthma presents with cough
alone.32'33 In a community setting, isolated cough (in the
absence of wheeze) is rarely due to asthma, rarely responds
to asthma medications34 and is quite often over-diagnosed
as asthma.32 However, in a specialist clinic, where a highly
selected group of children are seen, children who cough in
response to typical asthma triggers, and improve when
treated with asthma medications are not uncommonly
seen.35 Bronchoscopic and bronchoalveolar lavage studies
have shown that many children with chronic cough have
no evidence of eosinophilic airway inflammation.36"38

Others however will show increasing bronchial reactivity
over time, start wheezing and develop the typical clinical
picture of asthma.39 If coughing is troublesome and no
other diagnosis is evident a therapeutic trial with anti-
inflammatory treatment is justified. The only danger is that
ineffectual and potentially harmful medication may be
continued long-term. An adequate therapeutic trial should

INHALED STEROIDS

A systematic review published in 1997 analysed 24 ran-
domized controlled trials of inhaled steroid treatment in
children.40 The mean improvement was 50% for symp-
toms and 11% of predicted for lung function. There was a
mean reduction in bronchodilator use of 37% and a mean
decrease in oral steroid use of 28%. Nevertheless the best
way to use these highly effective agents in children with
asthma is still not entirely clear. There is evidence that it is
no better to start with a high dose and wean down than to
start low and work up (if necessary)403. Low-dose inhaled
steroid therapy (100-200 |xg/day) is highly effective in mild
persistent asthma.

In recent years concern has been expressed about the
safety of inhaled steroids particularly when used to treat
relatively mild disease. Local side effects are rare and there
is no evidence that inhaled steroid therapy causes cataracts
in children. There is some systemic adsorption with all
inhaled steroids and this leads to dose-dependent inhibi-
tion of the hypothalamic pituitary adrenal feedback loop.
Over 160 studies have investigated the impact of inhaled
steroids on growth in children but only six of them have
been double-blind controlled trials (see also Chapters 8a
and 15). Four concluded that beclomethasone dipropi-
onate 400 |xg/day was associated with a growth decelera-
tion of just over 1 cm in one year. In one of these studies
the children treated had only mild intermittent asthma.41

Another has been criticized for including pubertal chil-
dren.42 In two studies the dose of inhaled steroid would
normally have been reduced after 3 months because of
the excellent therapeutic response.43'44 Thus none gave
a clinically generalizable result! Despite this effect on
medium term growth there is no evidence that long-term
treatment with inhaled steroid adversely effects final
height.45'46 The remaining randomized double-blind stud-
ies both monitored growth over one year and did not
demonstrate growth suppression with fluticasone propi-
onate, which is about twice as potent as beclomethasone
but has less systemic bioavailability, in doses of 100 and
200 (xg/day.47'48 Growth in children with mild persistent
asthma taking fluticasone propionate 100|jLg per day is
comparable to that in children taking sodium cromoglycate
but asthma control is better.49 Patients with mild disease
appear more vulnerable to the systemic effects of inhaled
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steroids than those with severe disease; this makes a
strong argument for using the lowest possible dose to
maintain control. Normally inhaled steroids are given
twice daily. There is no therapeutic justification for more
frequent dosage and adherence declines with increasing
frequency of dosing.50 Once asthma control has been
achieved it can often be maintained with once daily
inhaled steroid.51 Inhaled steroids should not be given to
children via unmodified metered dose aerosol inhalers;
an efficient powder inhaler (e.g. Turbohaler) or large-
volume spacer device should be used (Chapter 8b).

CROMONES

Until recently sodium cromoglycate was recommended as
the first line preventive agent for children with mild to
moderate asthma. Early studies indicated that if taken regu-
larly it controlled symptoms in about 60% of school-age
children with frequent asthma.52 The aerosol is as effective
as the powder in children who are able to use a metered
dose aerosol properly and is slightly less likely to cause
coughing after inhalation.53 Sodium cromoglycate is safe
with virtually no known side effects even when taken regu-
larly for years. The requirement for cromoglycate to be
taken three or preferably four times a day is a serious dis-
advantage. Comparative studies indicate sodium cromo-
glycate is less effective than a low dose of inhaled steroid
when initiating anti-inflammatory treatment in children
with mild persistent asthma.54 A recent systematic review
which analysed24 randomized controlled trials of sodium
cromoglycate concluded there is insufficient evidence
that it has a beneficial effect as maintenance treatment in
children with asthma55 although these conclusions hide
an important difference between infants (where there is no
evidence of benefit) and school-children (where there is
evidence of benefit). In many countries (but not Japan,
Chapter 17) cromones have been virtually superseded by
low-dose inhaled steroids. However the systematic review
did not address the question of exercise-induced asthma
and single dose studies provide clear evidence that cro-
mones inhibit exercise-induced bronchoconstriction.

Nedrocromil sodium inhibits the activation of a
variety of inflammatory cells and is a potent mast cell
stabilizer in vitro. Few trials have been done in children
but it has efficacy in seasonal asthma.48 Like cromoglycate,
it needs to be administered four times a day.

Moderate persistent asthma - Step 3

Moderate persistent asthma in children is characterized
by persistent, daily symptoms and nocturnal symptoms
at least once a week. Inevitably daily activity (such as
exercise) and sleep are affected. Lung function frequently
falls below 80% of predicted or best and there is wide
peak flow variability. Children also fall into this category
if although initially assessed as having mild persistent
asthma satisfactory symptom control and near normal

lung function can not be achieved with low doses of
inhaled steroid together with intermittent short-acting
bronchodilators. When a careful search for remedial
environmental triggers and attention to compliance and
inhaler technique have failed to result in improvement
there are three choices for treatment: increase the dose of
inhaled steroid; add a long-acting bronchodilator; or add
a leukotriene receptor antagonist (LTRA).

INCREASE THE DOSE OF INHALED STEROID

There have been very few good studies to define the plateau
of the dose response curve for inhaled steroids in children.
One study has indicated that the top of the dose-response
curve for inhaled steroids in children with mild and
moderate persistent asthma is not more than 400-800 u,g/
day.56 Although most guidelines advise doubling the dose
of inhaled steroid during exacerbations of asthma, this rec-
ommendation is not supported by a controlled trial.57 The
increasing evidence of systemic effects of inhaled steroids at
doses of greater than 400 jxg/day, highlights the importance
of combining moderate doses of inhaled steroid with other
non-steroid compounds that may have a synergistic effect.

ADD A LONG-ACTING (3-AGON 1ST

There are theoretical reasons for regarding the actions of
the long-acting 3-agonist bronchodilators (LABA) sal-
meterol and formoterol and inhaled steroids as comple-
mentary. For example steroids may potentiate ^-receptor
synthesis while long-acting (3-agonist may prime intra-
cellular steroid receptors. Concerns that treatment with
LABA may mask ongoing airway inflammation have not
been borne out by airway biopsy studies in adults.58 We
know nothing of the interaction of inhaled steroids and
LABA at the cellular level in children. Crucially we must
ask whether the theoretical synergistic actions of inhaled
steroids and LABA are reflected in clinical practice.

In adults there is substantial evidence that combining
an inhaled steroid with a LABA improves symptom con-
trol to a greater extent than increasing the dose of inhaled
steroid and reduces frequency of exacerbations.59 In a
placebo-controlled study asthma symptoms and lung
function improved when a LABA was given to children
already taking beclomethasone 400 jxg/day.60 However in
another study children derived no benefit from either
doubling the dose of inhaled steroid or from adding a
LABA.61 The children who took part in this study had
near normal lung function at baseline and it may be there
was not sufficient room for improvement to demonstrate
an effect. Importantly however the children treated with
the higher dose of inhaled steroid (800 fxg/day) grew less
well than those on combination therapy.

Long-acting b- agonists are potent and prolonged
inhibitors of exercise-induced asthma62 although this
inhibitory effect may decline with regular administration.63

The evidence for declining benefit with regular LABA
therapy in children has been reviewed (Chapter 8a) but
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remains controversial. The incorporation of an inhaled
steroid (fluticasone) and a long-acting bronchodilator
(salmeterol) in one inhaler device makes the administra-
tion of this combination more convenient. The one study
so far published testing this product in children shows it
is at least as effective as the two agents given separately
and is free of side effects.64

ADD A LEUKOTRIENE RECEPTOR ANTAGONIST
(LTRA)

The cysteinyl leukotrienes are released from a range of
inflammatory cells, notably mast cells and eosinophils,
and are potent mediators of bronchoconstriction, stimu-
late mucus secretion and increased vascular permeability.
Leukotriene synthesis is one of the few components of
the inflammatory cascade that is not affected by corti-
costeroids and therefore leukotriene inhibition could com-
plement the action of steroids in asthma. Montelukast and
zafirlukast interfere with receptor binding of LTC4 and
LTD4. Montelukast, a once daily chewable tablet, is effect-
ive in children over 2 years. Zafirlukast, a twice daily tablet,
has been shown to be effective in children over 12 years.
In one multicentre placebo-controlled trial, montelukast
was superior to placebo for symptom control, lung func-
tion and for all three domains of a quality of life assess-
ment in school-children.65 Its safety profile was very
reassuring with no difference in adverse events between
montelukast and placebo. Both montelukast66 and zafir-
lukast67 inhibit exercise-induced asthma: in the case of
montelukast this inhibition persists for 24 hours after
a dose.

The positioning of LTRA in current treatment guide-
lines is not clearly established. As yet there are no direct
comparisons between LTRA and either low-dose inhaled
steroid in children with mild persistent asthma or long-
acting ^-agonists as add on therapy in children with
moderate persistent asthma already receiving inhaled
steroids. The sound theoretical basis for a complemen-
tary action with inhaled steroids and the results of the
large placebo-controlled study justifies their inclusion as
one of the choices to combine with an inhaled steroid in
children with moderate persistent asthma. Leukotreine
receptor antagonists inhibit exercise-induced asthma
and unlike long-acting b-agonists there is no indication
this effect decays over time68 so they may be particularly
suitable for children with troublesome activity related
symptoms. In time the therapeutic role for leukotriene
receptor antagonists in mild and severe persistent asthma
should become clearer. Common sense dictates that
adherence will be better with a once daily tablet than with
inhaled treatment taken twice daily, but there is no evi-
dence to confirm or refute this at the moment.

In all of the clinical trials, the rate of onset of clinical
and physiological benefit is rapid, the maximum benefit
occurring over 1-2 days. This means that in practice,
under stable clinical conditions, it should be possible to

assess the benefit of introducing LTRA therapy over a
1-2 week period.

Severe persistent asthma - Step 4

Some children have almost continuous day-time and
nocturnal symptoms, waking frequently at night and
almost invariably coughing and wheezing in the mornings.
Such children miss a lot of schooling, school performance
may be affected and they are often unable to participate
in sporting activities. Despite treatment with an inhaled
steroid and either a long-acting (3-agonist or a leukotriene
receptor antagonist these children also have asthma attacks
and may require hospital admissions. They are nearly
always atopic and usually have abnormal lung function
between attacks. Chest deformity may result from chronic
persistent airflow obstruction and lung hyperinflation.

Management of severe childhood asthma is a fine
balance between the benefits of controlling symptoms
and the inconvenience and adverse effects of therapy.
Optimal asthma control and normal lung function may
not be achievable without unacceptable imposition on
daily life or undesirable side effects from treatment. The
dose-response relationship for inhaled steroids is likely
to be different from that in mild or moderate asthma
with a higher plateau for efficacy and a less steep curve
for adverse effects. Thus in children with severe disease
doses of up to 1000 jig per day of inhaled steroid may
relieve symptoms without impairing growth.

Other options available in addition to high-dose
inhaled steroids plus long-acting p-agonists and leuko-
triene antagonists include oral slow release theophylline
and anti-cholinergic agents. Slow-release theophylline in
doses that are titrated to give blood levels of 50-100 mmol/1
will control asthma in about 60% of children with fre-
quent symptoms, but are relatively ineffective in prevent-
ing the wheezing episodes which accompany viral upper
respiratory tract infections.69 One study has shown that
the addition of oral slow-release theophylline improves
asthma control in children with symptoms despite taking
an inhaled steroid.70 The high frequency of side effects
and the narrow therapeutic index are reasons why in
many countries the use of oral theophyllines has become
restricted to the severe end of the asthma spectrum.
There is a clinical impression that some children with
severe asthma benefit from treatment with inhaled anti-
cholinergic agents, but no controlled studies have been
done. They may be worth considering in children experi-
encing side effects such as tremor or headache when
taking both long and short-acting b-agonists.

Difficult asthma - Step 5 and beyond

Most children with correctly diagnosed asthma, who take
measures to avoid known provoking factors and who
are given appropriate medication will improve. Several
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Table 10.2 Factors which may contribute to
difficult asthma (Step 5 and beyond)

• incorrect diagnosis
• co-morbidity
• unrecognized environmental agents
• psychosocial stress
• non-adherence with therapy (compliance)

possibilities should be considered when children do not
or apparently do not respond to treatment (Table 10.2).
Firstly the diagnosis may be wrong. Vocal cord dysfunc-
tion, a condition in which there is paradoxical adduction
of the vocal cords sufficient to cause airflow limitation at
the level of the larynx may mimic or co-exist with asthma
(Chapter 13a). This condition commonly appears in
early adolescence. Gastroesophageal reflux or hyperven-
tilation may similarly mimic or co-exist with asthma.
Secondly there may be environmental or psychosocial
factors affecting the asthma that have not been recog-
nized. Thirdly the prescribed treatment may not be
taken, either by accident or by design.

However, a very small number of school-children,
despite good adherence to the treatment regimes described
above, continue to experience frequent incapacitating
and occasionally life-threatening symptoms. The final
step in the asthma guidelines for these children is regular
oral corticosteroids. Other options are available for those
who do not respond to oral steroids. Before embarking
on these options that often carry a high risk of side
effects an attempt should be made to document the pres-
ence and nature of airway inflammation. There are prob-
ably different subgroups of very severe asthma that are
distinguished for example by presence or absence of
eosinophilia71 or the level of exhaled nitric oxide.72 The
pathological basis of very severe childhood asthma needs
to be better understood if we are to develop a rational
basis for its treatment.73

ORAL AND NEBULIZED STEROIDS

A survey in the UK of almost 4000 asthmatic children
under 16 years of age found only 27 children who were
taking regular oral steroids.74 The use of regular pred-
nisolone involves a balance between its benefits and side
effects. Both excessive doses of prednisolone and poorly
controlled asthma suppress growth in childhood. It is
therefore particularly important to monitor growth in
these children. Oral prednisolone suppresses the hypo-
thalamo-pituitary-adrenal axis, but this may be lessened
by taking a single dose on alternate days. The drug
should never be stopped suddenly and additional doses
may be required for patients undergoing surgery.
Children on regular oral steroids should not be given live
vaccines and are at increased risk of severe chickenpox.

The use of nebulized steroids in very severe steroid-
dependent childhood asthma is controversial. In a small

open study in adults, 55% were able to reduce their oral
steroid intake when treated with nebulized budesonide
2 mg/day.75 A small reduction in daily prednisolone was
also seen in adults with steroid dependent asthma
when they were given nebulized fluticasone 4 mg/day.76

No study of nebulized steroid has been done in school-age
children with steroid dependent asthma. If a child can use
a spacer device efficiently it seems unlikely that switching
to a nebulized steroid will confer additional benefit.

IMMUNOSUPPRESSIVE AGENTS

Cydosporin inhibits T-lymphocyte activation. Small trials
in adults with severe asthma, in which oral cyclosporin
has been given for 12 weeks77 and 36 weeks78 have shown
improvement in lung function, reduction in exacerba-
tions and reduced prednisolone use compared with
placebo. No controlled trials have been carried out on
children. However there is a case report of its use in five
children on regular oral steroids, three of whom experi-
enced a definite benefit.79 The side effects in adults include
hirsutism, paraesthesia, mild hypertension, headaches,
and tremor. The only concern in the paediatric reports
was hirsutism, which led to one girl stopping its use even
though her steroid dose had been profoundly reduced.79

There is obviously a concern about renal impairment with
long-term use, so renal function must be carefully moni-
tored, and cyclosporin blood concentrations maintained
at80-150mg/l.

Methotrexate is an immunosuppressive and anti-
inflammatory agent. Three small open label studies on
children have shown steroid doses could be reduced in
some of the children while lung function was maintained
or improved.80"82 Doses of methotrexate used were
between 7.5 and 17mg/week for up to 2 years80'81 and
0.6 mg/kg per week for 3 months.82 Reported side effects
in the children were gastrointestinal upset and tran-
siently raised liver transaminases. Low doses seem to be
relatively safe, and its use may be considered in some
children with very severe asthma.

PARTNERSHIP IN MANAGEMENT

If asthma management is to be successful a partnership
needs to be established between the child, family, pri-
mary and secondary healthcare workers and other tem-
porary carers such as schoolteachers. The object of this
partnership is to evolve a guided management plan, to
enable asthmatic children and their parents to deal with
symptoms day-to-day and to feel confident about when
to make adjustments themselves and when to call for
help. The route to achieving this includes the identifica-
tion of family anxieties and beliefs about asthma, the
provision of appropriate information about asthma and
its treatment and an agreed therapeutic approach which
is then written down (Table 10.3).
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Table 10.3 Route to a guided self-management plan for
families of children with asthma

• establish frequency, severity and pattern of symptoms
• identify anxieties and beliefs about asthma
• provide information about:

- nature of asthma
- how to judge severity
- principles of prevention and relief medication

• identify and if possible remove triggers
• agree treatment regime
• choose and demonstrate use of inhalers
• advise on use and limitations of peak flow

measurement
• write down the management plan on an asthma card

History taking

The history taking should include open questions that
help to clarify not only the severity and frequency of
symptoms but also underlying anxieties and beliefs about
asthma and its treatment. In general during the primary
school years parents have a clearer perception of asthma
severity than the children themselves. However as children
approach adolescence their own perception of their symp-
toms more closely resembles objective measures than that
of their parents.83 Some parents fear their child will die
during an asthma attack, to such an extent that it interferes
with their ability to deal rationally with the attack.84

Other parents underestimate the severity of their child's
symptoms.85 During an acute attack this can lead to delay
in starting, emergency treatment86 and may be a con-
tributory factor in some asthma deaths.87 Misconceptions
about the hazards of asthma medication are common. In
one study over a third of parents considered asthma
drugs to be addictive or unsafe in the long-term86 and a
questionnaire survey of 13 to 14-year-olds found 60% of
them thought asthma medication was addictive.88

INFORMATION AND EDUCATION

The goals of any educational program should be to:
reinforce the process of shared care between the family
and the doctor, improve adherence to medication,
increase the family's confidence in making assessments
and judgements about symptom severity and help chil-
dren to be physically active at home and at school.
Intelligence, education and the ability to understand
information about the nature of asthma bears little rela-
tionship to adherence with treatment.89 Nevertheless the
provision of information in an accessible form aids the
development of self-management plans. Children and
parents should be offered information about the nature
of asthma, how to assess severity and the principles of
'preventer and reliever' medication. A wealth of education
programs have been developed, along with booklets, audio

cassettes and videos. They are useful supplements to but
not substitutes for regular personal contact between fami-
lies and appropriately trained health professionals.

Delivery devices

Most treatment for asthma in school-children is given by
inhalation and choice of delivery device with careful
instruction in their correct use is central to successful
management (Chapter 8b). One of the most common
reasons for failure of asthma treatment is inappropriate
selection or incorrect use of the inhaler. Most children
under the age of 10 years are unable to achieve the
coordination needed to use an unmodified metered dose
aerosol inhaler and less than 50% of children obtain bene-
fit from these devices because of poor inhalation tech-
nique. Breath-actuated metered dose inhalers (Autohaler,
Easibreathe) are easier to use but young children tend to
close their glottis when the breath-actuated valve opens.
The number of children able to use these inhalers declines
rapidly under the age of 7 years.90

Children become fully aware of their own breathing
and recognize the difference between inspiration and
expiration by about the age of 3 years. From this age most
children can use valved spacers with an integral mouth-
piece. By school age children have learnt how to take a full
inspiration and most will be able to use breath-actuated
powder inhalers. However, low inspiratory flow rates
particularly during wheezy episodes limit the use of
this type of inhaler in children under 7. Breath-actuated
powder inhalers are either single dose (e.g. Spinhaler,
Rotahaler) or multi-dose (e.g. Diskhaler, Turbuhaler,
Accuhaler).

Peak flow measurement

Some children over the age of 3 and most over the age of
6 can use a peak flow meter. It is the cheapest and most
convenient way to measure lung function in children with
asthma. In the past it has been the mainstay of home
monitoring programs and has often been used as a pri-
mary variable in asthma trials. Peak expiratory flow meas-
urement does however have serious limitations. Although
PEF is highly reproducible, mini-Wright peak flow meters
are non-linear. This results in underestimation at low and
high recordings and overestimation in the mid range. It is
preferable to relate values to the child's 'best' with a given
meter than to relate the value to mean predicted. PEF
recordings on diary card records can easily be fabricated
and are very unreliable.91 PEF measurement in outpatient
clinics is of little value in establishing severity and pattern
of disease. Single measurements of PEF can be compared
with the child's and parents' assessment of the severity of
their airway obstruction at the time in order to under-
stand better their perception of the severity of the airway
obstruction. Regular monitoring of PEF has proved to be
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less sensitive than symptoms in identifying acute episodes
of asthma. In self-management programs, PEF monitor-
ing confers no additional benefit as an adjunct to symp-
tom control.92

PEF measurement before and after a bronchodilator
can be helpful in making the diagnosis, but spirometry
(FEVj) is more informative (Chapter 6b). Measurements
made in the morning and evening over a short period
(1-2 weeks) can be useful in determining whether a change
in treatment is required or to evaluate the introduction
of a new treatment, provided the results are reliable! 91

(Figure 10.3). PEF can also be used to guide families during
the early stages of an asthma attack. Broadly speaking, a
value of less than 70-80% of best indicates the need for

some remedial action (additional bronchodilator); a value
of less than 50% which is unrelieved by bronchodilator
indicates the need to start a short course of prednisolene
(if this is part of the agreed management plan) and to
seek medical advice; and a value of less than 25-30%
indicates a severe or life threatening attack (Chapter 11).

Asthma cards

Once a management plan has been developed it should
be written down. One way to do this is by using asthma
cards. The cards need to be robust, clear and didactic and
not too wordy (Figure 10.4).

Figure 10.4 Asthma card for home management.
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The key elements are:

• names and doses of drugs and inhalers;
• a plan of what to do when asthma becomes worse;
• what to do if the child has a severe attack;
• when, whom, and how to call for help.

PATTERNS OF ASTHMA

Nocturnal asthma

A combination of factors relating to circadian rhythms,
environment and posture predispose to cough and
wheezing at night (Table 10.4). The importance of noc-
turnal symptoms is highlighted by a questionnaire survey
conducted in the UK involving 773 asthmatic children
and 248 parents. One third of the children reported
waking at least once a week due to asthma and school
performance was often affected the following day.93 A
more recent survey of children with asthma in seven
European countries showed little has changed; 28% of
school-age children reported asthma related sleep distur-
bance more than once a week.2 Nocturnal symptoms and
particularly nocturnal cough often go unrecognized. In a
study of asthmatic children aged 7-14 years nocturnal
cough was reported by 66% but was heard by tape
recording during the night in 90%.94

The term nocturnal asthma is misleading because it
implies asthma at night is a separate entity. In fact there
is strong evidence that the frequency of nocturnal symp-
toms reflects overall asthma severity. Overnight oxygen
saturation and to a lesser extent, cough are related to the
severity of day-time asthma in children recovering from
acute attacks.95 The most common time for asthma
deaths to occur is at night or in the early morning and
most children who die of asthma have previously had
severe nocturnal symptoms.96'97

Since nocturnal symptoms reflect overall severity and
probably indicate chronic inflammation in the lung air-
ways, it is generally not appropriate to treat nocturnal

Table 10.4 Factors which may predispose to asthma
at night

Circadian rhythms
Airway responsiveness
Plasma catecholamines
Vagal tone
Non-adrenergic, non-cholinergic airway control
Plasma cortisol
Sleep state

Environment and posture
Allergen exposure (e.g. house-dust mite)
Non-specific irritants (e.g. cigarette smoke)
Gastroesophageal reflux
Mucociliary clearance (slower)

asthma simply by giving a bronchodilator at bedtime.
Although this may be justified in a child with occasional
and transient nocturnal symptoms associated with viral
respiratory tract infections, persistent nocturnal cough
or wheezing requires regular anti-inflammatory therapy,
the dose depending on overall frequency and severity of
symptoms. If day-time symptoms improve but noctur-
nal asthma persists despite moderate doses of inhaled
steroid (400 mg/day), consider giving an inhaled long-
acting (3-agonist at bedtime.98 Slow-release oral theo-
phylline as a single dose in the evening has also been
shown to improve nocturnal symptoms99 but may dis-
turb sleep and, in younger children, induce enuresis.

If a child has predominantly nocturnal symptoms it is
important to consider environmental factors such as cig-
arette smoke exposure and contact with allergen in the
bedroom. The degree of sensitivity to house-dust mite
can be assessed by skin-prick testing. This can be helpful
to the clinician in deciding whether to advise mite eradi-
cation measures in the bedroom and provides a demon-
stration to the families and an incentive to embark on
such measures. Some attention should also be paid to
day-time exposure to pets or pollens because nocturnal
symptoms may be the result of a late asthmatic response
to allergen exposure several hours previously. Gastroe-
sophageal reflux is more common in asthmatic children
than in those without asthma. Treatment with ranitidine,
however, produces only a modest improvement in asthma
symptoms at night.100 The relevance of diurnal variation
in plasma cortisol to nocturnal asthma is not clear because
24-hour infusions of hydrocortisone have failed to pre-
vent the early morning fall in peak flow. On the other
hand, oral prednisolone given to asthmatic patients at
IS.OOh has been shown to reduce parameters of airway
inflammation the following night.101 The practical impli-
cation in children with very severe asthma and frequent
nocturnal symptoms who require oral corticosteroid
therapy is that perhaps the appropriate time to give the
steroid may be mid-afternoon.

Seasonal asthma

The most common cause of seasonal asthma in children
is pollen allergy. A relatively small number of grass species
account for practically all grass pollen allergy and there is
extensive cross-reactivity between them. Pollen asthma
usually accompanies pollen hay fever in the early sum-
mer. Symptoms of allergic rhinitis may precede the
development of asthma by several years, but the peak
prevalence for hayfever is in teenage, a few years later than
the peak for asthma. Sensitization to tree pollens causes
symptoms in the early spring and to ragweed pollen, in
North America, in the autumn. Often pollen allergy is one
of several trigger factors and perennial asthma becomes
worse in the summer months. The diagnosis is usually
obvious. It is important to treat the hay fever adequately
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as well as the asthma. Exposure to seasonal pollens can be
reduced by keeping windows closed during the day when
it is warm and windy and pollen counts are high. Hot and
humid conditions and especially thunderstorms can be
very troublesome. The efficacy of air conditioners and air
filters is not established. In a child with a history of sea-
sonal asthma treatment with an inhaled steroid should be
started or the dose increased about 2 weeks before the
onset of the pollen season and continued until about two
weeks after pollen counts have fallen.

Food-related asthma

Food and drink-related asthma in children may be of
more relevance to young infants than older children and
their role has been a subject of dispute for many years102

(Chapter 7d). One survey estimated about 6% of school-
age children could identify a food as a precipitating
cause.103 Diagnostic tests for food allergy as a cause for
asthma are generally unsatisfactory and the only sure
way to confirm food allergy is by elimination and dou-
ble-blind challenge. This is quite difficult to achieve in
children and the results are often inconclusive. The mech-
anism by which food intolerance predisposes to asthma
may be by an effect on bronchial responsiveness.104 An
indirect challenge technique has been described, whereby
a change in bronchial responsiveness is determined after
ingestion of a suspected food trigger. The correlation
between the clinical history and the results of such chal-
lenge tests is good so that reliance can be placed on the
history alone.105 In one hospital-based children's asthma
clinic, food-induced symptoms were found in over 90%
of children of South Asian origin in contrast to about
60% of other (mainly Caucasian) children.106 The differ-
ence was caused by sensitivity to acidic drinks, ice-cold
drinks and fried foods, and not to foods that are com-
monly thought of as 'allergenic'. The onset of symptoms
may range from minutes to hours after exposure or may
even be delayed to the next day. Often food ingestion
alone is insufficient and additional factors, such as a recent
cold (URTI) or exercise, are necessary to cause symptoms.

Anaphylactic reactions to foods are sudden, dramatic
and sometimes fatal. Nuts, sea foods and eggs are the
commonest agents to be incriminated. Acute severe
asthma often accompanies anaphylaxis. Adrenaline (epi-
nephrine) 1:1000,0.01 ml/kg (10 u-g/kg) i.m. is the emer-
gency treatment.

Asthma and exercise

THE SIZE OF THE PROBLEM

Perhaps the strongest impact asthma can have on a
school-child's well-being and ability to mix with their
peers is through restriction of daily activity. Two large
UK surveys have documented prevalence rates of exercise-
related symptoms in 87%107 and 80%93 of asthmatic

children. One of these surveys found that more than 50%
of children were at times unable to complete a sports
lesson because of asthma. Sports that involve outdoor
running were those most affected. Nevertheless 11% of
children found swimming provoked symptoms, a sport
generally considered to be well-tolerated by asthma suffer-
ers. Many children also found that social play and other
outdoor activities such a camping, horse riding and walk-
ing in the country were curtailed by their asthma. Asthma
may interfere with playground activity and because
schoolteachers are sometimes reluctant to allow asthmatic
children to join school trips involving camping or walking
in the country,93 they are at risk of being isolated from
their peers. Impairment of activity is also a problem in sec-
ondary school-children with asthma. This was assessed in
students aged 13-14 years attending Australian schools.
Asthma limited the activities of 35% of students during
the previous 2 weeks, most commonly affecting outdoor
sports, running up hills, cycling and swimming.88

Although many asthma provoking physical activities
take place at school, studies in the UK108 and Australia88

have shown that schoolteachers are not well-informed
about exercise-induced asthma and its management.
Three-quarters of secondary schoolteachers were unable
to name a (3- agonist as useful treatment during an asthma
attack, and only 6% were able to give the correct answer
when asked about prevention of exercise-induced
asthma.88 In many schools children are not encouraged to
keep their inhalers with them so inevitably management
of exercise-induced asthma is not ideal. A child with a cold
who is simultaneously exposed to allergen (e.g. during the
pollen season) or air pollution (e.g. at the roadside in hot
weather) is more vulnerable to exercise-induced asthma.

CHOICES OF TREATMENT

The short-acting /3-adrenergic agonists salbutamol and
terbutaline are potent inhibitors of exercise-induced
asthma but the duration of protective effect is less than 4
hours.109 The value of short-acting {^-agonists to treat
activity-induced symptoms in school-children is limited
where local school regulations prevent children carrying
their own inhalers. Children are active throughout the
day and it is impractical to keep giving treatment before
every period of physical exercise. Long-acting (32-agonists
afford protection against exercise-induced asthma for at
least 9 hours.62 This prolonged protection is achieved
with low inspiratory flow (301/min) from a dry powder
breath actuated inhaler.110 Both 25 |xg and 50 (xg of sal-
meterol given to children aged 7-14 years almost com-
pletely inhibited airway obstruction 1 hour after exercise,
but 50jxg afforded better protection after 12 hours.111

Formoterol has a more rapid onset of bronchodilation
than salmeterol and gives greater than 60% inhibition of
exercise-induced bronchoconstriction 12 hours following
pretreatment.112 These single dose studies suggest that a
long-acting ^-agonist given in the morning will offer
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some protection throughout the day against symptoms
provoked by sport and other physical activity. With regu-
lar administration the duration of inhibition of exercise-
induced asthma by a long-acting ^-agonist declines
(Chapter 8a). In a randomized, double-blind cross-over
study salmeterol 50 |xg was given once daily to young
adolescents aged 12-16 years with asthma for 28 days.
On the first day of treatment there was effective inhibi-
tion of bronchoconstriction with salmeterol at 1 and 9
hours. On the 28th day of treatment the protective effect
of salmeterol at 1 hour was undiminished, but the pro-
tective effect at 9 hours was reduced. Treatment with an
inhaled steroid did not prevent this apparent develop-
ment of tolerance.63

Sodium cromoglycate and nedocromil sodium give
similar protection against exercise-induced asthma,113

reducing bronchoconstriction by at least 50%.114 The
duration of protection with both compounds lasts less
than 2 hours.113 Nedocromil sodium has an unpleasant
taste and sodium cromoglycate may cause coughing
immediately after inhalation. Because P-agonists are bron-
chodilators as well as protecting against exercise-induced
asthma, it has been proposed they should be used before
exercise in children with pre-existing airway obstruction.
The use of cromones may be more appropriate in chil-
dren with vulnerability to activity induced symptoms
but no airway obstruction before exercise.115

Cysteinyl leukotriene release has been implicated as
a mechanism in exercise-induced asthma and the
leukotriene receptor antagonists have an inhibitory effect on
£jg 66-68 An increase in urinary LTE4 has been observed
after exercise in adults and in children with severe
asthma116 although neither the pre-exercise level nor the
rise in LTE4 after exercise correlate with the degree of
exercise-induced bronchoconstriction.117 The effect of 5 mg
montelukast administered once daily on exercise chal-
lenge was assessed in 27 children aged between 6-14 years
with stable asthma. Six minute treadmill exercise chal-
lenges were performed 20-24 hours after the last dose in
each trial period. Montelukast significantly reduced the
'area under the curve' (mean difference 60%) and the
maximum % fall in FEVj (mean difference 8%), but not
the time to recovery relative to placebo. There was no
correlation between age and the degree of inhibition of
EIB and no suggestion that younger children were less
well-protected.66 A further study examined the impact of
montelukast on activity-induced symptoms through the
use of a quality of life questionnaire during an 8-week
treatment period. The 'activity domain' questions showed
improvement for montelukast compared with placebo.65

No controlled studies have been published to describe the
impact of long-term treatment with LRAs on exercise-
induced asthma in asthmatic children. However studies in
adults suggest tolerance and loss of protective effect do
not occur.68

When deciding on treatment it is important to take
into account the whole pattern of illness and not just

the wheezing with exercise. Although we do not have
histological confirmation, it is likely that the presence of
exercise-induced asthma implies persistent underlying
airway inflammation and is therefore an indication to
start or modify the dose of an inhaled steroid. Regular
treatment with inhaled steroids for 1-2 months attenu-
ates airway obstruction following exercise.56 Some data
indicates however that the protective effect of inhaled
steroids may decrease over time.118

Asthma at school

Asthma remains the most frequent physical cause of
school absence in the UK and the amount of school
missed is a good measure of asthma morbidity and
asthma control.119 Academic performance is affected by
school absence and by tiredness and lack of concentration
following disturbed nights. The disadvantageous effects
on education continue into adulthood. One study has
shown that adults who had asthma in childhood have a
higher than average rate of unemployment even if they
become asymptomatic.120 Several studies have revealed
misconceptions about asthma among schoolteachers with
respect to sporting activity. A commonly held view noted
in one survey was that because exercise caused wheezing,
exercise was bad for asthma.109 In fact sports fitness
programs, particularly those involving swimming, have
been found to reduce exacerbations of asthma and
improve school attendance.121 It is important for teachers
to have information about asthma and its relationship
to exercise, classroom pets and chemical fumes. School
asthma cards such as those produced by the UK National
Asthma Campaign help to promote good communica-
tion between schoolteachers, nurses, school doctors, gen-
eral practitioners and hospital paediatricians, but require
regular updating. Schools often have special knowledge of
family relationships relevant to the child's asthma that is
not possessed by the general practitioner or hospital clinic.
It is important this information is shared. A written policy
regarding the administration of drugs in school is essen-
tial and children should have ready access to their inhalers
before exercise and when they develop symptoms (Table
10.5). Much anxiety is generated about the participation
of asthmatic children in trips and camps away from the
school. This can be alleviated by providing written infor-
mation that can be taken on the trip about routine medi-
cation and what to do in the event of an asthma attack.

In the past it was common practice for children with
asthma to be sent to special schools, often in the moun-
tains or by the sea. This practice is declining but such
schools still perform a valuable function for a small minor-
ity of children with very severe asthma, accompanied by
special emotional and psychological problems. Children
attending school at altitude in a relatively allergen-free
environment often show a marked improvement in
symptoms and reduction in bronchial responsiveness.
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Table 10.5 Key points for good asthma management
in schools

• information for teachers about recognition and
treatment of asthma

• written policy regarding administration of drugs and
emergency action plan

• good lines of communication between education and
health professionals

• monitoring of potential asthma triggers such as
classroom pets and chemical fumes

• written instructions on routine and emergency
medication for school trips

• availability of a (32-agonist inhaler and large volume
spacer in the emergency cupboard for use by any child
in an emergency

the great advantage of being effort independent and have
a place in difficult asthma.

Preventive therapy should be reduced when a child
has been virtually asymptomatic and there has been little
requirement for bronchodilator treatment for three
months and a seasonal exacerbation is not anticipated. If
a child is asymptomatic on a minimal dose of inhaled
steroid a trial of withdrawal is justified but close supervi-
sion is needed. If symptoms recur this will serve both to
confirm the asthma has not resolved and demonstrate to
parents that regular prophylaxis is still required. Even if
withdrawal of preventer therapy is possible, it is likely
that remission will be followed, albeit mild and many
years later, by relapse.

Unfortunately asthma symptoms and responsiveness
usually recur within a few days or weeks of returning to
the home environment.16

REGULAR REVIEW AND STEP DOWN

Regular treatment with an anti-inflammatory drug is
likely to be needed for years rather than months. Asthma
can alter in severity over time and the doses of medica-
tion that are needed to maintain optimal asthma control
also vary. A child with asthma who is taking regular
inhaled steroid treatment needs to be reviewed at least
every 6 months and those with severe asthma at least
every 3 months. At reviews useful checkpoints are: num-
ber and severity of asthma attacks; frequency of daytime
and night-time symptoms; use of relief medication; days
off school; effect of exercise and other activities; inhaler
technique; and understanding of treatment. Growth
needs to be monitored in all children with persistent
asthma. Height should be measured by a trained observer,
using a stadiometer that is calibrated regularly.

Lung function should be assessed at each visit. Spirom-
etry before and after taking a bronchodilator gives more
information about overall asthma control than PEF.
However PEF recorded at home in the morning and
evening during the week or two before attending the
clinic may reveal variations which would not be apparent
from a single clinic measurement, if reliable.91 Abnormal-
ities in the maximum expiratory flow-volume (MEFV)
curve at low lung volumes that probably reflect small air-
way obstruction are often seen in children with a rela-
tively normal PEF and FEVj.122 However recordings made
from the MEFV at low lung volume have relatively poor
repeatability123 and are especially prone to error in young
children. Measurement of lung volumes by plethysmog-
raphy requires considerable cooperation from the child
but can be made in most school-age children. Such meas-
urements are generally only available in tertiary centres
and are not necessary in routine management. They have

REFERENCES

1. Global Initiative for Asthma. Global strategy for
Asthma Management and Prevention. NIH Publication
No. 02-3659, 2002.

2. Rabe KF, Vermeire PA, Soriano JB, Maier WC. Clinical
management of asthma 1999: the Asthma Insights
and Reality in Europe (AIRE) study. Eur RespirJ
2000;16:802-7.

3. Irvine L, Crombie IK, Clark RA, et al. What determines
levels of passive smoking in children with asthma.
Thorax 1997;52:766-9.

4. Cook DG, Whincup PH, Papacosta 0, Strachan DP,
Jarvis MJ, Bryant A. Relation of passive smoking as
assessed by salivary cotinine concentration and
questionnaire to spirometric indices in children.
Thorax'! 993 ;48:14-20.

5. Magnusson CGM. Maternal smoking influences serum
IgE and IgD levels and increases risk for subsequent
infant allergy. J Allergy Clin Immunol
1986;78:878-904.

6. Lodrup Carlsen KC, Jaakkola JJ, Nafstad P, Carlsen KH.
In utero exposure to cigarette smoking influences lung
function at birth. Eur RespirJ 1997;10:1774-9.

7. Martinez FD, Cline M, Burrows B. Increased incidence
of asthma in children of smoking mothers. Pediatrics
1992;89:21.

8. West R, McNeill A, Raw M. Smoking cessation
guidelines for health professionals: an update.
Health Education Authority. 7/?orax2000;55:987-99.

9. Strachan DP. Parental smoking and childhood
asthma: longitudinal and case control studies.
Thorax 1998;53:204-12.

10. Cook DG, Strachan DP. Summary of effects of parental
smoking on the respiratory health of children and
implications for research. 77»orax1999;54:357-66.

11. Murray AB, Morrison BJ. Passive smoking by
asthmatics: its greater effect on boys than on girls
and on older than on younger children. Pediatrics
1989;84:451-9.



References 347

12. Fish L, Wilson SR, Latini DM, Starr NJ. An education
program for parents of children with asthma:
differences in attendance between smoking
and non-smoking parents. Am J Public Health
1996;86:246-8.

13. Irvine L, Crombie IK, Clark RA, et al. Advising parents
of asthmatic children on passive smoking: randomised
controlled trial. Br Med J 1999;318:1456-9.

14. Grigg J. The health effects of fossil fuel derived
particles. Arch Dis C/?/W2002;86:79-83.

15. Berciano FA, DominguezJ, Alvarez FV. Influence
of air pollution on extrinsic asthma in childhood.
An n Allergy 1989;5:201-7.

16. Peroni G, Boner A, Vallone G, Antoline I, Warner JO.
Effective allergen avoidance at high altitude reduces
allergen-induced bronchial responsiveness.
Am J Respir Crit Care Med 1994;149:1442-6.

17. Gotzsche PC, Hammarquist C, Burr M. House-dust
mite control measures for asthma: (Cochrane Review).
Cochrane Database Syst Rev. 2000: 2.

18. Harding H, Hansen LG, Korsgaard J, et al. House-dust
mite allergy and anti mite measures in the indoor
environment. Allergy 1991 ;46:33-8.

19. Custovic A, Woodcock A. Avoiding environmental
triggers. In Silverman M, O'Callaghan CLP, eds.
Practical paediatric respiratory medicine. Arnold,
London 2001.

20. Almqvist C, Wickman N, Perfetti L, et al. Worsening of
asthma in children allergic to cats, after indirect
exposure to cat at school. Am J Respir Crit Care Med
2001;163:694-8.

21. Van de BremptX, Charpin D, Haddi E, daMata P,
Vervloet D. Cat removal and Fel d I levels in
mattresses. J Allergy Clin Immunol 1991 ;87:595-6.

22. De Blay F, Chapman MD, Platts-MillsTAE. Airborne cat
allergen (Fel d 1):environmental control with cat in
situ. Am Rev Respir Dis 1991 ;143:1334-9.

23. Gutstadt LB, Gillette JW, Mrazek DA, et al.
Determinants of school performance in children with
chronic asthma. Am J Dis Child 1989;143:471-5.

24. Fritz GK, Overholser JC. Patterns of response to
childhood asthma. Psychosom Med 1989;51:347-55.

25. Kaptein AA. Psychological correlates of length
of hospitalisation and re-hospitalisation in patients
with severe acute asthma. Soc Sci Med 1982;
16:725-9.

26. Wright RJ, Rodriguez M, Cohen S. Review of
psychosocial stress and asthma: an integrated
biopsychosocial approach. 777orax1998;53:1066-74.

27. Wright RJ, Hanrahan JP, Tager I, et al. Effect of the
exposure to violence on the occurrence and severity
of childhood asthma in an inner city population.
Am J Respir Crit Care Med 1997;155:A972.

28. Sandberg S, Paton JY, Ahola S, McCann DC,
McGuinness D, Hillary CR, Oja H. The role of acute
and chronic stress in asthma attacks in children.
Lancet 2000;356:982-7.

29. Christiaanse ME, Labigne JV, Lerner CV. Psychosocial
aspects of compliance in children and adolescents
with asthma. J Develop Behav Pediatr 1989;10:75-80.

30. Strachan DP, Anderson HR, Limb ES, O'Neill A, Wells
N. A national survey of asthma prevalence, severity
and treatment in Great Britain. Arch Dis Child 1994;
70:174-8.

31. McKean M, Ducharme F. Inhaled steroids for episodic
viral wheeze of childhood (Cochrane Review). The
Cochrane Library, Issue 2, 2001. Oxford.

32. Kelly YJ, Brabin BJ, Milligan PJM, Reif JA, Heaf D,
Pearson MG. The clinical significance of cough in the
diagnosis of asthma in the community. Arch Dis Child
1996;75:489-93.

33. Ninan TK, MacDonald L, Russell G. Persistent
nocturnal cough in childhood: a population base
study. Arch Dis Child 1995;73:403-7.

34. Chang AB. Isolated cough - probably not asthma?
Arch Dis Child 1999;80:211-13.

35. Cloutier MM, Loughlin GM. Chronic cough in
children: a manifestation of airway hyperreactivity.
Ptt//0f/-/cs 1981;67:6-12.

36. Stevenson EC, Turner G, Heaney LG, et al.
Bronchoalveolar lavage findings suggest two
different forms of childhood asthma. Clin Exp Allergy
1997;27:1027-35.

37. Marguet C, Jouen-Bodes F, Dean TP, Warner JO.
Bronchoalveolar cell profiles in children with
asthma, infantile wheeze, chronic cough, or cystic
fibrosis. Am J Respir Crit Care Med 1999;159:
1533-40.

38. Krawiec ME, Westcott JY, Chu HW, et al. Persistent
wheezing in very young children is associated with
lower respiratory inflammation. Am J Respir Crit Care
Aterf 2001;163:699-704.

39. Koh YY, Jeong JY, Park Y, Kim CK. Development of
wheezing in patients with cough variant asthma
during an increase in airway responsiveness.
Eur Respir J 1999;14:302-8.

40. Calpin C, Macarthur C, Stephens D, Feldman W,
Parkin PC. Effectiveness of prophylactic inhaled
steroids in childhood asthma: a systematic review of
the literature.) Allergy Clin Immunol 1997;100:452-7.

40a. Visser MJ, Postma DS, Arends LR, deVries DW,
Duiverman EJ, Brand PLP. One year treatment with
different dosing schedules of fluticason propionate
in childhood asthma. Am J Resp Crit Care Med
2001;164:2073-7.

41. Doull IJM, Freezer NJ, Holgate ST. Growth of
prepubertal children with mild asthma treated with
inhaled beclomethasone dipropionate. Am J Respir
Crit Care Med 1995;151:1715-19.

42. Tinkelman DG, Reed CE, Nelson HS, et al. Aerosol
beclomethasone dipropionate compared with
theophylline as primary treatment of chronic, mild
to moderately severe asthma in children. Pediatrics
1993;92:64-77.



348 The management of asthma in school-children

43. Verberne AAPH, Frost C, Roorda RJ, et al. One year's
treatment with salmeterol compared with
beclomethasone in children with asthma. Am J Respir
Crit Care Med 1997;156:688-95.

44. Simons ER, Canadian Beclomethasone Dipropionate-
Salmeterol Xinafoate Study Group. A comparison of
beclomethasone, salmeterol and placebo in children
with asthma. N EngJ Med 1997;337:1659-65.

45. Silverstein MD, Yunginger JW, Reed CE, et al. Attained
adult height after childhood asthma: Effect of
glucocorticoid therapy. J Allergy Clin Immunol 1997;
99:466-74.

46. Agertoft L, Pedersen S. Effect of long term treatment
with inhaled budesonide on adult height in children
with asthma. N Engl J M<?d2000;343:1064-9.

47. Allen DB, Bronsky EA, LaForce CF, et al. Growth in
asthmatic children treated with fluticasone
propionate. j Pediatr 1998;132:472-7.

48. de Benedictis FM, Teper A, Green RJ, Boner AL,
Williams L, Medley HV. Effects of 2 inhaled
corticosteroids on growth: results of a randomized
controlled trial. Arch Pediatr Adolesc Med 2001;
155:1248-54.

49. Price JF, Russell G, Hindmarsh PC, et al. Growth
during one year of treatment with fluticasone
propionate or sodium cromoglycate in children
with asthma. Pediatr Pulmonol 1997;24:178-86.

50. CouttsJA, Gibson NA, Paton JY. Measuring compliance
with inhaled medication in asthma. Arch Dis Child
1992;67:332-3.

51. Jonasson G, Carlsen K-H, Jonasson C, et al. Low dose
inhaled budesonide once or twice daily for 27 months
in children with mild asthma. /4//ergy2000;55:740-8.

52. Silverman M, Connolly NM, Balfour-Lynn L, Godfrey S.
Long term trial of disodium cromoglycate and
isoprenaline in children with asthma. Br Med J
1972;3:378-81.

53. Lozewicz S, Robertson CF, Costello JF, Price JF.
Delivery of sodium cromoglycate by pressurised
aerosol. Clin Allergy 1984;14:187-91.

54. Price JF, Weller PH. Comparison of fluticasone
propionate and sodium cromoglycate for the
treatment of childhood asthma. Respir Med 1995;
89:363-8.

55. Tasche MJA, Uilen JHJM, Bersen RMD, de Jongste JC,
van der Wouden JC. Inhaled disodium cromoglycate
(DSCG) as maintenance therapy in children with
asthma: a systematic review. 77jo/m2000;55:913-20.

56. Pedersen S, Hansen OR. Budesonide treatment of
moderate and severe asthma in children: a dose
response study. J Allergy Clin Immunol 1995;95:29-33.

57. Garrett J, Williams S, Wong C, Holdaway D. Treatment
of acute asthmatic exacerbation with an increased
dose of inhaled steroid. Arch Dis Child 1998;79:12-17.

58. Li X, Ward C, Thien F, et al. An anti-inflammatory
effect of salmeterol, a long-acting beta 2 agonist,
assessed in airway biopsies and bronchoalveolar

lavage in asthma. Am J Respir Crit Care Med
1999;160:1493-9.

59. Greening AP, Ind PW, Northfield M, Shaw G. Added
salmeterol versus higher dose corticosteroid in asthma
patients with symptoms on existing inhaled
corticosteroid. /.om:eM994;334:219-24.

60. Russell G, Williams DA, Weller P, Price JF. Salmeterol
xinafoate in children on high dose inhaled steroids.
Ann Allergy Asthma Immunol 1995;75:423-8.

61. Verberne AA, Frost C, Duiverman EJ, Grol MH,
Kerrebijn KF. Addition of salmeterol versus doubling
the dose of beclomethasone in children with asthma.
The Dutch Asthma Study Group. Am J Respir Crit Care
Me</1998;158:213-19.

62. Green CP, Price JF. Prevention of exercise-induced
asthma by inhaled salmeterol xinafoate. Arch Dis
Child 1992;67:101 4-1 7.

63. Simons FE, Gerstner TV, Cheang MS. Tolerance to
the protective effect of salmeterol in adolescents
with exercise-induced asthma using concurrent
inhaled glucocorticoid treatment. Pediatrics 1997;
99:655-9.

64. Van den Berg NJ, Ossip MS, Hederos CA, et al.
Salmeterol/fluticasone propionate (50/100microg) in
combination in a Diskus inhaler (Seretide) is effective
and safe in children with asthma. Pediatr Pulmonol
2000;30:97-105.

65. Knorr B, Matz J, Bernstein JA, et al. Montelukast for
chronic asthma in 6- to 14-year-old children: a
randomised, double-blind trial. Pediatric montelukast
Study Group. JAMA 1998;279:1 181-6.

66. Kemp JP, Dockhorn RJ, Shapiro GG, et al. Montelukast
once daily inhibits exercise-induced
bronchoconstriction in 6-14 year old children with
asthma. 7 Pediatr 1998;M3:424-8.

67. Pearlman DS, Ostrom NK, Bronsky EA, et al. The
leukotriene D4-receptor antagonist zafirlukast
attenuates exercise-induced bronchoconstriction in
children. 7 Pediatr 1999 ;1 34:273-9.

68. Leff JA, Busse WW, Pearlman D, et al. Montelukast,
a leukotriene receptor antagonist, for the treatment
of mild asthma and exercise-induced
bronchoconstriction. New EngJ Med 1998;
339:147-52.

69. Wilson N, Silverman M. Controlled trial of slow release
aminophylline in childhood asthma: are short term
trials valid? Br Med J 1982;285:863-6.

70. Massif EG, Weinberger M, Thompson M, Huntley W.
The value of maintenance theophylline in
steroid-dependent asthma. New Engl J Med 1981;
304:71-5.

71 . Payne DNR, Wilson NM, James A, Hablas H, Agrafioti C,
Bush A. Evidence for different subgroups of difficult
asthma in children. 7/7orax2001;56:345-50.

72. Pavord ID, Brightling CE, Woltmann G, et al.
Non-eosinophilic corticosteroid unresponsive asthma.
Lancet 1 999;353:221 3-14.



References 349

73. Payne DNR, McKenzie SA, Stacey S, Misra D, Haxby E,
Bush A. Safety and ethics of bronchoscopy and
endobronchial biopsy in difficult asthma. Arch Dis
Child 2001 ;84:422-5.

74. Hoskins G, McCowan C, Neville RG, et al. Risk factors
and costs associated with an asthma attack. Thorax
2000;55:19-24.

75. Higenbottam TW, Clark RA, Luksza AR, et al. The role
of nebulised budesonide in permitting a reduction in
the dose of oral steroid in persistent severe asthma.
EurJ C///7tfes1994;5:1-10.

76. Westbroek J, Saarelainen S, Laher M, et al. Oral
steroid-sparing effect of two doses of nebulised
fluticasone propionate and placebo in patients with
severe chronic asthma. Respir Med 1999;93:689-99.

77. Alexander AG, Barnes NC, Kay AB. Trial of
cyclosporin in corticosteroid-dependent chronic
severe asthma. Lancet 1992;339:324-8.

78. Lock SH, Kay AB, Barnes NC. Double-blind
placebo-controlled study of cyclosporin A as a
corticosteroid sparing agent in corticosteroid
dependent asthma. Am J Respir Crit Care Med 1996;
153:509-14.

79. Coren ME, Rosenthal M, Bush A. The use of
cyclosporin in corticosteroid dependent asthma.
Arch Dis Child 1997;77:522-3.

80. Stempel DA, Lammert J, Mullarkey MF. Use of
methotrexate in the treatment of steroid-dependent
adolescent asthmatics. Ann Allergy]991 ;67:346-8.

81. Guss S, Portnoy J. Methotrexate treatment of severe
asthma in children. Pediatrics 1992;89:635-9.

82. Sole D, Costa-Carvalho BT, Scares FJ, et al.
Methotrexate in the treatment of corticodependent
asthmatic children.; Invest Allergol Clin Immunol
1996;6:126-30.

83. Guyatt GH, Juniper EF, Griffith LE, Feeny DH, Ferric PJ.
Children and adult perceptions of childhood
asthma. Pediatrics 1997;99:165-8.

84. Clark NM, Feldman CH, Freudenberg N, et al.
Developing education for children with asthma
through study of self-management behaviour. Health
Educ Q1980;7:278-96.

85. Deaves DM. An assessment of the value of health
education in the prevention of childhood asthma.
J Adv Nursing 1993;18:354-63.

86. Evans D, Mellins RB. Educational programs for
children with asthma. Paediatrician 1991;18:317-23.

87. Cushley MJ, Tattersfield AE. Sudden death in asthma;
a discussion paper. J Roy Soc Med 1983;76:662-6.

88. Gibson PG, Henry RL, Vimpani GV, Halliday J. Asthma
knowledge, attitudes, and quality of life in
adolescents. Arch Dis Child 1995;73:321-6.

89. Rand CS, Wise RA. Measuring adherence to asthma
medication regimes. Am J Respir Crit Care Med
1994;149:869-76.

90. Pedersen S, Mortensen S. Use of different inhalation
devices in children. Lung 1990;168(Suppl):90-8.

91. Kamps A, Roorda R, Brand P. Peak flow diaries in
childhood asthma are unreliable. Thorax
2001;56:180-2.

92. Charlton I, Charlton G, Broomfield J, Mullee MA.
Evaluation of peak expiratory flow and symptoms
only self management plans for control of asthma in
general practice. Br Med J 1990;301:135.

93. Lenney W, Wells NE, O'Neill BA. The burden of
paediatric asthma. Eur Respir Rev 1994;4(18):49-62.

94. Falconer A, Oldman C, Helms P. Poor agreement
between reported and recorded nocturnal cough in
asthma. Pediatr Pulmonol 1993;15:209-11.

95. Hoskins EW, Heaton DM, Beardsmore CS, Simpson H.
Asthma severity at night during recovery from an
acute asthma attack. Arch Dis Child 1991 ;66:1204-8.

96. Fletcher HJ, Ibrahim SA, Speight ANP. Survey of
asthma deaths in the Northern Region 1970-1985.
Arch Dis Child 1990;65:163-7.

97. Robertson CF, Rubinfield AR, Bowes G. Pediatric
asthma deaths in Victoria: the mild are at risk.
Pediatr Pulmonol 1992;13:95-100.

98. Verberne AAPH, Hop WCJ, Bos AB, Kerrebijn KF.
Effect of a single dose of inhaled salmeterol on
baseline-airway calibre and methacholine-induced
airway obstruction in asthmatic children. J Allergy
Clin Immunol 1993;91:127-34.

99. Pedersen S. Treatment of nocturnal asthma in
children with a single dose of sustained release
theothylline. Clin Allergy 1985;15:79-85.

100. Gustafsson PM, Kjellman Nl, Tibbling L A trial of
ranitidine in asthmatic children and adolescents
with and without pathological gastro-oesophageal
reflux. Eur Respir J 1992;5:201-6.

101. Beam WR, Wiener DE, Martin RJ. Timing of
prednisolone and alterations of airway inflammation
in nocturnal asthma. Am Rev Respir Dis 1992;
146:1524-30.

102. Wilson NM. Food and drink related asthma in
children. Paediatr Respir Med 1993;3:14-20.

103. Anderson HR, Palmer JC, Brailey P, et al.
A community survey of asthma and wheezing illness
in 8-10 year old children. Report to the South West
Thames Regional Health Authority, London, 1981.

104. Wilson NM, Silverman M. Diagnosis of food
sensitivity in childhood asthma. J Roy Soc Med
1985:78:11-16.

105. Silverman M, Wilson NM. The clinical physiology of
food intolerance in asthma. J Allergy Clin Immunol
1986;77(Suppl):457-62.

106. Wilson NM. Food related asthma: a difference
between two ethnic groups. Arch Dis Child
1985;60:861-5.

107. Coughlin SP. Sport and the asthmatic child: a study
of exercise-induced asthma and the resultant
handicap. J Royal Coll Gen Pract 1988;38:253-5.

108. Bevis M, Taylor B. What do schoolteachers know
about asthma? Arch Dis Child 1990;65:622-5.



350 The management of asthma in school-children

109. Berkowitz R, Schwartz E, Bukstein D, Grunstein M,
Chai H. Albuterol protects against exercise-induced
asthma longer than metaproterenol sulfate.
Pediatrics 1986;77:173-8.

110. Nielsen KG, Auk IL, Bojsen K, Ifversen M, Klug B,
Bisgaard H. Clinical effect of Discus™ dry powder
inhaler at low and high inspiratory flow rates in
asthmatic children. Ear RespirJ 1998;11:350-4.

111. de Benedictis FM, Tuteri G, Pazzelli P, Niccoli A,
Mezzetti D, Vaccaro R. Salmeterol in exercise-
induced bronchoconstriction in asthmatic children:
comparison of two doses. Eur RespirJ
1996;9:2099-103.

112. Boner AL, Vallone G, Chiesa M, Spezia E, Fambri L,
Sette L. Inhaled formoterol in the prevention of
exercise-induced bronchoconstriction in asthmatic
children. Am J Respir Crit Care Med 1994;149:935-9.

113. Morton AR, Ogle SL, Fitch KD. Effects of nedocromil
sodium, cromolyn sodium and a placebo in
exercise-induced asthma. Ann Allergy 1992;68:143-8.

114. Comis A, Vallette EA, Sette L, et al. Comparison of
nedocromil sodium and sodium cromoglycate
administered by pressurised aerosol, with and
without a spacer device in exercise-induced asthma
in children. Eur RespirJ 1993;6:523-6.

115. Anderson SD. Drugs and the control of exercise-
induced asthma. Eur RespirJ 1993 ;6:1090-2.

116. Kikawa Y, Miyanomae T, InoueY, et al. Urinary
leukotriene E4 after exercise challenge in children

with asthma. J Allergy Clin Immunol 1992;89:
1111-19.

117. ReissTF, HillJB, Harman E,etal. Increased urinary
excretion of LTE4 after exercise and attenuation of
exercise-induced bronchospasm by montelukast,
a cysteinyl leukotriene receptor antagonist. Thorax
1997;52:1030-5.

118. Freezer NJ, Croasdell H, Doull IJM, Holgate ST.
Effect of regular inhaled beclomethasone on exercise
and methacholine airway responses in school
children with recurrent wheeze. Eur RespirJ
1995;8:488-93.

119. Jones KP, Bain DG, Middleton M, Mullee MA.
Correlates of asthma severity in primary care.
Br Med] 1992;304:361-4.

120. Sibbald B, Anderson HR, McGuigan S. Asthma and
employment in young adults. Thorax 1992;47:19-24.

121. Huang SW, Veiga R, Sila U, Reed E, Mines S. The effect
of swimming in asthmatic children - participants in
a swimming program in the city of Baltimore.
yAsf/W70l989;26:117-21.

122. Clough JB, Sly PD. Can peak expiratory flow be used
as a predictor of lower respiratory symptoms.
Am Rev Respir Dis 1993;147:267.

123. Lebecque P, Kiakulanda P, Coates AL Spirometry in
the asthmatic child: is FEF25-75 a more sensitive test
than FEV/FVC? Pediatr Pulmonol 1993;16:19-22.



Asthma in young people

11

SUSAN M SAWYER

Introduction
Adolescent development
Epidemiology
Threats to respiratory health

in adolescence

351
351
352

352

Opportunities to promote respiratory health
in adolescents

References
356
356

INTRODUCTION

Adolescence is the life stage that refers to the developmen-
tal period between childhood and adulthood. According to
culture and context, adolescents are commonly known as
teenagers, young people or youth.1 For every young person,
it is a time of complex interaction between physical, cogni-
tive, emotional and social development; adolescence is a
time of change, a time of challenge and a time of health risk
in respect of respiratory health and adolescent well-being.

Ingersoll2 defines adolescerice as 'a period of personal
development during which a young person must estab-
lish a personal sense of individual identity and feelings
of self-worth which include an alteration of his or her body
image, adaptation to more mature intellectual abilities,
adjustments to society's demands for behavioural matur-
ity, internalizing a personal value system, and prepar-
ing for adult roles'. A range of age definitions is used,
with 10-24 years being the broadest definition in com-
mon use.3

Asthma causes a significant burden of disease during
adolescence. This is especially due to the range and sever-
ity of symptoms, but also from the increasing asthma
mortality in adolescence when compared to childhood.
Physiological changes associated with puberty play a part
(Chapter 15). The dynamic nature of asthma in the
teenage years indicates that young people may no longer
need the same amount of medication as previously. How-
ever, poor adherence may also mean they are taking little
of the medication they actually need and previously
prescribed aerosol delivery devices may no longer be

indicated or appropriately used. These features highlight
the critical need for close medical attention during the
adolescent years.

ADOLESCENT DEVELOPMENT

Adolescent development is characterized by matur-
ation of physical growth, cognitive development and
psychosocial-sexual development.4 Early adolescence is
characterized by the physical changes of puberty with a
rapid growth spurt heralding the development of sec-
ondary sexual characteristics and the potential of fertil-
ity. Adolescent development constitutes far more,than
simply physical development. The less easily measured
changes of cognition and psychosocial development are
of particular importance when it comes to maximizing
positive outcomes for young people with asthma.

An increased capacity for abstract thought is a feature
of adolescence. This is characterized by a maturing ability
for complex logical reasoning and the consideration
of alternative positions, such as life without asthma or
medications. In contrast to the now imaginable (and adver-
tised) ideals of health, beauty and family and societal
functioning, the reality of less perfect states is some-
thing that young people must come to terms with at
this time.

During adolescence, young people move from the pos-
ition of relative dependence within the family to relative
independence. This shift is commonly mediated through
external influences, with peer friendships assuming greater
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importance during the teenage years. Educational, voca-
tional and recreational opportunities are of increasing
importance during later adolescence. During these years,
the capacity for intimacy matures, as does a coherent
sense of sexual identity.

Development in these three domains is neither linear
nor synchronous. For example, the level of psychosocial
or cognitive development cannot be inferred from the level
of physical maturity. Notwithstanding this, health profes-
sionals frequently assume congruent development. For
example, it is all too easy to approach a physically mature
15-year-old girl with asthma like one might an adult, for-
getting that she may be cognitively less mature. We also
risk approaching a 15-year-old boy with significant puber-
tal delay as we would the 13-year-old he looks like. Neither
approach facilitates healthy developmental or asthma
outcomes.

EPIDEMIOLOGY

Asthma and respiratory allergies are the most common
chronic illnesses affecting young people in the developed
world.5 Asthma is also one of the most common reasons
for young people to visit primary care practitioners.6

Asthma results in substantial morbidity in young
people, whether from current wheeze, sleep disturbance,
exercise-induced symptoms or associated eczema and
allergic rhinitis.7'8 These symptoms can have a significant
impact on educational and recreational participation dur-
ing adolescence. There is also a significant increase in mor-
tality from asthma during adolescence when compared
with the pre-adolescent population.9

The increasing prevalence of childhood asthma in
many countries raises many questions about the natural
history of asthma during and beyond adolescence. As has
been addressed elsewhere (Chapter 2), childhood and ado-
lescent years are a time of change in relationship to asthma
prevalence, severity and pattern.

The changing prevalence can be crudely seen in the
statistic that one in four children, one in seven adolescents
and one in 10 adults in Australia has asthma. There is com-
monly some amelioration in asthma symptoms during
adolescence, especially early adolescence, however it is far
less common for children to truly 'grow out of asthma'
during adolescence. Only 5% of those with persistent symp-
toms in childhood will become totally wheeze free by early
adult life; approximately 15% will suffer from only trivial
episodes of wheezing, 25% will have relatively infrequent
asthma, and 50% will continue to have significant symp-
toms in early adult life.10"12

The greater proportion of boys with more severe
asthma in childhood and early adolescence is a phenom-
enon not seen in later adolescence and early adult life when
the ratio of males to females is the same in those with
continuing asthma.10"12

THREATS TO RESPIRATORY HEALTH IN
ADOLESCENCE

Young people are poorly motivated by
future health goals

Health professionals generally aim to achieve the best
treatment of the disease. We commonly focus on future
health goals and expect this to motivate our patients'
current behaviour. However, young people are more influ-
enced by the 'here and now'; their perspective is more
commonly focused on achieving the developmental
goals of adolescence rather than in improving their lung
health for the sake of it, whether now or in the future.

In contrast, young people are often very concerned
by particular impacts of asthma on their lives, whether
because of reduced sporting participation, school absen-
teeism or concerns of poor growth. Health professionals,
therefore, have significant opportunities to make better
asthma management relevant for young people if they
can specifically link the goals of asthma management (opti-
mizing lung health) to reducing the particular impacts
of asthma for that young person.13

A priority of asthma consultations with young people
is to identify how asthma affects their life, now. Since young
people are less influenced by future perspectives, the task
for health professionals is to frame this into concrete
goals with immediate or short-term relevance (weeks to
months). Examples are to improve sporting participation
for the current netball season, or to enable participation in
the school camp next month.

Young people may have little
understanding of asthma

Many young people have had asthma for as long as they
can remember. Given that parents are the common recipi-
ents of asthma education, young people themselves can
have poor understanding of asthma and its management.
Any opportunity to review asthma management with the
young person should be grasped. Seeing the young person
on their own for at least part of the medical consultation
is a particularly helpful strategy to promote greater own-
ership of asthma by the young person and encourage hon-
est communication about asthma. It is best to respectfully
assume they know little.

There is little evidence that improving asthma know-
ledge, of itself, improves asthma outcomes.14 However,
there is evidence for improved asthma outcomes using
approaches that are based on exploring the person's under-
standing and beliefs about asthma, that focus on develop-
ing skills for identifying asthma and responding to it, and
that include written asthma management plan.15 This
approach allows asthma education to be focused on iden-
tified issues of concern for the young person.
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Information must be provided at a developmentally
and cognitively appropriate level. It must be sufficient
to enable them to perform tasks, yet relevant and sim-
ple enough to be remembered. Avoid jargon. Repetition
is essential, and understanding should be confirmed with
specific questioning.

Common among concerns in young people is the belief
that they will 'grow out of asthma. Many are unimpressed,
even angry, if their asthma is still problematic as they
mature. Other concerns focus on growth which, regard-
less of asthma, is of major interest to young people. Con-
cerns about inhaled corticosteroids are common and it is
important to explore beliefs about steroids. Exercise-
induced asthma and the approach to its management
are also important to explore, as are barriers to asthma
management at school.16

Lack of routine is a threat to adherence
with medication

The best asthma medication in the world is only effective
if it is actually taken, and taken correctly. The issue of
adherence (the extent to which a patient follows medical
advice) is increasingly being taken seriously as the nega-
tive impacts of poor adherence on asthma outcomes are
recognized.17 Risk factors for poor adherence include the
nature of illness (chronic or relapsing illnesses are more
commonly associated with poor adherence), the com-
plexity of the medical regimen (the more drugs are pre-
scribed with greater dosing frequency, the less likely that
any will be taken), and social disadvantage.18 Adolescents
are commonly reported to be very poorly adherent with
medication. There is, however, little objective evidence to
suggest they are significantly less adherent than adults.
Parental nagging around poor adherence with asthma
medication is a common issue for young people (and their
parents). Paradoxically, it is likely to reduce rather than
improve adherence.

Efforts to improve adherence with medication should
be a routine aspect of all asthma consultations with young
people. Knowledge of adolescent development is an import-
ant aspect of adherence promoting strategies. After hear-
ing the parental perspective, seeing the young person
alone for part of the consultation is a useful technique
that helps avoid young people automatically assuming
the doctor will have a natural alliance with the parent.
A non-judgmental approach that normalizes poor adher-
ence is a strategy to encourage more honest self-report of
less than ideal behaviour. For example, 'Most people I see
your age have difficulty taking medication regularly. Tell
me, how are things going with you? Are you more likely
to forget your morning or evening medication?'

Routine - or the lack of it - is a major determinant of
adherence with medication in young people with asthma.
Young people commonly have routines for one dose but
not the other, resulting in less than optimal adherence.19

For example, an evening routine resulting in good adher-
ence may be cleaning their teeth, setting their alarm clock,
and then taking their asthma medication. However the lack
of routine in the morning may make morning adherence
less reliable. Developing routines for taking medication
before school can require specific assistance, encourage-
ment and review for many young people.

Improving adherence in order to reduce parental nag-
ging is a useful short-term goal that equally achieves the
health professionals' aim of achieving better asthma out-
comes. Encouraging the young person to keep a visible
diary chart for a short period (e.g. a week) is a technique
that can help young people differentiate parental 'remind-
ing' (if there is no tick and the young person is about to
go to school or bed) from 'nagging' (if there is a tick).
In this way, appropriate parental concern can be harnessed
as a positive influence along the way to greater autonomy
by young people, instead of the usual interpretation by
young people of parental input as unhelpful.

Smoking is a key health-risk behaviour in
adolescence

Nicotine addiction is the single largest preventable cause
of death and disease in adults. About 90% of adults who
smoke commenced smoking during their adolescent
years,20 highlighting that smoking is a child and adoles-
cent health problem.21'22

While rates of smoking are gradually declining in most
adult populations, there is little evidence of reducing rates
of teenage smoking.23'24 Young people commonly experi-
ment with smoking in middle adolescence, with a signifi-
cant proportion becoming occasional and regular users
over time. The incidence of smoking increases rapidly
during the secondary school years, such that nearly 40%
of 16-years-olds smoke at least occasionally.23'25 Rates of
smoking in teenage girls are significantly higher than in
boys. Boys and girls experiment with smoking at the same
rate, but more girls progress to regular smoking than boys.26

However, tobacco smoking is equally concerning
because of the strength of associations with a range of
other health-risk behaviours and conditions, such as
regular marijuana use, problem alcohol use, unprotected
sexual intercourse and depression.27'28 In this context,
tobacco smoking could be viewed as a beacon of distress.

Tobacco smoking, both active and passive (Chapter 7e),
is known to have significantly negative effects on asthma.29

In this context, it is very concerning that the physical
experience of asthma does not seem to influence adoles-
cents with asthma not to smoke. Indeed, a number of
studies now highlight that both young people and adults
with asthma are as likely - even more likely - to smoke than
those without asthma.30'31 Active smoking is a risk factor
for symptomatic asthma in adolescents.8 Active smoking
is also associated, in a dose-response relationship, with
lower levels of lung function and reduced rate of lung
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growth, with some evidence that girls may be more vul-
nerable than boys.32

Preventing adolescents from starting to smoke is crit-
ical to reducing the future burden of disease in our com-
munity. Advocacy efforts for public policy, public health
interventions and school-based measures to reduce access
to tobacco for young people in our society are increasingly
indicated. As physicians of young people with asthma
however, we can also use specific individual strategies that
aim to prevent adolescent smoking and promote parental
and adolescent smoking cessation33'34 (Table 11.1).

Brief anti-smoking messages from physicians have
a powerful impact on patients.35 Promoting parental smok-
ing cessation is one strategy to reducing the rate of teenage
smokers as children whose parents smoke are twice as
likely to become smokers as adolescents.36

Table 11.1 Ten clinical strategies to prevent adolescents
from smoking. From Rutishauser et al.33

1 Take a smoking history. This should include details of
personal, sibling, peer and parental smoking.

2 Identify other risk factors for initiation of smoking
(e.g. low self-esteem, depressive symptoms,
problems with weight control) as well as check for
smoking-associated risk behaviours such use of
marijuana, binge drinking, unprotected sexual
intercourse.

3 Education. Highlight short-term rather than long-term
smoking effects. For example, smoking causes bad
breath, smelly clothes, yellow teeth and costs money.

4 Reinforce non-smoking as a healthy choice in
non-smoking preadolescents and adolescents.

5 Anticipate peer pressure. Use rehearsal strategies to
help young people feel more confident in refusing
cigarettes, such as 'Only idiots smoke', 'I gave it up
years ago', 'My doctor tells me I shouldn't smoke'.

6 Encourage parents to quit smoking. Emphasize their
positive value as role models in addition to the
personal benefits of non-smoking.

7 Identify 'teachable moments' when young people will
be more motivated to think about the role of
tobacco, such as a hospital admission for asthma, or
grandparental illness due to smoking.

8 Encourage the adolescent smoker to think about
quitting. Discuss the tobacco industry's manipulation
of young peoples' opinions. Discuss smoking cessation
options.

9 If the teenager is motivated to quit, set a 'quit date';
identify trigger factors for smoking and discuss
strategies to avoid them; suggest substitute activities
such as chewing gum; anticipate and discuss
management of withdrawal symptoms; suggest
increasing exercise or relaxation techniques; spend
more time with non-smoking peers; plan how the
adolescent can reward their success; review their
progress early and often, by telephone or in person.

10 Play an active role in anti-tobacco policy and
advocacy, such as supporting public health
initiatives.

Smoking status should be identified in all young people.
Avoid a lecture on the adverse effects of cigarette smok-
ing on asthma; many young people do not experience (or
admit to experiencing) that smoking exacerbates their
asthma in the short term. However, asthma should be
used as an important reason why they should not smoke.
Specifically address myths about smoking and asthma,
such as the common belief that marijuana makes asthma
better.37

Many health professionals feel
uncomfortable consulting with
young people

Young people with asthma face a range of barriers in
obtaining quality healthcare. These barriers include
aspects of adolescent development itself, structural bar-
riers, and aspects of health professional training.1

A key barrier to young people with asthma obtaining
good healthcare is the lack of priority that they give to
health in comparison to other competing life demands.
This makes them less likely to seek medical care them-
selves and more dependent on parental encouragement
for attendance. Structural barriers include issues of fund-
ing. Quality consultations with young people can take time;
financial disincentives to longer consultations can reduce
the likelihood of young people getting the time they
deserve within the medical consultation.38'39

A barrier to young people obtaining quality health-
care is the lack of confidence that many health profes-
sionals have in consulting with adolescents.38'39 Health
professionals identify lack of training around skills at
engaging young people as well as a lack of confidentiality
guidelines as particularly problematic.39

Reassuringly however, health professionals can improve
their skills in working with young people by specific pro-
fessional development.40 The HEADSS acronym (Table
11.2) provides a useful framework for taking a psychoso-
cial history in young people.41 What activities do they
enjoy? How might these be affected by asthma? What are
their educational and vocational goals? What do they
do with their peers? Do most of their peers smoke or not?
Do they smoke? What about other health-risk behaviours?

The first three themes within HEADSS provide a
good mechanism to build rapport with a young person.
Interweaving a routine asthma history with a psycho-
social history is equally a technique to identify motivating
factors with asthma management and approaches that
can be used to improve adherence with medication.
Identifying concerns to address in further appointments,
such as the need to monitor growth, is a good mechan-
ism to encourage regular review. Skills to explore the key
socializing influences on young people (family, peers,
school) and to elicit health risk and protective factors
are also important if the broader health of the young
person is to be managed, not just asthma.
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Table 11.2 An approach to taking a psychosocial history in adolescents. (From Golden ring

and Cohen41)

H Home

E Education

A Activities

D Drugs

S Sexuality

S Depression
and suicide

Where do you live?
Who do you live with?
Are you at school? What year are you in?
What are your marks like?
What do you do for fun?
What do you do with your friends?
Many young people experiment with alcohol, cigarettes
and drugs. Have you ever smoked tobacco?
What about marijuana?
Most young people become more interested in sex at your
age. Have you had a sexual relationship with anyone?
Many people feel down or sad at times. Have you ever
thought that life is not worth living?

Explicit articulation of confidentiality guidelines is an
important part of all consultations with young people,
including asthma consultations. Many young people are
unaware of the health professional's duty to maintain
confidentiality.42 Others are fearful their parents or others
will find out about specific aspects of the consultation,
such as smoking behaviour.43 Although the young person
is part of a family, it should be remembered that they,
not their family, are the patient. Medico-legal rights to
confidentiality all generally younger than the legal age of
majority. Multiple studies now confirm that clarification
of confidentiality during consultations with young peo-
ple significantly improves the likelihood of honest and
open communication.42-44

Schools are a key setting for young people
and their health

The impact of asthma within the education sector is sub-
stantial. Equally substantial, given the time that young
people spend at school, is the capacity of schools to
actively promote positive asthma outcomes.

Asthma is responsible for more school absenteeism
than any other single chronic illness45 although there is
wide variation in the reported frequency of school absence
due to asthma.46"48

Asthma education programs for teachers continue
to demonstrate low levels of knowledge about asthma
and its management.48"50 One Australian study identified
that almost all teachers had deficiencies in knowledge
about reliever medication and the management of exer-
cise-induced asthma (EIA) before an educational inter-
vention. The 2-hour educational intervention achieved
significant effects on symptom knowledge, pathophysi-
ology, preventive medication and side effects. However,
despite the intervention, only one third of teachers cor-
rectly answered questions about reliever medication and

management of EIA.49 Appropriate management of EIA
is particularly important within schools, not only because
up to 90% of people with asthma experience it51'52 but also
because of increasing rates of obesity in young people
including young people with asthma.

Approaches to teacher asthma education are more
likely to be successful if they are part of a school asthma
policy. All schools should have an asthma policy which
specifically includes background information for teach-
ers about recognizing the symptoms of asthma, written
policies regarding the administration of medication
(which highlight the appropriateness of young people
taking responsibility for their own reliever medication
within secondary schools), appropriate strategies to man-
age EIA, the availability of emergency treatment of
asthma at school or on school camps, and the presence of
written asthma management plans for all students with
asthma. School asthma policies are now available.53

Teacher training in association with an asthma policy
can have significant results. For example, the implemen-
tation of one school program that included a School
Asthma First Aid Kit, training workshops for school staff
and individual Crisis Management Plans for students
with asthma doubled the rate of school registrations
of students with asthma, and resulted in completion
of School Asthma Crisis Plans by 68% of students with
asthma.54

However, given the prevalence of asthma, it is also
appropriate for schools to take more proactive stances
in terms of asthma education. There are creative ways of
incorporating asthma care within the education curricu-
lum. Lurie et al.55 innovatively incorporated daily stu-
dent peak flow measurement within a mathematics class
as an approach to understanding variation within popu-
lations generally, with the added expectation of reducing
the stigmatization of asthma, modelling peak flow meas-
urements for students at risk and improving students'
interest in personal asthma management. Broader health
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promotion approaches are also being explored. The use of
peer educators within schools in a school-based asthma
health promotion program (The Adolescent Asthma
Action (Triple A) Program) is an innovative program that
has demonstrated substantial benefits in asthma knowl-
edge, quality of life, frequency of asthma attacks and
asthma awareness within school communities.56"58

OPPORTUNITIES TO PROMOTE RESPIRATORY
HEALTH IN ADOLESCENTS

In summary, adolescence is a time of change. It is a time
of change as it relates to asthma, whether in terms of its
pattern or severity in adolescence. It is equally a time of
change as it relates to adolescent development. These
changes can result in substantial threats to the health of
young people with asthma, whether from infrequent
clinic attendance, poor adherence with medication, or
smoking.

Yet there are equally substantial opportunities for inter-
vention. Clinicians with an understanding of adolescent
development have many opportunities to use this know-
ledge to promote the health and well-being of young
people with asthma. Seeing young people alone for at
least part of the consultation, taking a psychosocial his-
tory and having an understanding of confidentiality are
integral aspects of consultations with young people.

Communication skills that identify how asthma most
impacts on a young person are important, as it is this
information (rather than achieving 'good asthma control'
for the sake of it) that most motivates young people to
achieve better asthma control. The clinical challenge is
to assist young people develop the skills to better manage
their asthma as they mature through adolescence. Too
often, asthma becomes a focus of parental nagging or
family arguments in adolescence. Rather, the goal of good
asthma self-management is for young people to be
sufficiently empowered and skilled such that routine
asthma care becomes incorporated into their lives.

In this way, it should be the goal of both clinicians and
parents that young people feel sufficiently comfortable
and able to access medical care that their asthma is regu-
larly reviewed. We should aim for young people to be
sufficiently informed about their asthma that they
understand the rationale for preventive medication and
are reasonably reliable takers of medication. We should
aim for young people with asthma to grow up in a smoke
free environment. Equally, we should aim for young peo-
ple to know how and when to seek emergency care if it
was required.

As parents know only too well, young people do not
develop these skills overnight. Regular medical review by
informed and skilled clinicians is a key opportunity to
promote better health outcomes for young people with
asthma.
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INTRODUCTION

Although the prevalence of childhood asthma continues to
rise,1"3 at last we now have some evidence that acute severe
exacerbations may be on the decline. Hospital admissions
in the UK have reduced from their peak in the early 1990s
by approximately one third4 with similar findings in
Sweden5 and other European countries. Visits to primary
care doctors are less than those previously recorded,6 the
need for admission to paediatric intensive care units is less
and the mortality rate is falling.3

Contrast this with statements made in the 1980s that
'there seems to be little change in the frequency of acute
wheezing episodes over recent years'7 and that hospital
admissions have increased nationally8 and internationally.9

Good management of acute severe asthma remains
dependent upon early recognition that control is being lost.
The first part of this chapter therefore deals with how to
recognize such changes and act accordingly. The increased
input into patient education, self-management plans and
the development of care pathways may well be beginning
to pay dividends. Treatment of acute severe asthma is
dealt with in the second part of the chapter. Here, home
management and management by the primary care team
is separated from that in hospital. The third part of the
chapter discusses the management of life-threatening
attacks, the role of the paediatric intensive care unit with
particular reference to mechanical ventilation and the
subsequent aftercare.

The recognition and management of acute severe
asthma have not seen major changes over the past 6 years
but 'fine tuning' may have resulted in reduced episodes. The
burden of paediatric asthma world-wide remains huge,
however.10 Differential costings show clearly that severe
asthma requiring hospital admission is a greater burden

to the patients, their families and the health services than
more mild disease.11

THE RECOGNITION OF ACUTE SEVERE
ASTHMA

At home

The features of severe airway obstruction (Table 12.1) are
important, but of much greater value is the ability to
recognize early warning signs in the individual patient
and thereby to institute early treatment may stave off the
progression of symptoms. The majority of severe episodes
are triggered by viral infections12'13 but in some particu-
larly sensitive children, environmental allergens may be
important. The development of home management

Table 12.1 Features of severe airway obstruction

Symptoms and signs
Inability or difficulty in speech or feeding
Exhaustion, agitation or reduced level of consciousness
Progressive tachycardia and/or tachypnoea
Use of accessory muscles
Poor chest movement and quiet breath sounds

Lung function
PEF <30% expected

Response
Deterioration despite recent use of appropriate rescue
medication
Transient (<2 h) or partial response to bronchodilator
(e.g. albuterol (salbutamol) 2.5-5mg by nebulizer)

Experience
Knowledge of progress in previous attacks
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programs has been confounded by the relatively poor
quality of some programs.14 A meta-analysis15 of home
management programs suggested they did not seem to
reduce morbidity but the authors suggested that programs
designed to target patients with clearly denned charac-
teristics might result in benefits. Two discharge planning
programs targeted on children admitted to UK hospitals
with acute severe asthma have led to impressive reductions
in hospital re-admission rates.16'17

Prodromal features have been described as early warn-
ing signs in individual patients. Parents not infrequently
note features such as dark rings developing around their
child's eyes, an increasingly pale complexion, a facial twitch
or generalized itching.18 Beer et al.19 stated that each child
has his own constant set of prodromal features. They listed
a large number of behavioural changes, gastrointestinal
symptoms, fever, skin eruptions, itching and toothache
and suggested that awareness of them may lead to the early
introduction of treatment thereby avoiding or abbreviat-
ing some acute episodes. Little attention has been paid
to these prodromal symptoms in the development of
national20'21 and international22'23 guidelines for asthma
and perhaps they should be revisited.

Few parents are taught how to measure their child's
breathing rate. Increasing tachypnoea is an important and
well recognized sign of deterioration. It can interfere with
appetite and exercise/activity tolerance. As the work of
breathing increases the child becomes less active, with-
drawn and stops speaking. Parents can be shown how to
observe chest wall movements, the use of the accessory
muscles and the increased use of the diaphragm. Progres-
sion of the above signs may be rapid, over a few hours, or
may take place slowly over a period of days. The latter
might indicate deteriorating or poorly controlled asthma
suggesting the need to alter the dose of preventative
medications. The former might suggest it is more benefi-
cial to concentrate on the early intervention with relief
bronchodilator treatment. Diurnal variation of PEF is
greater when chronic asthma control is poor but does
not significantly differ between exacerbations and stable
asthma.24 Increasing diurnal variation of PEF as an object-
ive way of differentiating poor asthma control from an
asthma exacerbation may occasionally be useful.

Parents of children over 5 years of age may find peak
flow meters useful25 to estimate the severity of the acute
exacerbation or monitor response to bronchodilator ther-
apy. However in a recent US study26 only a small propor-
tion of parents had been given PEF meters and only one
out of 220 parents reported using it to monitor the severity
of an attack or the response to treatment. This study also
showed that in inner-city children previously admitted to
hospital with asthma, guidelines for home management of
asthma exacerbations were not being followed. A symptom-
based approach rather than a reliance on PEF values has
also been favoured in other studies,27'16 since symptoms
are more sensitive indicators of deterioration (and recov-
ery) in acute episodes, than PEF (Chapter 6b).

In primary care

INITIAL ASSESSMENT

Most children with asthma are totally managed in pri-
mary care, where access to medical records can be helpful:
Has the child had a recent hospital admission or visits to
the emergency department? Have there been exacerba-
tions associated with rapid clinical deterioration? Are the
parents able to assess and safely manage their child's
asthma symptoms? Are follow-up appointments regu-
larly kept and have prescriptions been collected appro-
priately? The process of healthcare should be appropriate:
when the family is concerned that the child is deteriorat-
ing can a consultation be arranged immediately? Has the
professional who assesses the child received appropriate
training in asthma management?

A full history needs to be taken. The time and pattern
of onset of the present attack needs to be noted as do the
times and dosages of the treatments given. If there have
been previous attacks how does the present one compare
with them? Is there evidence of rapid deterioration? The
features in Table 12.1 can be used as a guide but the fol-
lowing should be noted:

• respiratory rate may not correlate well with severity;28

• although cyanosis is a marker of a severe disease it
can be difficult to assess clinically;29

• peak flow is an insensitive measure during an acute
exacerbation;30

• parental anxiety may influence the clinical
presentation, especially in very young children;

• response to inhaled bronchodilator therapy is vital
to assess clinical progress and often determines the
need for hospital admission.

A quiet room with comfortable seating is essential
as is sufficient time to fully assess the clinical situation.
Remember that other conditions can mimic acute severe
asthma (e.g. inhaled foreign body, croup, hyperventila-
tion, cystic fibrosis and vocal cord dysfunction) and these
conditions need to be ruled out. To assess response to
bronchodilator therapy it is important to evaluate the child
before and after treatment. These assessments should be
clearly documented. Peak flow monitoring, before and
after treatment may be helpful in children old enough but
it cannot be relied upon. Other objective assessments such
as oxygen saturation monitoring (SaO2) should be avail-
able in primary care, since there is no other reliable way to
detect significant hypoxaemia (i.e. <90% saturation).

Referral to hospital/emergency department

The factors which suggest that a referral to a secondary
care facility is necessary for safe and more effective man-
agement are:

• short attack with rapid deterioration;
• limited or brief response to bronchodilator therapy;
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• drowsiness or altered state of consciousness;
• evidence of dehydration;
• inability of child to drink or talk;
• inability of parents to cope.

The development of care pathways with clearly defined
protocols may be helpful in the future management in
children with acute severe asthma in primary care settings.

In the emergency department

The availability of professional staff 24 hours a day,
together with objective monitoring aids should enable
assessment in an emergency department or children's
acute assessment unit to be easily accomplished. However,
the research literature dealing with emergency manage-
ment is confusing and often parochial and therefore dif-
ficult to transpose from one country to another because
of major differences in healthcare and its resources. There
are differences of opinion concerning the value of specific
asthma scoring systems in adults.31"34 Objective measures
of lung function such as PEF and FEV\ have also been
unhelpful.32'35'36 Attempts to develop predictive indices
for children requiring hospital admission have been rela-
tively unsuccessful.35'37'38 A problem in paediatric asthma
is the high proportion of admissions in the preschool age
group where reliable measurements of lung function
cannot be obtained.

Children admitted to hospital can often be cared for
elsewhere.39 This study in the US showed that 70% of the
children could have been cared for in alternative settings
if oxygen was available there.

In the emergency room does SaO2 measured by pulse
oximetry predict the need for hospitalization? Several
studies have examined this. Geelhoed etal.4Q showed that
an initial SaO2 of 91% or below was predictive of hospital
admission or re-attendance at the emergency department.
In another study41 the same authors showed that the
initial SaO2 was lower in those admitted than in those
discharged home from the emergency department.
Whilst initial SaO2 levels have high specificity, low values
are insensitive to the need for admission.42"45

Admission per se is influenced by factors such as the
experience of the medical staff, the availability of local
medical services and the social circumstances of the family.
The above studies do show that an initial high SaO2 value is
a good predictor that the child will not require admission to
hospital. In one of the above studies43 an SaO2 of less than
91% ten minutes after inhaled bronchodilator therapy was
a good discriminator for the need of intravenous therapy.

Does the presence of pulsus paradoxus help to define
the severity of an asthma attack in children? During an
acute severe attack, the swings in pleural pressure widen,
the inspiratory (and mean) pleural pressure falls and left
ventricular afterload increases. (Left ventricular after-
load = aortic pressure — pleural pressure). In addition,

increased venous return causes a shift of the intraventric-
ular septum to the left, reducing the end-diastolic vol-
ume of the left ventricle. The increased left ventricular
afterload produces a fall in systolic blood pressure during
inspiration leading to the clinical sign of pulsus para-
doxus, measured by sphygmomanometer.45 A pressure
difference of >20 mmHg is considered indicative of mod-
erate to severe airway obstruction and it is said that a
detectable pulsus paradoxus indicates the PEF will be
50% or less of predicted.46 One study47 suggested that
detection of pulsus paradoxus was very useful in children
but under-represented children of preschool age. During
development of the 1993 UK National Guidelines for
Asthma Management48 the usefulness of pulsus para-
doxus was reviewed. The consensus paediatric view was
that it was of little clinical benefit. In practice, inflating the
sphygmomanometer in a young child may increase dis-
tress. Movement artefact makes the reading unreliable so
that in a very distressed child the reading may be impos-
sible to obtain. Non-invasive methods of measuring pulsus
paradoxus during oximetry may prove useful in measur-
ing and monitoring this controversial sign.49

A clinical scoring system may be helpful (Table 12.2).
Such systems remain unproven as the subjective inter-
pretation of signs of airway obstruction is susceptible to
inter-observer variation.49 It is also known that clinical
features correlate poorly with objective measures such as
PEF and SaO2.

27,51 The scoring system shown in Table
12.2 has been used to assess improvement following
P2-agonist therapy over short (20 minute) periods.50

Why children attend the emergency
department

It is unlikely the same criteria can be applied in all
hospitals in relation to hospital admissions policy.
In 1997-1998 we undertook a study to discover the
reason why children with asthma attended our local
emergency department, what assessments were under-
taken, what factors decided whether the child should
be admitted and what was the subsequent outcome.50

The reasons for attendance were variable:

• the parents did not want to disturb their general
practitioner (50% attended between 18.00 hours and
06.00 hours);

• the parents thought their general practitioner did
not know much about asthma;

• the parents assessment was that the attack was severe;
• the general practitioner did not have a nebulizer;
• some patients had no general practitioner and used the

emergency department as their primary source of care.

Similar findings have been reported from the USA in
inner-city, deprived populations. In one study52 5i°/o of
the children had 10 or more prior visits to the emergency
department, 72% had functional severity scores in the
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Table 12.2 Asthma severity score

0

1

2

3

4

5

6

No wheeze/minimal wheeze/
wheezes on deep respiration
Obvious wheeze all areas

Obvious wheeze with
detectable tachypnoea
Obvious wheeze/moderate
tachypnoea
Detectable decrease in
breath sounds
Moderate decrease in
breath sounds
Marked decrease in
breath sounds

Settled/undisturbed

Increased respiratory
effort/undisturbed
Obvious dyspnoea/not
distressed
Moderate dyspnoea,
fretful/unsettled
Moderate dyspnoea,
restless/anxious
Distressed. Air hunger

Very distressed, tiring

Normal breath/normal chest shape

Detectable hyperinflation

Obvious hyperinflation

Moderate hyperinflation/subcostal and
supraclavicular recession
Moderate hyperinflation/marked
intercostal recession
As above plus accessory muscle
respiration, maximal inflation
Marked accessory muscle
respiration, maximal inflation

moderate to severe range and only 11% used regular
anti-inflammatory medications. No patient had a writ-
ten self-management plan.

We discovered that assessments in the emergency
department were not being carried in accordance with
protocols and the decision to admit patients to the paedi-
atric wards was not based on any guidelines. Patients dis-
charged from the emergency department had no clear
follow-up arrangements. Following the study we adopted
well-defined triage plans,53 developed care pathways for
children with asthma and the follow-up arrangements
have been formalized (see Figure 12.1).

Hospital admission

It is not possible to recommend specific indications to
admit to hospital because of the world-wide variation in
healthcare systems and resources. Local care pathways or
their equivalent need to be developed.

A number of factors inform the decision to admit to
hospital, or to discharge home, usually after a period of
observation:

• triage level;
• limited or brief response to bronchodilator therapy;
• low SaO2 (<90% in air) especially 10 minutes after

bronchodilator therapy;
• local hospital admission policy;
• availability of primary care medical services;
• time of day;
• ability of parent(s) to cope and social circumstances.

MANAGEMENT

At home

Satisfactory regimes for the management of acute severe
asthma depend on individualized plans together with

good communication between healthcare professionals
and the family. The initial thrust of management is effect-
ive bronchodilator therapy, backed up by systematic
corticosteroids. Failure to respond to treatment warrants
immediate referral to secondary care.

Therapeutic management

Some of the following section also applies to acute severe
asthma managed in the emergency room. To avoid
repetition, the evidence concerning each agent is sum-
marized here.

SHORT-ACTING prAGONISTS

These are the mainstay of treatment for acute severe
asthma, administered in inhaled form using a metered-
dose inhaler (MDI) attached to a spacer device or using a
nebulizer. There is little to choose between the two most
commonly used @2-agonists salbutamol (albuterol) and
terbutaline as their onset of action and duration of effect is
very similar. A spacer device increases deposition into the
lungs and during an acute attack children find it easier to
inhale the medication through the spacer rather than with
an MDI alone. In acute severe episodes dry powder devices
maybe unreliable and are not recommended (Chapter 8b).

Individual (32-agonist aerosol actuations should be
used allowing 20-30 seconds between each actuation.
After each actuation the MDI canister should be removed,
shaken and replaced to maximize medication output.
The dose regimes used in the home setting for children
with acute severe asthma have not been well studied,
but there is no reason to believe they should be differ-
ent to those used in the emergency department which
have been proven to be both effective and safe. The dose
should have been determined by healthcare profession-
als, agreed with the family, individualized to the patient's
needs and recorded in a self-management plan. A suit-
able starting regime for an acute severe attack would be
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Chart notes (Asthma Triage Chart)

This is a presentation-defined flow diagram which is intended for use with patients who present
with exacerbations of known asthma. The severity of asthma at presentation varies from life threatening
to patients requiring a repeat prescription of inhalers. A number of general discriminators are used,
including Life threat, Conscious level (in adults and children) and Oxygen saturation. Specific discriminators
are included to identify those signs and symptoms which point to severe and life-threatening asthma.

Specific discriminators

Marked tachycardia

Very low Sa02

Very low PEF

Low Sa02

Low PEF

Significant history of asthma

No improvement with own asthma
treatment

Explanation

A heart rate over 120 in an adult. In children this
needs to be related to the age of child.

This is a saturation <95% in 02 therapy or <90%
in air.

This is a PEF of 33% or less of best in predicted
PEF.

This is a saturation of 90-95% in air.

This is a PEF of 50% or less of best or predicted
PEF.

A history of brittle asthma or previous life-
threatening episodes is significant.

This history should be available from the patient.
A failure to improve with bronchodilator therapy
given by the GP or paramedic is equally significant.

Wheeze

Figure 12.1 Asthma triage chart. (From ref. 53.)

This can be audible wheeze or a feeling of wheeze.
Remember, very severe airway obstruction is silent
(no air can move).

up to 1000 mg (10 puffs) of salbutamol (albuterol) or its
equivalent carefully assessing the benefit over the next
few minutes. If no improvement is seen after 10 minutes
the procedure should be repeated. Lack of response fol-
lowing the second treatment warrants immediate con-
tact with a healthcare professional and/or direct access to

the emergency department. Doses of b2-agonists can be
repeated 2-4 hourly at home but once again the fre-
quency should be agreed and documented in a written
treatment plan. The better the child and family under-
stand the response to therapy and the earlier the bron-
chodilator is started following the onset of symptoms the
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less likely will be the need to involve others in the child's
management.

Long-acting p2-agonists have no proven role in the
emergency management of acute severe asthma.

MDI + SPACER VS NEBULIZER IN
ADMINISTERING p2-AGONISTS

There is clear evidence to support the use of an MDI and
spacer combination to treat acute severe asthma in pref-
erence to a nebulizer in the emergency department.54"57

MDI and spacers take less time to administer the medi-
cation,58 have fewer side effects, are more portable,
cheaper and easier to use than nebulizers. They are also
more efficient59 and can be used in very young children
by attaching a face-mask to the spacer device.60 It there-
fore seems rational to recommend such devices for use in
the home as well as in the emergency department. An
additional benefit is the lack of need for the use of O2> a
gas which is often recommended to drive the nebulizer
gas flow to prevent hypoxaemia resulting from ventilation-
perfusion mismatch. Hypoxaemia has not been reported
using an MDI and spacer.

A small number of children (particularly the very
young) seem unable to use an MDI and spacer and in
them nebulizers may be the only practical form of therapy.

CORTICOSTEROIDS

Inhaled corticosteroids are unquestionably the corner-
stone of chronic asthma treatment in both adults and chil-
dren. The use of systemic corticosteroids in acute severe
asthma, however, has been more controversial. Some earl-
ier studies failed to show benefit, the reasons suggested
were: the patients were spontaneously improving thereby
minimizing the steroid benefit;61 the patient numbers were
too small62 or the improvement was masked by the use of
large doses of bronchodilators.63 More recently other
studies undertaken in the emergency department have
also produced negative results.64"66 This is strange, given
what we know of corticosteroid action in asthma.67'68

One of the best early studies to show benefit in adult
patients69 used intravenous methyl prednisolone in the
emergency department. When assessed four hours after
treatment the number needing hospital admission was
considerably reduced. This study was repeated in children
using oral prednisolone rather than intravenous methyl
prednisolone70 with very similar results. Both studies were
double-blind and controlled, the steroid treatment being
given in addition to bronchodilator therapy. Other stud-
ies have shown that the addition of steroids in acute
severe asthma reduces the need for hospital admission,71'72

shortens the length of the attack73"75 and reduces the rate
of relapse.72'76'77

Intravenous steroids may have an earlier onset of action
than oral steroids (1 hour vs 3 hours) but the time to
peak clinical effect is very similar so that oral steroids are
usually the preferred method of administration.78'79 Most

guidelines on asthma management recommend the early
use of oral prednisolone during an acute attack especially
in those already receiving inhaled corticosteroid therapy
or in those not responding fully to inhaled bronchodila-
tor therapy. The dose of oral prednisolone is usually rec-
ommended as 1-2 mg/kg/day as a once daily dose. There
is no evidence base for such a dose schedule and a recent
study showed no differences between 0.5mg, 1.0 mg and
2 mg/kg/day prednisolone given during an acute attack.80

Given the flat dose-response curve of corticosteroids and
the possible need for repeated dosings to prevent second-
ary care management it seems reasonable to recommend
the lowest dose schedule early in acute attacks of asthma
in children. The severity of each acute attack of asthma
will differ and it seems unreasonable, therefore, to stipu-
late the optimal length of treatment with oral pred-
nisolone. Most guidelines recommend 1-5 days allowing
the parent or the child to end the course when a target
response is achieved.

Corticosteroids are also available in nebulized prep-
arations. Twice daily nebulized budesonide has been shown
to be more effective than once daily dosing in stable
asthma.81 Francis etal. showed that nebulized fiuticasone
propionate was as effective as once daily oral pred-
nisolone in the treatment of preschool children with an
acute exacerbation82 and a recent study demonstrated
nebulized fiuticasone was as effective as oral prednisolone
in children aged 4-16 years old presenting with an acute
exacerbation of asthma.83

Controversy about the use of corticosteroids in acute
asthma has also occurred because of the apparent differ-
ence in response depending on whether the child has
atopic asthma or virus-induced wheeze. Although one
study showed that the use of oral prednisolone was bene-
ficial when used at the first sign of a runny nose in viral-
induced wheeze,84 it was not controlled and concerns
have been raised about the possible effects on short-term
linear growth85 if repeated courses are given. Studies using
intermittent high-dose inhaled corticosteroids during
virus-induced wheezing or at the onset of upper respira-
tory symptoms86'87 only produced modest benefits.
The traditional recommendation of doubling the dose of
inhaled corticosteroids during an acute wheezing episode
has clearly been questioned by another study88 showing
no differences between the active and placebo groups.
One of the issues in virus-induced wheeze may be that
the cellular response in the airways (as shown in bron-
choalveolar lavage studies)89 is not susceptible to corti-
costeroid therapy.

Corticosteroid therapy is not without the possibility
of side effects. Repeated doses of oral prednisolone have
the ability to interfere with short-term and long-term
growth. The long-term effects on bone density are
unknown. The benefits to very young children (under 2
years old) with asthma are poorly reported and, as with
bronchodilators, it is probable that the response is less
good. Caution is needed on the frequency, the dosage
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and the length of the steroid courses in all children. A
child who requires four or more oral prednisolone doses
within a 12-month period should be referred to a respira-
tory paediatrician for evaluation of asthma control and
subsequent follow-up.

In summary, there is strong evidence in atopic asthma
for the early use of oral prednisolone in an acute severe
attack. A dose of 0.5 mg/kg/day appears as effective as
higher doses. The evidence for the use of corticosteroids
in viral-induced wheeze is less clear.

ANTICHOLINERGIC AGENTS

In inhaled form these act by blocking muscarinic para-
sympathetic bronchoconstriction in the central and peri-
pheral airways.90 The only commonly available inhaled
anticholinergic agent is ipratropium bromide which,
because of its insolubility in lipid, is a safe medication
even in high doses. A recent study by Qureshi and col-
leagues showed that in combination with a (32-agonist, it
reduced hospital admissions in children with severe
asthma compared with |32-agonist therapy alone.91 In
doses of up to 750 jxg within an hour, it leads to signifi-
cant additional bronchodilation.92 Most consensus state-
ments on the management of acute severe asthma suggest,
however, that ipratropium bromide is not a first line
therapeutic agent.93 Two meta-analyses94'95 indicate that
the addition of ipratropium to (32-agonist therapy
improves lung function by 10-12% but it should not be
used universally until further research determines the
clinical significance of these lung function changes.

METHYLXANTHINES

Some studies have suggested that theophylline provides
benefit when added to p2-agonist therapy96 and may
reduce hospital admission 97 but others have shown no
benefit with increased likelihood of side effects.98"100 For
discussion of the use of theophyllines in children admit-
ted to hospital with very severe exacerbations see the
relevant section below.

Emergency department

Effective management depends on the use of:

• an initial triage system to determine the severity of
the attack and the urgency of pharmacotherapy;

• a management protocol, carefully followed according
to the response to therapy;

• an effective, well-tested assessment schedule;
• clear plans on the need for admission to hospital or

discharge home;
• a discharge plan including agreed follow-up

arrangements.

The most effective way to do this, as already discussed,
is by the development of asthma care-pathways in each

centre. These pathways will differ according to the provi-
sion of the local medical services. The following thera-
peutic protocols are only a guide as we recognize that
local needs will vary.

If the initial triage colour is red or orange commence
SaO2 monitoring. Immediate treatment with nebulized
salbutamol 5 mg or terbutaline 10 mg is mandatory, driven
by oxygen at a flow rate of 71/min. Nebulizations should
be continuous, intravenous (IV) access must be obtained
for fluid replacement, the commencement of IV cortico-
steroids and IV salbutamol. For further management see
in-patient treatment below. This presentation can be
classified as critical asthma.

For less critical presentations with an initial triage
colour of yellow (or below) the emergency department
protocol in Table 12.3 can be used.

Whilst functional severity scores have been developed
to assess chronic childhood asthma,102 probably the best
way to assess the severity of the acute attack is the degree
and rapidity of response to the above regimes. This is
especially true in the preschool age group which accounts
for approximately half of the referrals to emergency
departments.

Table 12.3 Emergency department protocol

1 Take a full history, examine the child, monitor the Sa02

and commence 02 if necessary.lf the child is well
enough or old enough PEF can be measured and
evaluated using a standard chart101 (Figure 12.2). If
urgent, give nebulized (32-agonist without delay and
assess simultaneously.

2 Give nebulized bronchodilator or inhaled
salbutamol/terbutaline through an MDI and spacer
device. (See text.) Various protocols suggest half dosages
in children <6 years old. A face-mask can be added to
the spacer in very young children. Also give soluble
prednisolone 0.5 mg/kg orally to children over 18
months (unless the attack is mild or there is very rapid
return to normality).

3 Reassess after 5-10 minutes and repeat the treatment
every 20 minutes for the first hour (or give continuous
nebulization) as necessary. Reassessments should
include Sa02, a clinical severity assessment and PEF
readings if appropriate.

4 A decision to admit or not should be made during the
first hour depending on local guidelines and the
available medical service. Admission should be
mandatory if PEF remains low, Sa02 remains <92% in
air and if the family is unlikely to manage at home.

5 If the decision is to send the child home ensure the
child has sufficient bronchodilator therapy and a
suitable spacer device (±face-mask). Consider the
need to give a short 1-5 day course of soluble
prednisolone (0.5 mg/kg/day). Determine the ability of
the parent(s) to continue home management.

6 Ensure a clear written management plan is given to
the parent(s) and complete the plans for follow-up
before discharge home.
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Figure 12.2 Reference data for peak expiratory flow.
(From ref. 101.)

When discharging patients home from the emergency
department there seems agreement that some form of
written treatment plan is helpful (Table 12.4). Such a plan
should be as simple as possible and include the arrange-
ments for follow-up. The discharge plan will vary with
local healthcare facilities.

Hospital management

Children presenting to hospital with severe asthma (triage
level of orange or red) should be treated as medical emer-
gencies because of their potential to deteriorate rapidly.
In the emergency room, they should be nursed in high
dependency areas where frequent observations can be
made to assess severity of the attack and the response to
treatment.

The aims of treatment are to relieve hypoxia, reverse
airflow obstruction, prevent progression of the attack
and facilitate early discharge from the emergency depart-
ment or admissions unit. A number of treatment options
are available with variable degrees of supportive evidence
and it may be helpful to divide these options into those
with reasonably strong supportive evidence and those
where the evidence is not conclusive.

Treatment

OXYGEN

Initial assessment of any asthma attack should include
pulse oximetry to detect the presence of hypoxia. In an

Table 12.4 Emergency department discharge plan

INFORMATION FOR PARENTS

In the emergency department your child has received
treatment for an asthma attack.Further treatment is
likely to be needed after arrival at home.Your child has
been given some inhaled medicine and some medicine
to take by mouth.

Inhaled medicine
is an inhaled medicine which

works quickly to help stop wheezing and ease
breathlessness.Use up to puffs as you have
been shown, using the spacer, every 2-4 hours until your
child is back to normal. If the medicine is not working,
or does not last for at least 2 hours, bring your child
immediately back to the emergency department or
phone for advice.

Medicine by mouth (Soluble prednisolone 5 mg tablets)
Give tablets tomorrow morning, dissolved
in a drink.
Give the same dose the next day if your child is not back
to normal.There are enough tablets to give up to 4 days
treatment if you think it necessary. Give the same dose
each day; stop when your child is much better.
If your child normally takes regular inhaled medicine, give
this as before.

Follow-up arrangement
A follow-up appointment has been made for

on (day/date) at
(time) in (hospital/community

clinic or surgery).

acute exacerbation, the maldistribution of airway obstruc-
tion results in ventilation perfusion mismatch,104 due to
a combination of increased dead space ventilation and
intrapulmonary shunting. Both these mechanisms can
cause hypoxia which occurs early during an attack and
correlates with the severity of the episode.105 Hypoxia
(SaO2 <92% in air) should be treated with high flow oxy-
gen (8-10l/min) via face-mask immediately on arrival at
the hospital. If there is poor response to treatment with
high flow oxygen it is important that other causes of respi-
ratory distress, pneumothorax in particular, are sought.

£2-AGO MISTS

Definitive treatment of bronchospasm is with inhaled
short-acting b2-agonists administered by a metered dose
inhaler (MDI) through a spacer device, or in young
patients (less than 4 years of age) and those in severe res-
piratory distress by nebulizer. All short-acting p2-agonists
given in equivalent doses produce equal bronchodilation106

and the choice will depend on local preference (Table 12.5).
Patients with severe asthma should receive a dose of

P2- agonist immediately after initial assessment, no later
than 10 minutes after arrival. The effect of treatment
should be apparent within 15 minutes of the first dose.



Management 367

Table 12.5 Short-acting b2-agonists and their doses

Salbutamol

Terbutaline

Bitolterol
Pirbuterol

6-12 puffs of 100 mg 2.5-5mg intermittent
every 3 breaths 0.5 mg/kg/h continuous

6-10 puffs of 250 (jig 2-5 mg intermittent
every 3 breaths 0.5 mg/kg/h continuous

Not studied in acute severe asthma
Not studied in acute severe asthma

8 (xg/ kg/dose

5-10|jLg/kg/dose

15|jLg/kg load*
1-5|jLg/kg/min infusion
10^g/kgload*
1-4 (Ag/kg/min

''Omit if inhaled dose has been high.

If there is poor response to the first dose, a repeat dose 20
minutes later is indicated. The optimum dose and inter-
val for the administration of (32-agonist depends on the
severity of the attack and the response to the first dose.
Doses given every 20 minutes are more effective than
hourly doses107 and continuous nebulization is more
effective than intermittent dosing.108'109

(32-Agonists can be administered intravenously and
are effective when there has been a poor response to the
first nebulized dose.110 On the other hand, intravenous
administration does not confer any benefit over the nebu-
lized route if effective nebulization occurs.111 Lack of
response to nebulized therapy may occur because the
patient generates tidal volumes that are too small to facili-
tate aerosol delivery to the lungs or because mucosal
oedema and mucous plugging contribute to a significant
proportion of airway obstruction. Side effects of [32-
agonists include tachycardia, dysrhythmias, hypertension,
hypokalaemia, hyperglycaemia and lactic acidosis.

CORTICOSTEROIDS

All patients with an acute exacerbation of asthma should
receive steroid treatment as early as possible. The par-
enteral route does not confer any advantage over the
enteral route and should be reserved for the patient who
is vomiting or unable to take oral fluids. Discussion of
the optimal dose has been covered previously.

ANTICHOLINERGIC AGENTS

Ipratropium bromide (a quarternary derivative of
atropine) has been shown to produce benefit when used
with (32-agonists in very severe asthma attacks.112'92'113

It is thought to act mainly on the larger airways91 and
therefore complements the action of |32-agonists, which
may have a more peripheral action. In a very severe attack,
ipratropium bromide (125-250 |xg per dose) should be
administered with a 32-agonist every 20 minutes for the
first hour and every 4 hours thereafter, by MDI and
spacer, or by nebulizer.

FLUID REPLACEMENT

Mild dehydration is common in patients with severe
asthma and younger patients may have a significant fluid

deficit from a combination of poor intake prior to
admission, increased loss through the respiratory tract
and faster metabolism.114 Oral fluid replacement is nor-
mally adequate unless the patient is vomiting or in severe
respiratory distress. Intravenous fluid replacement should
be used judiciously because of the risk of precipitating
pulmonary oedema, since the high negative transpul-
monary pressure may lead to fluid accumulation around
the respiratory bronchiole.115 Normal saline or 0.45%
saline should be the fluid of choice and it is prudent to
restrict fluid administration to 70% of daily require-
ment. There should be a low threshold for the addition of
potassium chloride to the fluid as hypokalaemia may
accompany the use of p2-agonists.11U16'117

Optional treatment

Despite maximal recommended treatment, a small pro-
portion of patients will continue to deteriorate and a num-
ber of additional therapies have been used in an attempt
to avoid intubation and mechanical ventilation.

AMINOPHYLLINE

Aminophylline is a xanthine derivative that is postulated
to cause bronchodilation by mechanisms which include
modulation of intracellular calcium, prostaglandin antag-
onism, inhibition of phosphodiesterase effects on cyclic
AMP and (3-adrenergic receptor agonism. It has also been
shown to increase diaphragmatic contractility.118"120

Although in clinical use for over 50 years, there is poor
evidence to support its continuing use in mild to moder-
ate asthma as demonstrated in two meta-analyses.121'122

One study in very severe asthma suggested that the use of
intravenous aminophylline reduced the need for intub-
ation and mechanical ventilation.123 However there was a
significantly higher rate of adverse effects in the treated
group which was nearly nine times as likely as the placebo
group to discontinue treatment because of these effects.
Adverse events are closely related to serum concentration
of the drug124 and include irritability, nausea, vomiting
and diarrhoea with lower doses and cardiac arrhythmia,
hypotension, seizures and cardiac arrest with higher doses.
Intravenous aminophylline should therefore only be
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considered in patients who have not responded to oxy-
gen, nebulized and/or intravenous p2-agonists, nebulized
anticholinergics, corticosteroids and fluid replacement.
At this stage, mechanical ventilation is probably the best
option. Serum levels should be monitored and may vary
as a result of drug interactions. If used at all, this treat-
ment should be carried out in the setting of an intensive
care or high dependency unit where close monitoring
and rapid reaction to adverse events are available.

MAGNESIUM SULPHATE

There have been anecdotal reports of the use of slow
intravenous magnesium sulphate infusion in severe asthma
for over 60 years but clinical trials show conflicting evi-
dence of benefit.125"132 A meta-analysis of seven trials,
two in children, showed no significant benefit from the
use of magnesium sulphate overall but subgroup analysis
suggests possible benefit when used in very severe
asthma.133 It is not clear how magnesium sulphate exerts
its therapeutic effect but postulated mechanisms include
inhibition of calcium channels through plasma mem-
branes, decreased acetylcholine release at neuromuscular
junctions and effects on adenosine triphosphatases. A
response is said to occur within minutes and the effect lasts
for up to two hours. A wide range of doses has been used
and the drug is well tolerated if given by slow intravenous
infusion. Side effects are minimal and include flushing
and mild sedation. Large doses may cause hypotension
and loss of deep tendon reflexes.

HELIOX

Blends of helium and oxygen in ratios of 60:40,70:30 and
80:20 are less dense than air and are said to reduce resist-
ance to gas flow and thereby reduce the work of breath-
ing, potentially retarding the progression of respiratory
failure. It can be delivered by a tight-fitting face-mask or
through a ventilator circuit in mechanically ventilated
patients. There is conflicting evidence of its value in severe
asthma134"139 and until clinical trials can clearly demon-
strate a benefit, few would recommend its use.

Treatment in the intensive care unit

The vast majority of patients with severe asthma respond
to emergency room treatment and will either be admitted
to a general paediatric ward or discharged home. Patients
in status asthmaticus - defined as progressive worsening
of an asthma attack and respiratory failure not respond-
ing to standard treatment - need admission to an inten-
sive care unit. Early transfer to an intensive care unit is
recommended in the following situations.

History of previous attack resulting in ITU admission.
Some patients have a pattern of attacks characterized by
rapid deterioration in respiratory function during an
attack.125 Close monitoring and intensive treatment may

prevent progression to respiratory failure and mechan-
ical ventilation.

Arterial carbon dioxide tension >6kPa (45 mmHg) or rising
at more than 1.5kPa/h (10 mmHg). During an acute
attack, increased ventilation, driven by hypoxia and by
mechanical factors, usually leads to lower than normal
values of PaCO2. Although PaCO2 levels do not correlate
well with the degree of airway obstruction, levels above
normal occur when the FEVj is less than 20% predicted.105

PEF or FEVj <33% predicted. Most children with severe
asthma cannot perform pulmonary function tests reli-
ably (the majority of children admitted to hospital are
below 6 years old), especially when acutely ill. They are
more useful as indicators of response to therapy during
recovery.

Arterial oxygen tension less than 8 kPa (60 mmHg) despite
oxygen therapy. As discussed above, hypoxia is common
during an attack but is usually easily corrected. In the
absence of an air leak, persistence of hypoxia suggests
gross ventilation perfusion mismatch due to a combin-
ation of hyperinflation and segmental atelectasis.

Depressed conscious level This is usually the end result of
persistent hypoxia and exhaustion, occurs late in the
course of an attack and may be a prelude to cardiorespi-
ratory arrest.

Metabolic acidosis. May occur in very severe attacks and
is thought to be a result of renal bicarbonate loss, tissue
hypoxia and the side effects of p2-agonist treatment.
Acidosis together with hypercapnia and hypoxia depresses
cardiovascular function and could lead to cardiorespira-
tory arrest.

Pneumothorax orpneumomediastinum. Although uncom-
mon, should either of these occur, treatment should take
place in the intensive care unit.

Basic therapy which was started in the emergency
room should be continued unless the patient requires
mechanical ventilation immediately. A nasogastric tube
should be placed to empty the stomach and the patient
should have at least two points of venous access. An
indwelling arterial catheter will facilitate continuous
monitoring of blood pressure and allow repeated arterial
blood gas sampling.

INTUBATION

The need for mechanical ventilation is relatively rare and
most paediatric intensive care units will only ventilate a
handful of patients each year. Consequently there is a
paucity of controlled data on ventilatory strategy in the
management of these patients. Practical aspects of intub-
ation and mechanical ventilation have recently been
reviewed.140 The following section is based on a sum-
mary of a number of review articles on the management
of patients in status asthmaticus.141""143 The decision to
initiate ventilation should be made early rather than late.
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Apart from cardiorespiratory arrest, there are no absolute
indications for ventilation and the decision to intubate is
usually based on a subjective assessment by the clinician
that maximal pharmacological treatment has failed to
relieve respiratory distress and that respiratory failure is
imminent.

Rapid sequence intubation should be carried out by
an experienced physician who is aware of the particu-
lar dangers of intubating a patient with severe asthma.
Instrumentation of the airway can provoke pharyngeal
and laryngeal reflexes leading to laryngospasm and pre-
treatment with atropine and a local anaesthetic to the
hypopharynx is advisable.

Sedation with morphine should be avoided because of
the risk of histamine release worsening bronchospasm.
The sedative drug of choice is ketamine hydrochloride
l-3mg/kg, an intravenous anaesthetic that has some
bronchodilating properties in addition to sedative and
analgesic effects. Ketamine is a dissociative agent and it
is advisable to add a benzodiazepine like midazolam or
lorazepam to counteract its well-described dysphoric
effects. A short-acting muscle relaxant like succinylcholine
or rocuronium should be used during intubation.

Oral intubation is easier than nasal intubation and a
cuffed endotracheal tube should be used if available.
Ventilatory strategies in asthma involve very high gas
flows and it is important to choose the largest appropriate
endotracheal tube to reduce tube resistance. This has the
added benefit of facilitating suctioning of the airway. One
of the risks of intubation in severe asthma is cardiovascu-
lar instability due to a combination of worsening lung
hyperinflation, relative hypovolaemia and sedation, all of
which may affect venous return and left ventricular filling
pressure. This may require cardiovascular support with
fluid boluses and administration of inotropic agents.

VENTILATORY STRATEGY

In the presence of severe airway obstruction, the challenge
in ventilating a severe asthmatic is to relieve hypoxia
and reduce hypercapnia and respiratory acidosis without
causing barotrauma or exacerbating lung hyperinflation.
Mechanical ventilation is effective at reducing hypercap-
nia but its primary role is to provide sorely needed rest to
fatigued respiratory muscles while pharmacological
agents reverse bronchoconstriction. The over-riding pri-
ority therefore is to minimize the risk of iatrogenic lung
injury. A number of ventilatory strategies have been put
forward but there are no controlled trials that would help
to choose between them. In general, volume controlled
ventilation is preferred initially with a low respiratory
rate (approximately half the normal rate for the child's
age) with a short inspiratory time and I:E ratio of 1:3 to
1:6 to facilitate passive expiration and reduce the risk of
lung hyperinflation. Tidal volumes of 6-10 ml/kg will
limit inspiratory pressure and avoid barotrauma. A lower
minute ventilation is feasible with the acceptance of

permissive hypercapnia (PaCO2 up to 8 kPa or 60 mmHg)
so long as the pH is maintained above 7.2. Positive
end-expiratory pressure (PEEP) should be kept low
(0-3 cmH2O) to avoid exacerbating lung hyperinflation.
As bronchoconstriction improves, PEEP can be increased
to aid oxygenation. If there is a large leak around the
endotracheal tube or if the inspiratory pressure generated
during volume controlled ventilation exceeds 40 cmH2O,
pressure control ventilation should be considered. A
maximal peak inspiratory pressure of 35-40 cmH2O,
PEEP of 0-3 cmH2O and rate of 10-15 breaths per minute
would be reasonable initial ventilator settings. When air-
way obstruction begins to lessen, inspiratory pressures
can be reduced and support ventilatory modes like vol-
ume support or pressure support can be used to wean the
patient off the ventilator.

In addition to assisted ventilation, endotracheal intub-
ation will allow clearance of airway secretions that con-
tribute significantly to airway narrowing. In very severe
cases, bronchoscopic lavage has been used to clear secre-
tions in the airway. Instrumentation of the airway may
however provoke bronchospasm and pre-treatment with
topical anaesthetic is usually needed.

SEDATION

Patients on mechanical ventilation need to be sedated
and given a muscle relaxant during the initial phase of
ventilation to allow rest and to prevent patient/ventilator
asynchrony. Sedation with benzodiazepines (midazolam,
lorazepam) and analgesia with ketamine are usually
adequate. Ketamine has the theoretical advantage of pro-
viding sedation and a small degree of bronchodilation.

Muscle relaxation is best achieved with a continuous
infusion of a non-depolarizing agent like vecuronium
2-4 mg/kg/min. Prolonged use of muscle relaxants in
the presence of high-dose steroids is occasionally associ-
ated with muscle weakness, myopathy and neuropathy.
Intermittent discontinuation of muscle relaxation may
reduce the likelihood of these complications.

UNUSUAL TREATMENTS

There are anecdotal reports of agents used with some
success in ventilated patients resistant to normal treat-
ment. There are no controlled trials using these agents
and they may have significant adverse effects. Inhal-
ational anaesthetic agents like halothane and isofluorane
have been used with varying success. The effects are said
to be immediate and may provide some additional bron-
chodilation. However, hypotension invariably accom-
panies the use of anaesthetic agents and will need to be
treated with fluid boluses and inotropic support. Nitric
oxide has been used with some success in children but
data are too scanty to recommend this treatment. Methyl -
xanthines, magnesium sulphate and helium are considered
earlier.
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Discharge plans

When discharging patients from hospital a written treat-
ment plan similar to that recommended in the emer-
gency department is helpful. It should clearly indicate
arrangements for follow-up as already discussed. Despite
an overall increase in the prevalence of asthma, one study
has documented a fall in the number of children needing
admission or re-admission for mechanical ventilation,
possibly because of greater use of preventer therapy.153

Children who have had intensive care therapy for asthma
are at higher subsequent risk of a fatal attack.

Repeated studies have demonstrated a cluster of fea-
tures that distinguish children with severe (near-fatal)
asthma attacks.150'154 They include:

• teenage, male sex;
• severe, poorly controlled asthma;
• low compliance with inhaled corticosteroids and

excessive reliance on short-acting (32-agonists;
• recent admission to hospital (or ICU);
• delay in seeking medical help, despite adequate

warning signs;
• psychosocial factors in the family.

Identifying such children is only the first step in changing
their behaviour (Chapters 11 and 18).

FATAL ASTHMA

Childhood deaths from asthma are infrequent but a sig-
nificant number should be preventable.144 The Global
Initiative for Asthma (GINA), set a world-wide target to
reduce childhood asthma deaths by 50% over the 5 years
from 1998. Detailed analysis of childhood asthma mortal-
ity rates are plagued by the problems of insufficient data
from developing countries and variations in ascertainment
elsewhere, making cross-sectional comparisons difficult.
Nevertheless, following a period of increasing mortality in
the two decades from 1970-1990, there is evidence of a fall
in mortality rate at least in the developed countries. Data
from England and Wales show an average 6% fall in deaths
in the 5-14 year age group from 1983 to 1995.145 A similar
pattern has been reported in Denmark146 and the United
States.147 Although these are encouraging trends, it has to
be recognized that there was a significant increase in mor-
tality prior to this and that the crude mortality rate
remains higher than in the early 1970s. Fatal asthma in
childhood has recently been reviewed.148

The relatively small number of childhood deaths from
asthma and variations in reporting between countries,
reduces the likelihood of identifying risk factors for fatal
asthma in children. There is some consensus that fatal
asthma in children is rare in the very young, is usually
very rapid (less than 2 hours) in onset, occurs in children
who are not under secondary care (and whose asthma

has not been previously recognized as very severe), who
are under-treated with inhaled corticosteroids and whose
compliance with therapy is poor.149"153 There is also a
small but distinct group of children with asthma that is
difficult to control and who have had significant chronic
problems including previous mechanical ventilation,
admission to an intensive care unit and psychosocial
problems.149'150 Corticosteroid resistance could be a spe-
cific additional factor.155

Additional factors thought to contribute to fatality in
these patients include failure to appreciate the severity of
the attack, increased exposure to allergens that precipi-
tate the attack and a blunted response to hypoxia and
hypercapnia in chronic poorly controlled patients. It is of
note that fatal attacks often appear to be extremely rapid
in onset (less than 1 hour in many cases) and, unlike most
severe episodes, not preceded by an obvious upper respira-
tory tract infection. Some occur in apparently mild
asthma, raising the possibility of 'pulmonary anaphyl-
axis'. However, in a large adult series, absence of a self-
management plan and failure to use steroids in the attack
distinguished fatal from severe asthma.156 One cannot
draw inferences about fatal asthma from 'near-fatal' (i.e.
mechanically ventilated) patients.150
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INTRODUCTION AIRWAY OBSTRUCTION

A number of conditions other than asthma can result in
recurrent wheezing in children. These are principally due
to congenital malformations or functional defects which
cause disturbed breathing patterns leading to secondary
small airway obstruction. Asthma itself is a common dis-
ease in childhood and can potentially complicate any other
respiratory condition however caused. The major struc-
tural and developmental conditions resulting in recurrent
wheeze are set out in Table 13a.l.

Table 13a.1 Structural conditions leading to
recurrent wheeze

Upper airway problems
Pierre Robin sequence
Choanal atresia or stenosis
CHARGE syndrome
Vocal cord paralysis- unilateral or bilateral

Subglottic or tracheal stenosis

Large airway obstruction
Tracheomalacia/bronchomalacia
Vascular ring; pulmonary artery sling
Enlarged mediastinal glands/bronchogenic cyst

Congenital anomalies of the lungs
Pulmonary agenesis or hypoplasia
Congenital lobar emphysema
Cystic adenomatoid malformation
Lobar sequestration

Upper airway obstruction

Congenital malformations leading to marked upper air-
way obstruction can cause recurrent cough and wheeze
secondary to aspiration into the lungs during feeding.
Infants in particular have difficulty in breathing and
sucking adequately at the same time. This leads to failure
to thrive and the need to increase nutrition becomes
more important. Difficulty in coping with the volume of
feed in association with upper airway obstruction results
in coughing, spluttering and inhalation of feed into the
lower respiratory tract. This situation is exacerbated by
the presence of other malformations such as cleft palate
or a neurological problem such as bulbar palsy. Examples
of these conditions are shown in Table 13a.l.

PIERRE ROBIN SEQUENCE

This condition classically comprises of micrognathia,
hypoglossia and cleft palate. Feeding difficulties are seen
in almost all cases but can be resolved after the airway
obstruction is relieved by the placement of a nasopharyn-
geal tube.1 If there is continuing in coordination of swal-
lowing then there is a definite risk of aspiration of
respiratory secretions and milk into the lungs. This will
result in recurrent episodes of wheeze and areas of patchy
consolidation on the chest x-ray. This situation gradually
resolves during the first six months of life as the mandible
grows forward and the airway obstruction is overcome.
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It is very important not to close the palate too early in
these children as this often results in recurrence of the
upper airway obstruction due to decreased space in the
posterior pharyngeal area.

CHARGE ASSOCIATION

Another major condition in which there are often very
severe problems in the upper airway, frequently associ-
ated with swallowing incoordination and severe gastro-
oesophageal reflux, is the CHARGE association.2'3 These
children have multiple anomalies from which the condi-
tion derives its name: C, colobomata of the eyes; H, heart
disease; A, atresia of the choanae; R, retarded growth and
development; G, genital hypoplasia in males; and E, ear
deformities. The choanal atresia is usually evident at birth
and there is also frequently a major feeding problem due
to neurologically determined swallowing incoordination
with or without significant gastroesophageal reflux. Many
of these children require fundoplication and gastrostomy
in order to control the reflux and to facilitate an adequate
calorie intake.3 Those who have the most severe airway
problems may need a tracheostomy to allow adequate
clearance of liquids, including milk, from the lungs and
also from the upper airway. These problems frequently
result in acute wheezy episodes with resultant lung infec-
tion if they are not adequately controlled. Patients with
CHARGE association have lifelong difficulties and need
careful long-term supervision.

VOCAL CORD PARALYSIS

Partial or complete paresis of the vocal cords leads to
spillover of saliva and milk into the lower respiratory tract
and is thus a potent cause of recurrent wheeze in infants.
If the cords are paralysed they usually take up a position
of mid-abduction. The paralysis can be unilateral or bilat-
eral depending on the underlying aetiology but unilateral
is more common. Bilateral palsy is frequent where there
is a lesion in the central nervous system (Table 13a.2).
Symptoms will include stridor and a weak cry, especially in
unilateral paralysis, and airway obstruction with respira-
tory difficulty, most often seen in those who have bilateral
cord palsy.

Diagnosis is by direct inspection under sedation or as
the child wakes from anaesthesia. Ultrasound examination

Table 13a.2 Causes of vocal cord palsy

Intracranial haemorrhage
Agenesis of cranial nerve nuclei
Encephalocoele
Arnold-Chiari malformation
Hydrocephalus
Trauma from intubation
Paralysis of recurrent laryngeal nerves
Generalized hypotonia

also contributes to the dynamic investigation of this prob-
lem. It is important not to splint the vocal cords with the
endoscope and to allow the patient to breathe spontan-
eously so that natural movements of the vocal cords can
be observed.

Treatment will depend on the severity of the lesion
and the related symptoms of aspiration, recurrent lower
respiratory tract infection and wheeze. Unilateral lesions
can often be managed conservatively and improve spon-
taneously with age. Bilateral palsies are much more likely to
result in more severe respiratory symptoms and lead to the
need for tracheostomy in order to prevent long-term lung
damage from recurrent aspiration. Specialized procedures
to improve cord function are best left until the patient is
fully grown. In extreme cases where recurrent aspiration
into the lungs is life-threatening, an epiglottopexy is per-
formed, but this results in permanent loss of voice.

SUBGLOTTIC STENOSIS

This condition is a complication of long-term intubation
in the preterm ventilated neonate. It is seen less frequently
nowadays as endotracheal tubes which are less traumatic
to the airway are used and attention is paid to ensuring
that a small leak exists around the tube so that local tissue
trauma is minimized. It is also seen as a congenital mal-
formation, probably due to failure of recanalization of the
subglottic area in the region of the cricoid cartilage.4 The
congenital form may not be apparent at birth but can
come to light during the first few weeks or months of life
when an intercurrent infection causes oedema and fur-
ther narrowing of the area which results in the child hav-
ing to be intubated for acute airway obstruction.

Symptoms from subglottic stenosis include stridor,
which is biphasic, and not infrequently wheezing, particu-
larly during infections such as bronchiolitis. This is sec-
ondary to retention of secretions and oedema in the small
airways. If stenosis is severe and airflow very limited, the
stridor may be almost inaudible. This is an extremely dan-
gerous situation as complete airway obstruction can occur
at any time, especially if attempts at intubation provoke
further oedema and airway narrowing.

Intra-thoracic airway obstruction

TRACHEAL STENOSIS

Tracheal stenosis can be short segment or long segment.
Long segment tracheal stenosis can involve circumferen-
tial narrowing caused by the presence of complete tracheal
rings throughout all or part of the trachea. In this circum-
stance there may be insufficient growth post natally thus
increasing large airway resistance with time. These chil-
dren are at special risk during intercurrent infections,
especially bronchiolitis, when the work of breathing is
increased and the intrinsic airway narrowing is worsened
by the accompanying tracheobronchial inflammation
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which is part of the illness. Some children with tracheal
stenosis have either a long narrow trachea (stovepipe tra-
chea) or one which becomes increasingly narrow towards
the carina (funnel trachea). One important radiological
sign of a narrowed lower trachea is widening of the sub-
carinal angle. This feature is also seen with a bronchogenic
cyst sited just below the carina.

All of these conditions are very difficult to treat espe-
cially in the early months of life. Tracheal reconstruction is
possible in short segment stenosis, but much more diffi-
cult in long segment disease. Various procedures have been
tried in a number of children although thus far none has
been universally successful. These include the insertion of
a Teflon patch or rib graft to enlarge the diameter of the
airway, placement of a pericardial patch to open up a seg-
ment of the trachea thus increasing its size, and external
splinting with various materials or internal stenting.

TRACHEO MALAGA

Tracheomalacia may be localized, usually due to extrinsic
compression such as, for example, by a pulmonary artery
sling, or in relation to a tracheo-oesophageal fistula with
oesophageal atresia. Wheezing is particularly common in
this second group of patients, having been reported as a
problem in up to 40% of cases on long-term follow-up.5

Tracheomalacia can also be generalized affecting the
trachea throughout most of its length and sometimes
spreading into the major bronchi (bronchomalacia). These
changes result in stridor and persistent cough. There is
often retention of secretions from the lower airways dur-
ing expiration due to dynamic airway compression and
during coughing because of the soft tracheal cartilage. This
results in recurrent wheeze, especially during respiratory
infections. Radiological imaging of the airway is import-
ant to assess the level and degree of involvement. This
should include a barium swallow looking for oesophageal
indentation by a vessel lying between the oesophagus and
trachea.6 Most children will also require ultrasound and
bronchoscopy in order fully to assess the nature and extent
of the lesion. Nowadays CT scan can contribute signifi-
cantly to the localization of the lesion and a dynamic
tracheobronchogram may also be particularly useful.7

Surgical treatment is usually indicated where there is a
structural lesion such as a tracheo-oesophageal fistula or a
vascular ring. If there is a very short segment of intrinsic
tracheomalacia this can also be surgically corrected by
resection and anastomosis. Longer segments and particu-
larly those involving the major bronchi are much more
difficult to correct although various procedures to splint
or enlarge the trachea have been described.

These have only been used in small numbers of cases
with limited success. If the disease involves a longer section
of the trachea and is causing problems, then an aortopexy
can be helpful. This involves moving the aorta forward
and stitching it to the back of the sternum, thus splint-
ing the trachea in a more forward and stable position.

When the tracheomalacia is severe and not responsive to
conservative treatment, a tracheostomy can be useful in
order to splint the airway internally until it has grown
large enough to be self-supporting. A very small number of
cases require extended periods of positive pressure ventila-
tion during this time and this too is facilitated by the pres-
ence of a tracheostomy. The introduction of a tracheal
stent has also proved helpful in a number of cases.

VASCULAR ANOMALIES

A number of vascular anomalies occur in the area of the
lower trachea which result in tracheal compression and
secondary wheezing. These broadly comprise two types
(Table 13a.3): vascular rings in which there is complete
encirclement of the trachea and oesophagus, such as by
a double aortic arch, or a vascular sling where the left
pulmonary artery arises anomalously from the right pul-
monary artery and takes an aberrant path between the
trachea and oesophagus. In a small number of cases there
is compression of the anterior wall of the trachea by an
anomalous innominate artery arising early from the
aorta. This produces direct pressure and is not a true ring
constriction as such. Although these lesions often result
in stridor secondary to the pressure on the tracheal wall,
wheezing is also a common associated feature. This is
again due to the fact that airway clearance of secretions is
impaired which results in small airway obstruction and
tends to prolong resolution of lower respiratory tract
infection. Symptoms due to oesophageal compression
are uncommon despite the associated vascular compres-
sion of the oesophagus itself. Radiological investigation
including posteroanterior and lateral chest x-rays, filter
view of the large airways, barium swallow and echocar-
diography.6 Some cases require CT scan of the chest and
occasionally magnetic resonance imaging is necessary to
show the anomaly. Angiography is not usually required
in straightforward cases but may be necessary where the
underlying anatomy is thought to be complex.

Treatment is surgical and involves division of the ring,
leaving the major vessel as the aortic supply, or rerouting
of the anomalous pulmonary artery.8 The localized seg-
ment of tracheomalacia gradually improves with time
once the compression has been removed. The long-term
outcome is usually excellent.

Table 13a.3 Vascular anomalies causing tracheal

compression

Double aortic arch
Right aortic arch with left patent duct arteriosus or
ligamentum arteriosum

Aberrant right subclavian with patent ductus arteriosus
or ligamentum arteriosum

Aberrant left pulmonary artery
Anomalous innominate artery
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ENLARGED GLANDS OR CYSTS COMPRESSING
THE TRACHEA

Enlarged glands in the mediastinum can occur because
of non-specific inflammation, tuberculosis (TB) or sarcoi-
dosis. A bronchogenic cyst can also produce an identical
picture and should be considered when recurrent wheeze
is seen in association with large airway narrowing.9

If these compress the carina and large airways then
retained secretions and associated inflammation distally
will result in wheeze. The most specific condition result-
ing in this problem is TB which is often associated with
airway compression leading to overinflation or collapse-
consolidation. Treatment consists of identification of
the underlying problem and specific drug treatment if
available.10 Surgical intervention is indicated for both
diagnostic and therapeutic reasons if the diagnosis cannot
be made by other means. If the problem is due to non-
specific gland enlargement or a bronchogenic cyst then
this approach will result in complete resolution.

DISORDERS OF LUNG DEVELOPMENT

Pulmonary agenesis/hypoplasia

Pulmonary agenesis can sometimes be asymptomatic,
only coming to light on an incidental chest x-ray. It is,
however, often associated with other tracheobronchial
anomalies involving the contralateral lung. The most fre-
quently seen comprise complete tracheal rings and sten-
osis or malacia of the other main bronchus. There is also
an association with pulmonary artery sling which again
results in compression of the lower trachea.

All of these anomalies cause marked bronchial nar-
rowing and retention of secretions in the small airways,
especially during infections. Vigorous attempts at tracheo-
bronchial suction lead to oedema and further narrowing
of a compromised airway. Severe wheeze during acute
infection can be life-threatening, especially in the presence
of gross hyperinflation. Sometimes external compression
of the chest to push the air past the obstruction is the only
way to reduce the residual lung volume to more physio-
logical levels. These infants have a poor prognosis and can
only survive if the airway can grow sufficiently to over-
come the high airway resistance associated with the crit-
ically reduced diameter.

Isolated pulmonary hypoplasia can occur without
complication and may present as apparent 'unilateral over
inflation' of the opposite lung in a wheezy child with
asthma. Investigation usually reveals a small lung with a
pulmonary artery which is also correspondingly small on
ultrasound. Such children do not have major problems
and do not develop pulmonary hypertension. Unilateral
hypoplasia can also be associated with other congenital
malformations such as diaphragmatic hernia where there

has been intrauterine compression of the lung. The degree
of hypoplasia will depend on the gestation at which com-
pression began and on the size of the lesion. Those with
large defects often have major neonatal respiratory prob-
lems and require extended periods of ventilation. This,
plus the fact that the airways do not develop normally,
often results in persistent wheezing in infancy.

A specific condition of hypoplasia affecting the right
lung and resulting in wheezing is the 'Scimitar' syndrome.} *
This consists of hypoplasia in association with sequestra-
tion of the right lower lobe which is fed by an anomalous
arterial supply usually from the descending aorta. The ven-
ous system drains to the right atrium or inferior vena cava.
This abnormal vein gives a scimitar shaped shadow on
the chest x-ray from which the syndrome derives its
name. Treatment now consists of embolization of the
abnormal arterial supply. The outcome is variable; some
children having relatively few problems while others have
impaired lung function including significant problems
with wheeze. Significant lung damage caused by infection
due to the high blood supply may result in bronchiecta-
sis for which the treatment is right lower lobectomy.

Congenital lobar emphysema

This congenital malformation of the lung can present
infancy with lobar overinflation leading to adjacent lung
compression with small airway obstruction and recurrent
wheeze. The symptomatic infant is usually tachypnoeic,
hypoxic and distressed. Difficulty in feeding because of the
respiratory problem leads to failure to thrive. Milder cases
cause few or no symptoms and may be identified inciden-
tally on a chest x-ray. It usually affects the upper lobes or
right middle lobe in 95% of cases.12 Anteroposterior and
lateral chest x-rays, ventilation/perfusion lung scan and
CT scan of the chest are required for diagnosis. Fourteen
per cent have an associated cardiac lesion so this too
should be carefully sought. Treatment of symptomatic
cases is by surgery to remove the affected lobe if it is non-
functional. Those cases where the ventilation/perfusion
scan does not show major functional impairment or where
the other lobes can be seen to be working satisfactorily can
be treated conservatively. Where surgery is not under-
taken the long-term prognosis is usually good and is asso-
ciated with improving lung function with time.13

CHEST WALL ANOMALIES

The calibre of the small airways is dependent on lung
volume which is maintained by a balance between the
outward recoil of the chest wall and the inward pull of
the elastic tissue within the lung itself. If this balance
is disturbed, for example by softening of the ribs or
weakness of the intercostal muscles due to neuromuscular
disease, then lung volume will fall and small airway
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Table 13a.4 Chest wall problems causing recurrent wheeze

Rickets
Metabolic bone disease of preterm infant
Spinal muscular atrophy
Myotonic dystrophy
Congenital muscular dystrophy
Myasthenia gravis
Poliomyelitis
Postinfectious polyneuritis (Guillain-Barre syndrome)

calibre will decrease. This results in an increased ten-
dency to wheeze.

If the underlying problem is a generalized neuromus-
cular condition there may be dysphagia leading to recur-
rent aspiration of fluid or food into the lungs which may
result in wheezing (Table 13a.4). Treatment depends on
whether the condition is primary or secondary. If it is
primarily inherited and usually fatal such as the severe
form of spinal muscular atrophy (Werdnig-Hoffmann
disease) then treatment will be symptomatic. If the condi-
tion is secondary, for example, to rickets, then appropriate
dietary supplementation with vitamin D will result in cor-
rection of the underlying defect. The ultimate prognosis
therefore depends on the basic problem, its severity and its
duration before corrective measures are taken.

ASTHMA UNDERLYING OTHER DISORDERS

Structural and developmental disorders

Children with any of the above problems may well develop
asthma in addition. When asthma does complicate these
or indeed any other respiratory condition, it is important
to recognize its presence and its contribution to the over-
all symptomatology.

Treatment will be by conventional measures but it
must be realized that if there is an underlying structural
defect leading to reduced airflow then asthma treatment
will only be partially successful in overcoming the prob-
lem. There is a danger of over treatment with steroids in
an attempt to treat partially irreversible airway obstruc-
tion, for example in obliterative bronchiolitis. It is also
important to search for other causes of wheezing in the
apparently intractable asthmatic since these can compli-
cate the illness and its treatment. An example of this situ-
ation would be a child with gastroesophageal reflux in
association with underlying asthma (Chapter 7c).

Fortunately many congenital malformations causing
persistent symptoms in infancy are nowadays amenable
to surgical correction or improve with age as the airways
naturally increase in size. Children with these problems
who survive the early part of life usually therefore have a
relatively good prognosis providing that the underlying
problems are recognized and treated appropriately.

Cystic fibrosis

Wheezing is common in patients with cystic fibrosis (CF).
It is reported as a problem in approximately 50% of
those with the illness.14 The aetiology in CF is multifactor-
ial and apart from bronchospasm itself, includes factors
such as mucous plugging, localized oedema and distortion
of airway architecture secondary to bronchial wall thick-
ening and long-term inflammatory damage to small air-
ways. Studies of airway responsiveness in CF have shown
that this is variable and that a significant minority may
bronchoconstrict due to changes in small airway tone.
Many CF patients, however, do benefit from chronic bron-
chodilator therapy. It is important to demonstrate that the
response is indeed beneficial before starting long-term
treatment on a regular basis. Atopic asthma itself is
probably no more common in CF than in the population
at large but in many of these children exercise-induced
wheeze can limit normal physical activities. This of course
can be blocked in the usual way with the use of beta
agonists or cromoglycate inhaled beforehand. Some
patients with CF present with RSV bronchiolitis15 and this
too can contribute to recurrent wheeze.

Inhaled steroid therapy to control wheezy symptoms in
CF children is very important both in terms of true asth-
matic symptoms but also in the inhibition of the major
inflammatory response which occurs when the patient is
chronically colonized with pathogens such as Staphylo-
coccus aureus or Pseudomonas aeruginosa.16 The control
of wheeze in the CF patient with advanced disease is one
of the most important clinical challenges in this disease
although the precise therapeutic role of inhaled steroids
in this condition has yet to be determined.17

MISCELLANEOUS DISORDERS

Vocal cord dysfunction (VCD)

Vocal cord dysfunction (VCD) is an important cause of
wheezing in childhood. It occurs due to paradoxical clos-
ure of the vocal cords on inspiration which can result in
wheezing virtually indistinguishable from bronchocon-
striction in the lower airways typical of asthma. In many
cases true asthma also occurs at the same time. Ideally
fibreoptic larygnoscopy should be performed to demon-
strate the acute closure of the cords during exacerbations
of wheeze.

The condition is most commonly seen in mid to late
childhood especially in girls. In a number of cases it is
a reflection of stress related external influences such as
school examinations, family and other emotional distur-
bances.

Patients with this disorder are often unresponsive to
bronchodilator therapy and steroids either inhaled or
oral. Between attacks if there is no wheezing auscultation
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Figure 13.a.1 Full inspiratory and
expiratory maximum flow-volume loop
in a girl with vocal cord dysfunction
syndrome. The striking intermittent and
variable ('saw-tooth') pattern on
inspiration was poorly repeatable from
blow to blow.

of the chest is normal. In pure VCD lung function tests
may be entirely normal between episodes. During acute
attacks, oxygen saturation is normal, but lung function
tests can be very revealing. Spirometry should include
forced inspiration as well as expiration, revealing vari-
ability from blow to blow, with a saw-toothed inspiratory
flow-volume curve (Figure 13a.l).

Treatment consists of a thorough evaluation of the
patient's lung function, psychological status, ENT review
and a critical evaluation of drug therapy for asthma. The
treatment is mainly psychological with emotional sup-
port although breathing exercises and speech therapy
may be helpful in some cases. Unless there is concomitant
asthma the drugs which are normally used in this situ-
ation should be actively discontinued.18

Other forms of dysfunctional breathing may coexist
with asthma.25

Eosinophilic lung disorders

These represent a number of rare conditions in childhood
in which there is chronic pulmonary eosinophilic infiltra-
tion. This may be associated with cough, wheezing breath-
lessness, intermittent pyrexia and failure to thrive. There
may be patchy nodular infiltrates throughout the lungs on
chest x-ray, although these are not always present.

The condition may be associated with anaemia and
increased eosinophils in the peripheral blood count
although not in all cases. Lung biopsy is indicated in those
with severe disease and demonstrates intra-alveolar and
interstitial infiltrates with inflammatory cells including
lymphocytes, macrophages and particularly eosinophils.

Treatment is with oral corticosteroids which are effect-
ive in the majority of cases. They may however need to be
continued for many months for resolution of symptoms.
This condition has been associated with nitrofurantoin

therapy and has also been seen in patients with beta-
thalassemia major who were receiving desferrioxamine.19

Pulmonary eosinophilia can occur in association with
parasitic infection, particularly with organisms such as
Toxocara gondii, Ascaris lumbriocoides and Strongyloides
stercoralis. Toxocara is the most common agent seen in
clinical practice in the UK. Treatment is with appropriate
anti-parasitic agents for each organism.

Churg-Strauss syndrome is an extremely rare eosino-
philic vasculitis which has raised interest recently because
of its unmasking during leukotriene receptor antagonist
therapy in adults. There are few reports in childhood.20

Sickle cell disease

The relationship between asthma and sickle cell disease
is controversial. Studies have suggested that broncho-
dilator responsiveness21 and airway reactivity (to cold-air
challenge)22 are significantly greater in children with
homozygous sickle cell disease than in appropriate con-
trols, although the prevalence of clinical asthma is no
more common.23

Acute chest syndrome may be accompanied by wheez-
ing and although a trial of inhaled bronchodilator therapy
is recommended in this situation, its efficacy is small24 and
has never been subjected to formal clinical trial.
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INTRODUCTION

A small proportion of infants born prematurely and receiv-
ing intensive respiratory support are left with extensive
obstructive airways disease (bronchopulmonary dyspla-
sia, BPD).1 There are, however, a much greater number
of infants, particularly born at very early gestations, who
remain oxygen dependent beyond 28 days after birth
(chronic lung disease (CLD)). Infants who have had either
BPD or CLD or were simply born at an early gestation
have recurrent respiratory symptoms and lung function
abnormalities at follow-up which are similar to early
childhood asthma. The role of this chapter is to review
the information on the incidence of those abnormalities,
examine critically possible aetiological factors and assess
methods of treatment and prevention.

CLINICAL FEATURES

Symptoms

In the first two to three years of life, preterm infants suffer
from both cough and wheeze.2'3 In the majority of infants
these symptoms are not continuous, but can occur on at
least 2-3 days per week.4 The symptoms are often precipi-
tated by infection, aggravated by parental smoking and
can temporarily remit either spontaneously or in response
to bronchodilator therapy.2,3,5

Residual respiratory problems have been frequently
reported in preterm infants following discharge from

neonatal intensive care.6"9 A prospective study4 high-
lighted that approximately 50% of infants had lower
respiratory symptoms in the first year of life. The preva-
lence does initially decrease with increasing postnatal age,
less than half of the infants symptomatic in the first year
of life had recurrent problems in the second year,10 but
approximately 33% of VLBW infants continue to wheeze
and/or cough throughout their preschool years.11 At school
age prematurely born infants are more likely to have
respiratory symptoms than classroom colleagues born at
term.12'13 Although one study13 found no excess of wheeze
in low birth weight children compared with a reference
group of school-children, in another, VLBW children at
8-9 years were noted to be more likely to use inhalers,
be absent from school or require admission to hospital
because of respiratory illness.14 A recent prospective
follow-up study15 of ninety-six 7-year-old children born
preterm and 108 term born controls found that 30% of
those with BPD, 24% of those born preterm but without
BPD and only 7% of the term control children had recur-
rent wheezing. In addition, both gestational age and birth
weight have been reported to be independent risk factors
for wheezv bronchitis.16

Lung function abnormalities

Plethysmographic studies performed in the first year of
life have demonstrated that infants born preterm, regard-
less of symptom status, have an elevated airway resistance
in comparison to reference ranges from infants born at
term.17'18 The abnormality is particularly marked in pre-
term infants with recurrent symptoms and is associated
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with an elevated thoracic gas volume and low functional
residual capacity (FRC).19 This combination of lung func-
tion abnormalities suggests gas trapping; in the preterm
infants it is reversed by bronchodilator therapy.20 Despite
improvements with age, lung function abnormalities can
often be detected in school-aged children and older born
of low birth weight and/or prematurely. Children aged
8 years, who following premature birth had required
ventilation, were found to have lower values for specific
conductance and a greater increase in FEY^ after salbuta-
mol than non-ventilated children. They had a history of
wheezing and recurrent respiratory illnesses; suggesting
an increased tendency to reversible airway obstruction.21

Other studies15,22 have suggested lung function abnor-
malities at school age are only present in prematurely
born children who had BPD/CLD. In a recent large
prospective study,15 although the mean FVC and FEVj
results were significantly reduced in 7-year-old children
who had had BPD, there were no significant differences
in lung function results between those born preterm but
without BPD and those born at term. A study of fifteen
10-year-old children who had severe BPD requiring
home oxygen therapy for up to 3 years22 found them to
have significantly reduced FEVi results compared with
both preterm and term control children. The investiga-
tors also showed a strong (r = —0.84) inverse relation-
ship between the percentage predicted FEV"! and the
duration of supplemental oxygen therapy. A recent
report of 11-year-old children of VLBW also implicated
oxygen therapy as a major risk factor for reduced FEV!.23

Duration of oxygen therapy might be a surrogate for more
severe neonatal lung disease. Signs of airflow obstruction
affecting small airways can persist up to 15 years of age
in children who had had CLD,24 but others25 found no
significant differences in lung function at a mean of
15.7 years between 164 VLBW infants and controls born at
term and matched for gender, parity, place and date of
birth. The prevalence of chronic obstructive pulmonary
disease in a cohort of 70-year-old men, however, was
associated with lower birth weight as well as respiratory
illness in infancy.26

Hospital admission

The risk of re-admission is increased for all VLBW
infants, being ten times greater than for infants born
at term, but the CLD infants have double that risk.10

The primary reason for admission was lower respiratory
tract infections, particularly due to RSV. A recent study15

found that 53% of infants with BPD were re-admitted
to hospital in the first 2 years of life, compared with
26% of those born before 32 weeks' gestation but with-
out BPD and 3% of term-born controls. Parental smok-
ing in symptomatic preterm infants has been shown
to be associated with a significant longer duration of
admission.4

Table 13b.1 Risk factors for respiratory symptoms in
children born prematurely

• Prematurity
• Low birth weight
• Mechanical ventilation
• Respiratory distress syndrome
• Bronchopulmonary dysplasia/chronic lung disease
• Family history of atopy
• Viral infections
• Passive smoking

RISK FACTORS (TABLE 13B.1)

Prematurity

Preterm birth, per se, seems an important factor in the
development of symptoms and lung function abnormal-
ities. Comparison of two groups of infants living within
the same geographic area and of similar socio-economic
background, demonstrated that 65% of infants born
preterm had respiratory problems in the first year of life,
compared with only 33% of those born at term.4 Infants
born preterm, regardless of the need for respiratory sup-
port or development of respiratory distress, have lung
function abnormalities in the first year of life such as ele-
vated airways resistance when compared with published
reference ranges for term infants.17'27 The data on lung
function in later childhood are less consistent. In one
study,21 at approximately 9 years of age, FEVj and specific
airway conductance were lower in infants born preterm,
with or without respiratory distress (RDS), compared with
children born at term. There were, however, no differences
in lung function at the age of 7 between 53 children born
before 32 weeks' gestation who did not develop BPD and
108 term born controls.15

Low birth weight (LBW)

Bowman and Yu28 documented a 48% incidence of wheeze
in extremely low birth weight infants which compared
unfavourably with an 8% incidence of wheezing in term
infants reported in a separate study from Melbourne. At
7 years of age, compared with unselected school-children,
LBW infants had significantly reduced FEV^9 which was
closely associated with low birth weight, but not oxygen
treatment, mechanical ventilation or neonatal respira-
tory illness. Birth weight was a significant predictor of a
low FEV! in a recent study of VLBW infants.23

Artificial ventilation

Abnormalities of airway resistance have been detected
at follow-up amongst infants ventilated in the neonatal
period, but not in those who received oxygen alone.17
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Comparison of preterm infants who did and did not
require respiratory support30 demonstrated more symp-
tomatic infants and severe lung function abnormalities in
the former group, the difference, however, was only found
in infants who required mechanical ventilation and not
those who were only oxygen dependent.30 Those data,
however, do not exclude an effect related to the severity
of the respiratory distress.

The level of neonatal respiratory support may have
a temporary effect on subsequent lung function. We
reported30 differences between groups were present at
6 months of age, but not at 1 year. The evidence for a
persisting effect of ventilation on lung function at school
age is conflicting. In one study,31 although airway respon-
siveness at 7 years in LBW children was twice as common
as that found in a random sample of school-children, it
was not associated with any perinatal variable including
respiratory support.31 In addition, Chan et al.32 found
reduced lung compliance and increased thoracic volume
in very LBW infants examined at 9 years of age, but
the abnormalities did not significantly correlate with a
requirement for neonatal mechanical ventilation. In a
population-based study,14 however, comparison of 300
VLBW children to 590 controls aged 8-9 years demon-
strated that the former had lower FVC and were twice
as likely to have signs of obstructive disease and excessive
induced bronchospasm. Those abnormalities were asso-
ciated with prolonged ventilatory support as well as RDS
and a requirement for more than 40% supplementary
oxygen. In addition, abnormalities of FEVl5 FEV\/FVC
and PEF correlated with days of neonatal ventilatory
support at 11 years of age.33

Respiratory distress syndrome (RDS)

There is a significant influx of inflammatory cells into
the airways of infants with RDS and BPD (see below).34

Mediator release from neutrophils can increase airway
hyperreactivity.35 At 8-14 years, children who had had
RDS had lower FEVj and higher resistance than gesta-
tional age and gender matched controls without RDS.36

Bronchopulmonary dysplasia/chronic
lung disease

CLD infants have airway smooth muscle hypertrophy
and respond to bronchodilators even while on the NICU.
More than 50% of non-selected premature infants were
symptomatic in the first year after birth and approxi-
mately 33% affected in the second year,4 but 85% of infants
who developed CLD had symptoms in the first 2 years
after birth.37 Oxygen dependency beyond 28 days of life,
regardless of the development of BPD, is an important
risk factor for chronic respiratory morbidity.37 The occur-
rence of symptoms and lung function abnormalities at
follow-up being similar in two groups who were both

oxygen dependent at least until 28 days after birth, but
only one group had BPD as evidenced by classical chest
radiograph changes. Problems later in childhood, how-
ever, are more severe in those who had radiographic BPD
rather than clinical CLD.38,39

Family history of atopy

Bertrand et al.40 demonstrated that both the full-term
siblings and mothers of preterm children had a much
greater level of airway responsiveness than controls. They
suggested that irritability of uterine and airway smooth
muscle could act as a common pathway in the aetiology
of both premature labour and bronchial hyperrespon-
siveness in the mothers and their children, both full term
and preterm. Evidence of a weak association between
maternal asthma and preterm delivery has been repeated
elsewhere.38 Bertrand's study, however, was retrospective
and based on only a small number of children and a pro-
spective study41 did not confirm an increase in maternal
asthma, a family history of asthma or airway respon-
siveness in the mothers of low birth weight children. At
follow-up, although prematurely born children with a
family history of atopy had a higher airways resistance
than those without, this was explained by the lower birth
weight of the former group.42 A requirement for prolonged
neonatal respiratory support was demonstrated to be a
more significant risk factor than a family history of atopy
for recurrent respiratory symptoms throughout the
preschool years in children born prematurely.11 If pre-
maturely born CLD children become symptomatic for
the first time at 5 years of age, however, then their symp-
toms relate to their atopic status rather than their peri-
natal history.11 In a national cohort of VLBW children
in New Zealand, the main risk factor for a diagnosis of
asthma by the age of 7 was a family history of asthma.423

Viral infections

Otherwise healthy prematurely born infants are more
likely to acquire RSV infection due to their impaired
immunity with reduced transfer of maternal antibodies,
and have a more severe illness.43 Those with CLD are also
more likely to suffer serious morbidity, as evidenced by a
higher hospitalization rate and longer hospital stay than
seen in infants born at term.44 Risk factors for acquisition
of RSV infection include large family size and passive
smoking, CLD infants receiving home oxygen therapy
are at greatest risk of severe disease.44 Once admitted to
PICU, they often require prolonged ventilatory support
due to the additional cardiopulmonary compromise. Some
cannot be supported by conventional techniques and rep-
resent a high proportion of those who need transfer to
extracorporeal membrane oxygenation. Infants born at
term who have RSV infection suffer chronic respiratory
morbidity, the severity of the initial infection in preterm
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infants, particularly those with CLD, seems likely to put
them at high risk of such an adverse outcome.

Preterm infants with neonatal CLD frequently suffer
from acute deteriorations in their respiratory status while
remaining on the NICU. Some of the deteriorations are
due to viral infections.45 Follow-up of eight affected infants
demonstrated that six had recurrent wheeze and cough
at follow-up compared with only two of eight gestational
age and gender-matched controls who did not suffer
viral infections. In addition, airway resistance was sig-
nificantly higher and specific conductance significantly
lower (p < 0.05) in the index cases compared with the
controls.46 These data are similar to findings in infants
born at term, in whom viral infections, particularly due
to RSV, are associated with an excess of symptoms47 and
abnormal lung function at follow-up48 (see Chapter 7b).

PATHOPHYSIOLOGY

Following premature birth there is an early inflamma-
tory response,49 this usually resolves by the end of the first
week.50 Infants who develop CLD are, however, exposed
to ongoing insults which results in chronic inflamma-
tion and further accumulation of inflammatory cells and
mediator production.49 For example, transforming growth
factor b, which increases the degradation of the existing
extracellular matrix, is increased in the BAL fluid at 4 days
of age in infants who go on to develop CLD.51 Leukotriene
C4, a potent bronchoconstrictor, has been recovered in
large quantities in the tracheobronchial effluent of infants
who subsequently developed chronic oxygen depend-
ency.38 At follow-up at approximately 7 months of age, pre-
mature infants who had CLD were found to have elevated
leukotriene E4 levels in association with elevated TGV,
airways resistance and FRC, indicative of obstruction.52

THERAPEUTIC MEASURES (TABLE 13B.2)

Acute episodes

NEONATAL PERIOD

A variety of bronchodilators have been administered to
preterm infants receiving intensive care. Isoprenaline,
salbutamol, isoetharene and ipratropium bromide all

Table 13b.2 Benefits of anti-asthma therapy

Reduction in symptom score, active compared to placebo
period:

65% by a b-agonist2

59% by an anticholinergic agent3

49% by sodium cromoglycate65'66

37% by inhaled steroids68

improve lung function, although the effect rarely persists
beyond 60 minutes.53,54 The improvements include
increased specific airway conductance and decreased air-
ways resistance. In a randomized placebo-controlled trial,
however, oral salbutamol improved pulmonary resist-
ance after 48 hours of treatment in ventilator dependent
preterm infants.55 Synergism has been noted between
ipratropium bromide and salbutomol.56 Bronchodilator
responsiveness is not seen in all infants with CLD; the
variability in response seems not to be due to postnatal
or postconceptional age,57 but rather dosage.58 Adminis-
tration of 200 |xg, but not lOOmg of salbutamol via a
metered dose inhaler (MDI) improved lung function in
all infants tested.57 In addition, repeated doses of sal-
butamol resulted in increased static compliance from
as early as the first week after birth, the effect was inde-
pendent of postnatal age.59 There are no data, however,
to suggest that regular bronchodilator therapy in ven-
tilated infants improves long-term outcome. Sodium
cromoglycate administration has been associated with a
clinical improvement and reduction in the inspired oxy-
gen concentration and ventilator pressures,38 but it does
not reduce the incidence of CLD.

AT FOLLOW-UP

,60Nebulized salbutamol5 or ipratropium bromide60 can
result in acute improvements in lung function, a reduc-
tion in airway resistance and an increase in both spe-
cific conductance and increase in the FRQTGV ratio,60

(Figure 13b.l). The effect appears most pronounced in
infants with recurrent respiratory symptoms at follow-
up and the worst lung function abnormalities. This posi-
tive response occurs even in preterm infants aged only
3 months and is independent of neonatal complications

Figure 13b.1 Change in the FRC:TGV ratio in response to
bronchodilator. Individual data are demonstrated by linked
data points. (From ref. 60 with permission.)
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or a family history of asthma.5,60. As with term infants,61

nebulized therapy must be administered with caution.
In certain infants there is an early paradoxical deterior-
ation in respiratory function, approximately 5 minutes
after the nebulization.62 This may then be followed by an
improvement in airways resistance.62 The deterioration
occurs even if a preservative-free solution is used and
maybe a function of the changing osmolality of the solu-
tion as nebulization continues or the relatively low pH
of all respiratory solutions. The paradoxical response is
unpredictable from the infant's gestational age, postnatal
age or baseline lung function.61,62 It thus seems prudent,
if nebulized bronchodilator therapy is to be used, to
administer the first dose in hospital where the infant can
be closely observed and oxygen can be given. Alternatively,
salbutamol can be administered equally as effectively using
a metered dose inhaler (MDI) and a spacer device and
that method of administration avoids the early paradox-
ical deterioration.63

Nebulized sodium cromoglycate may have some bron-
chodilator effects in prematurely born patients. In 10 of
18 children studied at 15 months of age specific conduc-
tance improved following sodium cromoglycate.64

Chronic symptoms

MAINTENANCE THERAPY

Regular bronchodilator therapy given from an inhaler and
spacer device can reduce asthma symptoms in preterm
infants.2,3 In several studies, a plastic coffee cup has been
used as the spacer device. This has sufficient volume to
act as a spacer for preterm infants less than 2 years of age
and has the advantages of being light to transport and
inexpensive. In both a non-randomized2 and a random-
ized study,3 terbutaline and ipratropium bromide respect-
ively resulted in improvements in lung function and a
reduction in symptoms.

PROPHYLAXIS

Although administration of bronchodilators improves
symptoms, despite maintenance therapy some infants have
residual respiratory problems. In such patients, inhaled
sodium cromoglycate may further reduce symptoms and
improve lung function with a decrease in bronchodilator
usage.65 Inhaled sodium cromoglycate66 improves both
upper and lower respiratory tract signs; the magnitude of
the response does not seem to be related to postnatal or
gestational age, nor to the occurrence of neonatal chronic
lung disease. Inhaled nedocromil sodium may also have
useful prophylactic effects in symptomatic preterm
infants.67

Inhaled steroids are also useful.68 Children with a mean
age 10.5 months, whose symptoms persisted despite
2 weeks of regular bronchodilator, were randomized to
receive 200 mcg of beclomethasone dipropionate twice

daily or placebo via an inhaler and spacer, each for 6 weeks.
The symptom score was reduced by 37% during the active
period and the infants had a mean of 28 bronchodilator-
free days when receiving beclomethasone dipropionate
compared with 22 days in the placebo period.

Prevention

ANTENATAL PROPHYLAXIS

Antenatal administration of maternal steroids reduces
the incidence of RDS, but not CLD. Meta-analysis of ran-
domized trials has demonstrated that administering
TRH in combination with corticosteroids offers no add-
itional advantages.69

POSTNATAL PROPHYLAXIS

Surfactant
Exogenous surfactant replacement therapy reduces the
severity of RDS70 and may improve lung function at
follow-up.71,72 Abbasi71 demonstrated administration in
the neonatal period of Exosurf rather than placebo resulted
in improvements in resistive airflow properties in late
infancy. Both airway resistance and specific conductance
at 7 months of age were also better in infants treated with
Exosurf rather than placebo.71 High airway resistance
at 6 months of age10 has been previously found to be a
sensitive and specific predictor of symptoms such as
cough and wheeze persisting into the second year of life,
while any dysfunction at 1 year of age appears to track
through childhood.32 These data,71,72 therefore, suggest
that surfactant replacement therapy has the potential to
reduce chronic symptoms.

Ventilatory requirements
Randomized trials73'74 have demonstrated ventilator
rates >60/min (high frequency positive pressure ventila-
tion, HFFPV) compared with <40/min reduce the inci-
dence of airleak, a risk factor for chronic respiratory
morbidity.10 None of the trials, however, have reported
long-term follow-up nor indicated that HFFPV reduces
CLD. High frequency oscillation (HFO) does decrease
the incidence of CLD, but only if a high volume recruit-
ment strategy and/or exogenous surfactant is used.75

Pulmonary function follow-up studies have not demon-
strated any long-term benefits of HFO over conventional
ventilator techniques. Those studies, however, report the
outcome of infants exposed during HFO to the inferior
low volume strategy, which does not reduce the inci-
dence of CLD.75

Corticosteroids
If corticosteroids are administered systemically in the first
2 weeks after birth they reduce both the incidence of CLD
and the mortality rate.77 The exact timing of administra-
tion and the effect achieved varies according to which
trials are included in the analysis.77'78 After 3 weeks of age
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corticosteroids are less efficacious, reducing only the
requirement for further systemic courses and facilitating
extubation.79 Administration by the inhaled route has
less side effects, but also fewer benefits. Even when
administered in the first days after birth only achieving a
reduction in the need for systemic therapy and earlier
extubation.80 There are no pulmonary function studies
to indicate whether early administration of systemic
steroids will impact on the chronic respiratory morbidity
associated with premature birth. Data from pre-clinical
models suggest that corticosteroids may have an
unfavourable effect on long-term lung function. Rats
given corticosteroids systemically at a critical period for
lung growth, that is in the first days after birth, develop
emphysematous lungs.81

RSV immunoprophylaxis
Treatment for RSV infection is supportive and thus
effective prevention offers the best hope of reducing
the chronic respiratory morbidity47,48 associated with
acquisition of this infection. There is no safe and effective
vaccine for use in infants. Immunoprophylaxis in
randomized trials82,83 has been demonstrated to reduce
hospitalization and PICU admission in preterm infants
with and without BPD. Whether such treatment improves
long-term outcome remains to be tested. To be cost effect-
ive, it seems likely that only infants at high risk of severe
RSV infection, that is those who require home oxygen
therapy,84,85 should be selected for immunoprophylaxis.
Palivizumab, rather than RSV-IGIV, is the preferred
agent,84 as it is easier to administer (intramuscular injec-
tion rather than intravenous infusion), has a better safety
profile, does not interfere with vaccines and may be more
efficacious, although there are no 'head to head' compari-
sons of the two therapies.

SUMMARY

There is overwhelming evidence that babies born
preterm are more likely than term babies to develop the
symptoms of recurrent cough and wheeze which are
characteristic of asthma. This tendency can persist for
many years. The symptoms are associated with lung
function abnormalities which indicate hyperinflation
and airways obstruction. Although those needing inten-
sive neonatal respiratory support are more likely to be
affected, these changes are also seen in babies born
preterm who did not develop neonatal respiratory dis-
tress. There is also good evidence that both the symp-
toms and lung function abnormalities respond, at least
partially, to anti-asthma therapy. The nature of the dis-
ease in the first year after birth has many features in com-
mon with other wheezing disorders of infancy but,
unlike later childhood asthma, does not appear to have
an atopic basis.
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INTRODUCTION

Although much is known about the relationship between
biological and psychosocial factors in asthma and about
the significance of this relationship in determining the
course of the disease, all too often only lip service is paid
to this knowledge. The physician will acknowledge that
psychosocial factors are relevant but pay only minimal
attention to them in practice. In this chapter the research
evidence is reviewed, the role of psychosocial factors
outlined and an integrated model of treatment is recom-
mended, with a description of the main psychosocial
treatments.

MECHANISMS

Psychophysiological mechanisms

Emotional factors have been considered of importance
in both the development and the course of asthma. The
psychosomatic concept was introduced to explain how
psychological factors could induce and influence somatic
symptoms. But, as a consequence, it proposes that there is
some illness where psychological factors are of no import-
ance, an unlikely situation. Instead the bio-psychosocial
model of illness was constructed, where all illness is viewed
in biological, psychological and social aspects1 (Figure
13c.l), and the concept psychosomatic is now used to
describe the psychological aspects of that model.

Experimental, epidemiological and clinical observa-
tions strongly support the findings that the conditions

under which the primary encounter with an antigen takes
place influence the immune response for a long time.2

Neural mechanisms could influence the responses. Inflam-
matory mediators may activate afferent nerves causing
reflex effects on the airway function.3 Such interactions are
mediated through cholinergic or adrenergic mechanisms
and neuropeptides, or by a combination. High cortisol
levels due to negative stress seem to facilitate the shift

Figure 13c.1 The bio-psychosocial model of the stress
process designed to illustrate the potential integration of
the psychological and biological effects of environmental
demands. (From ref. 62, after ref. 2.)
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from Thl to Th2 immunity in allergic subjects.2 These
neuro-humoral mechanisms provide links between psy-
chological and physical aspects of asthma.

It is obvious that the family and the informal social
network constitute the most important environment for
the child, both from a psychological and social point of
view. Dysfunctional family interaction patterns before
the onset of illness do not seem to predict the develop-
ment of wheezing in infants.4 However, two studies
suggest5'6 that early parental interaction and parenting
difficulties may influence the development of asthma so
that it seems obvious that a good relationship between
parents and child, in which the child can experience chal-
lenges without too much stress that could influence the
immune system, would be optimal. It is important though
to point out that parents do not cause asthma in their
children!

Emotional arousal is an everyday event for everyone,
children included. Excitement, happiness, anger, sadness,
envy, resentment, fear and anxiety are but some of the
emotions that children commonly experience. Emotional
arousal differs from the other asthma triggers in that it
is the only one to be involved in a two-way process. This
makes it harder to unravel the complexities of the rela-
tionship between emotional arousal and asthma, but this
is no excuse for ignoring them. Through the mechanisms
described above, any of these feelings may, and in some
asthmatic children frequently do, trigger or aggravate
episodes of asthma. It is unlikely that they would do so in
isolation, although this does happen. More commonly
emotional arousal will combine with other triggers such
as allergens, pollution, infection or exercise, exerting their
effect on the labile bronchus and producing broncho-
spasm. This phenomenon, among others, explains why
asthma attacks can be so unpredictable.

Living conditions

The influence of living conditions on the development of
asthma, the social aspect of the bio-psychosocial model, is
clearly supported by recent research in the former socialist
countries of Eastern Europe where the prevalence of
asthma is about 1% compared with 5-8% in the Western
countries. The lifestyle, including dietary regimes, the
influence on the microbial environment due to crowded
houses, ventilation in the apartments, extensive travelling
to new environments, stress, etc, in these countries in the
beginning of the 1990s was very similar to living condi-
tions in Western Europe some 30-40 years ago, before the
dramatic rise in incidence of allergic illness. It is tempting
to suggest that one link between social and biological
aspects of allergic disease is to be found in differences in
the resident intestinal flora of young children, probably
due to change in feeding habits, and its effect on the devel-
opment and priming of the immune system in early child-
hood,7 but psychological factors may play a part too.

Course of disease

Although children with asthma differ from others in sev-
eral psychosocial features, the differences are small and
may be secondary to the illness.61 Nevertheless, psycho-
social factors influence the management and the course
of the disease. Dysfunctional family interaction patterns
and weak social network seem to be risk factors for con-
tinuing and more severe allergic illness.8,11

DIFFERENT MODELS

The psychoanalytic model considers the personality to be
of great importance for the development of 'psychoso-
matic illness'. According to this model, individuals with
difficulties in verbalizing their feelings often experience
them as body tensions, resulting in 'psychosomatic ill-
ness'.12 Although empirical studies of children with asthma
have revealed differences in personality as compared with
healthy children, there have been no differences com-
pared with children with other chronic disease, such as
congenital heart disease. Thus, personality seems to have
been influenced by the disease, not vice versa.13

Another approach is the psychophysiologic stress model,
evaluating how everyday life stress as well as severe stress-
ful life events, e.g. death of a close relative, illness in the
family etc., influence the course of illness. A number of
laboratory experiments have demonstrated the role of psy-
chophysiological mechanisms in the induction of asthma.
For example, bronchospasm can be induced by discus-
sion of anxiety-provoking topics14 or by suggesting that
nebulized normal saline is actually an allergen that the
subject associates with asthma attacks. Reversal of the
bronchospasm can also be induced by inhaled nebulized
saline. This process of suggestion can have even more
powerful and paradoxical effects. Inhaled bronchodila-
tors and bronchoconstrictors can induce opposite effects
to those expected if the subject believes that the broncho-
dilator is a bronchoconstrictor or vice versa.15,16 In animals
psychological conditioning of the immune system is well
established, but the support for such mechanisms in
humans is incomplete.17

Emotional arousal such as anxiety, sadness, anger or
excitement can precipitate bronchospasm by vagal activ-
ity.18 Increased airway responsiveness in asthmatic chil-
dren is associated with increased autonomic reactivity
in other peripheral systems. In asthmatic children with
increased autonomic reactivity there is either increased
sensitivity to emotional challenge or increased emotional
arousal. Also pulmonary function is more sensitive to emo-
tional triggers in asthmatic children, with their relatively
greater airway responsiveness, possibly as a result of cholin-
ergic mechanisms. Emotionally determined respiratory
behaviours such as laughing and crying can precipitate
bronchospasm, probably as a result of hyperventilation.19
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Another mechanism that may contribute to the interac-
tion is the hypothalamic-limbic midbrain circuit, which
plays an important role in response to stress, and can
exert influence on the immune system.20 For a critical
research update see Rietveld et al.21

Finally, proponents of the interaction and systems
approach stress the interplay between the individual and
family members, other important persons and the total life
situation. 10,22,26 Minuchin et al27 in their 'psychosomatic
family model', proposed a relationship between family
interaction patterns with too much closeness (enmesh-
ment), too little flexibility rigidity, diffuse roles and gener-
ational boundaries, and 'psychosomatic illness' in the child.
Pinkerton28 found that 86% of hospitalized asthmatic
children had parents whose attitude to the asthma tended
towards one extreme or the other of the overprotective/
denying continuum. However, no uniform characteristics
of these families were found, in fact family patterns with
too little closeness (disengagement) and to much flexibil-
ity (chaotic interaction) were almost as common as the
family types proposed by Minuchin.22,24,29,33 Families
may have a primary inherent dysfunction of structure or
communications as well as marital discord or substance
abuse, or they may experience secondary family dysfunc-
tion from environmental stress.

A CONCEPTUAL MODEL

Illness has an impact on family life, but family interac-
tion also may influence the predisposition to illness, its
onset and course and the adherence to treatment.22,23 If
we consider families at a certain moment of time, some
will have dysfunctional interaction patterns. It seems
probable that the appearance of severe disease could trig-
ger a psychological crisis in the family and that certain
families never reach a functional adaptation to illness.11

Most parents of children with asthma or other serious
diseases react initially with denial and rejection. Some
parents never get over that stage; others move to a com-
plementary position of over-protection. With time, par-
ents then achieve an adequate relationship with the child
and the illness. Regardless of why the dysfunctional
patterns were established, they are of importance for the
further development of the family system.

Dysfunctional interaction patterns will reduce
problem-solving capacity and diminish the family's cap-
acity to counter stress, and functional patterns vice versa.
On the other hand illness also has considerable impact
on family relations. Dysfunctional patterns can create
tension in the family, reduce coping and problem-solving
capacity, and thus become risk factors for continuing and
more severe illness. In modern treatment of atopic illness
information to parents and children about preventive
measures and self-management are central. In this situ-
ation good problem-solving capacity and coping in the

family become crucial for effective treatment. Social and
psychological factors in the environment influence both
the child and the family, but worry and concern for the
disease and symptoms leading for instance to school
absence, also influence psychological well-being and social
competence. For example, asthmatic children may develop
bronchospasm on some occasions, but not others, when
exposed to one of their triggers. Variability in response
may to some extent be accounted for by variation in emo-
tional arousal.

It is worth noting that in one study, 80% of parents of
asthmatic children considered emotional factors to be
important in the aetiology of their attacks.34 Gustafsson
et al8 showed the importance of the family for the course
of the disease in an ongoing prospective study. It was
found that the chance of recovery from atopic illness
(wheezing bronchitis and/or eczema) between 1M and
3 years of age was four times greater in well-functioning
families with a good social supportive network (73%
recovered), compared with dysfunctional families with a
poor social network (18% recovered). Children in fam-
ilies with dysfunctional interaction and a dysfunctional
social network had significantly more psychiatric symp-
toms compared with children in families where both
interaction and network were functional. This does not
mean that these children have an emotional disturbance,
but rather that they are manifesting the close link between
emotional arousal and bronchospasm. Socio-economic
factors are of importance for children's health, and
families of lower socio-economic class seem to take less
advantage of preventive paediatric care.35

PSYCHOLOGICAL FACTORS ASSOCIATED
WITH FATALITIES

A number of specific factors have a significant associ-
ation with fatal childhood asthma. Fritz and colleagues36

reviewed the case notes of children who had died from
asthma and found consistent themes of childhood
depression, emotional triggers for the asthma, denial and
a tendency for the families to be unsupportive. Strunk
and colleagues37 found that psychological factors
comprised ten of the 14 variables that significantly dis-
tinguished children who died from asthma from living
matched controls. With adequate treatment asthma in
childhood is seldom fatal, thus poor-adherence with
treatment regime is a significant risk factor for severe
asthma attacks.38,39 These findings lend further support
to the view that psychosocial factors need to be given
far more serious consideration than is common practice
(Figure 13c.2).

Blunted awareness of severe airway obstruction may
be another significant risk factor for severe or fatal asthma,
leading to delay in presentation for emergency treat-
ment.40 Techniques for measuring symptom perception
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Figure 13c.2 Interaction of asthma and stress factors.

in asthma are unsophisticated41 and the factors which
determine the wide individual differences which are seen
in children40 are unresolved and of potential clinical
importance.

MANAGEMENT

In modern treatment of allergic illness high demands are
put on the patient, and if the patient is a child, on the par-
ents and family life. One is supposed to be an active agent
in the treatment, follow lung function with screening
tests, learn what precipitate symptoms and how to pre-
vent deterioration. One should learn to foresee attacks
and take medicine in advance, ensure good hygiene, avoid
allergens (and, as a consequence, avoid much fun, such as
riding horses or keeping pets), perhaps even get rid of
pets, maintain a diet, etc; in short be a skilled manager of
one's treatment. It should be obvious that such an ambi-
tious program demands good capacity for psychological
adjustment and problem solving.

Adherence to therapy

The term adherence is used in preference to compliance.
The latter terms imply coercion, in contrast to the coop-
eration that is desirable. Adherence to treatment is
something that is all too often assumed to occur without
question. If readers question their own experience, it
would rapidly become obvious that full adherence is
unlikely and that partial adherence is much more likely
to be the norm. Degrees of adherence may well vary, both
over time and between situations. For example, a child
may become less adherent as she gets older or may always
take her medication when at home, but not at school or
when staying with friends.

There are many reasons for partial-adherence
(Chapter 18). Koocher and colleagues42 have classified
partial-adherence in cystic fibrosis, but the principles are
applicable to asthma. They describe three main types of
partial-adherence.

1 Inadequate knowledge implies that lack of
information or inadequate understanding of
information available is the main contributor.

This faulty process may involve individual
characteristics of the physician, child and parent and
the manner in which the information is imparted
and how frequent such misinformation is.

2 Psychosocial resistance includes control struggles with
parents and other authority figures. The illness can
also induce over-close relations between a parent and
the sick child. Cultural and peer group pressures,
striving for normality, denial and avoidance and
disturbed or chaotic home environment could also be
important aspects.

3 Educated non-adherence involves conflicts and difficult
choices, based on a full understanding of both the
reasons for the prescribed regime and the result of not
following it. Patients make a quality of life decision in
which they may decide that the treatment is worse
than the disease.

In childhood asthma any of the above forms of partial-
adherence may apply. It should be remembered that in the
younger age group parents play a much larger part in
determining how much or how frequently medication is
taken and very rarely indeed would a parent freely admit to
anything other than almost full adherence. In adolescents,
on the other hand, the normal drive for self-assertiveness
and independence suggests that the patient sometimes
should have the opportunity to consultations without the
parents. Indeed, it would be wise, when attempting to
enquire about adherence, to acknowledge the commonal-
ity of partial adherence and then seek information about
departure from that norm ('How often do you forget
to...?) rather than from the ideal of full adherence.

Attempts to study the extent of the problem are
inevitably hampered by the difficulties in getting an
accurate picture. However, estimates of satisfactory (not
complete) adherence vary betweenl0% and 50%.43 Clin-
ical experience supports these figures.

There are many methods of partial-adherence, apart
from the obvious means such as refusal to take medication
or straightforward dishonesty. Such techniques include
sleight of hand (and mouth) and misuse of inhalers and
nebulizers.

To achieve good adherence treatment should be coher-
ent with daily life routines, be based on knowledge of
family dynamics, use monitoring and supervision, include
self-evaluation, prevent development of symptoms or
deterioration of symptoms, including measures to handle
anxiety and panic. Unnecessary anxiety and stress should
be lifted from the parents, patient and siblings, so that
attention can be focused on treatment. Since children and
families are different, and have different needs for sup-
port and information, it follows that if health profession-
als have only one way of relating to their patients, most of
their clients will be dissatisfied.

Management of partial-adherence is clearly determined
to a major extent by the type of problem. Thus there is no
standard treatment, but rather it should be individualized.
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The three main types of partial adherence require quite
different handling. Education will play a major part in
the first type, while sensitive exploration of the underly-
ing issues will be in the forefront for the second. Dis-
cussion and compromise are likely to be most important
in the management of educated non-adherence. Specific
treatments are discussed in the next sections.

PSYCHOLOGICAL TREATMENTS

When to refer or intervene

Given the complex interaction between psychosocial and
organic factors in the triggering and maintenance of bron-
chospasm and episodes of asthma, it is logical that man-
agement should be comprehensive, taking into account
all factors in all cases. However, because of time con-
straints, lack of resources and sometimes lack of know-
ledge, detailed attention is commonly paid to psychosocial
issues only when these are so complex or severe that they
cannot be ignored. A reasonable compromise needs to be
found. Paediatricians and general practitioners clearly
need to bear in mind psychosocial issues whenever they
see a child with asthma. It is important that doctors use
their contacts with the family to explain why a psycho-
logical assessment is necessary.44,47 If the psychological
consultation can be offered as a conjoint meeting with
the doctor and a psychologist at the doctor's outpatient
clinic most parents happily accept the suggestion. Psycho-
social referral or intervention should be considered
whenever there is:48

• an obvious psychological trigger for the asthma;
• clear evidence of behavioural or emotional problems;
• family dysfunction or inappropriate handling of the

illness;
• concern at school;
• failure of standard treatment;
• significant poor-adherence to treatment;
• life-threatening attacks or attacks requiring

intensive care.

The most useful psychosocial interventions include par-
ental counselling, family therapy, behavioural techniques,
individual counselling and environmental change. There is
no place for psychotropic medication in childhood asthma,
unless there is a concurrent psychiatric disorder.

How to introduce a psychological view on
illness to the family

A good start is to state that all children can develop
symptoms due to emotional arousal, although with vary-
ing frequency (about a third experience it sometimes, a
few often). The risk of getting an emotionally induced

attack is of course influenced by the state of emotional bal-
ance of the child. Pharmacological treatment in asthma
can cause hyperactivity and bad temper in the child. Dis-
ciplining children with chronic illness can be difficult for
several reasons: parents can feel guilty if they are firm with
a child who suffers from illness; crying or screaming in
response to disciplining can precipitate symptoms; much
energy is spent on managing the disease and little is left for
child-rearing issues. If the parents are overprotective and
the siblings also are worried by wheezing attacks the asth-
matic child may easily develop a poor, and illness-oriented
self-image. The consequent stress for the child may aggra-
vate the asthma, and perpetuate the cycle of ill-health.
Some children unconsciously use the illness to get their
way and can be perceived as manipulative and controlling.

A certain amount of anxiety, or respect for the disease,
is normal while being either not anxious at all or very
anxious is dysfunctional.49 It is rational to take illness
seriously and adapt to it, but it is unhelpful to let the dis-
ease take over completely, or to take no precautions at all
to avoid asthma attacks. To investigate how the family
reacts and interacts when they handle the symptoms of
the child is often a good way to understand family dynam-
ics and to find out where improvements could be made.
Some children have difficulties expressing their needs dir-
ectly and might find that when they are ill the care and sup-
port achieved from their parents also provides emotional
satisfaction. For the parent caring can satisfy unspoken
emotional needs. Parental self-esteem might be enhanced
by being a good caregiver, or difficulties in the relation-
ship between the two parents may be put in the back-
ground by focusing on the sick child.

Parental counselling

This should be a sine qua non of the management of all
childhood illness and should not really be considered as
a distinct treatment. Successful parenting involves par-
ents working together as a team, supporting and helping
each other in their management of the asthma, sharing
the tasks of identifying problems and conflicts and find-
ing ways of resolving these. They need to be consistent
between each other and over time. In addition they have
to be responsive to the needs of all their children and be
available to them at any time. Such tasks are hard enough
under normal circumstances but are far harder in the
presence of a recurrent and occasionally frightening or
even life-threatening illness. Single parents have to do all
this without the support of a partner.

The essence of successful parental counselling is the
ability to listen and understand, rather than to offer didac-
tic opinions and advice. Rapport is gained by sympathetic
listening and empathic acknowledgement. Parental coun-
selling focuses on helping parents to express feelings of
anxiety, sadness, resentment and failure, to identify and
discuss difficulties and to begin to find possible solutions.
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Single parents can also be encouraged to find appropriate
support systems. The value of the approach is in its focus
on building parental strength and confidence, rather than
reinforcing dependency and passivity. It is the emotional
counterpart of the physical self-reliance embodied in the
concept of guided self-management.

Family therapy

Family therapy appears to be a very useful complement
to conventional medical treatment of childhood asthma.
A number of studies9,25,50,51 have shown that family ther-
apy reduces symptoms in asthmatic children. Further, a
family counselling program aimed at helping families
cope better with their child's asthma and placing a strong
emphasis on providing information, new ways of think-
ing and new behavioural strategies led to increased inde-
pendence and responsibility for daily healthcare.52 There
have been various descriptions of the application of fam-
ily therapy in paediatric practice,44,45,53 as well as spe-
cifically in asthma.9,44,54,55 A systematic review has been
carried out.56

The main focus in family therapy is neither the symp-
tom nor the child, but the whole family. The rationale is
that the family is in the strongest position to help or hin-
der the asthmatic child. When families are dysfunctional
they may, as described in the section on families and
family dysfunction, maintain or aggravate the problem.
The family therapist attempts to:

• identify the family strengths and weaknesses;
• understand the relationship between the way in which

the family functions and the course of the asthma;
• encourage discussion between parents and children

about the impact of the illness (and it's management)
on quality of life;

• help the family build upon their strengths and
resolve any weaknesses.

Issues that are commonly addressed in family therapy
include over-involvement and over-protectiveness, denial,
fear of fatality, feelings of isolation due to avoidance of
allergens, autonomy and independence, including taking
responsibility for medication, clear and direct communi-
cation, the open expression of feelings and acknowledge-
ment and acceptance of these. Often there is a too tight
relationship between one of the parents and the sick child,
which could be moderated by engaging the other parent in
treatment activities, for instance accompanying the child
to physiotherapy. In many cases the sick child needs to
develop more autonomy and this can be a joint task for
both parents. Work towards more realistic attitudes and
hope in the family is important, as well as encouraging
activities that have been avoided: in some families this
could be soothing and caring, in others encouraging
autonomy and adequate demands. Talk about restricted

feelings, anxiety about death, but also about negative feel-
ings towards the sick child.

Behavioural treatments

These are the best evaluated of the psychosocial interven-
tions. Several studies have demonstrated their effective-
ness in symptom relief57 and because they are easily
taught, easily learned and economical, they warrant par-
ticular attention.

Where anxiety appears to be playing a significant part
in asthma attacks, relaxation techniques are particularly
helpful. Because the smooth muscle of the bronchus
constricts and relaxes in parallel with various voluntary
muscle groups, learning to relax the voluntary muscles
leads to bronchodilation. Children aged 6 upwards can
learn these techniques in just a few minutes. It is best to
include the parents in the instruction so that they can
supervise the treatment at home. The addition of system-
atic desensitization as a means of reducing sensitivity to
psychological stimuli that trigger bronchospasm enhances
the relaxation techniques. A systematic review of relax-
ation therapy has recently been reported.63

Children are taught to identify a stimulus and then,
while relaxed, imagine themselves exposed to it. As anxiety
and relaxation are incompatible the child gradually over-
comes the anxiety, with subsequent reduction in bron-
chospasm on exposure. It is wise to start with the least
worrying of the triggers and when that has been mastered,
others can be tackled. Biofeedback equipment can be used
to further enhance these techniques and help maintain the
child's attention and enthusiasm. A number of centres
have devised self-management programs which combine
these techniques with training in the identification of
attack precipitants and strategies for avoiding them, iden-
tifying the prodromal signs of bronchospasm and, more
appropriate, the effective use of inhalers.58,59

With computer technology becoming so creative, there
is considerable scope for developing even more sophisti-
cated methods of integrating relaxation, desensitization
and health management biofeedback programs. As a result
of a wider Internet use, we will be frequently helping fam-
ilies who are more informed about the clinical issues, and
might challenge our recommendations based on informa-
tion they obtained via the Internet. Interactive, computer
mediated, multimedia programs will be available for infor-
mation of patients and parents.60

Individual counselling and psychotherapy

Individual counselling is the equivalent to parental coun-
selling as applied to the child. It focuses on helping the
child to express feelings of anxiety, sadness or resentment
and identify aspects of life that are stressful or difficult
and to begin to find possible solutions.
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There is no absolute distinction between this and psy-
chotherapy, although the latter tends to focus more on
unconscious processes. The aim is to bring these to the
surface, so that they can then be discussed and resolved.
For example, many children have deeply suppressed but
powerful negative feelings. Unless these can be expressed
they remain covert but active, so that the child is in a state
of emotional arousal and continuously at risk of bron-
chospasm.

Counselling is usually a short-term treatment, perhaps
eight sessions at 2-3-week intervals. Psychotherapy in con-
trast is likely to last for at least 6 months and often much
longer, with weekly meetings. As such it is best reserved for
the more intractable cases of childhood asthma. In both
instances the medium of communication is any combin-
ation of talking, drawing or playing. There have been sur-
prisingly few formal evaluative studies. The only available
controlled study showed that asthmatic children treated
with short-term individual psychotherapy had a lower
relapse rate than did a matched control group who received
no psychotherapy.28

ENVIRONMENTAL CHANGE

It has long been recognized that some asthmatic children
benefit from being separated from their parents.32 This
would usually take the form of hospitalization or residen-
tial schooling. Clearly it is possible that improvement
occurs in response to the child being removed from phys-
ical allergens such as house dust, mites and animal fur
or pollutants such as cigarette smoke. However, clinical
experience indicates that bronchospasm often rapidly
returns when parents visit the new environment. Further,
Purcell's32 experiments showed improvement at home
for a significant number of children when their parents
stayed elsewhere. The concept of'emotional allergy' is not
unreasonable in helping to understand the dramatic dif-
ferences in a child's physical state when separated from
key relatives. Parents and siblings can be just as powerful
triggers as the more traditional dust mite or family pet.

Sometimes a change of school may also make a con-
siderable difference. There are a number of reasons for
considering this as a possibility. The school may be find-
ing it particularly hard to cope with a child who may
require hospitalization at any time. Staff anxieties are
readily communicated to parents and child. Physical symp-
toms can lead to peer group problems such as teasing,
while frequent absences can result in academic failure
and impaired self-image. A change of school may be indi-
cated if the school cannot accommodate and fulfil the
child's needs.

Occasionally residential schooling may be indicated.
This might be considered particularly in cases of intract-
able asthma, when not infrequently the family environ-
ment is playing a major part in the maintenance of the

illness. Under such circumstances a trial of family therapy
is indicated but should this fail the possibility of residential
schooling should certainly be considered, preferably at a
school which specializes in children with chronic illness.

CONCLUSIONS

There can no longer be any dispute about the relevance of
psychosocial factors in the triggering and mainten-
ance of episodes of asthma. What is now required is for
paediatricians, nurses and GPs to pay more attention in
practice to current knowledge. When investigating a child
with troublesome asthma, using a family and systems
perspective can promote understanding and open up pos-
sible ways for intervention. Mental health professionals,
having convincingly demonstrated the effectiveness of
their treatments, need to identify which types of inter-
vention are most suitable for children and families with
different psychological characteristics. Child-psychiatric
liaison services to paediatrics should be provided. Better
problem solving and coping in families of children with
asthma may significantly improve the course of the dis-
ease. It is possible to live a 'normal' life in spite of chronic
illness.

REFERENCES

1. Antonovsky A. Unraveling the Mystery of Health.
Jossey-Bass, New York, 1987.

2. Herbert TB, Cohen S. Stress and immunity in humans:
a meta-analytic review. Psychosom Med 1993;
55:364-79.

3. Barnes PJ. Is asthma a nervous disease? The Parker B.
Francis Lectureship. Chest 1995;107:119-25.

4. Gustafsson PA, Bjorksten B, Kjellman N-IM. Family
dysfunction in asthma: a prospective study of illness
development. J Pediatr 1994;125:493-8.

5. Askildsen EC, Watten RG, Faleide AO. Are parents of
asthmatic children different from other parents? Some
follow-up results from the Norwegian PRAD Project.
Psychother Psychosom 1993;60:91-9.

6. Mrazek DA, Klinnert M, Mrazek PJ, et al. Prediction of
early-onset asthma in genetically at-risk children.
Pediatr Pulmonol 1999;27:85-94.

7. Bjorksten B. Environmental influence on the
development of childhood immunity. Nutr Rev
1998;56:106-12.

8. Gustafsson PA, Bjorksten B, Kjellman N-IM. Family
interaction and supportive social network as
salutogenic factors in childhood atopic illness.
Pediatr Allergy Immunol 2002;13:51-57.

9. Liebman R, Minuchin S, Baker L. The use of structural
family therapy in the treatment of intractable asthma.
Am J Psychiatr 1974;131:535-40.



References 399

10. Onnis L, Tortolani D, Cancrini L. Systemic research on
chronicity factors in infantile asthma. Fam Process
1986;25:107-22.

11. Pinkerton P. Correlating physiologic with
psychodynamic data in the study and management of
childhood asthma.) Psychosom Res 1967;11:11-25.

12. Feiguine RJ, Johnson FA. Alexithymia and chronic
respiratory disease. A review of current research.
Psychother Psychosom 1985;43:77-89.

13. Milliard JP, Fritz GK, Lewiston NJ. Goal-setting behavior
of asthmatic, diabetic and healthy children. Child
Psychiatr Hum Dev 1982;13:35-47.

14. Dekker E, Pelser H, Green J. Conditioning as a cause of
asthmatic attacks. J Psychosom Res 1957;2:97-104.

15. Kotses H, Rawson JC, Wigal JK, Creer TL Respiratory
airway changes in response to suggestion in normal
individuals. Psychosom Med1987;49:536-41.

16. Luparello TJ, Leist N, Lourie CH, Sweet P. The
interaction of psychologic stimuli and pharmacologic
agents on airway reactivity in asthmatic subjects.
Psychosom Med 1970;32:509-13.

17. Cohen N, Moynihan JA, Ader R. Pavlovian conditioning
of the immune system. Int Arch Allergy Immunol
1994;105:101-6.

18. Miller BD, Wood BL Psychophysiologic reactivity in
asthmatic children: a cholinergically mediated
confluence of pathways.) Am Acad Child Adolesc
Psychiatr 1994 ;33:1236-4 5.

19. Godfrey S. Exercise and hyperventilation induced
asthma. In: S Clark, S Godfrey, T Lee, eds. Asthma.
London: Chapman and Hall, London, 2000.

20. Sandberg S, Paton JY, Ahola S, McCann DC,
McGuinness D, Hilary CR, Oja H. The role of acute and
chronic stress in asthma in children. Lancet
2000;356:982-7.

21. Rietveld S, Everaerd W, Creer TL. Stress-induced
asthma: a review of research and potential
mechanisms. Clin Exp Allergy 2000;30:1058-66.

22. Campbell TL. Family's impact on health: A critical
review. Fam Syst Med 1986;4:135-329.

23. Dym B. The cybernetics of physical illness. Fam Proc
1987;26:35-48.

24. Gustafsson PA, Kjellman Nl, Ludvigsson J, Cederblad M.
Asthma and family interaction. Arch Dis Child 1987;
62:258-63.

25. Lask B, Matthew D. Childhood asthma. A controlled
trial of family psychotherapy. Arch Dis Child 1979;
54:116-19.

26. Loader P, Kinston W, Stratford J. Is there a
psychosomatogenic family? J Fam 7/fer 1980;
2:311-26.

27. Minuchin S, Rosman BL. Psychosomatic Families.
Harvard University Press, Cambridge, MA, 1978.

28. Pinkerton P. Childhood asthma. BrJ Hosp Med
1971;September:331-8.

29. Baron C, Veilleux P, Lamarre A. The family of the
asthmatic child. Can J Psychiatr 1992;37:12-16.

30. Coyne JC, Anderson BJ. The 'psychosomatic family'
reconsidered II: Recalling a defective model and
looking ahead. J Marit Fam Ther 1989;15:139-48.

31. Hermanns J, Florin I, Dietrich M, Rieger C,
Hahlweg K. Maternal criticism, mother-child
interaction, and bronchial asthma.J Psychosom Res
1989;33:469-76.

32. Purcell K, Brady K, Chai H, Muser J, Molk L, Gordon N,
Means J. The effect on asthma in children of
experimental separation from the family.
Psychosom Med 1969;31:144-64.

33. Wirsching M, Stierlin H. Krankheit und Familie.
Konzepte, Forschungsergebnisse,
Behandlingsmoglichkeiten. Klett-Cotta, Stuttgart, 1982.

34. Rees L. The significance of parental attitudes in
childhood asthma, y Psychosom Res 1963;7:181-90.

35. Zeiger RS. Secondary prevention of allergic disease:
an adjunct to primary prevention. Pediatr Allergy
Immunol 1995;6:127-38.

36. Fritz GK, Rubinstein S, Lewiston NJ. Psychological
factors in fatal childhood asthma. Am J Orthopsychiatr
1987;57:253-7.

37. Strunk RC, Mrazek DA, Fuhrmann GS, LaBrecque JF.
Physiologic and psychological characteristics
associated with deaths due to asthma in childhood.
A case-controlled study. JAMA 1985;254:1193-8.

38. Kravis LP. An analysis of fifteen childhood asthma
fatalities.) Allergy Clin Immunol 1987;80:467-72.

39. Molfino NA, Nannini LJ, Rebuck AS, Slutsky AS. The
fatality-prone asthmatic patient. Follow-up study after
near-fatal attacks. CV?«M992;101:621-3.

40. Male I, Richter H, Seddon P. Children's perception of
breathlessness in acute asthma. Arch Dis Child2000:
83;325-9.

41. Bonzett R, Dempsey SA, O'Connell DE, Wamboldt MZ.
Symptom perception and respiratory sensation in
asthma. Am J Respir Crit Care Med 2000;
162:1178-82.

42. Koocher GP, McGrath ML, Gudas LJ. Typologies of
nonadherence in cystic fibrosis.y Dev Behav Pediatr
1990:11:353-8.

43. Hindi-Alexander M. Symptom, perception and
compliance. Acta Paediatr. Latina 1987;60(Suppl 4):
728-34.

44. Godding V, Kruth M, Jamart J. Joint consultation for
high-risk asthmatic children and their families, with
pediatrician and child psychiatrist as co-therapists:
model and evaluation. Fam Pro<:1997;36:265-80.

45. Gustafsson PA, Svedin CG. Cost Effectiveness: Family
therapy in a pediatric setting. Fam Syst Med 1988;
6:162-75.

46. Hodas GR, Honig PJ. An approach to psychiatric
referrals in pediatric patients. Psychosomatic
complaints. Clin Pediatr (.Phila) 1983;22:167-72.

47. Huyse FJ. Consultation/liaison psychiatry: the state of
the art and future developments. Nord J Psychiatr
1991;45:405-22.



400 Psychological factors

48. Lask B. Psychological treatments for childhood
asthma. Arch Dis Child 1992;67:891.

49. Kinsman RA, Dirks JF, Jones NF, Dahlhem NW.
Anxiety reduction in asthma: four catches to
general application. Psychosom Med 1980;42:
397-405.

50. Gustafsson PA, Kjellman N-IM, Cederblad M. Family
therapy in the treatment of severe childhood asthma.
J Psychosom Res 1986;30:369-74.

51. Rathner G, Messner K. Bronchial asthma and
systematic family therapy: treatment concept, initial
contact and therapy follow-up. Pediatr Padol
1992;27:A49-54.

52. Tal D, Gil-Spielberg C, Antonoesky H. Teaching families
to cope with childhood asthma. Fam Syst Med
8:135-44.

53. Lask B, Fosson A. Childhood Illness: The Psychosomatic
Approach. John Wiley, Chichester, 1989.

54. Lask B, Kirk M. Family therapy for childhood asthma.
7Fomr/jer1979;1:33-41.

55. Weinstein AG, Chenkin C, Faust D. Caring for the
severely asthmatic child and family. I. The rationale
for family systems integrated medical/ psychological
treatment. J Asthma 1997;34:345-52.

56. Panton J, Barley EA. Family therapy for asthma in
children (Cochrane Review). The Cochrane Library, 4,
2000. Update Software, Oxford.

57. Lehrer PM, Sargunaraj D, Hochron S. Psychological
approaches to the treatment of asthma. J Consult
Clin Psychol 1992;60:639-43.

58. Clark NM, Feldman CH, Evans D, Levison MJ,
Wasilewski Y, Mellins RB. The impact of health
education on frequency and cost of health care use
by low income children with asthma. J Allergy Clin
Immwnol1986;78:108-15.

59. Vazquez Ml, Buceta JM. Effectiveness of
self-management programmes and relaxation training
in the treatment of bronchial asthma: relationships
with trait anxiety and emotional attack triggers.
J Psychosom Res 1993;37:71-81.

60. Long N. The future of technology in mental health
services for children. Clin Child Psychol Psychiatr
2000;5:165-8.

61. Wjst M, Roell G, Dold S, et al. Psychosocial
characteristics of asthma. J Clin Epidemiol
1996;49:461-6.

62. Wright RJ, Rodriquez M, Cohen S. Review of
psychosocial stress and asthma: an integrated
biopsychosocial approach. Thorax 1998;53:1066-74.

63. Huntly A, White AR, Ernst E. Relaxation therapies for
asthma: a systematic review. TTjorax 2002;57:127-31.



Preventing asthma

14

JOHN 0 WARNER AND JILL A WARNER

Introduction
Primary prophylaxis
Secondary prophylaxis
Tertiary prophylaxis

401
402
404
405

Non-pharmacological therapy
Summary
References

406
409
409

INTRODUCTION

The natural course of asthma appears to be unaffected by
any therapeutic strategy hitherto available for the control
of the disease. Under such circumstances, attention must
focus on the opportunities for prevention of a disease
which is chronic, life-long, and incurable, even though it
can be very effectively controlled.

The levels of prevention may be considered along the
same lines as for tuberculosis. There are, therefore, three
separate components to the strategy (Table 14.1). Primary
prophylaxis is introduced before there is any evidence of
sensitization to factors that might be subsequently asso-
ciated with the disease. As there is increasing evidence
that allergic sensitization is a very common precursor to
the development of asthma, much primary prophylaxis
is focused on prevention of allergic sensitization in very

early life. Secondary prophylaxis is employed after pri-
mary sensitization to allergen has occurred but before
there is any evidence of asthma. This is usually apparent
in the first few months of life. Once individuals already
manifest atopic disease such as eczema or allergic rhinitis
but not yet asthma, the intervention is tertiary prophy-
laxis. Such intervention tends to focus on the first few
years of life and includes pharmacotherapeutic interven-
tions as well as immune modulation and environmental
control. Once there is already evidence of both sensitiza-
tion and asthma, intervention primarily involves appro-
priate allergen avoidance, which may be introduced at
any stage in the disease process. However, taking the
precedent of occupational asthma, the earlier it is intro-
duced, the better the likely outcomes.1

A prerequisite for establishing any form of preven-
tion is having reliable markers to predict progression of

Table 14.1 Strategies for the prevention of asthma

Primary prophylaxis

Secondary prophylaxis

Tertiary prophylaxis

Before allergic
sensitization

After sensitization but
before disease

Sensitization and allergic
disease but not asthma

Therapy (non-pharmacological) Established asthma

Fetus and newborn

First months of life

Atopic eczema
Allergic rhinitis
Gastrointestinal
food allergy

As early as possible after
the onset of asthma

Improved maternal health
and nutrition
No maternal smoking

Immune modulation
Allergen avoidance

Pharmacotherapy
Allergen immunotherapy
Allergen avoidance

Allergen immunotherapy
Allergen avoidance
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disease. None have yet been identified which will predict
asthma with high sensitivity and specificity. Therefore,
a balance must be achieved between the rigours and the
side effects of the intervention and the likelihood of
preventing disease. The lower the probability that the
disease will occur, the less justification there is for any
intervention, unless it is non-invasive and without undue
cost both socially and financially. However, much research
has focused on the development of an index employ-
ing various risk factors present in the first years of life
to predict with a high likelihood the development of
asthma.2-4

PRIMARY PROPHYLAXIS

Time course of allergic sensitization

Many studies have now shown that the neonate is capable
of mounting a significant immune response to environ-
mental allergens.5-7 Indeed virtually all neonates, both
from atopic and non-atopic families, have T-cell respon-
siveness to inhalant and ingestant allergens.8 It has been
possible to demonstrate that specific allergen induced
responses can occur from as early as 22 weeks of gestation.9

For sensitization to have occurred, there must have been
both allergen exposure via the mother and the presence of
mature antigen presenting cells and T-lymphocytes in the
fetus. That this is the case is not in doubt. Indeed, it has
been clearly shown that the fetus is perfectly able to
mount an antigen specific IgE response from as early as
11 weeks gestation, though primarily in the liver and sub-
sequently lung and spleen, and only later in pregnancy
from circulating cells.10,11

By virtue of the materno-placental-fetal interaction,
there is a tendency for all immune responses in infancy to
be allergy (Th2 lymphocyte) biased. Thus cytokines, pre-
dominantly manufactured by the placenta including IL-4,
-10 and -13, will down-regulate maternal Thl responses to
foeto-paternal antigens and, therefore, protect the preg-
nancy. Those cytokines will also have an impact on the
fetus.12 It is, therefore, not surprising that there is a uni-
versal bias towards Th2 responsiveness in the neonate.13 It
is also not surprising that relatively minor perturbations of
immune response between the mother, the placenta and

the fetus will alter the probability that a newborn will
develop allergic disease and asthma by further biasing the
immune response one way or the other. Many factors are
involved, including the timing and dose of allergen expos-
ure, the presence or absence of maternal atopy, atopic dis-
ease and whether or not the mother is also a smoker or has
been exposed to particular microbial organisms at various
stages during pregnancy (Table 14.2).

Timing of exposure

One study has identified that birch and timothy grass
pollen exposure via the pregnant mother only produces
T-cell sensitization of the fetus if this occurs during the
first 6 months of a pregnancy. Exposure later in preg-
nancy appears to either result in immune suppression or
tolerance.14 We have some limited evidence that allergen
can be transported across the amnion and is detectable
in amniotic fluid.15 Such allergen will be available to be
swallowed by the fetus and could sensitize via the fetal
gut. Later in pregnancy, allergen can be transported across
the placenta complexed with IgG. Indeed, there may well
be a concentrating effect as there is active transport of IgG
from mother to fetus.15-17 A number of studies have sug-
gested that IgG allergen specific antibody might have a
role in modulating the fetal immune response to allergen
and perhaps even suppressing the development of allergy.
This is certainly apparent from animal studies.18 Further-
more, a high cord blood IgG antibody to cat dander and
the major allergen of birch pollen has been associated
with less atopic symptoms in children during the first
8 years of life, with an inverse relationship between cat
IgE antibodies in children and their levels of cat IgG
antibodies at birth.19 Clearly IgG antibody levels in the
cord blood reflect those of maternal IgG which, in turn,
is a reflection of maternal allergen exposure. It, therefore,
follows that if a mother is exposed to high levels of allergen,
this will increase her IgG antibody level which, in turn,
might confer some protection. One study of children of
mothers who have undergone rye grass immunotherapy
during pregnancy and consequently had high IgG anti-
body levels compared with children born to rye grass
allergic mothers who were not treated with immuno-
therapy showed fewer positive skin tests to rye grass
3-12 years later in the offspring.20

Table 14.2 Maternal factors potentially influencing primary allergic sensitization and asthma

Timing of allergen exposure in gestation

Maternal health and allergen exposure

Good maternal nutrition
Maternal smoking

2nd trimester
3rd trimester
Atopic High IgG
High allergen High IgE
Rapid fetal growth
No effect on sensitization

Allergic sensitization
Tolerance
Promotes sensitization
Promotes tolerance
Higher risk of allergy and asthma
Higher risk of wheezing
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All these data fit together into a concept of dose and
timing of allergen exposure in pregnancy as being critical.
Early exposure during the second trimester of pregnancy,
even to low doses, could produce sensitization via the
fetal gut. Later in pregnancy, particularly if allergen expos-
ure is high and maternal IgG antibody levels are conse-
quently high, protection is more likely to occur. These data
provide the first indication that antenatal immune modu-
lation might reduce the frequency of sensitization. It also
casts considerable doubt over the wisdom of making any
recommendations on allergen avoidance during pregnancy
in high-risk families. There is the potential that incomplete
allergen avoidance might actually be more harmful than a
sustained high dose exposure. Thus until more studies have
been conducted, it would perhaps be better not to make
any recommendations. Furthermore if this also involves
food allergen avoidance, then there are intrinsic dangers in
compromising nutrition during pregnancy which might
also have an adverse effect on outcomes.21

Maternal health and nutrition

There is clearly an increased risk of asthma in the offspring
of atopic mothers compared with atopic fathers, at least
in early life and this effect is found even when the influ-
ence of under-reporting of atopy in fathers by mothers is
taken into account.22 The mechanism by which this occurs
remains to be established. It could be a consequence of
genetic priming but is far more likely to be due to the intra-
uterine environment created by the atopic rather than the
non-atopic mother. We have evidence that there are higher
levels of IL-10 in the amniotic fluid of atopic than non-
atopic mothers and also higher IgE levels.12 The presence of
IgE in the amniotic fluid which can be swallowed together
with allergen can enhance allergic sensitization by a phe-
nomenon known as IgE antigen focusing. Indeed, we have
proposed that this phenomenon will facilitate sensitization
of the fetus to maternal helminth and thereby protect
the newborn from the obligate exposure to mothers' par-
asites.23 Certainly newborn infants of helminth-infected
mothers have specific Th2 biased immune responses to
helminth antigen and IgE antibodies to these antigens.11

It is possible that the molecular configuration of proteins
in sensitizing allergens have counterparts in parasites lead-
ing to stimulation of the same immune response.

The implication from the above observation is that
the higher the maternal IgE, the greater the probability
of enhanced allergic sensitization in the second trimester
of pregnancy. Treatments which could reduce levels might,
therefore, be considered as potentially of benefit in pri-
mary prophylaxis. It would be of interest to consider
whether the monoclonal IgE currently being developed
for the treatment of asthma might have a role in this
respect. Trials will be awaited.

Later in pregnancy, fetal growth and nutrition may
have an impact on the risks of sensitization. There has

been an association demonstrated between large head
circumference at birth and levels of total IgE at birth24

and childhood25 and even in adulthood.26 There is even
an association between asthma and particularly severe
symptomatic asthma and large head circumference at
birth.25 It has been proposed that these observations are
a consequence of a rapid fetal growth trajectory pro-
grammed in early pregnancy because of a good nutrient
supply which cannot always be sustained later in preg-
nancy. This paradoxically means that problems of nutri-
tion occur in the rapidly growing fetus later in pregnancy
in relation to mothers who are well-nourished at concep-
tion. What component of the diet leads to a problem in
later pregnancy remains to be established, if indeed the
link is causal, and clinical trials of dietary supplementa-
tion will be of considerable interest.

The main focus on nutrients and allergy has been on
polyunsaturated fatty acids. Diets rich in linolenic acid
promote allergic responses.24 It is well-established that fish
oil supplementation decreases the production of pro-
inflammatory mediators.27 However, the effects on asthma
are often modest or non-existent.28 Whether there might
be a greater impact if this intervention is employed early in
pregnancy, remains to be established. Trials are currently
in progress to investigate this hypothesis. Studies will
also need to focus on anti-oxidants and the effects that
they might have on the early development of asthma. It
has been proposed that low fresh fruit and vegetable intake
might have an impact on the severity of asthma rather
than its prevalence.29 Abnormal nutrient delivery may,
however, also have an effect on lung growth and develop-
ment. Thus subtle deficiencies of vitamin A can affect air-
way branching and lung epithelial cell differentiation.30

There are also effects on surfactant protein production
which, in turn, could affect airway host defence producing
a greater probability of inflammation and an epithelial cell
defect.31 Collectively, the two latter phenomena are the key
immuno-histopathological changes that occur in asthma.
There is, therefore, a potential for a wide range of nutrients
to have an impact on not only allergic sensitization but
also airway development and many will need to be exam-
ined as part of a primary asthma prevention strategy.

Tobacco smoke

The health effects of parental smoking on the respiratory
health of children has been extensively reviewed.32 There
are independent contributions of pre- and postnatal
smoking.33 Studies have shown clearly that lung function
of newborns of smoking and non-smoking mothers
differ significantly.34,35 Furthermore, the infants of smok-
ing mothers are four times more likely to have developed
wheezing illnesses in the first year of life.35 This suggests
that at least one of the effects of antenatal smoking is on
airway development. However, there is little evidence on
meta-analysis that maternal smoking during pregnancy
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has any effect on allergic sensitization.36 Nevertheless, the
data are so secure in relation to lung growth that the single
most important recommendation to make in primary
prophylaxis against wheezing illnesses is avoiding preg-
nancy smoking.

SECONDARY PROPHYLAXIS

The main focus of secondary prophylaxis has been on
allergen avoidance and most trials have been done in rela-
tion to ingestants with little information on inhalants.
However, most recent attention has been directed to the
so-called hygiene hypothesis and the potential that there
might be intervention strategies which will switch the
neonate's Th2 allergic biased immune response postna-
tally. Even when such strategies are introduced in the first
days of life, they are now considered as secondary prophy-
laxis, because of evidence of T-cell allergen sensitization
at birth.5-9

Allergen avoidance

There is a general consensus that postnatal allergen avoid-
ance involving primarily breast-feeding has been associ-
ated with a reduced prevalence or delayed onset of food
allergy and atopic dermatitis in the first 2 years of life, but
the majority of studies have shown no protective effects on
later airway disease.37,38 One study has shown a sustained
effect of breast-feeding with a subsequent significant effect
on asthma.39 It is difficult to reconcile these differences,
though the latter study was initiated some 15 years earlier
than most subsequent studies which have failed to show an
effect on asthma or even an adverse effect in children from
high risk families.393 It remains to be seen whether more
attention to aeroallergen avoidance immediately postna-
tally will have any impact on airway disease. However,
the Isle of Wight study37 did attempt to combine dietary
manipulation with house-dust mite avoidance and there
was still no effect on asthma prevalence at 4 years of age.
Certainly more studies are required.

The hygiene hypothesis (Table 143 and
Chapter 2)

The hygiene hypothesis suggests that the major factor
enhancing down-regulation of the weak Th2 allergy-
promoting immune response at birth is exposure to
environmental microbial antigens. This was first sug-
gested in 1989 when an inverse relationship was found
between birth order in families and the prevalence of hay
fever. It was proposed that infections in early infancy
brought home by older siblings modified the risk of
allergy.40 More recent data substantiate this observation
and also show that day care attendance in the first
6 months of life reduces the subsequent prevalence of
wheezing illnesses, raised serum IgE and skin test reactiv-
ity to any allergen.41 It is proposed that early infection,
whether by viruses or bacteria, will tend to stimulate Thl
immune responsiveness which, if it occurs early enough
postnatally, will switch off the weak Th2 biased response
of all newborn babies to allergens.42

Several other studies support the hygiene hypothesis.
In lapan, strong tuberculin responsiveness reflecting a
good Thl response was associated with a significantly
reduced odds ratio for asthma and raised IgE levels43 and
an international observational study related increasing
regional notification rates for tuberculosis with decreas-
ing regional prevalence of wheezing illnesses.44 Similarly
in Sweden, tuberculin responsiveness was inversely related
to atopy in children provided BCG was given in early life
but had no effect if the BCG was given in adolescence.45

In contrast, one study of high-risk children showed no
effect on atopy of BCG in early infancy.46 An interven-
tion trial administering BCG in the neonatal period
would establish whether this has any impact on later
atopic disease.

Similar inverse relationships have been shown between
atopy and prior early life exposure to respiratory tract
infections,47 measles48 and either helicobacter, hepatitis A
or toxoplasma.49 These observations are in keeping with
those found in the day care study.41 It might also explain
the lower prevalence of atopy in children born into trad-
itional farming families who have been observed to have
a different microbial flora in the gut.50-52 Indeed, it has

Table 14.3 Some evidence in support of the hygiene hypothesis

Increasing birth order
Day care attendance in first 6 months
Tuberculin responsiveness and early life BCG

Early infections- measles, Toxoplasma,
Hepatitis A, Helicobacter

Farmers' children
Early antibiotic usage
Anthroposophic lifestyle

Decreasing hay fever and asthma
Decreased atopy and asthma
Inversely related to asthma and raised IgE
prevalence
Less atopy

Less atopy, hay fever, and asthma
Increased atopy and asthma
Less atopy

40,41
41
43, 44, 45

48,49

51, 52
54, 55
56
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been suggested that the most important normal influence
in reducing atopic disease is the development of satisfac-
tory intestinal microbial flora.53

The first prospective controlled intervention study
which addresses the hygiene hypothesis in relation to the
prevention of atopic disease has now been published.53a

The use of a probiotic (lactobacillus GG) prenatally to
mothers from 'atopic families' and postnatally to the
infants up to 6 months of age resulted in half the cumula-
tive prevalence of atopic eczema by 2 years of age com-
pared with the placebo group. However, this study did not
demonstrate any differences in allergic sensitization based
on skin tests or IgE antibody measurements and the chil-
dren were too young to assess whether it had any impact
on asthma or allergic rhinitis.

Additional components of an affluent community
which might also impact on the hygiene hypothesis are the
excessive early use of antibiotics, which has again been
suggested to increase prevalence of atopy.54,55 A sugges-
tion that even early immunizations by reducing early
infections also are associated with a higher risk of atopy54

has not been confirmed by other studies.553 If verified, it
could explain the lower prevalences of atopy in children
of families with an anthroposophic lifestyle which includes
an avoidance of immunizations and also, indeed, much
other medical treatment.56 However, these observations
must not be taken to indicate that immunizations should
be avoided but merely that an attempt should be made
to identify which components of active infection might
be distilled out to utilize in some form of immune modu-
lation program to reduce prevalence of atopy whilst, at
the same time, continuing with immunizations to prevent
infection.

A number of groups have begun to develop Thl
immunoadjuvants, taking the form of either DNA vaccines
or extracts of particular organisms such as killed listeria
which have a particularly potent effect on the Thl immune
response.57,60 All approaches would potentially restore a
cytokine imbalance related to response to allergen that has
commonly been demonstrated at birth. There are, how-
ever, intrinsic risks in an excessive promotion of a Thl
response at the expense of a Th2 response. The risks of
Thl-mediated immune disorders such as insulin depend-
ent diabetes mellitus, or inflammatory bowel disease may
increase. In the developing world, where helminth infec-
tions are common, IgE-dependent host defences may be
rendered less effective.

TERTIARY PROPHYLAXIS

Allergen immunotherapy

Whilst still a contentious approach to the treatment of
allergic disease, it is clear from meta-analyses that aller-
gen immunotherapy can reduce asthma symptoms

compared with placebo.61 It has clearly been demon-
strated that this form of therapy orchestrates an immuno-
logical switch of allergen induced cytokine profiles from
Th2 to Thl pattern.62,63 This could, therefore, be seen as
another potential early intervention strategy. Hitherto,
little evidence is available on early use. However, one
non-randomized study in 6-year-old asthmatic children
demonstrated that specific immunotherapy reduced the
development of new allergen sensitizations over a 3-year
follow-up period.64 This has been confirmed for house-
dust mite immunotherapy.64a A trial is currently being
conducted in Europe known as the Preventive Allergy
Treatment study (PAT) which has generated a few pre-
liminary results. After 3 years of pollen immunotherapy
with pure seasonal allergic rhinitis, fewer children have
subsequently developed asthma than in an untreated
parallel control group.65 This approach may, therefore,
have some value as secondary prophylaxis, but has never
been consistently employed in any children under 5 years
of age. Prospects for allergen immunotherapy have
recently been reviewed.115

Pharmacotherapy

Three studies have investigated the use of antihistamines
in the prevention of asthma in children. One employed
ketotifen or placebo in a double-blind randomized trial
conducted over a 1-year period in 121 infants with atopic
eczema.66 This showed that the active treatment signifi-
cantly reduced the prevalence of asthma. However, the
beneficial effect was only observed in those with a raised
total IgE at recruitment. A second much larger study in
similar infants compared cetirizine with placebo. This
study also demonstrated a significant reduction in the
prevalence of asthma over an 18-month period of active
treatment compared with placebo, but only in those with
evidence of house-dust mite or grass pollen sensitivity
which constituted 20% of the total population.67 A third
study used ketotifen in infants with a family history of
allergy and a raised total IgE level. This intervention also
significantly reduced the subsequent prevalence of
wheezing illnesses.68

The mechanism of action by which antihistamines,
such as ketotifen or cetirizine, might have an effect in
preventing the development of asthma in already sensi-
tized children is clearly important to identify. One
proposition is that antihistamine may prevent allergen
induced up-regulation of adhesion molecules such as
ICAM-1 and VCAM-1 which in turn will, therefore,
inhibit eosinophil trafficking into allergen provoked tis-
sues such as the airway.69 It will clearly be of considerable
interest to investigate other pharmacotherapeutic inter-
ventions that might have similar effects in inhibiting
eosinophil trafficking. One candidate in this respect
would be leukotriene receptor antagonists.70
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NON-PHARMACOLOGICAL THERAPY
(Table 14.4)

Pollutant avoidance

It is important to identify non-allergenic triggers
which might be avoided for the benefit of children with
established asthma. A number of studies have shown that
exposure to environmental tobacco smoke (ETS) has dele-
terious effects on asthma control. Indeed, the Institute of
Medicine in the USA reviewed associations between ETS
and respiratory illnesses. They found a clear causal rela-
tionship between ETS exposure and exacerbations of
asthma in preschool children with an estimated 30%
increased frequency of symptoms.71 One study showed a
significant effect of maternal smoking on bronchial hyper-
responsiveness and severity of symptoms in children with
asthma.72 The same authors were able to show that if the
mothers stopped smoking, there was a decrease in asthma
severity in their children compared with those whose
mothers who continued to smoke.73 This provides the
one piece of evidence that removal of ETS will result in
improvement.

There is evidence from epidemiological studies that
respiratory symptoms occur more frequently in homes
employing unusual forms of heating as well as those where
there is significant exposure to ETS.74 Other surveys have
suggested increased risks of respiratory symptoms in chil-
dren resident in homes using gas cookers. A meta-analysis
estimated that the odds of respiratory illness was 20%
higher in such children.75 However, evidence In support of
this is not very consistent and recent studies with large
numbers of subjects would probably negate the previously

positive association on meta-analysis.74,76 Thus other
than avoidance of ETS, it is difficult on the basis of evi-
dence to make any recommendation about other forms of
modification of home environment in relation to gaseous
pollutants.

A major review through the Department of Health in
the UK into associations between outdoor air pollution
and asthma came to the conclusion that there was little
or no association between the regional distribution of
asthma and that of air pollution. There was no convincing
evidence that asthma was more common in high pollu-
tion urban areas compared with rural areas. However, it
was accepted that day-to-day fluctuations in air pollution
levels would have a small effect on lung function which,
particularly in individuals with severe asthma, may pro-
duce exacerbation or need for increased medication. It
was also accepted that short-term fluctuations in levels of
outdoor air pollutants could be responsible for changes in
hospital admissions and accident and emergency attend-
ances for asthma. However overall the effects, if any, were
considered to be small and relatively unimportant by
comparison with other factors such as infections and
allergens,77 although a role of air pollution in the incep-
tion (i.e. incidence) of asthma cannot be ruled out.

Aero-allergen avoidance

In occupational asthma, the more rapid the removal from
allergen exposure, the more favourable the outcome.
Occupational asthma can resolve completely after the
occupational allergen exposure ceases, if avoidance is
introduced soon after the onset of symptoms. By analogy,
the earlier allergen avoidance is introduced in an atopic

Table 14.4 Non-pharmacological approaches to asthma treatment

Environmental tobacco smoke
avoidance

House-dust mite avoidance

Animal allergens
(particularly cat and dog) avoidance

Pollens and moulds avoidance

Food avoidance

Pollutant avoidance

Reduce allergen sensitivity

No smoking in house
Monitor urinary cotinine

Bedding barrier systems
Ventilation/dehumidification

Remove pets from home or
regular pet washing

Filters in homes
Hoods

Dietary adjustment

Filters and ventilation systems
in homes

Allergen immunotherapy
Anti-lgE

Ubiquitous
Poor parental adherence

Disputed efficacy

Ubiquitous
Poor adherence
Little evidence base

Impractical

Rarely necessary for asthma alone
Nutritional and psychosocial
consequences

Relevance and importance in asthma
disputed

Risk/benefits and cost/benefits
compared to pharmacotherapy
unfavourable
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asthmatic, the greater the potential benefit. After pro-
longed exposure, the asthmatic process may well become
so well established that avoidance will have no effect.

Severity of asthma symptoms can be related to
increased exposure to relevant allergens.78 Indeed, studies
have also been able to show that allergen exposure is a risk
for acute asthma and emergency room visits.79 The impli-
cation of such observations is that reduction of exposure
would reduce asthma severity and thereby recourse to
medical services. However, evidence for the latter is a little
more difficult to access, predominantly because allergen
avoidance techniques have been far from perfect. Never-
theless, there are sufficient studies to support the assertion
that allergen avoidance should be an integral part of
asthma management strategies.

House-dust mites

The World Health Organization has endorsed the concept
that house-dust mite allergy is a universal problem in asso-
ciation with asthma.80 However, a recent meta-analysis of
controlled house-dust mite avoidance trials suggested that
this approach was of marginal benefit in the treatment of
asthma.81 However, this meta-analysis was based on single
interventions and included some that did not even reduce
house mite levels with others that may well be effective.
Others have commented that the meta-analysis was unsat-
isfactory in its conclusion.82 Indeed, an independent sys-
tematic review of essentially the same data sets came to the
conclusion that house-dust mite avoidance is effective in
asthma.83 Better and longer trials are required before firm
recommendations can be given.

Recently, one of us reviewed all controlled studies that
have attempted house mite avoidance and came to the
conclusion that a number of strategies were clearly effi-
cacious (Table 14.5). These included encasing of bed-
ding, removal of carpets and soft furnishings, and the use
of high efficiency vacuum cleaners. Rather less effect was
identified from the use of acaracides and insufficient
studies are being conducted on the use of dehumidifica-
tion systems.84 Perhaps the most compelling evidence
that house-dust mite avoidance will be effective comes
from studies at high altitude where mite levels are very
low indeed. Children with mite sensitivity taken to high

altitude have dramatic reductions in symptoms, require-
ments for pharmacotherapy, bronchial hyperresponsive-
ness and both total IgE and dust mite specific IgE levels.
This occurs within 3 months of avoidance and there is
furthermore even a reduction in hyperresponsiveness
induced by a house mite challenge.85 However, the prob-
lem is rapid relapse after return to a home environment
with high mite exposure. This should encourage further
controlled trials using combined strategies which may
have a far greater chance of being efficacious.

The use of bedding encasings has achieved the most
consistent beneficial results, both in reducing mite allergen
and improving symptoms.86,88 However, these studies did
not employ encasings alone but variously added effective
vacuuming and the use of acaracides. It is clear that in
order to achieve adequate reduction in mite levels, it is
important to cover all components of the bedding, namely
the mattress, pillow and duvet.89

Effective vacuuming may reduce mite levels, particu-
larly if they are of high efficiency and contain appropriate
filters. However, it is rather more difficult to demon-
strate clinical efficacy.90 Indeed, a recent study remarkably
showed that a high efficiency vacuum cleaner can indeed
improve clinical symptoms in house mite sensitive asth-
matics. However, the effect appeared to relate to reduc-
tions in cat rather than house mite allergen and only
occurred in the individuals who were also cat allergic.91

While the use of acaracides can be shown to reduce house
mite allergen levels, clinical efficacy is rather more difficult
to demonstrate.86,92 Other strategies that have been inves-
tigated in trials include dehumidification and the use of
mechanical ventilation systems.93 While this latter British
study failed to show any effect either on mite allergen
levels or symptoms, studies using mechanical ventilation
systems in other countries, where perhaps it is possible to
reduce humidity more easily, have been more successful.94

Even in the UK, this approach may achieve efficacy if com-
bined with additional measures such as high efficiency
vacuuming.95 Other techniques, such as high temperature
washing, freezing with liquid nitrogen, the use of electric
blanket and exposure to direct sunlight have all been
shown to reduce mite levels but hitherto none has proved
to have efficacy in clinical trials.84

Thus in summary, effective dust mite control requires
a combination of bedding encasings, removal of carpets,

Table 14.5 House-dust mite avoidance strategies

Barrier bedding covers
Acaricides/denaturants
High performance vacuum cleaners
Dehumidifiers/ventilation systems
Filtration systems
Ionizers
Freezing toys and bedding

Yes Effective
Yes Minimal effect
Yes Too few trials
Results vary depending on geographical location
Small effect Inadequate trials
Small effect None
Yes No trials
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the use of high efficiency vacuum cleaners and perhaps
attempts at reducing humidity either by dehumidifica-
tion or effective ventilation.

Animal allergen

Domestic pets are a significant source of allergens. The
principle culprits are cats and dogs which often have the
freedom to roam the whole domestic environment,
including bedrooms, and spread their allergen generously
throughout. Most allergen is on particles of very small size
which are able to remain airborne for long periods and to
spread way beyond the original source. Thus both cat and
dog allergens are widely distributed in public places, pre-
sumably either airborne or carried on the clothing of pet
owners.96 Indeed in environments where house-dust mite
is relatively less prevalent, such as Northern Sweden, the
presence of cat and dog allergen has been implicated as the
major allergic stimulus to contribute to the development
and aggravation of asthma in such environments.97 Cat
allergen can be detected in air samples from most if not all
homes, even those which have not contained a cat.98 It is,
therefore, not surprising that cat and dog allergy is very
common in asthmatic children in many diverse environ-
ments, being second only to house-dust mite in terms of
frequency of sensitization in the UK, but occurring even in
environments where house-dust mite does not exist.99

Exposure also occurs in schools and it has been shown that
children of pet owning families will transport sufficient
allergen on their clothing to have an adverse effect on
bronchial responsiveness and symptoms in allergic asth-
matic children in the same classroom.100,l0la This makes
control of cat or dog allergen exposure extremely difficult.
Furthermore, there are no good published controlled
studies demonstrating clinical benefits from appropriate
environmental modification in cat or dog allergic asth-
matic children. One might assume that removal of an
animal from the home will lead to clinical improvement.
However, allergen levels remain high for years after
removal.101,102 Reduction in allergen levels may only be
sufficient if additional measures such as efficient vacuum-
ing are carried out.91 Furthermore, changing bedding or
the use of impermeable encasements may also be import-
ant as allergen can also be detected in mattresses for years
after an animal has been removed.103

It has been suggested that reductions might be achieved
in allergen levels even with the animal remaining in the
home. As the allergen is not the dander but comes from
saliva and sebaceous secretions, regular washing of cats
together with efficient vacuum cleaning, removal of fur-
nishings and air filtration, can achieve significant reduc-
tions. However, the study describing this effect did not
measure clinical outcomes.104 Only one published trial has
convincingly shown that reduction of cat allergen expos-
ure in cat allergic individuals can lead to clinical improve-
ment and this occurred in a study which did not have this

outcome as its primary objective. The study had initially
been designed to attempt to demonstrate an effect in
reduction of house mite levels based on the use of high
efficiency vacuum cleaners.91 More research is required to
justify the common recommendation about cat and dog
avoidance in allergic individuals.

Other allergens

In some environments world-wide, cockroach allergy is
common occurring particularly in inner city deprived
populations.105 In such populations, cockroach exposure
in cockroach-sensitive children is considered to have a
major impact on morbidity in terms of hospitalizations,
missed days from schooling and sleepless nights.106 There
is no evidence that attempts at extermination of the cock-
roach have much effect on cockroach allergen levels and
there are no published studies on clinical outcomes.

Mould allergens

A vast range of different mould species can be found
both in the indoor and outdoor environment. Indoors,
Aspergillus and Penicillium species predominate. They
tend to be found in damp homes with condensation prob-
lems. However, the frequency of sensitivity to mould aller-
gens is relatively low and in many environments where
there are high mould counts in household dust, there are
also high levels of house-dust mite allergen. Thus attempts
at mould removal have not been a major focus for inter-
vention but reduction of humidity could be of benefit in
relation to both house mite and mould levels.

Outdoor allergens

The major outdoor allergens in temperate climates are
grass and tree pollens, while in more arid environments,
mould spores such as Alternaria predominate.107,108

Although impossible to avoid completely, it has been sug-
gested that exposure might be reduced by keeping win-
dows and doors closed while the pollen and/or mould
counts are high. However, evidence of efficacy is lacking
and perhaps the only guidance that can be offered is to
intensify pharmacotherapy on a basis of predicted pollen
and mould spore counts.

Food allergy

As indicated in the chapter on allergy, food allergy is a
rare phenomenon in children with isolated asthma.
However where food allergy has been demonstrated con-
vincingly by double-blind placebo controlled challenge,
it is necessary to impose an avoidance diet.109 Such
avoidance is particularly imperative in children who have
reported acute anaphylactic type reactions to food where
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the association with asthma confers a higher risk of future
fatal reactions.110

There is a common public perception that food addi-
tives are a cause of asthma exacerbation. However, it is
extremely difficult to substantiate such claims and where
double-blind placebo controlled challenges have been
conducted, it has been rare to substantiate the patients'
perceptions. in

Preventing infective exacerbations

Most severe exacerbations of asthma and of wheeze
in young children are triggered by viral infection
(Chapter 7b). Prospects for prevention are huge, but
largely unrealized. Influenza vaccination is recommended,
and does not exacerbate existing asthma.112 Active
immunization against RSV infection in infancy is likely
to be available soon, but current passive techniques have
limited benefits.113

SUMMARY

Prevention of asthma by environmental modification
remains an attractive hypothetical approach to both the
prevention and management of asthma. Many parents
now demand explanations for the cause of their child's
asthma and will not be satisfied with merely administering
pharmacotherapy without being empowered to attempt to
control their child's disease by environmental modifica-
tion. Unfortunately, however, reduction of the exposure to
key allergens such as house-dust mite, the allergens of cat
and dog and indeed outdoor allergens is either very diffi-
cult or impossible. Evidence that avoidance has any impact
on clinical outcomes in childhood asthma is scanty or
non-existent. However given the public demand for such
approaches, it is incumbent on paediatricians to conduct
more trials utilising more recent insights into potential
effective allergen reduction measures. At present, perhaps
the only confident recommendation for avoidance that
can be made from an evidence base is that of pregnancy
and postnatal environmental tobacco smoke exposure.

Recent insights into the early life origins of asthma
may well, however, identify other therapeutic approaches
which will have effects in preventing the onset of disease.
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INTRODUCTION Attained height

If the asthma has come on young, he (the asthmatic) is

generally below the average height (Salter1).

Although they produced no evidence to support this
assertion, classical writers such as Salter were in no doubt
that childhood asthma was an important cause of stunt-
ing of growth. Cohen et al.2 are generally credited with
first drawing attention to the importance of anthropom-
etry in recording the progress of allergic children, and
later3 presented data which confirmed the association
between uncontrolled allergy and poor growth (and the
converse).3'4 Although it has been widely accepted that
asthma has an adverse effect on growth, the literature has
contained surprisingly few accounts of the growth of
asthmatic children, and even less by way of explanation
for growth impairment. Inevitably, interpretation of the
literature is bedevilled by problems related on the one
hand to the definition of asthma and the assessment of
its severity, and on the other to the collection and inter-
pretation of the data on growth. More recently, a further
source of confusion has been the effect on growth of sys-
temic and inhaled corticosteroid therapy.

ASSESSMENT OF GROWTH

The assessment of growth is an integral part of paediatric
practice. Growth may be assessed in terms of either
attained height or height velocity.

Attained height summates all the previous growth.
Growth is a dynamic process, and a single measurement
is therefore of limited value. Attained height, measured
using an accurate stadiometer, must be related to age and
sex on an appropriate chart, sometimes known as a 'dis-
tance' or 'growth' chart. The result is expressed either as a
centile, or as a standard deviation score (SDS or z-score),
the deviation from the mean in units of standard devi-
ation. Attained adult height summates the effects of all
influences on childhood growth.

Height velocity

Height velocity describes growth over a given time-period
as an annual increment in height. Change in height is small
over short intervals, so the total period studied should be
as long as possible. Ideally, several measurements should
be made over the period, and growth rate calculated by
regression. Again, the results can be expressed as either a
centile or an SDS. Height velocity is at its maximum dur-
ing infancy, following which it declines gradually through-
out childhood to reach its lowest childhood level during
the pre-pubertal nadir (Figure 15.3). Following the puber-
tal growth spurt, growth declines gradually, but may take
several years to come to a complete stop.

Knemometry

Knemometry was introduced to overcome some of the
problems in assessing height velocity over short periods.5,6
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This technique allows extremely precise measurements
to be made of the distance between the heel and the knee,
allowing the assessment of lower leg growth over periods
of only a few days. Short-term changes cannot be extrapo-
lated to the long-term. Knemometry is useful in allowing
the systemic (metabolic) effects of corticosteroids to
be detected, rather than as a true measure of growth.
Unfortunately, knemometry involves the use of complex,
expensive and bulky apparatus, and although valuable
research has been performed using it, it has been little used
in routine clinical practice.

Measurements of childhood growth, particularly in
individuals rather than populations, must be interpreted
in the light of four constitutional factors that influence
growth: parental height, intrauterine and perinatal influ-
ences; maturational influences (usually measured in terms
of bone age or pubertal status: children in whom puber-
tal development is relatively delayed undergo considerable
catch-up growth when puberty eventually occurs); patho-
logical influences (such as those which directly affect
growth and those chronic diseases, including asthma,
which may do so indirectly).

EFFECTS OF ASTHMA ON GROWTH

Population-based studies

Several population-based studies have included data on
the association between asthma and short stature. Both the
Oxford Child Health Survey7 and the Thousand Family
Study in Newcastle upon Tyne8 demonstrated an associ-
ation between respiratory symptoms and poor growth. At a
time when asthma was generally under-diagnosed, many
of these children are likely to have had asthma. However,
respiratory symptoms were also related to adverse social
circumstances, which in turn have a well-recognized impact
on growth, and it would be wise not to over-interpret
these data. In Aberdeen9 and in Melbourne10 both height
and weight were affected adversely by increasing severity
of asthmatic symptoms. In Melbourne, Gillam et al.10

found that growth impairment was most marked in chil-
dren in whom barrel chest testified to the severity of their
asthma. However, by 21 years of age, all groups in this
study, including children selected because they had
unusually severe asthma, had heights in the same range
as controls.11

Although asthma does not appear to be a common
cause of severe growth failure,12,13 Rona and Florey14 in a
later community-based study confirmed that asthma (but
not non-specific respiratory symptoms) adversely affected
growth independently of social and biological factors
assessed. In contrast, the 1958 British Birth Cohort Study15

failed to find an ill-effect of childhood asthma on growth,
perhaps because community studies contain only a small
proportion of children with severe asthma. Other recent

community-based studies16- 19 have also failed to demon-
strate any effect of asthma on growth, except in severe
cases in which the effects of asthma are difficult to separate
from the potential effects of inhaled corticosteroids used
in its management.

It is essential therefore to examine studies from
hospital-based clinics, in which severe cases of asthma are
more likely to be represented, with particular emphasis
on reports that antedate the introduction of effective
anti-inflammatory and bronchodilator treatment.

Hospital-based studies

Several workers examined the effects of new corticos-
teroid therapy on the growth of asthmatic children,20-27

and in so doing, measured children before corticosteroids
were started. Their heights were appreciably lower than
predicted (Figure 15.1). More recent studies28'29 (Figure
15.2) have supported these findings.

Several of these authors also demonstrated retarded
bone maturation in association with severe asthma.23'30

Figure 15.1 Distribution of height centiles in children
studied by Falliers20 prior to 1961 at the Jewish National
Home for Asthmatic Children, a residential hospital-school
for children with intractable asthma in Denver, Colorado,
USA. Equal numbers of children should lie above and below
the 50th centile.

Figure 15.2 Height velocity SDS in 58 pre-pubertal children
studied before and after starting inhaled corticosteroids.28
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Figure 15.3 Growth of 531 asthmatic boys based on 1754
mixed longitudinal measurements. The upper graph
represents height for age in the reference population, on
which is superimposed a dotted line representing the
heights of the asthmatic children. The lower graph
compares the height velocity and the timing of the pubertal
growth spurt in the asthmatic boys with the reference
population. Figure modified by Preece et al.198from
Hauspie et al.37 (reproduced with permission).

Particularly important evidence comes from a group of
children institutionalized for severe asthma31 (Figure 15.3),
who had clear evidence of retardation of height, bone age
and pubertal development. Children with delayed puberty
typically continue to grow for longer than other children,
so that by the time bone maturation finally occurs, nor-
mal adult stature has been achieved (Figures 15.4 and
15.5). In Hauspie's study,31 this was exactly what hap-
pened; in subjects followed through to the age of 19 years,
adult height was normal.

Snyder23 related height centile to asthma severity
assessed by the frequency of attacks and demonstrated a
preponderance of small children in the group with the
most frequent attacks. A similar effect is seen in Figure
15.2.28 Indirect support for an association between asthma
severity and impaired growth comes from a few anecdotal
reports in which effective asthma treatment has been fol-
lowed by accelerated or 'catch-up' growth.32-35

There has not however been universal agreement that
severe asthma is associated with impaired growth. Spock36

found no impairment of growth in patients who had not
received corticosteroids, although in common with other
studies,2,9,37 he found that asthmatic children tended to be
relatively underweight. There was however a tendency for
Spock's patients to achieve a greater height centile after
puberty than at the beginning of the study, a finding that

Figure 15.4 Height record on a Tanner and Whitehouse
growth development chart (10th, 50th and 90th centile
lines) for a child with mild chronic perennial asthma,
virtually symptom-free by 11 years of age, illustrating:
(1) the established centile pattern from 7.7 to 12.3 years;
(2) the physiological deceleration of growth velocity pattern
of delayed puberty; (3) the delayed puberty growth spurt,
resulting in a child regaining his original height centile. The
broken line represents the onset of puberty. (From ref. 199
with permission.)

Crowley38 has interpreted as a tendency for childhood
growth to be retarded, with compensatory catch-up
growth during puberty. In a study from Nigeria,39 socio-
economic factors were thought to be more important than
asthma in explaining growth impairment, although chil-
dren with severe asthma were, on average, lighter in weight
and shorter in stature than those with mild or moderate
disease. Similar conclusions have been reported in a
Scottish population survey.18

Adult height following asthma

The great majority of reports that have examined adult
height following childhood asthma have found nor-
mal11,31,36 or even greater than predicted adult height.26

However, in a large cohort of 17-year-old Israeli military
recruits, Shohat et al.40 demonstrated statistically signifi-
cant growth retardation in severe asthmatics, although
the actual differences between the various groups were
small, and unlikely to be of clinical importance (Figure
15.5). Paradoxically, in this study the subjects with mild
or moderate asthma were taller and heavier than con-
trols, a finding that remains unexplained. The findings in
this study must however be interpreted with some cau-
tion, as full adult height has not necessarily been attained
by the age of 17 years, particularly in asthmatics in whom
the adolescent growth spurt is commonly delayed.31 Even
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Figure 15.5 Heights of 54 051
male and 38 102 female Israeli
military recruits studied by Shohat
et al.40 Although some of these
differences attain statistical
significance by virtue of the large
numbers studied, it should be
noted that the actual differences
are extremely small, and that the
subjects were only 17 years of age,
when full adult height would not
have been attained by all subjects.

temporary short stature and lack of sexual development
may lead to emotional and social difficulties that may
persist after normal height and full sexual maturation are
attained.41

eventually in normal adult height.46 Upper respiratory
tract allergy has also been implicated in growth retard-
ation,47 although this study did not distinguish clearly
between upper and lower respiratory tract allergy.

Summary of evidence relating asthma
to growth

Although the quality of some of the evidence relating
asthma to growth is less than satisfactory by modern stand-
ards, its volume is considerable and suggests that:

• In contrast to milder disease, severe asthma, in the
pre-corticosteroid era, was frequently associated with
delayed growth during childhood.

• Asthma is associated with delayed puberty and bone
maturation, and therefore relative short stature in early
teenage, with little or no effect on adult stature.

• The adverse effects of severe asthma were particularly
marked in reports prior to the introduction of'modern'
asthma therapy.

MECHANISMS BY WHICH ASTHMA AFFECTS
GROWTH AND MATURATION

Allergy

Cohen et al.2 believed that growth retardation was an
integral part of the atopic state, presenting case reports
involving children with eczema and hay fever as well as
asthma. Support for this view has appeared in more recent
publications, in which growth impairment has been asso-
ciated with eczema, particularly with extensive skin
involvement,42-44 the growth pattern being similar to that
seen in asthma, with delayed bone maturation45 resulting

Endocrine factors

PUBERTAL DELAY

Pubertal delay has been fully documented in only two stud-
ies in asthmatic children.48'49 Delayed radiological bone
maturation, presumably secondary to delayed endocrine
development, has however been reported widely.20,23,31,50,52

As in any other group of children with delayed pubertal
development, short stature in childhood is balanced by a
relatively long period of pre-pubertal growth (Figure 15.4).
Although the subsequent pubertal growth spurt is often
subnormal, satisfactory adult height is usually attained.

HYPOTHALAMO-PITUITARY DYSFUNCTION

The underlying mechanism has not been elucidated,
although hypoxia has been shown to cause hypothalamo-
pituitary dysfunction.53 Pituitary gonadotrophins are
depressed in asthmatic adolescents compared with
matched controls, associated with depressed levels of
testosterone in boys, and oestrogen and progesterone in
girls.54 One study showed that asthmatic children have
an exaggerated growth hormone response to exercise,55

although this has been disputed.56,58 In two studies the
effects on growth were confined to boys.26,59

ADRENAL DYSFUNCTION

There is evidence of reduced urinary excretion of the
adrenal androgen dehydroepiandrosterone in asthmatic
children, whether or not they are on corticosteroid
therapy.60 This could certainly result in maturational



418 Growth and puberty in asthma

delay. Further evidence of adrenocortical dysfunction is
an impaired cortisol response to exercise.61

Undernutrition

ENERGY IMBALANCE

Growth failure in asthma could be due to energy imbal-
ance resulting from a combination of poor appetite24 and
increased resting energy expenditure.62,63 However, sev-
eral studies have failed to show any relationship between
energy intake and growth in asthmatic children,63,66 sug-
gesting that this is not a major factor.

ZINC DEFICIENCY

Zinc deficiency has been demonstrated in children with
asthma67 and eczema,68,69 although the findings for asthma
are not consistent.70,71 Moreover, zinc deficiency has been
postulated as a factor causing bronchial hyperreactivity,72

so any association between asthma, growth and zinc
deficiency is difficult to interpret.

ANTIOXIDANT DEFICIENCY

It has been suggested that dietary antioxidant deficiency
might be responsible for the widely observed increase in
the prevalence of asthma.72,73 There are certainly plausible
biochemical and epidemiological reasons why this might
be so,74,75 and vitamin C can prevent exercise-induced
bronchospasm in some patients.76

OTHER DEFICIENCIES

Collipp77 described pyridoxine deficiency in asthmatic chil-
dren, with a favourable response to treatment, although
these findings have not been replicated by other work-
ers.78,79 Perturbations of pyridoxine metabolism in asthma
were probably due to theophylline therapy.80,81

At present, there is insufficient evidence to advise the
widespread use of dietary supplements to promote growth
in asthmatic children, although there is an increasingly
strong case for dietary intervention to prevent the devel-
opment of asthma.75

Non-corticosteroid asthma therapy

b2- AGONISTS

The transient inhibition of growth hormone secretion fol-
lowing the intravenous injection of terbutaline in children
is unlikely to be responsible for any clinically relevant
inhibition of growth.82 In adults, the growth hormone
response to exercise was blunted following 400 mg salbuta-
mol (albuterol) and abolished following broxaterol.83 In
children, Lanes et al.84 showed an early but unsustained
reduction in both stimulated and spontaneous growth
hormone secretion during salbutamol treatment. This

evidence of an interaction between b2-agonists and growth
hormone has not been established as the cause of growth
inhibition.

XANTHINES

Theophylline has also been implicated as an inhibitor of
growth hormone secretion. In children, Baum85 found
that theophylline caused a significant reduction in the
median values of the 24-hour profile, of the 8-hour sleep
phase and of the maximal growth hormone peak. In
contrast to b2-agonists, theophylline was available and
indeed widely used when some of the most severe growth
failure was reported,20-22 but there is no evidence that the
endocrine changes induced by theophylline are of any
clinical significance.

CROMONES

Cromoglycate is said to have a beneficial effect on growth,32

a finding that may be related to the increased growth hor-
mone excretion that occurs during its use.86

Oral corticosteroids

EARLY STUDIES

Growth retardation is a well-recognized component of
Cushing's syndrome when it occurs in children, and its suc-
cessful management is followed by catch-up growth.87 It is
therefore hardly surprising that, when corticosteroids were
introduced to medical practice, growth retardation soon
emerged as an important side effect.88 Many children had
evidence of growth suppression before starting steroids
and their administration had little additional effect.
Attempts to preserve growth using ACTH injections90,91

produced unpredictable hyperadrenalism, without affect-
ing adult height.92 Growth was largely preserved when oral
corticosteroids were given on alternate days,93 and this has
almost completely superseded the use of ACTH.

RECENT STUDIES

Using knemometry, Wolthers and Pedersen have shown
that prednisolone in daily doses as low as 2.5 mg and 5 mg
inhibits short-term growth,94 suggesting that at daily doses
likely to be effective in asthma, growth retardation would
be inevitable.

Alternate day therapy does not however provide com-
plete protection against the effects of corticosteroids on
growth, although it may be difficult to separate the
effects of therapy from those of the underlying disease.25

In one study, children who received prednisone in doses
of <15mg every other day had acceleration of growth,
whereas children who received larger doses had further
suppression of growth.26 Much of the growth retardation
in asthma appears to be due to the disease itself, but is
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accelerated by steroid therapy, in proportion to the dur-
ation and dosage of daily steroid treatment.27

Corticosteroid therapy also delays skeletal matura-
tion. Bone age is delayed more than height-for-age in
asthmatic children on oral prednis(ol)one,95 with slow
and variable catch-up after discontinuing treatment.

There is insufficient evidence to identify a 'safe' dose
of oral corticosteroid; both continuous and intermittent
treatment have been associated with growth retardation.
As with all potentially toxic drugs, corticosteroids should
be given in as low a dose as possible, for as short a time as
possible, and as infrequently as possible. It is as import-
ant to step down treatment when the patient is doing
well as to step up when he is doing badly. Restraint in the
use of corticosteroids is balanced by the undoubted bene-
fits they have brought to the management of both acute
and chronic asthma (Chapter 8a).

Inhaled corticosteroid therapy-
beclomethasone dipropionate and
budesonide

It was hoped that the effects of corticosteroids on growth
could be avoided by using tiny doses of topically active
corticosteroids by inhalation. Initial trials of inhaled cor-
ticosteroid therapy in children demonstrated dramatic
improvements in asthma control,96,97 with no adverse
effect on growth.33'98,100

Nevertheless, there were observational reports of
growth impairment of pre-pubertal children on inhaled
corticosteroids101 and misleading reports of growth retard-
ation around puberty which made no allowance for the
delayed pubertal growth spurt that is characteristic of the
asthmatic child.102 Nevertheless, these findings stimulated
numerous further studies of childhood growth on inhaled
corticosteroids, mostly with reassuring results.103-106

Indeed, in our own study (Figure 15.2), we were in no
doubt that poor asthma control was the major determin-
ant of poor growth.28,107 Reviewing the literature in 1994,
Allen108 concluded that there was no statistical evidence
that beclomethasone dipropionate therapy was associated
with growth impairment, regardless of dose, duration of
therapy or severity of asthma. This may have been over-
optimistic.

STUDIES USING KNEMOMETRY (SHORT-TERM
BONE GROWTH)

Knemometry provided the first convincing evidence that
inhaled corticosteroids had a dose-related effect on
growth. Budesonide in doses up to 400 (xg per day had no
significant effect, whereas a daily dose of 800 |xg slowed
lower leg growth109-112 (Figure 15.6). A reduced dose of
budesonide (from 400 u,g to 200 jxg daily), achieved by
adding formoterol to the regimen, was followed by sig-
nificantly enhanced lower leg growth.113 Interestingly,
budesonide given in a once-daily dose of 800 |xg had less

Figure 15.6 Lower leg growth in children receiving various
doses of budesonide in a double-blind study.109 Only the
effect of 800/jig was statistically significant.

effect on lower leg growth than when the daily dose was
divided in two.114 Budesonide given by nebulizer to very
young children in a daily dose of 1-4 mg did not influ-
ence growth.115 In contrast, beclomethasone dipropionate
slowed lower leg growth in a daily dose of 400 |xg,116,117

suggesting that its systemic effects were more marked
than those of budesonide. Studies using knemom-
etry to assess growth suggest therefore that budesonide
might offer some advantages over beclomethasone
dipropionate.

The results of studies based on knemometry must be
viewed with some caution, since measurements made
over extremely short periods cannot be extrapolated to the
longer term. In some children lower leg growth apparently
slowed to an extent that would have resulted in severe
stunting of growth, a finding that has not been seen even
in individuals who have received inhaled corticosteroids
for most of their childhood years.

STUDIES USING STADIOMETRY (STATURAL
GROWTH)

Several studies have now shown clear evidence of growth
suppression on inhaled corticosteroids. There have been
four randomized controlled trials in which growth has
been measured in children receiving beclomethasone
dipropionate 400 u-g per day.118-121 These therapeutic
trials can be criticized because of the inclusion of children
up to 14120 or 16118>121 years of age, when puberty might
be a confounding variable, or because the indication for
treatment was unconventional.119 It is however difficult to
escape the conclusion that the effect on growth was genu-
ine, a view supported by a recent systematic review of the
effects of beclomethasone dipropionate on growth,122

which concluded that beclomethasone dipropionate sup-
presses height velocity by an average of 1.51 cm per year
(95% CI-1.15,-1.87).

Further evidence that inhaled corticosteroids have an
inhibitory effect on growth comes from two observational
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Figure 15.7 Height standard deviation score in children
followed before and after starting budesonide, compared
with children who were not given inhaled corticosteroids.
Budesonide was started at year 0. (From Agertoft and
Pedersen.106)

studies. In one, the slowing was independent of dose,
was accentuated in the more severe asthmatics, and was
most marked during the first year of treatment.29 When
inhaled corticosteroid treatment was discontinued there
was evidence of catch-up growth.123

EFFECT ON ADULT HEIGHT

Several studies have reported that the eventual adult
height of individuals who have received corticosteroid
therapy during childhood is unaffected.123-128 Any slow-
ing of growth is transient (Figure 15.7). Delayed pubertal
growth is a feature of steroid treated and of untreated
children.127

There is therefore good reason to advise parents that,
whatever short-term effect inhaled corticosteroids may
have on their child's growth, there will be no adverse
effect on eventual adult height.

Inhaled corticosteroid therapy - fluticasone
propionate

Fluticasone propionate has been introduced as a potent
anti-inflammatory corticosteroid that undergoes virtually
total first pass hepatic metabolism, and is therefore likely
to be associated with fewer systemic side effects than the
other steroid molecules given by the inhaled route.129

On a weight-for-weight basis, it is clinically at least twice
as effective as budesonide or beclomethasone dipropi-
onate,130 and this needs to be borne in mind when com-
paring its effects on growth with those of the other
corticosteroids.

STUDIES USING KNEMOMETRY

Fluticasone propionate had no short-term effect on lower
leg growth in doses of 200 mg116,131,132

 Or 400 u.g131 daily.

Thus it appears to offer advantages over beclomethasone
dipropionate, but no difference was found between
budesonide 800mg daily and fluticasone propionate
400 mg daily.133

STUDIES USING STADIOMETRY

Fluticasone propionate was introduced at a time when
there was considerable interest in the potential systemic
side effects of inhaled corticosteroids. Its effects on growth
have therefore been included as an end-point in several
clinical trials.

Comparisons with placebo or non-steroidal drugs
In a study comparing fluticasone propionate 100 |xg per
day with cromoglycate 80 mg per day, similar growth
rates were achieved on both drugs.134 Allen et al.135 com-
pared fluticasone propionate 100 jxg or 200 u-g with
placebo. Sharek and Bergman122 reviewed their results
and concluded that fluticasone propionate 200 u,g per
day had a modest growth retarding effect of —0.43 cm per
year compared with placebo (95% confidence interval—
0.01cm, - 0.85cm).

Comparisons with other inhaled corticosteroids
Barnes et al.136 found reduced growth rates in 32 children
whose asthma was well controlled on either beclometha-
sone dipropionate or budesonide. Sixteen patients were
then switched to fluticasone propionate in equipotent
doses, with no loss of asthma control, but their height
velocity changed from SDS —0.5 to SDS +1.3. In other
words, growth rates did not just return to normal, but there
was enhanced growth suggesting catch-up.

Other studies have also shown significantly slower
growth on beclomethasone dipropionate than on flutica-
sone propionate.137,138 In infants, fluticasone propionate
given for six months in doses of either 50 mg or 125 jxg had
no effect on height standard deviation score.139

Studies using greater than licensed doses
All of the above studies used standard (i.e. licensed) doses
of fluticasone propionate of up to 200 u,g per day, and do
not necessarily translate into enhanced safety at higher
doses.

There was much concern when Todd et al.140 reported
severe growth retardation and adrenal suppression in six
children receiving exceptionally high doses of fluticasone
propionate. Fitzgerald et al.141 found no difference in
growth rates between 30 children in a blinded crossover
comparison of fluticasone propionate 750 mg per day with
beclomethasone dipropionate 1500mg per day. This
unusually high dose of beclomethasone dipropionate could
reasonably be expected to have an adverse effect on growth,
so these results suggest that, at very high doses, the apparent
advantages of standard-dose fluticasone propionate are
lost. Unfortunately, the study periods were only 12 weeks,
too short to allow accurate assessment of height velocity,
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Table 15.1 Growth velocity on inhaled corticosteroids and
other anti-asthmatic drugs (Stempel et al.146)

Beclomethasone
dipropionate
Budesonide
Fluticasone
propionate
Other drugs

435

166
551

438

4.19

4.9
5.78

5.69

and coinciding with the period when the effects of inhaled
corticosteroids on growth are maximal.142

Since then, several further studies on the effects of
higher doses of fluticasone propionate have been reported.
In doses of 400-500 mg per day, growth is normal143 or
better than equipotent doses of budesonide.144,145

Stempel et al.146 analysed data from a number of
papers describing growth rates in asthmatic children
on beclomemasone dipropionate 400 jxg per day, budes-
onide 800 jxg per day, fluticasone propionate 100-400 |xg
per day, and other drugs (placebo, cromoglycate, salme-
terol, theophylline). This analysis encountered the usual
problems of heterogeneity of pubertal status, inhaled cor-
ticosteroid dose, delivery device, comparator non-steroidal
drug, asthma severity and patient population. Neverthe-
less, the annualized growth rates shown in Table 15.1 sug-
gest that fluticasone propionate in doses of up to 400 (xg
per day (i.e. twice the licensed dose) has no adverse effect
on growth.

Conclusion

Although it is interesting to speculate on the possible aeti-
ology of growth retardation in asthma, there is no clear
evidence that any specific factors other than the severity
of the asthma and corticosteroid therapy are responsible.
As severe uncontrolled asthma is rare with modern man-
agement, it is unlikely that the mechanism will now be
elucidated.

There is however good evidence from controlled and
blinded clinical trials that the use of the older inhaled cor-
ticosteroids, particularly beclomethasone dipropionate, is
associated with a reduction in growth velocity, although
other studies have shown that this has little if any effect on
eventual adult height. The most likely explanation for these
apparently divergent findings is that inhaled corticos-
teroids have a retardant effect on bone maturation that bal-
ances the effect on bone growth, allowing prolongation of
pre-pubertal growth so that catch-up occurs. However,
growth suppression is most marked during the initial six
weeks after starting treatment with beclomethasone dipro-
pionate, with most suppression occurring during the initial
18 weeks, and normal growth thereafter.142 Clinical trials,

which of necessity are of relatively brief duration, may
simply overemphasize the effects of growth retardation in
the early weeks of treatment, and translate what is no more
than a temporary phenomenon into a prediction of a sig-
nificant decrement in annual height gain. Further possible
explanations include the greater than normal compliance
that occurs during clinical trials, and the fact that in trials
treatment continues in a fixed dose even after improve-
ment has occurred, and the airways are less inflamed and
thus more readily lead to systemic absorption.147

The apparent advantages of fluticasone propionate
demonstrated in knemometry studies appear to translate
into normal, or very nearly normal, growth as assessed by
stadiometry when it is given in licensed or moderately
high doses, supporting the view that fluticasone propi-
onate has a better therapeutic ratio than the older inhaled
corticosteroids.130 At very high doses, the advantages of
fluticasone propionate may be lost.

Whichever inhaled corticosteroid is selected, the min-
imum effective dose used should be, and delivered by the
inhaler device most appropriate for that child. It is also
sensible, particularly when using doses greater than those
normally recommended, to adopt strategies designed to
enhance airway deposition and minimize oropharyngeal
deposition of inhaled corticosteroids (Chapter 8b). Such
strategies include the use of spacer devices148 and/or extra-
fine aerosol hydrofluoroalkane metered dose inhalers.149

Although there have been no studies showing that such
methods of delivery have any effect on growth, their use
can reasonably be expected to minimize systemic absorp-
tion. It is also important to remember that the shallow,
sigmoid shape of the dose-response curve for inhaled
corticosteroids means that it is seldom advisable to use
doses far in excess of those licensed for paediatric use150

(Chapter 8a).

ASTHMA AND PUBERTY

Introduction

It has long been recognized that asthma tends to worsen
around the time of menstruation151 and that hormonal
contraceptives may worsen152 or relieve symptoms.153 It is
therefore important that paediatricians caring for asth-
matic adolescents should be aware of the interplay between
female sex hormones and airway function. Moreover,
important psychological and social changes occur at ado-
lescence, affect both sexes, and impact on asthma manage-
ment (Chapter 11).

Managing adolescent patients with asthma is a chal-
lenge for patients, parents and clinicians, as the disease is
potentially life threatening. Asthma mortality at 15-19
years of age is six times that at 5-9 years.154 In one study,
15 reported childhood asthma fatalities comprised mainly
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Figure 15.8 Changes in plasma hormone concentrations in relation to pubertal stage and bone age in (a) males and
(b) females. (Reproduced from Ganong,200 Figure 23.9, p. 383.)

adolescents, with previous psychiatric consultation in 67%
and recorded non-compliance in 40%.155 In a study of
near fatal asthma attacks in children, Martin et al.156 found
that over half were adolescents aged 12-15 years.

Parental attitudes are important, though their effects
can be unpredictable.157 Teenagers themselves are often
reluctant to take medication for fear of being 'different'.
They prefer bronchodilators to prophylactics, and fre-
quently miss doses of regular medication. Compliance may
be affected by denial, embarrassment or simply laziness!158

These findings underline the importance of patient
education in this age-group, and the difficulties in ensur-
ing compliance even in the presence of severe asthma
(Chapter 18). Involvement of the teenager in management
decisions is essential, the presence of friends may foster a
positive peer attitude.159'160

This chapter will focus on the physical aspects of
puberty and their influence on asthma and its manage-
ment. Social-emotional and educational aspects have been
covered elsewhere in the book (Chapters 11,13c, and 18).

Effects of sex steroids on the lung

BASIC PHYSIOLOGY

High levels of sex steroids in utero and soon after birth
are necessary for sexual differentiation, and influence the
maturation of organs such as the brain and lungs.161,162

Significant levels are not encountered again until puberty
when they are primarily responsible for the acquisition of
secondary sexual characteristics. It is clear that even in
the earliest stages of puberty sex hormones begin to rise,
to peak in adolescence (Figure 15.8).

The ability of sex hormones to modulate immunity is
well established163,164 but has received scant attention from
respiratory and allergy specialists. Much of the available
evidence comes from the study of autoimmunity, which is
more common in females. An immune dimorphism exists
with females having higher overall antibody levels.165 IgE is
an exception, and males have higher IgE levels, especially

Figure 15.9 Data from the European Community
Respiratory Health Survey172 of 18 659 subjects in
16 countries, demonstrating the sex reversal in asthma
prevalence at puberty. RR: risk ratio (female/male).

when young.166 This difference narrows in the reproductive
years but never disappears.167 Females also have a greater
CD4/CD8 ratio.168 Oestrogen enhances the immune
response and androgens are immunosuppressive.163 There
is a biphasic dose response to oestrogen, which promotes
a Thl response at low levels, and a Th2 response at high
levels.165 Progesterone promotes a Th2 response,169 and both
oestrogen and testosterone can cause thymic involution. In
pregnancy the high levels of oestrogen and progesterone
foster a Th2 environment that prevents fetal rejection,
although the precise timing of this Th2 predominance is
not known.170 Sex steroids potentiate the bronchorelaxant
effects of catecholamines, and increase prostaglandin syn-
thesis, mucus secretion, b-adrenoceptor density, minute
ventilation and smooth muscle contractility.171

SEX DIFFERENCES AND THE GENDER SWITCH

Population studies have repeatedly demonstrated a greater
male prevalence and incidence of wheeze and asthma in
childhood, with a reversal at the time of puberty172 (Figure
15.9). A more detailed analysis of the gender change in
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Figure 15.10 Sex differences in the prevalence of self-
reported wheeze in the past year in 27 826 children (based
on data of Venn et al.773).

Figure 15.11 The total number of asthma admissions by
age for males (dotted line) and females (solid line) in the
USA, demonstrating the male preponderance in childhood,
and the female preponderance after puberty (Based on data
of Skobeloff et al.174).

relation to age (but not to pubertal status) is illustrated in
Figure 15.10.173 A similar sex reversal occurs with asthma-
related admissions and lengths of stay in hospital (Figure
15.II).174 That a similar pattern occurs in hay fever casts
doubt on sex differences in airway size and development
as the main explanation for this gender switch.175

The prevalence of asthma reflects the incidence of the
disorder, which in males reaches its peak in the first 5 years
of life, declining rapidly thereafter till it reaches a steady
state from puberty onwards. In females the incidence
decreases slowly from infancy to puberty and then shows
a steady rise.172 Boys tend to experience less severe asthma
as they get older, whereas girls are at risk for late onset
wheeze, and for persistent and severe symptoms.176,177

More boys than girls have atopy and these differences
become less apparent later in life167,178 and may even
reverse.179,180 Sex differences in bronchial reactivity
partially explain the excess of asthma in boys,181,182

although Peat etal.m found only a small association with
sex. In adults, bronchial hyperresponsiveness appears to
be more prevalent in women.184

MENSTRUAL CYCLE

Although poorly understood, premenstrual asthma is
important, and is occasionally associated with respiratory
failure185 and even death. Deterioration during the 10
days before the menses, or during menstruation, affects
30-46% of asthmatic women.151,171,186,188 Occasionally,
this will amount to severe life-threatening exacerbations.
It has also been shown that patients with premenstrual
asthma tend to have more severe asthma overall.189

Even in the absence of symptoms, there may be cyc-
lical changes in peak flow and bronchial responsive-
ness.186,190 Tan et al.191 compared asthmatic women with
natural cycles with a group on the oral contraceptive pill.
During natural cycles, there was a four-fold increase in
airway responsiveness to AMP in the luteal phase of the
cycle, associated with the rise in oestradiol and proges-
terone. In the group on the pill, the natural sex steroid
levels remained low throughout the month and there was
no change in airway responsiveness.

Changes in airway responsiveness between the follicu-
lar and luteal phase may explain the worsening of symp-
toms premenstrually, but there are also immunological
changes. IgE values are lower in the periovulatory phase,192

and sensitivity to skin-prick testing also varies with
menstruation, with significant increases in skin reactivity
during days 12-16 corresponding to the time of follicular
rupture and peak oestrogen levels (Figure 15.12).193

Skin histamine sensitivity is increased during the early
luteal phase.

MANAGEMENT ASPECTS

Paediatricians should be alert to the possibility of cyclical
influences. Symptom and peak flow monitoring, along
with body temperature measurements, may be helpful in
uncovering relationships between asthma control and the
menstrual cycle. Possible therapeutic interventions include
the avoidance of known trigger factors and increasing
conventional treatment at the appropriate point in the
cycle. Gonadal suppression, medical or surgical, abolishes
premenstrual asthma.194 The contraceptive pill usually
eliminates premenstrual asthma, and is the obvious rec-
ommendation in adolescents.153,195

In healthy women given oral contraceptives and hor-
mone replacement therapy there may be an increased
risk of acquiring asthma related to dose and duration of
use.196 Although pregnancy and its relation to asthma is
outwith the scope of this chapter it is worth mentioning
that the effect of the contraceptive pill in programming of
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Figure 15.12 The mean wheat and flare response to
histamine prick test in 15 atopic and 15 matched non-
atopic females during the menstrual cycle. Observed
differences between phases of cycle and between groups are
significant. (Based on data from Kalogeromitros et al.193).

the fetal immune system and its relevance to the asthma
epidemic remains unexplored.197
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INTRODUCTION Asthma guidelines

Childhood asthma poses a management challenge, not
only to health professionals in hospital centres, but also to
those providing medical and healthcare to communities.
This chapter examines the organization of services for
children with asthma in primary care and takes account
of the increasing contribution of nurses. The viewpoint
presented unavoidably focuses on the situation in the UK,
but parallels are drawn with other countries whenever
possible.

Asthma morbidity

In the UK, a recent audit reports that one in seven children
have asthma.1 This condition can be managed effectively
within the primary healthcare setting, with specialist refer-
ral reserved where there are doubts as to the diagnosis.
Evidence from two UK general practices suggested that
around 90% of children with asthma had no contact with
hospital-based paediatric departments, whether as out-
or in-patients, during their years with the illness.2 Even in
the setting of acute asthma attacks, the UK General Practi-
tioners in Asthma Group (GPIAG) national attack audit
(1991-92) showed that a similar proportion of acute
episodes was managed entirely in the community.3 How-
ever, a large survey of people with asthma undertaken on
behalf of the UK National Asthma Campaign (NAC)
reported that 19% of children under 5 years experienced
asthma symptoms every day, 71% of school-children had
taken time off school due to asthma and 13% had had
emergency treatment at hospital for asthma during the
previous 12 months.4

A major advance in asthma care world-wide has been the
emergence of consensus statements on the management
of the disease. Asthma guidelines in the UK include both
adults and children, as well as addressing asthma manage-
ment in secondary and primary care;5 the international
children's consensus statement was revised in 1998.6 Most
guidelines do not yet include recent therapeutic additions,
such as the leukotriene receptor antagonists. Children age 5
years and over are included with adults - a concern because
of the potential for the sanctioning of high doses of inhaled
corticosteroids in the growing child. Infants and preschool
children (under 5) are grouped together, raising similar
concerns over the use of inhaled corticosteroids, especially
where the diagnosis of asthma in the very young may be in
doubt. Revision of these guidelines, taking an evidence-
based approach has been completed and are scheduled to
be published shortly. In developing countries, the Global
Initiative in Asthma (GINA) guidelines7 may be referred to,
but access to appropriate medication is restricted by cost
and availability (Chapter 17), restricting their relevance to
relatively affluent countries.

ORGANIZATION OF ASTHMA CARE

Because asthma is common, many professionals without
specialist training care for children with asthma. It is
important that their care is in line with current evidence-
based practice and that referral to qualified paediatric pul-
monologists should be made if there are problems. A
tertiary referral service will need the support of services such
as paediatric radiology and lung function laboratories,
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but these are less widely available. Increasing numbers of
paediatricians with a specialist interest in the respiratory
field (paediatric pulmonologists) now have an important
role in improving secondary care asthma services and
developing links with community services.

Direct access to paediatric care is the norm in some
countries, such as the United States, but in others distance
from appropriate respiratory care or lack of such provi-
sion presents a problem. Some UK hospitals operate a
direct access scheme for selected difficult or 'brittle' asthma
patients with good effect.8 Rapid access is not available to
most children with asthma, but is usually restricted to
those with severe disease and those under the care of
paediatric pulmonologists. In the UK children with acute
asthma are often taken directly to the emergency room
of their local hospital, but there is evidence that care
delivered there may not be optimal.9,10 It has been reported
that only 50% of those who presented to an emergency
room with acute asthma received oral steroids after nebu-
lized bronchodilator therapy and follow-up was gener-
ally poor.11 It is evident that care and communication
needs to improve in both primary and secondary care.

Organization of asthma care in
general practice

Traditionally, family practice was a reactive service with
patients consulting their primary care physicians either in
their offices or in their own homes for advice and/or treat-
ment concerning self-perceived health problems. Nurses
had minimal involvement within the general practice set-
ting. In 1990, general practice services in the UK changed
with the introduction of health promotion clinics, which
attracted reimbursement from the National Health Service
(NHS).12 The emphasis switched from illness to health
and health promotion is now incorporated within all
aspects of healthcare within general practice. Organized
care for both asthma and diabetes within a general prac-
tice setting also attracts some additional funding. Practice
nurses have become increasingly important because of
their potential to generate income for practices with health
promotion and chronic disease management responsibil-
ities. As a result there has been the escalation in the number
of nurses within general practice13 and an emergence of
the practice nurse as a discrete healthcare professional in
the UK. This has been a welcome innovation in primary
care, but education and training remains essential. There
are now some published studies supporting the role of the
nurse in asthma management, but there are many nurses
in the community who have yet to undertake any formal
asthma education.13a,13b Even fewer have appropriate
paediatric respiratory training and experience.

Asthma care by nurses

Nurse-run asthma clinics have proliferated since their
first introduction in 1985 and since formal asthma

training programmes were developed for practice
nurses.14,15 Asthma and other respiratory programmes
are now run by the UK National Respiratory Training
Centre (NRTC), and the asthma course is recognized
academically and accredited by several UK universities.
Over 11000 'students' from the UK and Europe have suc-
cessfully passed the 'gold standard' NRTC Asthma
Course module. The role of the nurse in asthma manage-
ment is defined by Barnes16 (Figure 16.1) and is appro-
priate for differing levels of educational expertise and
responsibility. The NRTC educational format ensures safe
practice and provides a solid foundation for developing
additional expertise.

Proactive care of asthma has been shown to improve out-
comes in the hospital setting,17 but scientific studies in UK
general practice have been few until recent years. An audit
of the effects of a nurse-run asthma clinic reported a reduc-
tion in general practitioner consultations, oral steroid
courses and acute nebulizations, as well as days lost from
work and school, in patients taking prophylactic asthma
medication.18 Results were similar in both adults and chil-
dren. Increased numbers of patients consulted with the
nurse but despite medication changes, prescribing costs were
unaffected. This audit demonstrated that using a trained
asthma nurse was one way of providing asthma care in
general practice. A smaller randomized, controlled study
looked at patient self-management in one general practice
asthma clinic in London.19 The clinic patients successfully
self-treated episodes of asthma more frequently, but there
was no significant difference in reported symptoms, days
off or consultations between the groups.

One study reported a reduction in asthma symptoms
and fewer asthma attacks but an increase in short courses
of oral steroids in those practices where there was a trained
asthma nurse. The researchers concluded that there was a
case for recommending that all general practices should
employ a nurse trained in asthma to improve patient
management.20 An evidence-based approach to care may
lessen the likelihood of litigation which is increasing in
general practice. Another study using trained asthma
nurses, targeted patients with more severe asthma; the
nurses were able to make changes to asthma therapy in
line with UK guidelines.21,22

General practices in south-east London reported no
difference in quality of life after an educational interven-
tion to improve asthma management.23 However, only
26% of those taking asthma medications were seen and
there was a high turnover of practice nurses, some of
whom were inadequately trained. It was unclear from the
study how the outcome was assessed and whether there
was an emphasis on secondary rather than primary care.
There was no mention of how many patients seen in
general practice were frequent attenders at emergency
departments. Perhaps there was a need for improved
hospital discharge policies and better communication
with primary care. Madge showed a reduction in the
readmission rate from 25% to 8% when she introduced
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STRUCTURED ASTHMA CARE AND TRAINING REQUIREMENTS

MINIMUM INVOLVEMENT

ACTIVITIES

1. Compile asthma register
2. Take a structured formal history
3. Take peak flows in a surgery
4. Teach how to use peak flow meter at

home, and how to chart a diary card
5. Demonstrate, instruct, and check inhaler

technique

SUGGESTED PRELIMINARY TRAIN ING

• Sit in with clinician/NRTC Asthma
Course holder during asthma
consultations

• Instruction from NRTC Instructor
• Formal study days set up by Health

Commissions/Boards, respiratory
pharmaceutical companies etc.

+
EXPERIENCE

MEDIUM INVOLVEMENT

ACTIVITIES 1-5+

6. Carry out diagnostic procedures e.g.
reversibility exercise and serial peak
flow monitoring

7. Improve asthma education
8. Provide explanatory literature
9. Spot poor control, with referral back to

clinician
10. Establish regular follow-up procedure

SUGGESTED INTERMEDIATE TRAINING

• Sit in with clinician/NRTC Asthma
Course holder during asthma
consultations

• Formal study days and workshops set
up by Health Commissions/Boards,
respiratory pharmaceutical companies

• Instruction from NRTC
Instructor/Trainer

+
EXPERIENCE

IN-DEPTH TRAINING

NRTC Distance Learning Package + NRTC Asthma Course
(input from NRTC Trainer)

+

EXPERIENCE

MAXIMUM INVOLVEMENT/AUTONOMY

ACTIVITIES 1-10+

11. Carry out full assessment and regular
follow-up

12. Formulate structured treatment plan in
conjunction with clinician + patient

13. Prepare prescription for clinician's
signature

14. Give telephone advice/additional
appointments where appropriate

15. See patients first in an emergency

N A T I O N A L
R E S P I R A T O R Y

T R A I N I N G
C E N T R E

Figure 16.1 Structured asthma care and training requirements for nurses. Minimum/medium/maximum level of

involvement. National Respiratory Training Centre, Warwick, UK, with permission.

an educational programme for children admitted to hos-
pital with acute asthma.24 Another study has also shown
that structured discharge planning reduces re-admission
rates in children.25

Ever since Speight first highlighted the problem of
underdiagnosis of childhood asthma in 1978,26 this issue
has posed one of the most important organizational prob-
lems for primary care. Levy and Bell demonstrated in 1984
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a median of 16-20 respiratory consultations before a diag-
nosis of asthma was made in asthmatic children in one
general practice with an interest in the disease.27 There
is evidence of improvement28 and continuing studies by
the UK General Practitioners in Asthma Group are docu-
menting further progress.29

The widespread use of resources in UK family practice
directed towards proactive asthma care without the bene-
fit of rigorous conducted scientific trials, is beginning to be
questioned in this day of evidence-based medicine. It is
likely that there will be increased research in the future to
support the use of asthma-trained nurses in the commu-
nity. Improving approach to asthma education in second-
ary care as well as extending asthma training to other
nurses within the community, such as public health nurses
and school nurses will hopefully prove to be beneficial too.

Many healthcare professionals believe that their acute
asthma workload has diminished and that patients are
well satisfied with the service offered. The Asthma in Real
Life (AIR) study suggested that for doctors and nurses,
the focus of asthma care was too heavily biased towards
symptoms and not enough towards the patient's wishes.
A patient-focused approach may improve motivation with
resulting behavioural changes and adherence to therapy.30

Recent evidence has supported the assumption that new
asthma episodes are declining.31

General practice (primary care) services are changing
with a greater emphasis on nurse-led care and in the future
this may lessen the medical model approach to care and
control of asthma, with increased emphasis on patient-
centred care.

HOSPITAL OR COMMUNITY LIAISON

Children with asthma admitted to hospital with an acute
exacerbation may receive an outpatient follow-up appoint-
ment after discharge. This may or may not be in a desig-
nated asthma clinic, depending on local resources, and
a nurse trained in asthma management is not always
available. In practice this traditional model is not very
effective as only about 10% of asthmatic children enter
secondary care at all.3 Not all patients attending for emer-
gency asthma treatment at hospital receive appropriate
asthma management according to guidelines5 and many
receive little or no follow-up in general practice.8

A number of possibilities exist to improve this situ-
ation. The first of these lies in the concept of 'hospital
liaison'. Hospital liaison has existed for some time in the
care of children with cystic fibrosis, diabetes and malig-
nant diseases where specially trained hospital-based nurses
have provided follow-up care to children discharged to the
community, either on a short- or long-term basis. This has
the advantage of promoting links between hospital staff
and families and of building on educational lessons
mentioned (but not always recalled) during admission.

The main disadvantage is the exclusion of the primary
care team and an over-reliance on the hospital.

Charlton developed the concept of a nurse-run clinic
within a hospital setting operating on the same lines as a
nurse-run clinic within general practice.32 Essential to the
success of the clinic was the cooperation and collabor-
ation of the participating general practitioners. This type
of clinic may be much better placed to communicate
with practice nurses and general practitioners, conducting
home visits where necessary, as well as taking part in edu-
cational activities in primary care. An alternative model of
care could be for a specialist paediatric respiratory nurse to
initially assess and manage new asthma referrals. The child
would then return to see the paediatric pulmonologist 4-6
weeks later and any further changes implemented. This
model of care may accelerate the return to primary care
management and avoid the need for further secondary care
appointments.33

Simpson showed there is still a need to improve acute
asthma care in general practice prior to referral to hos-
pital,34 but hospital admission rates for children have fallen
in recent years, with many children remaining under
brief observation rather than being admitted overnight.
It has been shown that 70% of children admitted to hos-
pital for acute asthma could be cared for in alternative
settings.35 This is preferable for both the child and the
family, as well as reducing costs.

An alternative approach is the employment of asthma
liaison nurses within a primary care group for a local popu-
lation looking specifically at reducing hospital emergency
attendance and admission and improving asthma man-
agement. Education and training needs of health pro-
fessionals can be identified and implemented locally.
Close liaison with the whole primary care team can result
in group protocols for asthma and emergency care and
improved communication with the local hospital ser-
vices. Improved communication locally between the prac-
tice nurse, the health visitor and the school nurse should
help to improve care for children with asthma at home
and at school.

COMMUNITY CARE

Self-management

A key element of asthma management has been the con-
cept of empowering patients to take control of their own
disease and learn to vary its treatment according to their
own specific impression of need. This has been associated
in the past with the recording of peak-flow measurements
at home on a daily basis, an onerous and unreliable task.
Self-management plans based on only symptoms are just
as useful.36,37 A randomized controlled trial found that
peak-flow recording did not add significantly to asthma
management when compared with symptom manage-
ment alone.38
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Doubling preventer asthma therapy at the first sign
of increased symptoms or at the start of a cold is another
procedure based on no supporting evidence;5 in fact there
is contrary evidence. Parents need support and feedback
to enable them to alter asthma treatment according to
symptoms. Not all are happy to take on the responsibility,
but some parents will hold a supply of oral prednisolone
to be used during episodes of troublesome asthma, fol-
lowing a carefully planned management approach. An
Australian study39 reported that 95% of families did not use
any written instructions during an acute asthma attack,
and although 44% had been issued with a management
plan only 9% of these families used it. There was also a
delay in starting reliever medication and seeking help.
Increasing the numbers of patients in general practice who
have simple and practical self-management plans would
be an improvement on the current situation, but is clearly
insufficient without parental compliance.

Asthma at school

Children with asthma are very likely to experience symp-
toms and need treatment while under the care of school
staff. Teachers often know little about asthma and its treat-
ment, are worried about having asthmatic children in their
care,40,41 and are also unsure how asthma care at school
should be organized.42 Children with asthma should
expect easy access to medication at school. Schools should
have an asthma policy with a designated member of staff
responsible for their care.43 Evans reported an increased
awareness of asthma in schools as well as increased num-
bers with asthma policies, but her study still indicated a
need for schools to develop policies, for children to be able
to have their inhalers easily accessible and for staff to have
some training on asthma.44 Teachers in the UK are allowed
to supervise but not administer medication, which pre-
sents potential problems for young children.45 Some areas
in the UK have adopted school asthma policies in which a
spacer device and short-acting b2-medication is available
at school for use by any child in an emergency situation.
However, there are potential problems with this approach
since legally, medication must be prescribed for a named
individual and a 'generic' device and inhaler for use by
whoever needs it is currently unlawful in the UK.

Family physicians and nurses involved with asthma
care have an important role in providing specific informa-
tion to schools. The main liaison between school staff and
healthcare professionals in the UK is the school health
service normally headed in each district by a community
paediatrician. The doctors and nurses working with
the service have a major opportunity to recognize under-
diagnosed asthma and to initiate the care of children with
asthma in school.

School nurses have a valuable role in promoting
health to all children. They may be in a position to iden-
tify those whose asthma is poorly controlled as a result of

non-adherence to treatment, inappropriate or inadequate
treatment or where asthma is unrecognized or untreated.46

In the UK, general practice health records and school
nurse records are entirely separate. Improved communi-
cation, sharing information and improved referral pro-
cedures between general practice and the school nursing
service as well as with secondary care must be the way
forward. School asthma cards produced by the National
Asthma Campaign are a useful way of ensuring that there
is documented information about the child's treatment
but these records must be updated whenever there is a
change in treatment (Figure 16.2).

Children should be encouraged to take part in all
school activities. Almost all children with severe asthma are
now in mainstream education, whereas in the past some
may have attended special schools. Access to inhalers
must be unimpeded. Increasing numbers of children
attending schools have asthma as well as potentially life-
threatening allergies (anaphylaxis). These children may
carry adrenaline (epinephrine) injectable pens and it is
essential that schools know how and when to administer
the injection as well. There are considerable training
implications. School nurses have an important role in the
training and support of both the child, the parents and
the teaching staff.

Teenagers

Teenage asthma presents a challenge and has been shown
to be underdiagnosed and under-treated.47 Compliance
with medication may be poor. Adolescence is a time of
huge physical and emotional change as well as increasing
independence and asthma cannot be treated in isolation
from these other issues. Finding out what is important
to the teenager is of paramount importance. A drop-in
clinic run by a nurse in the community can provide an
opportunity to discuss issues such as relationships, smok-
ing, drugs, sexual behaviour and contraception, worries
and concerns, as well as asthma. Access to the health pro-
fessional should be normally at a time when it does not
interfere with education. The consultation must be confi-
dential and non-judgmental and the teenager may prefer
to be seen without parents.

ASTHMA AUDIT, OUTCOMES AND QUALITY
OF LIFE ISSUES

Audit is an integral part of healthcare provision. The
information obtained may include the numbers of asth-
matic patients on the practice list, the proportion of these
reviewed each year and the number of hospital admissions
for asthma. To be accurate the information should be
prospectively collected and logged on computer. Despite
healthcare changes in the UK and different health fund-
ing arrangements, there is still a contractual requirement
for this information to be supplied by primary care
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Figure 16.2 National Asthma
Campaign school card.

practitioners. However, the information is now collected
under the clinical governance umbrella which includes
audit and is used on a more local basis to determine where
health priorities and needs lie.48 A National Service Frame-
work (NSF) for asthma, which would monitor care against
a denned standard seems unlikely.49,50

A major need in the assessment of asthma care,
whether in the hospital or community sectors, is for widely
applicable, validated, sensitive, specific, acceptable and
simple outcome measures. The absence of a true 'gold
standard' for asthma care is a major problem. Inter-
instrument variations of peak-flow meters have resulted
in potentially unreliable results.51,52 Re-calibration of some
of the portable meters has improved accuracy but poor
peak flow technique can render the results unreliable and

meaningless. It is important to remember that peak flow
readings are used in conjunction with respiratory symp-
toms and not on their own. Children under the age of
6 or 7 are generally unable to produce reliable, repeatable
and meaningful results, common clinical factors are
probably more important for the diagnosis of childhood
asthma.53 Spirometry is now used more frequently in
primary care, but it is essential to ensure that the oper-
ator has had appropriate training in performing the tests,
the spirometers have been calibrated and the results inter-
preted correctly.54 Intermittent spirometric measurements
are far less sensitive than symptoms, as outcome measures
for clinical management.

Improved quality of life is an important objective for
children and their families (Chapter 6e). Where adults are
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In the last week/month

1. Have you had difficulty sleeping because of your asthma
symptoms (including cough)?

2. Have you had your usual asthma symptoms during the day
(cough, wheeze, chest tightness or breathlessness)?

3. Has your asthma interfered with your usual activities
(e.g. sports, work/school etc)?

Figure 16.3 Questions to determine asthma control.49

concerned with functional ability, children's quality of life
depends more on having friends or becoming independ-
ent of their parents.55 During childhood, children change
markedly, which French et al acknowledged, by develop-
ing a quality of life questionnaire for three different age
groups of childhood.56 Juniper has developed a reliable
and validated questionnaire which is specifically for chil-
dren and is divided into the domains of activity limitation,
symptoms and emotional function, matched by a question-
naire for their parents.57 Quality of life measures are not
widely applied either in primary or secondary care, but
could be used to identify the real impact of asthma on the
child and their family. Specific measures based on the use
of simple questions to assess night-time wakening, day-
time symptoms and interference with activity in the last
week/month, can be used to assess control49 (Figure 16.3).
Although children were not specifically considered in the
discussions that led to this report, the outcome measures
would be equally applicable to children. Though yet to
be validated, these questions are based on earlier, well-
researched versions.58,60

NEW DEVELOPMENTS

Information technology

Good communication between healthcare workers is para-
mount in the management of asthmatic children. Admis-
sion rates of children to hospital with acute asthma have
risen markedly in many countries, but the duration of stay
has declined.61 Children may return home earlier in the
course of an attack and therefore may need more prompt
attention from their family physician. Traditional dis-
charge notes and full summaries can continue to provide
all necessary information, but too often delays prevent
their potential being realized. Information, communica-
tion and technology (ICT) offers a solution in the long-
term. Many programs in use do not 'talk' to each other
and hospital outpatient clinics do not have desk-top com-
puters where information can be entered at the time of
consultation and then transferred to general practice.
The use of a nationally applied software system for
collecting data on chronic diseases such as asthma and
simplified data entry would provide more accurate and

accessible information. Parent held records, either written
or on a microchip, may be an alternative approach but
this is generally an area which is not yet fully explored.

Asthma developments in primary care

The General Practitioners in Asthma Group (GPIAG) in
the UK was established in 1987 to promote good asthma
care in general practice and to provide a forum within
which interested doctors could discuss such care and pre-
sent scientific data. The group has made significant con-
tributions to research literature3,40,62,63 and has its own
journal. Similar groups exist in Canada and Australia.
Many practice nurses have developed a specific interest in
asthma and are often more aware of latest research than
their GP colleagues! Allergy is beginning to attract greater
interest in primary care too. More nurses are being trained
in skin-prick testing to identify allergen sensitivity and
are thus able to target specific allergen reduction advice
more appropriately. In addition, specific allergy courses
have been developed.

The potential of nurses prescribing for chronic disease
management such as asthma and diabetes is an exciting
prospect.64

Safeguards when prescribing for children with asthma
may be necessary. Greater involvement of pharmacists,
who could spot poor asthma control, provide asthma
education and teach and check inhaler technique, is
a potential that has not been fully realized. This role
may change if pharmacists become able to issue repeat
prescriptions.65

Considerable investment in asthma research has been
made. While much of this will continue to examine the
molecular biology of asthma, good studies into the organ-
ization and delivery of care for patients with asthma in
the community should also emerge from these continuing
initiatives.

CONCLUSION

Good asthma care involves an integrated approach from
different health professionals and one that is specific for
the individual needs of the child. Systems vary between
countries and much of the UK picture portrayed in this
chapter may be at odds with that found elsewhere -
particularly in its emphasis on primary care. However the
role of an individual specifically trained in asthma man-
agement, could have a wide impact leading to improved
asthma care. Asthma is common, chronic and as yet incur-
able, but it can be controlled with appropriate manage-
ment and expertise. Children can and should be able to
enjoy a childhood where they are unrestricted by asthma
symptoms.
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EPIDEMIOLOGY

Definition

Bronchial asthma in children presents as recurrent cough
occurring often at night, sometimes accompanied by
wheezing. On close review, these children are noted to
have other features that are consistent with bronchial
asthma. Often, these children are diagnosed to have other
respiratory conditions like pneumonia, bronchitis, or
wheezy bronchitis. The reluctance to use the term bron-
chial asthma is partly due to reluctance to stigmatize the
child with what is considered a severe disease, and also
the mistaken view that the disease is rare or that it affects
mainly older children.

Incidence, prevalence, morbidity and
mortality

Bronchial asthma is common among children in Sub-
Saharan Africa. Children presenting at health facilities
tend to have severe forms of the disease, while those with
mild disease do not reach such facilities and remain
within the home environment. The majority of children
with asthma develop clinical features of the disease at a
very early age (20% before 6 months, 50% by 1 year, and
70% by 2 years). Consequently, the vast majority of chil-
dren with bronchial asthma in the Sub-Saharan Africa are
aged below 5 years. Most of these children are at home,
and not in schools or health facilities where they could
easily be accessed and treated.1

Most studies on bronchial asthma in Sub-Saharan
Africa have been carried out in primary schools, often
involving children from the age of 8 years to 12 years.
Such studies have revealed varying levels of prevalence
that range from <2-10%. The prevalence of bronchial

asthma has been rising over the years. However, the
prevalence has been shown to be higher among children
from urban areas than among those from rural areas and
also among those from higher socio-economic status than
those from poorer ones.2-9

Although bronchial asthma is a significant cause of
illness among children, the true magnitude of morbidity
and mortality, even at health facilities, is difficult to esti-
mate from the available records since many children pre-
senting with asthma at such facilities are not diagnosed
as having asthma.

Risk factors for asthma in the
Sub-Saharan Africa

The risk factors that have been identified in the Sub-
Saharan Africa include the family history of asthma and
eczema, dampness in the household, urban residence,
exposure to tobacco smoke, and higher socio-economic
status. Race in terms of white or black does not seem to
influence the prevalence of asthma.3,4,10,11

The house-dust mite, Dermatophagoidespteronyssinus,
cockroach allergen, feathers, cat allergen and pollen of
both grass and flowers have been found to be import-
ant allergens. The house-dust mite and the cockroach are
prevalent in the Sub-Saharan Africa and their relative
contribution to bronchial asthma is likely to be signifi-
cant.5,12,13

Exclusive breast-feeding has been associated with
reduction in the prevalence of bronchial asthma while
early introduction of cow's milk has been associated
with increased prevalence of the disease.10

Nonetheless, the prevalence of bronchial asthma in
Sub-Saharan Africa has been considered relatively low,
presumably because of effect of the large number of
infections among children in this region.13,14 Frequent
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infections are likely to reduce the prevalence of atopic
disease by modulation of the balance of lymphocytes in
development and also by the effect of the excessive amounts
of IgE produced in response to the parasitic infections.
The relationship between intestinal parasitosis, atopy and
asthma is complex.15'16 Many studies of parasite load are
confounded by urban/rural differences, the interaction of
IgE-dependent mechanisms with parasite clearance or
re-infection, and by access to immunization.17

One intriguing study of children born in hospital in
Tanzania showed a relationship between several prenatal
risk factors and wheeze (14% of children) at age 4.18

Although small in number (3.4% of births), those with
malaria parasites in cord blood had an increased risk of
wheeze (odds ratio 6.8), while those with high cord IgE
had reduced risk (odds ratio 0.24).

CLINICAL FEATURES

Children with bronchial asthma usually present with a
history of recurrent cough or wheezing, most of them
below 2 years of age. Diagnosis of asthma in such young
children is often not made by health workers, who con-
sider it a disease of older children.

There are real difficulties in differentiating between
children with bronchial asthma and those with bron-
chiolitis, although bronchiolitis tends to occur among
younger children, peaking at 6 months of age and hardly
manifesting after the age of 1 year. On the other hand,
asthma is infrequent below the age of 6 months and hardly
worth considering below the age of 4 months.

The simple clinical parameters that have been adopted
by WHO and UNICEF as reliable diagnostic tools for
pneumonia, namely fast breathing and chest in-drawing,
have been shown to be effective in identifying pneumonia
and severe pneumonia among children.19 However, a sig-
nificant number of children classified as having pneu-
monia have features of bronchial asthma in addition. It is
recommended that such children classified as having both
pneumonia and bronchial asthma, where asthma is classi-
fied on the basis of the presence of a wheeze. The occur-
rence of pneumonia and asthma together has been noted in
a number of children, whose successful treatment has only
been achieved by treating both conditions. However, there
is no study to date that has been undertaken to examine the
possibility of asthma predisposing to pneumonia.

MANAGEMENT

Management of bronchial asthma in children offers
special challenges in the Sub-Saharan Africa. These chal-
lenges include inadequate health services, the significantly
large young population of children with asthma and low
socio-economic status.

A large proportion of children with asthma are not
appropriately managed because they do not reach the
health facilities or the health workers fail to recognize their
condition as asthma. This situation has been addressed
in a number of countries where asthma has been included
as one of the conditions to be managed within the IMCI
strategy, where wheezing has been used as a diagnostic
sign for asthma and specific guidelines have been given
for management of such children. A useful model for
asthma management in remote health centres has been
described elsewhere.20

The significantly large young population of less than
2 years with asthmatic attacks presents special problems
in management at the outpatient level. Use of inhalation
therapy for bronchial asthma is not feasible for such chil-
dren, even when spacers are utilized. These children are
mainly managed using oral bronchodilators that include
sulbutamol and a theophylline, and oral steroids for those
who are severely affected, using standard regimens. Those
with more severe asthmatic attacks and who get admitted
to the hospital receive the standard medication that is
described elsewhere in this book.

The low socio-economic status for most populations
in the Sub-Saharan Africa limits the use of inhalation
therapy even in children who are old enough to cooperate
and to use an inhaler because of the high cost of these
drugs. However older children and those who can afford
are put on inhalation therapy using standard protocols.
Necessity is the mother of invention - nowhere more so
than in Africa, where old plastic drinks bottles make excel-
lent spacer devices.21

The World Health Organization's Integrated Manage-
ment of Childhood Illness Strategy may fail to distinguish
severe asthma from (lower) respiratory tract infection,
especially in young children.19 In an environment where
chest radiology is scarce, this leads to the combined need
for antibiotic and anti-asthma medication.

Because of the ubiquitous nature of the risk factors
for asthma in the Sub-Saharan Africa, and the limited per-
sonal resources which are available, preventative strategies
are rarely carried out.
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INTRODUCTION

Asthma is an important cause of morbidity in children
and the prevalence of asthma in different parts of India
varies between 4 and 20%.1 There has been an increase in
the incidence and severity of asthma in children in the
last two decades, possibly the result of environmental
factors and improved diagnosis. It has been suggested
that the development of asthma is determined by genetic
predisposition, but its severity by environmental factors.2

A study of Delhi children aged 5-15 years showed that
factors associated with the development of asthma were:
a positive family history; absence of exclusive breast-
feeding; associated atopic disorders; and a past history of
bronchiolitis, as in studies elsewhere. An additional find-
ing (confirmed elsewhere in India) was the association
with a past history of tuberculosis. The severity of asthma
was determined by early onset of symptoms, asthma in
grandparents, and smoking of more than 10 cigarettes
per day by any family member. Air pollution, overcrowd-
ing, and pets were not considered to be significant
contributing factors.3 Children employed in the carpet
weaving industry were reported to have significantly lower
peak-flow rate than their normal counterparts.4

In a tertiary referral centre like Medical College
Hospital, Trivandrum, 25% of the children's outpatient
attendance was found to be due to asthma. Analysis of
data from the Respiratory Clinic during the period of
1996-2000 revealed that 80% of cases of asthma occurred
among children aged 1-5 years; 15% of cases were above
5 years; and only 5% of cases occurred in infants below 1
year. A positive family history was obtained in about 45%
of cases. The first episode of asthma occurred before 3
years of age in 70% of cases. Thirty per cent of cases were
found to be mild episodic, 60% were moderately severe,

and 10% were chronic severe cases. The male:female ratio
was about 1.5:1. Asthma also accounted for 14% of hospi-
tal admissions, while 30% of cases of respiratory disease
admitted to hospital were asthmatic. The annual hospital
case fatality rate of children admitted with acute severe
asthma was about 0.05%.

TRIGGER FACTORS

The common precipitating factors were upper respira-
tory tract infections, cold wind, lunar episodes like full
moon or new moon days, exercise, oil head-bath, and dust.
Parents also mentioned ingestion of 'cold food items' e.g.
curd and fruits like bananas and grapes as precipitating
factors.

Based on skin-prick tests in our department, 49% of
asthma cases showed a positive reaction to multiple aller-
gens. The common allergens detected were cockroach
(68%), house-dust mite (44%), cotton dust (28%) and
paper dust (38%). Dietary allergens (milk, egg) consti-
tuted only 4% of the cases. Total IgE level was above 95th
centile for age in 60% of children with a positive skin-
prick test. Specific IgE was not done. Passive smoking was
often found to be associated with early onset and more
severe symptoms of asthma.

In a study from Bombay, it was found that 55% of cases
showed positive skin-prick test reaction. The major aller-
gen was dust mite (60%). Significant reactions were also
seen with animal epithelium, dust, fungus, and pollen.5

In Bangalore city, a report of differential pattern of
pollens in ambient air found that 65 types of pollen
occurred at 1.5m, and 75 types at 35m height; 57 types
occurred at both heights. Most common and predominant
pollens were Parthenium, Cassurina and Eucalyptus.6
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Ten per cent of the Indian population is estimated to suf-
fer from pollen allergy.

Episodes of bronchial asthma were increased during
the rainy and winter seasons, probably triggered by viral
respiratory infections.

Tuberculosis may also occasionally be confused with
asthma.7'8

MANAGEMENT ISSUES

Traditional medicine

In India therapeutic pluralism exists widely. People seek
treatment from various modalities like Allopathy,
Ayurveda, Homeopathy, Siddha, and Unani. One curious
treatment practised in the indigenous system is the use
of a small live fish with an unknown remedy inside its
mouth. The patient is instructed to swallow the fish whole
and the resulting cure of asthma is believed to be excellent.

In traditional Ayurvedic treatment, medicines used
for treatment of asthma are herbal medicines like
Dashamoola Kadathrayam, Thamboola Rasayanam, and
Kanakasavam. These are mainly used for treatment of
chronic cases. Pankaja Kasthoori contains secretions of
certain types of deer called Kasthuri, which has a very
strong odour and is used along with other herbal com-
pounds for treatment of acute asthma. Certain Unani
physicians give concoctions made from Neem oil, Porcu-
pine flesh, camphor, and various heavy metal salts to
infants as preventive therapy for asthma. Some phys-
icians also use small doses of arsenic compounds for pre-
vention of asthma.

Western medicine

Evaluation of young children with acute illness in the
developing world is undoubtedly facilitated by the Inte-
grated Management of Childhood Illness Programme of
WHO/UNICEF.9 Using these algorithms, however, leads
to underdiagnosis of asthma and overdiagnosis of pneu-
monia in children under 5 years old.10 They need to be
adapted to reflect regional morbidity.

In most hospitals, treatment of chronic cases is based
on the severity of asthma. Mild cases are managed with
oral b2-agonists as and when required. Moderately severe
cases are often managed with twice-daily sustained
release theophylline or inhaled steroids. Sustained release
theophylline preparations are preferred over inhaled ster-
oids in chronic asthma as they are cheaper and more
acceptable to children. Salbutamol and ipratropium are
the drugs commonly used for rescue inhaler therapy.
Chronic severe cases are managed with a combination of
sustained release theophyllines and inhaled corticosteroids.

Children with a history of life-threatening asthma are
given steroids at the beginning of the attack. Oral steroids
are seldom used for long-term control. Antibiotics are
generally prescribed for acute attacks except in mild cases.

Parents are educated regarding the need for drug com-
pliance and non-pharmacological management, such as
avoidance of possible allergens. Increasing emphasis is
being given to family therapy and parental involvement.

Organization of care

Acute non-severe asthma is generally managed in the pri-
mary healthcare set-up, and severe cases are referred to
apex institutions. Nebulization facility is available in the
majority of peripheral hospitals. Most centres now resort
to nebulization with b2-agonists along with parenteral
theophylline and steroids for treatment of acute cases. Very
few cases need ventilatory support and the outcome is usu-
ally good. Domiciliary care using home nebulizers and
peak-flow monitoring is seldom practised.
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PREVALENCE OF ASTHMA AND ALLERGY

The International Study of Asthma and Allergies in
Childhood (ISAAC) which has resulted in an improved
understanding of the world-wide variations in the preva-
lence of reputed asthma and wheezing, has recently
reported specifically in the situation in Latin America.1

The prevalence rates of wheeze in the last 12 months in
two age groups (13-14 and 6-7 years) in representative
samples of school-children from most regions of the
world, were greatest in English speaking countries and
Latin America. Regional data from Latin America showed
a 16.9% prevalence (range 6.6-27.0) in the older age
group and 19.6% (range 8.6-32.1) in the younger group.
Countries with the highest incidence (>20%) were Peru,
Costa Rica and Brazil. Mexico had the lowest incidence
(<10%). Argentina, Chile, Panama, Paraguay and
Uruguay showed intermediate rates (10-20%).

No explanation has been found to the differences in
prevalence between regions. The global ISAAC study
results suggested that the lower prevalence of asthma in
some developing areas was primarily accounted for by
environmental factors, including poorer hygiene and
healthcare that could lead to increased early exposure to
infection, which could in turn be protective in the incep-
tion of asthma and allergies.1 However, an analysis of
Latin American data shows that wheezing is more preva-
lent in poorer cities (Lima, San Jose de Costa Rica), than
in others with a higher socio-economic level (Buenos
Aires, Santiago). In keeping with the observation that air
pollution is not a major risk factor for the development
of asthma in populations, although it may exacerbate
asthma in individuals.2 In Santiago, Chile, the most pol-
luted city in Latin America,4 the incidence of asthma in

children was <16%. Therefore, other factors are likely to
play an important role in the prevalence of asthma in a
specific population.

The prevalence of asthma is increasing in the Western
world, and also in South America. In Argentina, Salmun
et al.5 in a study conducted 3 years before the ISAAC
study, reported a prevalence of wheeze during the last
12 months of 2% and 1% less than the ISAAC figures in
the 6 and 12-year-old group, respectively. The same was
observed in Chile when comparing epidemiological
studies by Medina6 in 1979 and Moreno7 in 1992.

Allergic sensitization

In industrialized countries, sensitization to indoor aller-
gens has been invoked in the early inception of asthma. A
multinational study of the prevalence of sensitization to
mite species in a large asthmatic population conducted in
seven Latin American cities with varying climate and geo-
graphical characteristics8-11 showed a high prevalence of
sensitization to mite allergens, particularly in tropical
regions. Also, in contrast to European studies, high alti-
tude cities, such as Quito, Bogota and Mexico City, have a
high incidence of skin sensitivity to mite allergens, espe-
cially D. pteronyssinus and D. farinae, presumably because
of differences in local climatic factors.9,10

TREATMENT OF ASTHMA

Cultural, social and economic factors, lack of diagnostic
facilities and limited access to healthcare may result in
the under-treatment of asthma in Latin America. Sales
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reports of drugs used in the management of asthma seem
to substantiate this hypothesis. Currently, Latin America
has a total population of over 500 million people. Based on
an estimated 12% prevalence rate, there should be over 60
million asthmatic individuals. If only 30% of them belong
to the persistent moderate to severe group (according to
the International Consensus Report on Diagnosis and
Treatment of Asthma),11 approximately 18 million asth-
matics will require anti-inflammatory treatment for the
control of the disease. With regard to inhaled corticos-
teroids, despite a marked increase in sales during recent
years, less than 2 500 000 units/year were prescribed, e.g.
only 0.13 units per patient/year, in 1999. In Argentina,
Molfino et al. analysed the prescriptions for the treatment
of airway diseases between 1983 and 1990.12,18 Despite
improved management of diseases with airflow obstruc-
tion, evidenced by a decrease in the use of oral broncho-
dilators and disodium cromoglycate, and an increase in
the use of inhaled bronchodilators and steroids, appro-
priate treatment of asthma remains insufficient.

It is possible to improve the health of asthmatic chil-
dren from low income backgrounds by implementing
International Guidelines, as a study from urban Brazil
has shown.13

ASTHMA MORTALITY

Mortality from asthma increased during the 1980s, but
in recent years seems to be declining in some countries.
However, little is known about trends in mortality in
Latin America. In a survey performed a few years ago in
11 countries of the region based on a uniform protocol,14

the overall death rate was 3.14/100000. Significant dif-
ferences were found between countries with the highest
death rates in Uruguay and Mexico (5.6/100000), and
the lowest, Paraguay (0.8/100000) and Colombia (1.4/
100 000). In South American countries with marked sea-
sonal climatic differences, such as Chile, Uruguay, Paraguay
and Argentina, deaths occurred mainly in winter. In most
countries, deaths from asthma occurred at home, rather
than during hospital admission. The differences found
may be due, at least in part, to defective information col-
lected in death certificates. More recently, data on mor-
tality trends in young-people in Southern Brazil show a
significant increase in asthma-related deaths in the 5-19
year age group (0.04/100000 in 1970 vs 0.39/100000 in
1992).15 Additionally, this increase cannot be ascribed
to a shift in labelling from bronchitis to asthma. In some
countries, such as Colombia, asthma mortality in all age
groups increased from 1979 to 1988, and has since
declined.16 Mean death rates in all the countries con-
sidered were similar to those in Great Britain, lower than
in Australia, New Zealand, West Germany and Japan, and
higher than in the United States and Canada.

DIFFERENTIAL DIAGNOSIS

With regard to the differential diagnosis of asthma in
infants and young children, it should be noted that in the
southernmost region of South America, Argentina, Chile,
Uruguay and South of Brazil, there is a higher incidence
than in other parts of the world, of obliterative bronchio-
litis among survivors of severe viral infections in early
life, particularly by adenovirus. The pathogenic17 and func-
tional18 characteristics of post-adenoviral bronchiolitis
obliterans in children have been recently described.

SUMMARY

Latin America, due to its geographical, climatic, eco-
nomic and ethnic differences, has a markedly heteroge-
neous population that challenges any attempt at global
assessment. Moreover, the lack of precise definitions of
bronchial asthma and the scarcity of epidemiological
studies may result in either an underestimation or an
overestimation of its prevalence, although standardiza-
tion has been attempted world-wide. Asthma is moderat-
ing or highly prevalent in most Latin American countries.
Poor socio-economic status and limited access to health-
care may be responsible for the frequent under-treatment
of asthma. This, in turn, may play a critical role in asthma
mortality rates in the region.
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INTRODUCTION

The increased prevalence of asthma in children has led to
the publication of more extensive treatment and man-
agement guidelines world-wide. In Japan, asthma in
children is an important health issue, and this article
discusses the number of cases and various treatment
methods, their effectiveness, and current trends.

PREVALENCE OF ASTHMA IN CHILDREN

In Japan, the number of asthma cases in children has been
increasing. This is true not only in large cities, but also in
remote islands where levels of industrial pollution are
low. An epidemiological study investigating trends within
one region, showed an increase in asthma prevalence over
the course of 10 years (Table 17d.l). This data clearly indi-
cates a continuous increase in the rates of asthma diagno-
sis and of reported wheezing in this region.1

In another epidemiological study,2 Hosoi et al. investi-
gated asthma in the Kyoto region from June to September
1996, in 17906 students from 30 elementary and junior
high schools, by questionnaire. The completion rate of
questionnaires was 90.3%. The results reveal asthma rates
of 4.9% in elementary schools and 3.5% in junior high

Table 17d.1 Prevalence of asthma in elementary school

children in a single region (%)1

1971
1981
1991

4893
5272
3876

1.71
3.62
5.37

1.30
4.34
5.13

3.01
7.96

10.50

schools (Table 17d.2), indicating that asthma is as serious a
health concern in Japan as in other parts of the world.

TREATMENT OF ASTHMA

Asthma attacks

In Japan, the first guidelines for asthma treatment were
published in 1993, and the third revised guidelines in
1998.3 Treatment options include the initial use of a low-
dose of b2-agonist combined with sodium cromoglycate
(SCG) 2ml administered by a nebulizer for asthma
attack. In certain cases, this method has been significantly
better in treating asthma attacks than low doses of

Table 17d.2 Prevalence of asthma and wheezing in Kyoto

schools (%)2

Elementary school
1
2
3
4
5
6
Mean

Junior high
1
2
3
Mean

Mean

4
4
6
6
8
6
6

4
3
4
4

5

.7

.9

.2

.0

.8

.4

.2

.2

.9

.2

.1

.6

4
3
3
3
3
4
3

3
2
2
2

3

.1

.6

.7

.1

.6

.2

.7

.3

.5

.6

.8

.5

4
4
4
4
6
5
4

3
3
3
3

4

.4

.3

.9

.6

.1

.2

.9

.8

.2

.4

.5

.5

8
8
6
7.
6
5
7,

3
2
2
2

5

.7

.0

.1

.7

.5

.4

.1

.0

.4

.6

.7

.9

8.
7.
6.
5.
4.
4.
6.

2.
3
2.
2.

5

.5

.4

.7

.0

.4

.0

.0

.4

.0
,8
.7

,0

8.5
7.7
6.4
6.3
5.5
4.7
6.5

2.7
2.6
2.7
2.7

5.5
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Figure 17d.1 Interrelationship between anti-diuretic
hormone (ADH) and the renin-angiotensin-aldosterone
system in acute severe asthma.6

b2-agonist diluted with saline.4 Further, long-term use of
the SCG solution improves airway responsiveness, evalu-
ated by methacholine inhalation tests. This combination
has shown significantly better results than low doses of
b2-agonist combined only with saline. Therefore, the com-
bination of a low dose of b2-agonist SCG administered
by a nebulizer has become the most common method of
treatment in Japan.5 The use of this combination may be
a contributory factor to the lower rate of asthma death in
children (0.5 per 100000 cases), compared with that in
total population (4.7 per 100 000) in Japan.

In severe asthma attacks, intravenous administration
of aminophylline in an early phase is frequently used.
This treatment is beneficial for patients suffering from
dehydration associated with severe asthma attack and
in whom increases in ADH (antidiuretic hormone) are
present.6 The use of b2-agonists in these patients exacer-
bates rather than improves their condition (Figure 17d.l).

The standard treatment for patients with severe
attacks requiring hospitalization is continuous inhal-
ation of l-isoproterenol solution.7 The author's group
used 0.1-0.2 mg /-isoproterenol/kg patient weight solu-
tion mixed with 500ml of normal saline, nebulized
continuously with 70-100% oxygen. This method was
effective in treating severe asthma, only one case requir-
ing intubation for control of severe asthma attacks in
10 years in our hospital.

Long-term treatment of childhood asthma

The characteristic long-term treatment for childhood
asthma is the use of oral anti-allergic drugs and theo-
phylline. The efficacy of recently developed leukotriene
receptor antagonists has been reported.8 In the paedi-
atric field, these drugs have been used in Japan. This drug
is likely to be widely used for the treatment of asthma in
children.

The treatment with theophylline has been associated
with 'theophylline related seizure'. In 86 studies which
measured the plasma theophylline levels, no seizure was
observed in paediatric asthma patients without diseases
of the central nervous system (CNS) and whose plasma

theophylline level was below 5mg/l. Kitabayashi et al.
reported seizures in five out of 29 children with asthma
who also had diseases of the CNS,9 indicating the need for
careful use of theophylline in children.

Recently, a patch-type formulation of tulobuterol, a
b2-agonist, has been developed. This formulation exerts
a long-acting effect and the attachment of this patch
to the skin at bedtime can control nocturnal asthma
attacks.10

Currently, inhaled corticosteroid therapy is available
for paediatric use in Japan and is widely used even in
young children with the Aerochamber. This treatment
has resulted in the reduction in the number of children
with severe asthma.

Medical payment for long-term
hospitalized children with asthma

The medical cost of hospital treatment is covered by the
government for children under 18 years with asthma
who stay in hospital for more than one month. This
system is beneficial for children with severe asthma,
enabling them to receive adequate medical care without
financial concern. As a result, this system also helped
decrease the rate of asthma deaths in children.
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PUBLIC HEALTH ISSUES

Epidemiology

Like many other countries where serial data are available,
the prevalence of asthma and allergic disease in Hong
Kong has been increasing quite dramatically. Based on an
ISAAC study done in the mid-1990s, the prevalence
of asthma ever, wheeze ever and current wheeze amongst
local school-children was estimated to be 11%, 20% and
12% respectively.1 This compares with a rate of asthma
ever of merely 7-8% in the late 1980s.2 The cause of the
increase remains obscure, but is comparable with the
trend recorded in Singapore.3 Unknown environmental
factors are thought to play a major role in the increase.

Given the similar genetic background, there is marked
regional variation in disease prevalence. A trend towards
a higher prevalence of asthma and allergic disease in the
more affluent communities is clearly evident. In a study
comparing the rate of asthma and allergic disease in
three cities with different levels of affluence in Asia,4

Hong Kong, being the most westernized, had the highest
prevalence of asthma, rhinitis and eczema. The rate was
intermediate for those in Kota Kinabalu and lowest in
San Bu, considered least affluent. However, the rate of
atopy, as determined by skin-prick test to common aller-
gens, was similar for these three places.

On the whole, the prevalence of asthma in the Far East
is still low compared with Western developed countries.
This does not necessarily mean that Chinese are less sus-
ceptible to the development of allergic diseases. The rate
of atopy, defined by skin-prick tests to common allergens,
is high amongst the Chinese. A study showed that 49% of
12- to 20-year-old Hong Kong Chinese students had one
or more positive skin test to common allergens,5 nearly

90% of whom reacted to house-dust mite and 73% to
cockroach. Pollen allergy is uncommon, presumably due
to low allergen load in the locality. After emigrating to
Australia, where they were exposed to high concentra-
tions of rye grass pollen, up to 60% of the ethnic Chinese
migrants acquired sensitization to grass pollen and may
develop hay fever. Similarly, the prevalence of asthma
increases with length of stay in the new country.

Of other allergic diseases, rhinitis was the common-
est, affecting about 50% of the subjects. Eczema was
reported in about 15% and hay fever was rare in Hong
Kong. Like other series, familial aggregation of allergic
diseases is evident. However, a positive parental history is
more important in predicting asthma and allergic disease
than atopic sensitization.5

Environment

House-dust mite, cat and cockroach are ubiquitous
indoor allergens in residential homes in Hong Kong.
Its hot, humid subtropical climate favours the growth of
house-dust mite. Compared with other populations in
the Far East, Hong Kong has the highest recorded DerpI
levels, although the prevalence of asthma is lower than
that of Singapore where the Der pI levels are generally
much lower. This implies that the concentration of the
allergen is unlikely to be the cause of increasing preva-
lence of asthma in Hong Kong.

On the other hand, in conjunction with economic
growth, there has been tremendous increase in the num-
ber of motor vehicles and increase in the average distance
travelled by vehicles, particularly diesel-fuelled vehicles
in recent years. The pollutants resulting from these diesel
engines may enhance the airway response to inhaled
allergens in susceptible subjects either directly, or in
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conjunction with other outdoor pollutants such as NO2

and O3.

CLINICAL ISSUES

Clinical diagnosis

The findings in the recent ISAAC study appear to lend
support to the suspicion that asthma in Hong Kong is
underdiagnosed. There are added difficulties in diagnos-
ing asthma in Hong Kong. There is no word equivalent to
'wheeze' in Cantonese. In addition, Chinese parents often
do not recognize or are unwilling to accept their child's
symptoms as being due to asthma. On the other hand,
they are generally quite willing to accept the more
benign-sounding 'sensitive or over-sensitive breathing
tubes'. Consequently, there is also some tendency on the
part of general practitioners to offer a more acceptable
clinical label than a diagnosis of asthma.

Management

The use of traditional Chinese medicine is steeped in
the local culture. It is used extensively in Hong Kong.
While inhaling vaporized medicines has been an ancient
practice, the use of metered-dose inhalers is relatively
new and has not been widely accepted. Generally parents
still prefer the traditional orally administered medicines
to using inhalers.

Methods to improve the take-up of inhaled corticos-
teroids include the introduction of nurse-based manage-
ment programs.6
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INTRODUCTION

The Caribbean consists of many islands and two main-
land states stretching from Guyana in the South (latitude
10°N) to Bermuda in the North.1 Islands vary in size, lan-
guage and culture and also in the ethnic origins of their
inhabitants. Whereas in most islands the predominant
influence in the gene pool is that of West Africa, Trinidad
and Tobago and Guyana have populations that are
equally divided between those of East Indian and African
descent. All islands have other influences including
Chinese, European, Syrian-Lebanese and Indigenous
peoples to some extent. In fact, the National Motto of
Jamaica is 'Out of many - one people'. This may lead to
differences in the genetic predisposition to asthma and
atopy among the islands, although this has not yet been
demonstrated.

Asthma is acknowledged to be a major problem in the
Caribbean. The Caribbean Asthma and Allergy Association
was launched in 1997 and through yearly scientific meet-
ings seeks to stimulate asthma and allergy research and
to educate health professionals and the general public
about asthma. At that time the 'Caribbean Guidelines for
Asthma Management and Prevention' was printed and
distributed.2

EPIDEMIOLOGY

The prevalence of asthma reported in the Caribbean
varies. Twenty-one per cent of Jamaican school-children
were classified as exercise-induced asthmatics using a
questionnaire.3 Asthma was diagnosed by questionnaire

in 21% of 1057 Jamaican high school-children, 92.7%
of whom reported at least one other manifestation of
atopy.4 Tropical Latin America has also reported high
rates such as point and cumulative prevalence rates of
8.8% and 12.2% respectively in Cartegena, a Colombian
city on the Caribbean coast.5 In Barbados, a single hos-
pital provides all accident and emergency care. The average
monthly admissions to this A&E department for asthma
grew 10-fold from 1970 to 1990 compared with a 10%
increase in the island's population. Though little has
been published concerning asthma mortality, it is known
that the asthma death rate increased in Jamaica from
1980-1989 to over 4 per 100000 population.6

The importance of allergy, particularly to house-dust
mite and latterly to cockroach has been demonstrated.
Skin test reactivity to at least one allergen has been found
in 50-81% of asthmatics who were skin tested,7,8 most
commonly to Dermatophagoides spp. Sensitivity to
house-dust mite allergens correlated with mattress and
bedroom dust mite antigen density,9,10 and was more
common in those who lived in more humid concrete
houses rather than wooden houses.8 A recent study in 161
Jamaican adults showed that cockroach sensitivity is next
in importance, with mould mix, Bermuda grass, dog and
cat being less frequently positive (personal observations).

There are also climatic differences which may impact
asthma. Those islands to the east are most affected by
the influx of Sahara dust as demonstrated in Barbados.
Although there is little variation in temperature (24—32°C),
the changes of the seasons do affect the incidence of
acute episodes of asthma, with the peak being seen
during the rainy winter months.7,11

The association between sickle cell disease and asthma
is discussed in Chapter 13a.



454 The Caribbean

TREATMENT

Although many physicians have used the Caribbean
guidelines,2 others do not as evidenced by the continued
frequent use of salbutamol (albuterol) as single therapy
in many patients, though this is in some ways due to cost
constraints. Jamaican popular wisdom suggests that
marijuana in various forms may be useful for the treat-
ment of asthma. Cannasol, a product based on mari-
juana, has been developed and produced in Jamaica.

The cost of the treatment of asthma varies markedly
from island to island. In Barbados, the government sup-
plies all asthma therapy free to their citizens. However, in
most nations in the region this is not the case and many
patients have inadequate care because of the inability to
afford medications. Though metered dose inhalers are
considered inexpensive, in Jamaica one canister of salbu-
tamol is at least 10% of the minimum weekly wage.

CONCLUSION

Asthma is undoubtedly a significant problem in the
Caribbean. In keeping with the recommendations of the
study group on the Global Strategy for Asthma Man-
agement and Prevention, the Caribbean Asthma and
Allergy Association hopes to stimulate more local research
so that appropriate strategies can be put into place for
improving the management of all those who have this
disease in the region.
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INTRODUCTION

Over the last 30 years, there has been a very large increase in
our scientific understanding of childhood asthma. Highly
effective pharmacological therapies have been introduced.
Yet asthma remains the commonest chronic disease of
childhood in developed countries and its prevalence has
been increasing, at least until recently.1 This apparent
paradox has led to the conclusion that there is an 'asthma
knowledge gap' between clinicians' performance and
patients' behaviours.2,3 Either clinicians are not providing
the appropriate care or, if they are, children and their par-
ents are not following the therapeutic recommendations.4

EDUCATION IN ASTHMA MANAGEMENT

Why is education important in asthma
management?

Since a cure for childhood asthma is not yet possible,
the present focus of asthma management is on disease
control - controlling symptoms, restoring function and
improving quality of life.5 The main therapeutic route to
achieving asthma control has been the long-term use of
anti-inflammatory therapy, mainly inhaled corticosteroids,
to control chronic airway inflammation. Even in children,
inhaled corticosteroids are now the mainstay of prevent-
ive treatment.

However, if asthma is to be controlled effectively, par-
ents and children must carry out a number of rather com-
plex tasks. These include using prescribed drugs properly
to prevent or control asthma symptoms; being able to
identify and, if possible, avoid asthma trigger factors; being
able to detect and self-manage most asthma exacerbations;
having the necessary interpersonal skills to communicate
effectively with healthcare workers and developing the
necessary social supports.3,5 There is an additional layer of
complexity because both the asthma and its consequences
vary over time. It is children with asthma and their parents
who are most aware of these changes. Clinicians are simply
not able to give guidance on every contingency or indi-
vidual circumstance that such families may encounter.
Further, children and their families also have information,
preferences and beliefs, complementary to the doctor's
professional knowledge, which affect the way they behave.

Furthermore children with asthma and their parents
have become increasingly interested in being full part-
ners in their own medical care. While all patients must
self-manage their asthma to some extent, for example
by using relieving medication when necessary, there
has been a progressive move towards involving patients
more directly in their asthma management.6 Such self-
management or family management7 requires patients or
families to monitor the asthma and adjust the therapy in
response to changes in severity, independently of their clin-
ician. However, 'self-management' is not the same as self-
treatment. In self-management, the patient provides the
individual context and the clinician the general medical
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backdrop. Both are necessary for effective management
and disease control.8 Ideally, there should be a co-operative,
agreed approach to asthma management involving patients,
the healthcare team and family members - a process that
has been labelled 'guided self-management'. In adults,
there is extensive evidence that asthma self-management
leads to improved outcomes (reviewed in ref. 9).

Education helps children and their families develop the
necessary knowledge, attitudes, beliefs and skills to manage
asthma effectively. The importance of education in asthma
management has been increasingly recognized, and patient
education is now a central component of current asthma
guidelines.5'10 However patients, including children and
their parents, are not the sole targets for education about
managing asthma. There are many professional groups
who have important roles to play in asthma care, and who
require education. Indeed, preparing healthcare profes-
sionals is turning out to be just as important as preparing
the child or the family. If delivering effective asthma care
requires a partnership, then all participants must be edu-
cated and organized effectively.11 Indeed, Clark and Gong
have suggested that often neither the child and family nor
the healthcare professional are adequately prepared for
their respective roles in asthma management.3

Asthma education and the problem of
adherence and concordance

It is self-evident that no treatment regime is likely to be
effective unless it is properly followed. Patients must
understand how to follow their regimes, and be able and
willing to do so. Since the pioneering work of Sackett and
Haynes,12 there has been growing recognition that patients,
including asthmatic children and their families, often fail
to follow their treatment regime.13,15 A broad range of
evidence suggests that only about a third of patients follow
a prescription correctly; one third adhere to the prescrip-
tion poorly, if at all; and the other third is somewhere in
between.16 Failure to comply is not confined to medication
use, but affects all aspects of medical care. For instance,
Sackett pointed out that 20-50% of clinic appointments
are missed.12 Changes in behaviour such as stopping
smoking or weight reduction are implemented even less

frequently. Unfortunately, clinicians are poor at recog-
nising who is not achieving to the treatment plan, or in
predicting which patients will comply.17 It is also clear
that health professionals themselves are not necessarily
good at complying.18

Theoretical approaches to understanding
health behaviours

Given the evidence of poor compliance, it is not surprising
that behavioural scientists have tried hard to understand
how an individual makes health-related decisions. Initially,
scientific efforts were directed to understanding why
patients did not comply with therapies. Over time behav-
ioural scientists have expanded the scope of their efforts
to include the wider range of activities patients must
undertake to manage their health problems effectively.
Many theoretical models have been developed, e.g. the
health belief model, stages of change theory, self-regulation
theory and social learning theory (see Clark and Becker
for a brief review19). All these theories try to explain the
mechanisms that lead to behaviour change.

Self-regulation as a key health behaviour
for asthma management

Recently, Clark and colleagues have drawn from both
social learning theory20 and the theory of self-regulation
to develop a model of particular application in asthma
management3,19,21 (Figure 18.1). Their model is based on
three assumptions. Firstly, several factors predispose a
person to manage a disease. Secondly, patient management
arises from a conscious use of strategies to manipulate
situations to reduce disease impact on daily life. Thirdly,
illness management is not an end in itself but merely the
means to other ends important to the patient, such as the
reduction of symptoms.3 Families can use self-regulation
processes to observe how the disease prevents them
achieving their specific goals, to judge what type of action
might help the situation, to experiment with behaviours
and to draw conclusions or react to the effects of those
behaviours. This approach has particular relevance to
asthma where there is no definitive formula for optimum

Figure 18.1 Model of patient management of chronic lung diseases. (From ref. 3.)
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management and where families often have to make
decisions about changing treatments on their own with-
out input from health professionals.

The role of behavioural theories in
asthma education

These theoretical models of behaviour change generally
aim to describe what factors lead to particular health
behaviours. Increasingly, such theories have under-
pinned health educational interventions for asthma. For
example, in the self-regulation model, education would
have an important role not simply in providing informa-
tion about the disease but in developing the subject's
capacity to observe, to make sensible judgements, to feel
confident and recognize good asthma outcomes. These
behavioural models often share elements that can be dis-
tilled into core principles. Such 'principles of behaviour
change and health education' can inform the design
and evaluation of any asthma educational programme2

(Table 18.1). Whatever the merits of any particular the-
ory, a theoretical framework has a number of advantages.
Firstly, theoretical insights into the mechanisms that lead
to a particular behaviour provide a basis for optimizing
that behaviour. Secondly, if an intervention fails, a the-
oretical framework helps in understanding why failure
occurred and how it might be avoided in the future.3

Does asthma education work? Evidence
for effectiveness

What exactly 'patient education' means is not always clear
in published studies. In addition, published asthma edu-
cation programmes have varied widely in their objectives,

in the content and the educational methods used, in
their intensity and duration, and in the educator.22 Many
programmes have aimed to transmit knowledge rather
than focusing on behaviours, even though a wide gap
often separates knowledge and behaviour. All too fre-
quently, asthma education, whether informal during a con-
sultation or more formal group teaching during a planned
session, has been based on an ad hoc set of messages and
skills that health professionals believe patients need to
know. Unfortunately, these messages have been derived
from intuitions, traditions or habits and frequently do not
coincide with any theoretical principles (such as listed in
Table 18.1) and are then combined with teaching methods
that are too didactic. It is hardly surprising that there has
been a debate about whether asthma education works.23

Nevertheless, since the 1980s a number of well-designed
models of asthma education for children and adults have
been tested. Clark and Gong have listed well-designed
paediatric asthma educational programmes based on
relevant behavioural theory that have been evaluated and
have been shown to lead to important asthma outcomes
such as reduced use of health services.3 Significant health
gains can be made by children with asthma when their
primary care physicians are provided with training in
asthma care and communication skills.82 The evidence
from adult studies for the effectiveness of differing com-
bination of patient education and self-management has
been summarized in a series of Cochrane reviews.9

Thus, there is clear evidence that asthma education can
be effective in providing patients and families with the
understanding, skills and behaviours to allow them to
control their asthma effectively. Education can also help
patients gain the motivation and confidence to control
their illness.83,84 Education nowadays is recognized as
having a central role in changing a patient's behaviour
in a way that ultimately leads to more effective asthma

Table 18.1 Educational principles that should be included in an 'ideal' asthma education programme'

Educational diagnosis
Hierarchical approach
Cumulative learning

Participation or
ownership
Situational specificity

Use of multiple methods

Individualization
Relevance

Feedback

Reinforcement
Facilitation

Involves identification of the causes of the behaviour
States that there is a natural order in the sequence of factors influencing behaviour
Experiences must be planned in a sequence that takes into account the patient's past
learning and their present learning opportunities
Behaviour changes will be greater if the patients have identified their own
needs for change and have actively selected a method or approach
The effectiveness of any educational programme depends on the individual
circumstances and characteristics of the patient and the educator ('right audience, right
time in right way')
A comprehensive behaviour change programme should employ different methods to
take account of patient or situation specific factors
Tailoring education allows interventions that are both patient and situation relevant
The more relevant the content and methods to the learner's circumstances, the more
likely learning and behaviour is to be successful
Providing feedback allows the patient to adapt learning and response to his or her own
situation or pace
Behaviour that is rewarded tends to be repeated
An intervention should provide the means to take action or reduce the barriers to action
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management. The challenge now is to adapt and imple-
ment programmes of proven effectiveness in clinical
practice.

PREPARING FOR EFFECTIVE PARTNERSHIPS

Good communication is essential

It is over 30 years since Korsch's classic study document-
ing the lack of attention paid by paediatricians to par-
ents' fears and concerns about their child's illness and the
resulting dissatisfaction with the consultation.24 Patients
clearly valued the doctor being warm and friendly, taking
account of their concerns and expectations, providing
clear-cut explanations about the diagnosis and cause of
the illness and avoiding medical jargon. Significantly,
parental satisfaction was not related to the amount of
time the doctor spent with patients. Paying attention to
initial fears and expectations did not highjack or prolong
the consultation, but led to shorter visits. Once urgent
concerns had been dealt with, mothers were observed to
be more attentive and open to the physician's suggestions.
Korsch even described how on occasions the doctor actu-
ally wasted time during the consultation by 'ineffective
verbalization' - arguing with the parent or needlessly
repeating questions that had not been understood. Apart
from satisfaction, doctor-patient communication seems
to influence other aspects of patients' behaviour such as
adherence to treatment, recall and understanding of med-
ical information, disease-coping and quality of life.25

Communication between a doctor and a patient has a
number of different functions including creating a good
personal relationship, exchanging information and making
treatment-related plans.25 A number of behaviours that
help clinicians to communicate more effectively have been
recognized. They include adopting a congenial demeanour
(being friendly and attentive and using humour), showing
empathy (through eliciting and acknowledging patient
fears and concerns, paraphrasing and reflecting their words
and using non-verbal behaviour) and giving encourage-
ment, praise and reassurance.26 Showing empathy may
be particularly important. Good general guidelines for
clinician-patient communication exist (Table 18.2) and
the resulting benefits for asthma management may be
considerable (Figure 18.2). As a result, good communica-
tion skills are now accepted as a prerequisite for a satis-
factory doctor-patient partnership.15

Improving health professionals'
communication skills

Unfortunately, for many health professionals these skills
do not come naturally. Nor do such skills necessarily
improve with experience. Doctors themselves have

reported that their relationships with their patients cause
them stress and anxiety due to lack of confidence and
competence in communicating.27

Fortunately, with training, there is evidence health
professionals can improve their communication skills in
such a way that patients experience measurably better
outcomes.28,29 One recent randomized trial tested the effect
of including specific training in communication skills in
an asthma education programme for paediatricians. This
intervention included two interactive afternoon seminars
based on the self-regulation theory. The educational mater-
ial included a brief specialist lecture about asthma, a video-
tape showing effective use of the skills identified in Table
18.2, case studies of troublesome clinical problems, a proto-
col enabling doctors to assess their own communication
skills and a review of key asthma messages and materials
to use when teaching. The programme resulted in a signifi-
cant improvement in the prescribing and communications
behaviour of physicians, more favourable patient responses
to physicians' actions, patient-physician encounters that
were actually of shorter duration and reduced use of health
care resources.30 Training in communication skills is finally
becoming more widely available and is now an important
component of many undergraduate medical curricula.

Educating health professionals about
disease management

Some practical insights from recent research into asthma
education have been collated.31 To be effective, educa-
tion for healthcare providers had to start with their own
input about their perceived needs and preferred teach-
ing methods. Traditional lectures did not alone change
behaviour. Effective training of clinicians involved not
only developing their asthma management skills, but also
providing a supportive environment. Changing only one
or two specific aspects of asthma management at a time
was more likely to be effective than trying to change every-
thing at once. Involving clinical staff in teaching other
clinical staff was effective. Incentives such as CME points
or recognition or rewards helped to reinforce active par-
ticipation. Simplified and convenient prompts and refer-
ence materials were helpful as supplementary educational
tools. Researchers in New York found that patients were
sometimes more comfortable discussing problems and
seeking help from non-professional clinical staff, e.g.
receptionists or technicians. Training for the entire prac-
tice team may then enable non-professional staff to
reinforce the health professional's recommendations.

What about improving parents' and
children's communication skills?

Whether improving patients' and parents' communica-
tions skills through training might also lead to more
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Table 18.2 Good basic communication skills helping physicians to communicate more effectively

Congenial demeanour

Reassuring communication

Treatment plan focus

Greet the patient by name. Introduce yourself
Listen attentively e.g. use eye contact, sitting
rather than standing, sit at same level, lean
forward to attend to discussion. Avoid flustering
the patient
Maintain an interactive conversation e.g. use
open-ended questions - 'Tell me about it?'; use
simple language; use analogies to teach
important concepts
Use appropriate non-verbal encouragement
(nodding, smiling)
Give verbal praise for things done well
Address any immediate concerns

Elicit parents underlying concerns and worries
about their child
Give specific, truthful information that alleviates
fears. Check that it is understood

Elicit family's immediate objectives. Reach
agreement on a short-term goal that both
provider and patient will strive to reach and
that both regard as important
Review the physician's long-term therapeutic
plan with the patient so the patient knows what
to expect over time, when treatment will be
modified and criteria for judging success of
treatment plan
Help patient develop and use criteria for future
management decisions e.g. using diary
information, guidelines for handling potential
problems
Provide patients or parents with a written
management plan, ideally in their own writing

Increases patient satisfaction
Helps establish rapport

Interactive dialogue produces richer
information

Increases patient satisfaction and
improves understanding
Allows family to focus their attention
on the information being offered
Fear is a distraction; reducing it
enables the patient to focus on
what the physician is saying, and
improves recall
Enhances willingness to follow the
treatment plan

effective clinician-patient communication is also under
study. The main target for such programmes is usually a
parent but children may also benefit. Lewis et al. found
that brief education during clinic waiting improved the
rapport between the physician and the child, encouraging
the child to learn more about their condition and to take
a more active role in their care.32

DESIGNING AND DELIVERING ASTHMA
EDUCATIONAL PROGRAMMES

General comments

Because many asthma education programmes have been
poorly documented,22 replicating programmes may be
difficult or impossible. A combination of poor design
and poor documentation has also made it difficult to
identify those components most effective at promoting

changes in behaviour. In the future, there should be a
standard description of any educational programme
including the theoretical basis, a list of objectives, and
a detailed account of what was done.22

Core content

From the first generation of asthma education studies,
there is reasonable agreement about the essential content
of an asthma education programme.4 The patient with
asthma needs to have some understanding of and skills
in: (i) Asthma attack prevention; (ii) Asthma attack
management; (iii) Communication and interpersonal
skills important in the management of asthma.33,34

Prevention of an attack includes the skills and behav-
iours necessary to recognize early warning signs (includ-
ing using a peak-flow meter, if appropriate) and to act on
these signs to prevent an attack. It also involves identify-
ing and avoiding triggers, understanding about reliever
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Figure 18.2 Benefits of the ideal
consultation. (From ref. 27.)

and preventer medications, having proper inhaled device
technique and taking prescribed medication correctly
and on schedule.33 Attack management comprises resting
and staying calm during an attack, taking medications as
prescribed and using agreed criteria on when to seek
assistance. Finally, the necessary social skills include an
ability to communicate effectively and to negotiate, as
well as skills to manage relationships central to the control
of the child's asthma. Thus this educational content
covers the knowledge, skills, and behaviours necessary
for asthma self-management as well as broader con-
cerns relating to family and environmental influences.
A range of suggested topics and useful educational tools
addressing these issues can be found in published
guidelines.5 Unanswered questions remain, and further
work is needed to refine the essential content and the most
effective teaching strategies.26

Whom to teach?

CHILD OR PARENT

Parents or carers are usually the main targets of paediatric
asthma education. However, this does not mean children
should be ignored. Research has suggested that children
may be quite able to take part in programmes that develop
problem-solving and decision-making skills.7 Indeed,
Lewis and Lewis found that the principal barriers to
involving children were firstly, physicians who were reluc-
tant to share power with parents, let alone children, and
secondly, some parents whose roles were threatened by
increased sharing.35 A brief video shown to children in the
waiting room improved the rapport between the physician
and child.32

If children are involved in asthma education, then it is
important that developmentally appropriate approaches

are used. For 4- to 7-year-old children approaches such as
story telling and games can be used. For 8- to 12-year-
olds, the emphasis shifts to mastering tasks while for those
13 or older the emphasis should be on social relation-
ships.7 There may be wider benefits arising from involving
children in asthma management education, with one
study finding that such children performed better at
school performance and achieved higher grades than con-
trols.36 Recently, peer-led asthma education programmes
have proved successful with adolescents.37

Another issue is whether children and their parents
should be taught together or separately. One common
pattern is to separate children and parents for teaching,
bringing them together only at the end.38 This approach
may allow the children to report to their parents what they
have learned, thus verifying and validating the take-home
messages. However, there is surprisingly little detailed
advice available.

INDIVIDUALS OR GROUPS?

One issue to consider is whether education is best delivered
to patients one at a time, perhaps with a family member
present, or in (typically small) groups.39 As an approach,
individual teaching fits more comfortably into a clinic
setting. Indeed, every clinical contact may be viewed as
providing a 'teachable moment'. Reinforcing behaviour
over a number of clinic visits is relatively easy. It is also
potentially easier to individualize the education by match-
ing both content and delivery methods to a particular
patient's learning style and speed. However, individual
educational approaches are likely to be more costly in
terms of the educator's time. Group teaching approaches,
if successful, may be more cost-effective. Small group
education may also provide other benefits such as peer
support and group problem solving common problems.
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Group approaches may be particularly relevant to chil-
dren who are used to being taught at school. Organized
asthma educational programmes often use group teach-
ing. However, arranging meetings for a group may be
difficult, particularly if multiple sessions are planned. A
degree of individualization within a group setting is pos-
sible through the use of strategies such as worksheets for
individual problem solving, or group problem solving of
an individual management difficulty.39

If a group approach is to be used, there is little guid-
ance about the best group size. In published studies, group
size has varied, with between 4 and 10 being common.38,40

Similarly, there is little information about the most
appropriate age composition. There is evidence that chil-
dren as young as 8 can perform basic self-management
practices and by adolescence can handle most self-manage-
ment tasks.7 One study included children between 8 and 13
years,40 but whether mixing older teenagers and younger
children is beneficial or otherwise is not clear. Clark et al.
found that 8- to 12-year-old children could be taught with
children 13 years or older if the educator addressed the
needs and interests of the two age groups.7 Older children
may be helpful teaching the younger children.7

Reviewing the available evidence, Wilson found that
both individual and group education could improve
patient outcomes.39 However, Wilson suggests that it may
be most meaningful to recognize that individual and group
education may have different roles at different stages in a
'continuum of education' about asthma.39

Lesson content, format and duration

The 'ideal' educational programme will include the core
asthma messages (outlined above) and will be based on
sound health educational principles (Table 18.1). For
example, the programme should include an educational
diagnosis of the individual patient or group needs, includ-
ing assessing their past and present experiences; there
should be careful sequencing of the educational messages
starting with more basic messages before progressing to
more complex material; there should be opportunities for
later review and feedback to reinforce new behaviours.

A number of sessions over a period of time may be
required if significant changes in behaviour are to be
achieved. For group programmes, a once-a-week lesson
of 45-90 minutes over a number of weeks has been com-
mon.40,41 There are examples of briefer interventions that
have also been successful.42,43 If shorter programmes are
used, it may be appropriate to focus on skills that can be
adopted rapidly without major changes in daily routine.

Tailoring the content

Often it is neither appropriate nor feasible to arrange a
comprehensive programme. An available programme

will have to be adapted to a particular local setting. One
approach to identifying the most important educational
components for a particular setting has been to carry out
a local needs assessment. This has been done by inter-
viewing patients, relatives and clinicians;44 by reviewing
critical incidents that resulted in bad asthma outcomes;45

or through the use of focus groups.46 The results can then
be used to tailor the programme to local needs and cir-
cumstances while avoiding wasting time on irrelevant
content. For the educators, local adaptation may be a key
step in developing local ownership - an important feature
for successful implementation.47

Just as a programme should be adapted for local cir-
cumstances, so an individual educational diagnosis is
important in shaping the content to suit an individual's
personal goals, needs and learning styles. Children and
their parents are usually more interested in issues such
as the long-term side effects of drugs or quality of life,
rather than objective outcomes such as lung function.
Also parents and their children may have different goals.
Boys often want to take part in the same physical activ-
ities as their peers; parents may be more concerned by
nocturnal disturbance. In any programme, it is import-
ant to remember that patients are more likely to follow
the plan if the goals and objectives are directly relevant to
them. The diagnostic approaches used can vary from
informal techniques used routinely during a consult-
ation, such as asking about the understanding of medica-
tions or checking device technique, to more detailed
questionnaires34 that may be completed while the patient
is waiting.

Delivery strategies

BY WHOM?

Asthma education may be delivered by a wide variety of
people. In the clinic or ward, it is often a doctor or nurse.
In a group setting, studies have also used a behavioural
therapist,40 trained asthma educators or even children
themselves.37 Compared with alternatives, interaction
with an 'educator' whether for individuals or groups
potentially provides a more stimulating and individual-
ized experience for the subject. However, it is important
that the educator engages with the subjects and facilitates
their active involvement.39 Delivering a standard lecture
in an identical manner to every patient will be as ineffect-
ive as lecturing a larger passive group. There has been
increasing recognition of the fact that any member of the
clinical team may have opportunities to give asthma
education or to reinforce advice. Accordingly, everyone
within the healthcare team should be trained to give out
consistent messages about asthma management. With
the increasing emphasis on partnership between patients
and health workers, clinical team members should remem-
ber that they can learn from families about the impact of
the disease on the child and the family.34 At present, even
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the most sophisticated modern technology does not
match the flexibility of an individual educator and edu-
cational material in the form of interactive CDs, videos,
audiotapes and so on is mostly used to supplement
verbal massages.

DELIVERY METHODS

The way in which an educational programme is delivered
should be developmentally appropriate, acceptable and
engaging. Many strategies have been employed including
role-play, team games, group discussions, problem-solving
worksheets and guided skill acquisition (for example,
the educator coaching the child and parent on device
technique). Regardless of method, the important point is
that the emphasis should be on active learning combined
with opportunities for supervised learning, practice of
skills and feedback about performance.

WHEN AND WHERE TO TEACH

Asthma education has been carried out in many different
settings including hospital wards, emergency rooms, com-
munity organizations and schools,26 but studies comparing
their value are not usually available.

Emergency departments and inpatient wards may pro-
vide a'window of opportunity' for asthma education. The
available evidence from both paediatric42 and adult stud-
ies (reviewed in ref. 48) is that such interventions can be
highly effective with substantial reductions in subsequent
healthcare utilization. Patients and families may be par-
ticularly receptive to messages about managing asthma
during an emergency asthma contact. Constraints of time,
and understandable parental distress, mean that any edu-
cation must be simple and specific. One programme
used a simple' 1... 2... 3 Plan' with the plan listing specific
steps for taking preventive and relieving medication, steps
for responding to warning signs of an attack and encour-
aging early community follow-up.31

Follow-up in primary care offers opportunities for
integrating education into routine care and allows review
and reinforcement of educational messages. However,
general practitioners are often concerned about increases
in their workload.49 The development of asthma nurse
clinics may relieve the pressure on busy practitioners.
Also, nurses have different consultation styles from doc-
tors, and they may be better able to elicit and respond to
patient's fears and concerns.

Schools provide a good opportunity to give asthma
education to children. Studies in schools have shown clear
benefits from such education in terms of altered health
behaviour, reduced asthma symptoms and improved
performance.50,51 An innovative Australian study has
described a successful peer-led approach to asthma edu-
cation for teenagers in schools.37 Education in the school
setting may help to reduce the negative effects of asthma
morbidity on school attendance and performance, and

may increase children's confidence in their own ability to
control their asthma and lead an active life.26

Thus each setting may offer both advantages and limi-
tations that determine what educational goals can actu-
ally be achieved.26 At present, different settings are rarely
directly compared, and evidence that one setting is super-
ior to another is usually not available. Ultimately, the best
setting may be the one where the individual wants
to learn and is most receptive to changing behaviour.26

Because every setting may offer such opportunities for
teaching ('teachable moments'), the view currently is that
asthma education should be available at every contact
between the child and family and the healthcare system,
whatever the setting.

Education to ethnic minority groups

Asthma is a major health problem among disadvantaged
children and children from minority groups. They are at
particular risk because of language barriers, poverty, lack
of access to medical care and culturally-based beliefs about
health and illness.31 Those providing asthma education
should be aware of such issues and should be sensitive to
attitudes, beliefs, behaviours, reading abilities, language
difficulties and ethnic and cultural appropriateness.

DEVELOPING SUPPORTING EDUCATIONAL
MATERIALS

Supporting educational materials are an important part
of any educational programme. Simple written guide-
lines or audiovisual materials may enhance a patient's
ability to manage asthma successfully. In relation to self-
management in adult patients, the inclusion of a written
action plan advising on appropriate steps to be taken early
in an exacerbation resulted in a greater reduction in
admissions to hospital than programmes without a plan.9

It is also clear there are huge demands from patients for
information to supplement what health professionals tell
them. For example, in 1997 the National Asthma Campaign
in the UK received 480000 requests for its information
booklets for asthma patients.26 Satisfying this demand has
been called a 'growth industry'52 and there is growing
investment in consumer health information. Despite this
the quality of information remains variable, and much is
inappropriately targeted and poorly constructed.

Is it the information children and
families want?

Health professionals have frequently assumed that they
know what information patients need and want. Unfor-
tunately, health professionals are often poor at giving the
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patients the information they really want. When asked,
patients have clear views. They say they want 'life impact
information' and information about 'what to do when'.
Such information enhances their feeling of control over
their lives and is as important to them as the more tradi-
tional information about diagnosis and treatment.53,54

Similarly, parents report feeling disempowered deal-
ing with acute illness in preschool children because they
have difficulty making sense of the illness.55 Parents feel
they are not told how to recognize when illness is severe;
when it is appropriate to seek help; and why the doctor
has decided on a particular treatment - all information
that they would like. Parents want to know about the
likely cause of the illness, about any implications of the
illness, its treatment and the potential for prevention.
Parents have made positive suggestions, for example
learning from other parents' experiences dealing with ill-
ness would be useful, particularly for inexperienced par-
ents. Although parents suggested information should be
free from jargon, they were keen that it should not omit
important technical information that would facilitate
understanding.55

Adult studies echo many of these points. Doctors
can significantly underestimate patients' appetite for
information.56 There is also evidence that patients prefer
frank rather than reassuring information about drugs
and their side effects.57 Explicit information about side
effects does not appear to influence subsequent side effect
reporting.58

What about the quality of information?

There is currently major concern about the quality of
information. Not all available information is of good qual-
ity; only a small proportion is based on sound evidence.
Concern has particularly arisen because of the variable
quality of the information on Internet websites, where
the information may be incomplete, badly organized or
inaccurate.59

In relation to any information, a check on the date of
preparation, the sources used, the qualifications of the
author and the sponsors of the information may help
to give some assessment of the likely accuracy and object-
ivity. More explicit quality criteria have been developed
to evaluate the extent to which material is based on
evidence60 (Table 18.3). Unfortunately, such tools are not
yet widely known or used, and few materials satisfy the
proposed standards. Tools to rate the reliability of health
information on the web are also being developed, but are
at a very early stage.61,62

Is the information accessible?

If information is to be useful, it has to be accessible. Many
adults have poor reading and comprehension skills. For
example, it has been estimated that around one quarter

Table 18.3 Quick reference guide to the DISCERN quality
criteria (Discern Handbook)60

A good quality publication about treatment choices will:
• Have explicit aims
• Achieve its aims
• Be relevant to consumers
• Make sources of information explicit
• Make date of information explicit
• Be balance and unbiased
• List additional sources of information
• Refer to areas of uncertainty
• Describe how treatment works
• Describe the benefits of treatment
• Describe the risks of treatment
• Describe what would happen without treatment
• Describe the effects of treatment choices on overall

quality of life
• Make it clear there may be more than one possible

treatment choice
• Provide support for shared decision making

of the US population have rudimentary reading skills
and are functionally illiterate i.e. below 5th grade (approx-
imately 10 years) reading level. Another 25% have mar-
ginal reading skills (6-9th grade reading level, 11-14 years).
There are similar concerns about readings skills in the UK.
Poor reading skills are also associated with poorer health
and greater use of health services.63 Many of the available
pamphlets and information sheets about asthma are writ-
ten at too sophisticated a level, well beyond the reading
and comprehension abilities of most of the target popu-
lation. Patient information material produced for the
World Wide Web is, at present, no better.64

Unfortunately, parents' self-reported education level
does not provide an accurate reflection of their reading
level.65 Structured tests are available to measure patients'
reading skills: for example, the Rapid Estimate of Adult
Literacy in Medicine (REALM).66 There are also tests to
assess the readability of written materials:67 for example,
the Flesch Reading Ease (FRE)68 (Table 18.4). Computed
readability measures are included in some common
word processing programs such as Microsoft Word.
Although these measures may be a useful guide, they may
not be accurate, particularly in the context of chronic
diseases, where patients become familiar with medical
jargon 69

Is the information delivered in the most
appropriate way?

Making sure written information is accessible, particu-
larly to disadvantaged and minority groups, is a key issue.
For many low-literacy populations, very simple brochures
or comics are more likely to be understood. When written
communication is essential, material should be at 5th
grade level or lower, and should be supplemented by
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Table 18.4 Flesch Reading Ease Score63

0-30
31-50
51-60
61-70
71-80
81-90
91-100

Very difficult
Difficult
Fairly difficult
Standard
Fairly easy
Easy
Very easy

Scientific journals
Academic journals
Quality magazines
Reader's digest
Slick fiction
Pulp fiction
Comics

126+
111 +
104 +
90+
87+
84 +
81 +

4.5
24.0
40.0
70.0
80.0
86.0
90.0

non-written material.63 Information presented in alternat-
ive ways may be necessary: for example, audiotapes or
videotape for those with limited reading skills; large print
for those with visual impairment people; or Braille for
deaf-blind people.70 Information will often have to be
translated into languages other than English. In fact,
minority population groups are often particularly poorly
catered for, and have to cope with material that is both
difficult to read and culturally inappropriate.

Significant changes are occurring in the way informa-
tion is delivered with the development of the Internet and
other electronic formats such as interactive CDs, video
discs and touch-screen computers. Computer systems
may facilitate tailoring information for the individual.71

For newer methods, there is frequently little evaluation of
the effectiveness or content compared with a well designed
more traditional patient leaflet.52 Whether newer methods
of providing information such as the Internet will eventu-
ally prove more effective remains to be seen.

Developing good educational
materials - some simple guidance

Developing good educational materials requires a sys-
tematic approach, including careful assessment of the
needs of the target audience, limiting the educational
objectives, focusing the content on desired behaviours,
presenting the context of the message first, and planning
for reader interaction.72,73 If it is to be understood, writ-
ten material needs to be prepared carefully with attention
to readability, the likely concentration span of the reader
and legibility.74 Such issues may be particularly relevant
to children. Simple guidelines to effective writing are
available (Table 18.5). Any written material should also
be legible; again guidelines are available (Royal National
Institute for the Blind's Clear Print Guidelines75). Apart
from instruments for assessing reading skills and reading
levels, other tools for assessing the suitability of written,
audiotape or video materials are available.66

Ultimately, the best way to assess readability is to ask
patients for their opinions.59 A key step in the preparation
of any educational material is, therefore, piloting the
material with the target audience to ensure that it is
indeed understandable and appropriate.

Table 18.5 Effective writing for patients59

• Place the most important information first or last
• Write in a conversational style with short words and

sentences
• Limit each paragraph to a single message
• Focus on a specific personal experience rather than

generalities
• Ensure that the use of words is consistent
• Use headers to alert readers to what is coming
• Cut out irrelevant information
• In general, write in positive sentences
• Use negative sentences when advising patients to avoid

actions
• Ask patients to read your draft and to suggest how to

improve it

FROM THEORY INTO PRACTICE -
INTEGRATING EDUCATIONAL ACTIVITIES
INTO CLINICAL CARE

Two broad strategies have been used for integrating
asthma education into practice.26 The core content that
all asthmatic patients need will usually be delivered on an
individual basis in teaching integrated into normal clinical
care. Teaching self-management skills at clinic visits has
been shown to reduce asthma morbidity and improve
quality of life whether attending hospital76,77 or a nurse-
run clinic in the community.78 Thus all the relevant staff
should be appropriately trained and able to deliver edu-
cation. Even quite brief training maybe effective.30 In many
countries, national training centres or training courses
are available, and standards for asthma educators and
certification examinations are being developed. Certifica-
tion may be beneficial in ensuring teaching competence
and reliable standards of care. Training from a national
centre has been shown to be associated with improved
clinical outcomes.79,80 If nothing else, a national pro-
gramme may help ensure that patients receive consistent,
clear and impartial messages about asthma management.

Many patients will want supplementary education,
which may be effectively provided in a group setting.
Children and families can be referred to organized asthma
education programmes, usually associated with their
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particular clinic or hospital. Schools may be another use-
ful setting.37 However, the time required organizing and
attending such programmes means that they will only
ever be suitable for relatively few patients. Which approach
is best? Wilson has suggested that it may be most mean-
ingful to recognize that individual and group education
may have different roles at different stages in a 'continuum
of education' about asthma.39

Asthma guidelines that include advice about education
are now widely available to health professionals and pro-
vide another tool to ensure that impartial and consistent
messages are given to patients. Unfortunately, adherence
to national guidelines is often poor.18'81 The evidence
about how best to implement asthma guidelines is limited
but is broadly in line with the evidence from educational
interventions in other clinical situations (summarized in
ref. 26). While guidelines can change clinician behaviour,
there needs to be a clear strategy for implementation.
Local adaptation to provide local ownership may be one
practical and effective approach. Change is more likely
when the guideline is supported by specific educational
interventions and when patient-specific reminders are
used to prompt clinicians. However, there does not appear
to be one strategy for implementation of guidelines that
is universally effective. Barriers to change such as pres-
sure of work are commonly identified and need to be
addressed - many are reminiscent of issues that have arisen
in studies about asthma education for patients.

CONCLUSION

There is increasing recognition that educating patients
and their families about asthma management may result
in more effective treatment and reduced morbidity. There
is little point spending vast sums of money developing
sophisticated pharmacological treatments when simple
interventions based on currently available information
might make a significant difference, if properly imple-
mented. The disparity between 'high technology' skills
and 'high touch' skills in asthma management has been
emphasized and may explain why asthma morbidity has
not improved despite advances in both diagnosis and
treatment.2 Effective asthma education potentially pro-
vides a vital bridge between these two positions. A better
theoretical understanding of how to persuade patients to
change health-related behaviours is resulting in a more
rational approach to the development of asthma education
programmes. Studies in recent years have made it quite
clear that a rigorous research-based approach to asthma
education is possible. As a consequence, education pro-
grammes can be more appropriately targeted, with a
clearer understanding of what will work, when and why.
In the long-term, better education is likely to bring
substantial benefits to children with asthma and their
families.

Acknowledgement I am grateful to P. Madge for many
stimulating discussions about asthma education and for
help collating relevant literature.
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LUNG FUNCTION

Introduction

Interpretation of lung function tests requires knowledge
of the expected or reference ('normal') range of values for
a particular patient. For this reason reference values are
generated to summarize the distribution of lung function
indices in different populations. An extensive literature
exists concerning reference values in both children and
adults, reflecting the fact that no single reference popula-
tion is appropriate for laboratories throughout the world.

A comprehensive review of lung function testing in
children, and reference values from previously published
data, can be found in 'Standardization of Lung Function
Tests in Paediatrics' prepared by a working group of the
European Society for Clinical Respiratory Physiology
(SEPCR).1 Reference values given below for lung function
in school-age children are largely taken from a published
cross-sectional study of 772 healthy Caucasian United
Kingdom school-children over the age range 4-19 years.2,3

Sources of variability in lung function
measurements

Like all physiological measurements, lung function
measurements are subject to variability, both within and
between patients, even in the absence of disease. Technical
variability results from differences in equipment and
procedures. Biological variability exists both within an
individual (diurnal and seasonal differences) and between
individuals (size, age, race, sex, and environmental fac-
tors) and maybe the focus of epidemiological or research
studies.

The identification of variability due to disease is the
focus of clinical measurements. In generating reference
values the aim should be to minimize technical variation
and account for biological variation. Many regression
equations have been formulated which use an independ-
ent biological variable such as height to predict the
dependent variable, such as FEVj. The disadvantage of
this approach is that a single predicted value is obtained,
without any measure of the expected spread of values for
a person of that height. Ideally results of lung function
test should be reported as a z-score (deviation from the
expected value in standard deviations), rather than
'% predicted'.

Selection of reference values

It should always be borne in mind that reference values
for any index of lung function merely represent data per-
taining to a sample of the population. Consideration must
therefore be given to the characteristics of the reference
population and their relationship to the study popu-
lation. The reason for performing the test should always
be borne in mind, whether it is in screening a healthy
population for early signs of disease, or monitoring
response to therapy in patients already diagnosed with
asthma.

Undue reliance on a test result as conclusive evidence
for a particular disease is unwarranted. In addition to the
absolute values obtained, the sensitivity and specificity of
the test being conducted must be considered (Table Al),
along with its repeatability and relevance to the pathophys-
iology of the disease process under consideration. For clini-
cians faced with individual patients and their results, the
predictive value of a positive or negative test result may be
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Table A.1 Classification of results in relation to true status

Positive
Negative
Sensitivity:
Specificity:
Predictive value of a positive result:
Predictive value of a negative result:

True positive False negative
False positive True negative
True positive/(true positive+false negative)
True negative/(true negative+false positive)
True positive/(true positive+false positive)
True negative/(true negative+false negative)

Table A.2 Range of mean values for within-subject
coefficient of variation (%) for lung function measurements
on healthy children during a single test session4

PEF
2-6.7

MEF25

7.9-11.3

FEV1
2.7-4.8

MMEF
4.6-8.1

FEV0.75

5.4

VC

2.9-4.0

MEF50

5-12

FRCHe

4.0-7.0

more informative. The prevalence of a disease in the popu-
lation will have a marked effect on the predictive value of a
test, even when the sensitivity and specificity are the same.

In general, claims concerning the diagnostic sensitivity
and specificity of tests (for bronchial hyperresponsiveness,
for example) are wildly exaggerated, because of selection
bias in the populations studied. If a test is developed to
distinguish severe, atopic, hospital-managed asthma on the
one hand, from healthy, symptom-free, non-atopic chil-
dren, it cannot be expected to provide diagnostic answers
in children with borderline symptoms, who fall into the
'grey area' of diagnosis.

The repeatability of a test is usually determined by the
agreement between duplicate measurements made shortly
after each other in healthy subjects. This is obviously
important for interpretation of test results and the range
of reported percentage coefficients of variation for a num-
ber of lung function measurements are given in Table A2.4

In disease, variability almost always increases.

Selected indices, definitions and reference
values for school-children

PEAK EXPIRATORY FLOW (PEF) (1/s)

The maximal flow during a forced expiratory vital
capacity manoeuvre commencing from a position of full
inspiration.2

M

F

<162.6
>162.5
<152.6
>152.5

-5.98 + 0.073Ht
-13.14 + 0.125HI
-6.79 + 0.079Ht
-3.94 + 0.064Ht

FORCED EXPIRATORY VOLUME (FEVt)

The timed forced expiratory volume is the volume of gas
exhaled in a specified time (t) from the start of the forced
vital capacity manoeuvre. The time interval used conven-
tionally is one second, yielding FEVj. Healthy children
under 6-8 years of age, however, may often exhale a com-
plete vital capacity in less than one second. For this group,
FEV0 75 is more applicable.

FEV, (I)

M

F

<162.6
>162.5
<152.6
>152.5

-2.78 + 0.03425 Ht
-5.108 + 0.0521 Ht
-2.734 + 0. 03316 Ht
-3.680 + 0. 04112 Ht

FEV0.75 (ml)

M
F

100-155
100-155

-2297 + 30.0 Ht
-2363 + 30.0 Ht

MAXIMAL EXPIRATORY FLOW AT A SPECIFIED
LUNG VOLUME (MEFX)

The expiratory flow achieved at the designated lung
volume during a forced expiratory manoeuvre from full
inspiration.

MEF50 (l/s) - maximum expiratory flow
at 50% of FVC

Sex

M

F

<162.6
>162.5
<152.6
>152.5

-2.91 + 0.040 Ht
-3.38 + 0.048HI
-3.03 + 0.041 Ht

0.49 + 0.023HI
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Figure A.1 Tukey mean (2 SD) results for FEV1 FVC and MEF25 related to standing height in males and females together

with the fitted mean and SD lines.

MEF25 (l/s) - maximum expiratory flow when
25% of FVC remains to be exhaled

M <162.6
>162.5

F <152.6
>152.5

-0.948 + 0.0158Ht
0.218 + 0.00074 Ht

-0.807 + 0.015Ht
-2.12 + 0.027 Ht

Maximal mid expiratory flow

(MMEF, FEF25_75%) (l/s)

The mean forced expiratory flow during the middle half

of the forced vital capacity (FVC).

M and F 111-183cm -4.38 + 0.05HI ± 32.9%
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VITAL CAPACITY (VC)

The volume change at the mouth moving from full inspir-
ation to complete expiration (Figure 6b.l, Chapter 6b).
This can be determined in any one of the following ways:

Forced vital capacity (FVC) (I)
The volume of gas exhaled during a forced expiration
commencing at full inspiration and ending at complete
expiration.

M

F

<162.6
>162.5
<152.6
>152.5

-3.619 + 0.0429M
-7.038 + 0.0678 Ht
-3.311 + 0.03918Ht
-3.881 + 0.04512 Ht

Inspiratory vital capacity (IVC) (I)
Measured from a position of full expiration to full inspir-
ation. This is the preferred method for measurement of
vital capacity in many European centres, giving a higher
value than FVC in those with airway obstruction.

RESIDUAL VOLUME (RV) (I)

The volume of gas remaining in the lung at the end of a
full expiration.

M <162.6
>162.5

F 110-175

-0.283 + 0.00818 Ht
-3.905 + 0.03095 Ht
610.323 - 20.91427Ht

+ (0.28586128 X Ht2)
- (1.94588828 X 10-3 X H3)
+ (6.594203 X 10~6 X Ht4)
- (8.8899 X 10~9 X Ht5)

LUNG VOLUME

Functional residual capacity (FRC) is the volume of gas
present in the lung and airways at the average end-
expiratory level. It is equal to the sum of the expiratory
reserve and residual volume. May be determined by a 'gas
dilution' method, nitrogen washout, whole body plethys-
mography or radiography.

M
F

103-177
110-162

3958 X 10~6Ht2-708

1645 X 10"6Ht2-86

Expiratory vital capacity (EVC) (I)
Measured from full inspiration to full expiration without
maximal effort.

M

F

100-190
105-176

-5710 + 60 Ht
-4420 + 49 Ht

Determined from the sum of the inspiratory capacity
(1C) and the expiratory reserve volume (ERV) (Figure 6b. 1,
Chapter 6b).

Sex

M
F

110-170
110-170

3722 X 10"6Ht270

1549 X 10~6Ht286

FEV/FVC

M
F

1-0.001 Ht (cm)
1.04-0.00098 Ht

FRC by helium dilution (I)

M a n d F 111-183 0.067 X e°-021 x ht

FRC by plethysmography (I)

M

F

<162.6
>162.5
110-175

-1.716 + 0.02394 Ht
-7.036 + 0.05918 Ht
-33.928 + 1.1478

X Ht - (0.0136745 X Ht2)
+ (6.9822757 X 10~5X Ht3)
- (1.2725216 X 10-7 X Ht4)

Total lung capacity (TLC) is the volume of gas in the
lung at the end of a full inspiration. Calculated from sum
of FRC + 1C or the sum of RV + IVC.

M

F

<162.6
>162.5
110-175

-3.828 + 0.04976 Ht
-10.648 + 0.09586 Ht
-234.078 + 7.03067 Ht

-(0.07802979 X Ht2)
+ (3.8100528 X 10-4

X Ht3) - (6.859791
X 10-7 X Ht4)
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The effects of ethnic origin

Ethnic differences in predicted lung function have been
attributed to differences in body proportions. For instance,
the ratio of trunk to standing height is smaller in the
Afro-Caribbean population than in Caucasians. The use of
sitting height related to lung function or the use of the
FVC as a surrogate measure of lung size has been advo-
cated as a way of minimizing such apparent differences for
predictive purposes.11 Most of these studies have been car-
ried out in the United States and there are few comparative
data available on ethnic variation in lung function in
Europe. Significant differences have, however, been noted
between European, African and South Asian children
studied in the UK, suggesting that separate reference
ranges should be developed.12,13 Both studies demon-
strated lower height adjusted values for FEV1 and FVC
in children of South Asian and Afro-Caribbean origin
compared with those of European origin. The differences
ranged between 8-13%.

The effects of gender and puberty

Gender has a variable effect upon comparative lung func-
tion indices between boys and girls, which seems to begin
in infancy.16 This is also the case for measurements of
forced expiratory flow made in infancy. Gender is also
important at the time of puberty2 due to the differences in
age at which the pubertal growth spurt occurs. The puber-
tal increase in height precedes the increase in chest dimen-
sions in puberty. The increase in vital capacity in boys
may continue after maximal height is achieved.22 The use
of simple regression equations derived from either adult
or paediatric patients may be misleading during adoles-
cence. An equation based on developmental rather than
chronological age would be ideal, but none is available
to date.

Under a height of 152.6cm no difference was demon-
strated between the sexes in the relationship between PEF,
MEF50 and MEF25 and height. Boys, however, had sig-
nificantly higher values of FEVj and FVC (Table A3). For
the same height girls had higher values than boys for all
spirometric measurements apart from FVC during the

Table A3 The mean percentage differences between boys

and girls for certain spirometric variables related to
standing height2

Gender

PEF
FEV1

FVC
MEF50

MEF25

Males greater than Females greater than
females by: males by:
0 +7.4%
+ 6% +7.4%
+8.5% 0
0 +19%
0 +36%

period of their pubertal growth spurt over the height
range 152.6-162.5 cm but the boys subsequently achieved
higher values, the difference increasing thereafter (Table A3,
Figure A2).

Infant lung function

Infant lung function measurements are usually carried
out under sedation in specialist centres, and in general
are much less standardized than those in older more
co-operative children. This has made obtaining reference
data extremely difficult, although many groups have pub-
lished 'normative' data which are specific to their popula-
tion, equipment and precise methodology.

The rapid thoraco-abdominal compression technique
has been used widely to generate partial forced expiratory
manoeuvres and determine maximal flow at functional
residual capacity (V^ERC), a measure of peripheral air-
way function.14'15

Recently a multicentre group have collated data on
459 healthy infants measured using similar methods
during the first 20 months of life.16 This is the largest
number of healthy infants used to derive reference data
forVUFRC.

For the first time sex specific regression equations
were recommended, based on length in cm (or age) for
predicting VmaxFRC. (Girls were found to have flows
approximately 20% higher than boys during the first
9 months of life.)

For boys:

VmaxFRC = (4.22 + 0.00210 X length2)2

Figure A.2 Tukey mean results for FEV1 in males and

females. Note the three phases: 107.6-152.6cm boys have

higher values, 152.6-162.5cm lower values and thereafter

higher values again (from ref. 2 with permission).
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For girls:

VmaxFRC = (-1.23 + 0.0242 X length)2

Z scores (the number of standard deviations that a
value deviates from the mean expected value) were also
calculated. These allow the high variability of V^axFRC in
healthy infants to be taken into account, when reporting
individual results. A range of 0 ± 2 Z scores, can be used
as a normal range (see Figure A3).

Preschool children

In recent years there has been increasing interest in meas-
uring lung function in this age group. One technique that
has proved popular is resistance by interruption (Rint).
Several commercially available systems exist which may
not produce comparable data. Two groups have recently
published similar reference equations for Rint in healthy
preschool children, based on height17'18 (Figure A4). Each
group used a different version of equipment made by the

Figure A3 Predicted V'moxFRC Z scores (0 ± 2 SD) for boys

(dashed lines) and girls (solid lines) plotted against length.

(From ref. 16.)

same manufacturer (Micromedical, UK). When using ref-
erence data to interpret Rint measurements care must be
taken to ensure the equipment, procedure and analysis
methods are the same.

NON-INVASIVE MARKERS OF AIRWAY
INFLAMMATION

Induced sputum: eosinophils

The analysis of cell counts of induced sputum is a well
established research tool in asthma research in adults.
Sputum is usually induced by inhalation of hypertonic
saline. In healthy controls the dominant cell is the macro-
phage, in asthma the eosinophil count is raised and
increased numbers of desquamated bronchial epithelial
cells are seen.23 Recently published reference data24,25

comparing healthy children with those with asthma
included the following:

Healthy children
Newcastle, Australia
n = 72
Hammersmith Hospital,
London n = 17

Children with asthma
Newcastle, Australia
n = 42

Controlled asthma
(on inhaled corticosteroid)

Symptomatic asthma
Acute exacerbation
Hammersmith Hospital,

London n = 36

0.3(0-1.05)

0(0-0)

4.3(1.5-14.1)

2.5(0.75-1.5)
3.8(2.4-15.1)
8.5(1.5-20.0)

0.02(0-1.3)

Figure A.4 Linear regression of (a) inspiratory interrupter resistance (R-inti;) and (b) expiratory interrupter resistance (R;nie)

versus height. The solid line indicates the regression line and dashed lines indicate the 95% prediction interval. (From Ref. 18.)
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Both studies showed significantly increased eosino-
phil differential counts in the sputum of asthmatic chil-
dren, compared with controls. Atopic children were not
excluded from either control group. Only 56% of patients
aged 5-15 years tested in the London study were able
to produce a satisfactory sample for analysis. When indi-
vidual eosinophil counts were related to current symp-
tom score or lung function, no relationship could be
found.

Exhaled nitric oxide

Exhaled nitric oxide has been demonstrated to be a non-
specific marker of inflammation in asthma in adults and
children. It is elevated in asthmatics who are not receiv-
ing inhaled steroids, during acute exacerbations and after
allergen challenge in susceptible individuals.23 Several
methodological options are available for measurement of
eNO, and data from each are not comparable.26

Recently reference data from healthy children aged
6-15 years were published. The tidal breathing method
was used, with nitric oxide levels measured on line using
chemilumescence.27 The authors recommended that each
laboratory establishes its own reference values.

REFERENCE DATA FOR SERUM
IMMUNOGLOBULINS

Total serum immunoglobulin levels:
IgG, IgA and IgE

PRESCHOOL CHILDREN (AGED 6-72 MONTHS)

IgG (g/l)19

Square root of mean IgG
= 1.16 + 0.2715 age - 0.01195 age2 (mths)

SD = 0.45 - 0.00550 age + 0.0000945 age2

"gA (g/l)19

Log mean IgA = -1.92 + 0.03975 age
- 0.0002155 age2 (mths)

SD = 0.658 + 0.0003166 age - 0.00002374 age2

IgE20

Newborn
3 months
1 year
5 years

0.5
3
8

15

5
11
29
52

SCHOOL-CHILDREN

Total serum IgG and IgA19

6-9
9-12

12-15

9.9(5.4-16.1)
9.9(5.4-16.1)
9.9(5.4-16.1)

1.3 (0.5-2.4)
1.4(0.7-2.5)
1.9(0.8-2.8)

Median ± 95% confidence interval.

Total serum IgE20

10
Adult

18
26

63
120

IgG Subclasses21

PRESCHOOL CHILDREN

Data on three primary subclasses, IgG-1 to IgG-3, from
215 healthy children aged from 6 months to 6 years
(Figures A5-7).

IgG-1

lgG-2

IgG-3

Mean IgG-1 = 3.624 + 0.4428 age (years)
SD = 2.166 - 0.3797 age + 0.06274 age2

Log mean lgG-2 = -0.7502 + 0.4377 age
+0.05667 age2

SD = 0.541 - 0.09016 age + 0.01756 age2

Log mean IgG-3 = -1.16
SD = 0.4307 - 0.05073 + 0.009497 age2

Figure A.5 Scatter diagram of lgG-1 concentration against
age, with age-specific mean and 95% reference range (from
ref. 20 with permission).
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Figure A.6 Scatter diagram of lgG-2 concentration against

age, with age-specific mean and 95% reference range

(from ref. 20 with permission).

Figure A.7 Scatter diagram of lgG-3 concentration against

age, with age-specific mean and 95% reference range

(from ref. 20 with permission).

lgG-4
Such wide variations were seen in IgG-4 levels in this
population that a normal range could not be con-
structed.

SCHOOL-CHILDREN20

10

15

5.

(3
5.

(3

2
.6-7.3)
4
.8-7.7)

2.

(1
2.

(1

6
.4-4.5)
6
.3-4.6)

0.

(0
0.

(0

7
.3-1
7
.2-1

-1)

•2)

0.4
(<0.
0.4
(<0.

1-1.0)

1-1.1)

Median (g/l) (5th-95th centile).
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clinical features 232-4
food additives 230-1
ingested allergens 229-30
investigations 234-5
management 235
mechanisms of 231-2

forced expiration 131
measurement of 132-4

forced expiratory volume,
reference values 470

foreign body aspiration, differential
diagnosis 114—15

formoterol see beta adrenoreceptor agonists

gas exchange 134-5
gastro-oesophageal reflux

definition 222
diagnosis 223-5, plate 10
differential diagnosis 114,116f
respiratory symptoms of 222-3,225
treatment 225-6

gender differences
genetics of asthma 86
lung development 48, 63
lung function 473

general practice see primary care
genetics

bronchial hyperresponsiveness 158
candidate genes 89
epidemiological studies 17,85-7
and evolution of immune responses 88-9
and lung development 45-6
molecular genetic studies 87-8

geographic variation 11-13
bronchial responsiveness 154

glucocorticoids see corticosteroids
growth

assessment 414-15
asthma effects on 415-21
corticosteroid effects on 263-6

growth factors, and lung development 46-7

helium:oxygen mixtures (heliox), for acute
severe asthma 368

high affinity IgE receptor, beta chain
(Fee Rl-|3), genetic studies 89

home monitoring, peak expiratory flow
measurement 137—8

Hong Kong, asthma in 451-2
hormonal effects on asthma

and growth 417-18
sex hormones 421-4

hospital admission rates
and prematurity 384
time trends 14-16

hospital care
acute severe asthma 361-2,366-70
primary care liaison 434

house-dust mite sensitivity, and asthma
prophylaxis 407-8
in school-children 334-5
symptoms 196

housing conditions, and asthma risk 19
hygiene hypothesis 20,210-11,404-5
hyperoxia, and lung development 49-50
hyperventilation challenge, bronchial

responsiveness measurement 147t,
148-9

IgE antibody assays 199
IgE monoclonal antibody (omalizumab)

276
IgE receptor, beta chain (Fee Rl-p), genetic

studies 89
immune system

cell-mediated inflammation 69, 70t
evolution of 88-9
fetal development of 69-71
and food intolerance 231-2
hygiene hypothesis 210-11
postnatal maturation 71-7

immunization, and asthma risk 21-2
immunoglobulin deficiency disorders 114
immunoglobulins, serum reference values

475-6
immunomodulatory drugs 275—6
immunosuppressive drugs 275, 340
impacts of asthma

clinical applications 191-2
family process impact 185-7
measures of 187-91
and pattern of asthma 183-4
psychological factors 184-5
Quality Adjusted Life Years (QUALYs)

191
quality of life 184

Indian subcontinent, asthma in 443-4
induced sputum analysis 176-7,474-5
infections

and asthma risk 20-2
and bronchial responsiveness

measurement 153-4
differential diagnosis 113
and lung development 48-9
in premature infants 385-6
see also respiratory syncitial virus (RSV)

infection
inflammation

and airway remodelling 93-4
airway structure 94-7, plate 1, plate 2,

plate 3
cellular recruitment 99
inflammatory cells 97-9, plate 4,

plate 5, plate 6
airway sampling 175-7
bronchial biopsy 173-5
and bronchial hyperresponsiveness

157-8
cytokine functions 173,174f
markers of 179,474-5

in blood 178-9
in breath 177-8
in urine 178-9

virus-induced
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inflammation (continued)
virus-induced (continued)

adhesion molecules 215
cell-mediated immune response

212-13
cytokines 214-15
inflammatory mediators 213-14

inhaled drug therapy 290-1
adherence to 302
aerosol terminology 293t
assessment of devices 291-2
clinical/systemic effect ratio 301-2
delivery devices

choice of 302-3
dry powder inhalers 296-8
nebulizers 298-301
pressurized metered dose inhalers

(pMDIs) 293-5
spacers 295-6

pharmacodynamics 292
for school-children 341

intensive care treatment, for acute severe
asthma 368-70

interleukin-4 (IL-4)
genetic studies 89
in mast cells 98, plate 5

intrauterine infection, and lung
development 48-9

intrauterine tobacco smoke exposure
and asthma risk 403-4
and bronchial responsiveness

measurement 154
and lung development 48-9
and lung function 59

investigations
allergy see allergy tests
bronchial responsiveness see bronchial

responsiveness testing
chest radiology, 115f, 116f, 117
lung function see lung function testing

ipratropium bromide see antimuscarinic
agents

isoprenaline see beta adrenoreceptor agonists

Japan, asthma in 448-9

ketotifen 275

Latin America, asthma in 445-6
leukotriene modifiers 266-7

clinical trials 268-9
for exercise-induced asthma 345
for infant wheezing disorders 321
for school-children 339

leukotrienes, as inflammatory marker 179
livestock, contact with, and asthma risk 21
low birthweight

and respiratory symptoms 384
see also prematurity

lung development
corticosteroid effects on 262
disorders of 379
genetics see genetics
immune competence in infancy 71
immune function in fetus 69—71
immune system maturation 71-5

and atopic asthma 75-7
normal development

fetal development 37-41
neural development 44—5
newborn lung 41
physiology 57-8
postnatal development 41-4

physiology
adverse influences on 63-4
and maternal smoking 59

postnatal lung function 59-63
and preterm birth 58-9

regulation of growth
and artificial ventilation 49-50
and asthma development 50—1
drug effects on 50
early lung growth 45-9
and preterm birth 49
respiratory disease effects 49

lung fluid, and lung development 48, 57-8
lung function testing 118

ethnic differences 473
gender differences 473
infants 315-16,473-4
preschool children 474
reference values 470-2
variability of measurements 469

lung physiology
circadian rhythms 136
developmental physiology 57-8

adverse influences on 63-4
and maternal smoking 59
postnatal lung function 59—63
and preterm birth 58-9

dynamics of respiration 128-9
elastic properties 127-8
expiration

forced expiration 131,132-3
peak expiratory flow 133-4

gas exchange 134-5
lung volumes 126-7
measurements

acute severe asthma 138
and asthma management 136-8
bronchodilator responsiveness testing

139-40
in clinical trials 138-9
conditions for 125-6
forced expiration 132-3
lung volumes 127
peak expiratory flow 133-4
in preschool children 134
resistance and compliance 129-30
see also lung function testing

and prematurity 383—4
resistance and compliance 129-31
ventilation/perfusion imbalance 135-6
wheezing 131

lymphocytes
postnatal maturation 71-2,74-5
serum markers 201
surface phenotype in infancy 71

macrophages
and tissue damage 69, 70t
and virus-induced inflammation 212

magnesium intake, and asthma risk 18
magnesium sulphate, for acute severe asthma

368
management

acute severe asthma see acute severe
asthma

adolescents see adolescents
in the Caribbean 453-4
education see education
in Hong Kong 452
in the Indian subcontinent 444
infant wheezing disorders 317-18, 321-4,

325t
drug therapy 318-21

in Japan 448-9
in Latin America 445
in primary care see primary care
school-children see school-children,

asthma management
in Sub-Saharan Africa 440-1

mast cells
and airway inflammation 98, plate 5
postnatal maturation 75
and tissue damage 69, 70t

maternal health, and asthma prophylaxis
403

maternal smoking
and asthma risk 403—4
and bronchial responsiveness

measurement 154
and lung development 48-9
and lung function 59

mechanical ventilation see artificial
ventilation

medication see pharmacological treatment
menstrual cycle, effects on asthma 423
metabisulphate food additives,

sensitivity to 230
metered dose inhalers 293-5
methylxanthines see xanthines
migration studies, in epidemiology 12-13
mononuclear phagocytic cells, postnatal

maturation 72-3
montelukast see leukotriene modifiers
mortality from asthma 370

in Latin America 446
psychological factors 394—5
time trends 16

mould allergens, and asthma prophylaxis
408

mucosal lymphocytes, postnatal maturation
74-5

muscarinic receptor antagonists
for acute severe asthma 365, 367
adverse effects 274—5
and bronchial responsiveness testing

155
clinical trials 273^1
for infant wheezing disorders 320
mechanisms of action 273
pharmacokinetics 273
for premature infants 386-7

mycoplasma infection, differential diagnosis
113

natural history of asthma
atopy-associated asthma 33-4
phenotypes 29-30
transient wheezing of infancy 30-1
wheezing after respiratory syncitial virus

infection 31-3
natural killer cells, and tissue damage 69,

70t
nebulizers 298-301
nedocromil sodium 269-70

and bronchial responsiveness testing 155
for exercise-induced asthma 345
for school-children 338

neural development 44—5
neutrophils

and airway inflammation 99
and virus-induced inflammation 212

newborn lung
effect of preterm birth 58-9
structural changes 41
see also prematurity

nitric oxide (NO), as inflammatory marker
177-8,475

nocturnal asthma symptoms 343
nocturnal wheezing 109
nursing care, in general practice 432—4
nutrition

and asthma risk 17-18
and growth effects of asthma 418
and lung development 48
maternal, and asthma risk 403
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obliterative bronchiolitis, differential
diagnosis 113,115f

omalizumab (anti-IgE monoclonal
antibody) 276

oropharynx, corticosteroid effects on 262-3
osmotic challenge, bronchial responsiveness

measurement 147t, 149
oxygen level, and lung development 49-50
oxygen treatment, for acute severe asthma

366
ozone, and asthma risk 19

passive smoking see environmental tobacco
smoke

peak expiratory flow measurement 133-4
home monitoring 137-8
reference values 470
in school-children 341-2

pet allergies, and asthma 197, 334-5,408
pharmacogenetics 87-8
pharmacological treatment

antihistamines 275
antimuscarinic agents see antimuscarinic

agents
beta adrenoreceptor agonists

see beta adrenoreceptor agonists
and bronchial responsiveness testing

155-6
in the Caribbean 453-4
corticosteroids see corticosteroids
for gastro-oesophageal reflux 225-6
in Hong Kong 452
immunomodulatory agents 275-6
in the Indian subcontinent 444
for infant wheezing disorders 319-21

clinical trials 318-19
management strategies 321-4, 325t

inhaled drugs see inhaled drug therapy
in Japan 448-9
in Latin America 445-56
leukotriene modifiers see leukotriene

modifiers
and lung development 50
nedocromil sodium 269-70

and bronchial responsiveness
testing 155

for exercise-induced asthma 345
for premature infants 386-8
prophylactic treatment 405
for school-children 335-40
sodium cromoglycate see sodium

cromoglycate
in Sub-Saharan Africa 441

ktheophylline 270-3
Jenotypes of asthma 1-2
tnd natural history of asthma 29-30
fsical factors, and lung development

48,58
re Robin syndrome 376-7

[elet-derived growth factor (PDGF), and
lung development 46-7

lution
"and asthma management in

school-children 334
and asthma risk 18-19,406
a,:nd bronchial responsiveness
' measurement 154-5

^see also environmental tobacco smoke
Polymorphonuclear leukocytes

postnatal maturation 73-4
and tissue damage 69, 70t

postnatal lung development 41-4
adverse influences on 63-4
children and adolescents 60-2
dysanaptic growth 62-3
gender differences 63

genetics see genetics
immune system maturation 71-5

and atopic asthma 75-7
in infants 59-60
and preterm birth 58-9

pranlukast see leukotriene modifiers
prematurity

and postnatal lung function 58-9
respiratory symptoms

aetiology 384-6
clinical features 383-4
pathophysiology 386
treatment 386-8

preschool children, lung function testing
474

preservatives in food, sensitivity to 230
pressurized metered dose inhalers 293-5
preterm birth

and lung development 49
and lung function 58-9
see also prematurity

prevalence of asthma see epidemiology
prevention of asthma see prophylaxis
primary care

acute severe asthma assessment 360-1
asthma audit 435-7
community care 434-5
developments in 437
hospital liaison 434
organization of 431—4

prognostic markers, bronchial
responsiveness testing 162

prophylaxis
non-pharmacological therapy 406-9
primary prophylaxis 402-4
secondary prophylaxis 404—5
strategies for 401-2
tertiary prophylaxis 405

psychological factors
and adherence to therapy 395-6
and asthma fatalities 394-5
and environmental change 398
family interactions 394
illness models 393
impact of asthma 184-5
psychological treatments 396-8
psychophysiological mechanisms 392-3

psychosocial factors, in school-children
335

puberty
effects on asthma 421-4
lung function changes 473

pulmonary agenesis 379
pulmonary hypoplasia 379
pulmonary physiology see lung physiology
pulmonary vasculature, development of 44

quality of life
and asthma audit 436-7
impact of asthma on 184

questionnaires
for diagnosis/monitoring 110-111
in epidemiological studies 10

racial differences
bronchial responsiveness 154
food intolerance 232-3
lung development 48
lung function 473

radiological investigations 115f, 116f, 117
for infant wheezing disorders 316

RANTES promoter, genetic studies 89
rapid thoracic compression (RTC) technique

59-60,132-3
RAST (radioallergosorbent test),

for allergy 199

reference data
airway inflammation markers 474-5
lung function testing 469-74
serum immunoglobulins 475-6

remodelling of airways see airway
remodelling

residual volume, reference values 472
resistance of airways

changes in asthma 130-1
measurement of 129-30

respiration, dynamics of 128-9
respiratory distress syndrome 385
respiratory syncitial virus (RSV) infection

and asthma risk 20-1
in infants 209-10
in premature infants 385, 388
wheezing after 31-3,309

respiratory tract infections see infections;
viral infections

retinoic acid (vitamin A), and lung
development 48

risk factors 16-17
air pollution 18-19
allergen exposure 19-20
environmental tobacco smoke 17
family size 20
genetic factors 17
infections 20-2
nutrition 17-18
socio-economic factors 19

RSV infection see respiratory syncitial virus
(RSV) infection

salbutamol, beta adrenoreceptor agonists
salmeterol see beta adrenoreceptor agonists
school-children, asthma management

333-4,435
asthma at school 345-6
drug therapy

difficult asthma 339-40
guidelines 335, 336f
mild intermittent asthma 336-7
mild persistent asthma 337-8
moderate persistent asthma 338-9
severe persistent asthma 339

education 341-3
environmental factors

air pollution 334
allergen exposure 334-5
passive smoking 334

and exercise 344-5
food intolerance 344
nocturnal asthma symptoms 343
partnership approach 340-1
psychosocial issues 335
seasonal asthma 343-4
treatment review 346

scimitar syndrome 379
screening for asthma, bronchial

responsiveness testing 161-2
seasonal asthma, in school-children

343-4
serum immunoglobulins, reference values

475-6
severe (acute) asthma see acute severe

asthma
severity of asthma 4-5

assessment of, bronchial responsiveness
testing 162

classification 119
sex hormones, effects on asthma 421—4
shortness of breath 109-10
sibling numbers, and asthma risk 20
sickle cell disease 381
skin-prick testing 117-18,197-9, plate 7,

plate 8, plate 9
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smoking
in adolescents 353-4
maternal

and asthma risk 403-4
and bronchial responsiveness

measurement 154
and lung development 48-9
and lung function 59

passive see environmental tobacco smoke
smooth muscle

and airway remodelling 96—7, plate 1
and bronchial hyperresponsiveness 156-7

socio-economic factors, and asthma risk 19
sodium cromoglycate 269—70

and bronchial responsiveness testing 155
for exercise-induced asthma 345
growth effects of 418
for infant wheezing disorders 320
for premature infants 386-7
for school-children 338

sodium intake, and asthma risk 18
South America, asthma in 445-6
spacer devices, for inhaled drug therapy

295-6
sputum analysis 176-7,474-5
status asthmaticus, intensive care treatment

368-70
structure of lungs, development

see lung development
Sub-Saharan Africa, asthma in 440—1
subglottic stenosis 377
sulphur dioxide food additives,

sensitivity to 230
surfactant replacement therapy, for

premature infants 387
symptoms see clinical features

impact on child and family see impacts of
asthma

T lymphocytes
and airway inflammation 97-8, plate 4
postnatal maturation 71-2
surface phenotype in infancy 71
and tissue damage 69, 70t
and virus-induced inflammation 213

teenagers see adolescents
terbutaline see beta adrenoreceptor agonists
Thl/Th2 immunity

and atopic asthma pathogenesis 75-7
and hygiene hypothesis 210-11,404-5

theophylline 270
for acute severe asthma 365
adverse effects 272-3

clinical trials 271-2
growth effects of 418
for infant wheezing disorders 320-1
mechanisms of action 270-1
pharmacokinetics 271
for school-children 339

thoracic cavity size, and lung development
48

time trends, in asthma prevalence 13-16
tobacco smoke see smoking

passive smoking see environmental
tobacco smoke

trachea! compression 378-9
tracheal stenosis 377-8
tracheo-oesophageal fistula, differential

diagnosis 114
tracheomalacia 378
traditional medicine

in Hong Kong 452
in the Indian subcontinent 444

transcription factors, and lung development
45-6

transient wheezing of infancy 30—1
see also wheeze
triage plan, for acute severe asthma 361-2,

363f, 365-6
tuberculosis, differential diagnosis 113
tumour necrosis factor alpha (TNFa),

genetic studies 89

upper airway disorders 376-7
urbanization, epidemiological studies 13
urine markers, of inflammation 178-9

vaccination, and asthma risk 21—2
vasculature

abnormalities of, and airway
obstruction 378

and airway remodelling 97
development of 44

vehicle exhaust pollution, and asthma risk
18-19

ventilation/perfusion imbalance 135-6
ventilatory support

acute severe asthma 368-9
in premature infants 384-5, 387

viral infections
and asthma risk 20-1
and bronchial responsiveness

measurement 153-4
differential diagnosis 113
and lung development 49
in premature infants 385, 385-6, 388

wheezing after 31-3,309
see also viral wheeze

viral wheeze
diagnosis 207-9
epidemiology 205-9
in infants 209-11
mechanisms of 211-16
prevention and treatment 216-17

vital capacity 126
reference values 472

vitamin A (retinoic acid), and lung
development 48

vitamin C intake, and asthma risk 18
vocal cord dysfunction, differential diagnosis

380-1
vocal cord paralysis 377

wheeze
after respiratory syncitial virus infection

31-3
assessment

acute wheezing 112
history and symptoms 108-9, 314-15
investigations 315-17
physical examination 315

chest physiotherapy 321
and cough 106-7
differential diagnosis 112-17,309-10
drug therapy 318-21

management 321-4, 325t
epidemiology 310-12
history 307-8
lung physiology 131, 313-14
management 317-18
pathophysiology 312-13
patterns of disease 308—10
prognosis 324—5
terminology 308
transient wheezing of infancy 30-1

X-ray investigations 115f, 116f, 117
for infant wheezing disorders 316

xanthines 270-3
for acute severe asthma 365, 367-8
and bronchial responsiveness

testing 155
growth effects of 418
for infant wheezing disorders 320-1
for school-children 339

young people see adolescents

zafirlukast see leukotriene modifiers


