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CHAPTERl 
Epidemiology of Asthma Mortality 

C. Richard W. Beasley, Neil E. Pearce and Julian Crane 

Wellington Asthma Research Group, Department of Medicine, Wellington School of Medicine, 
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1. Introduction 

The epidemiology of asthma mortality has been controversial since Osler stat
ed in the Principles and Practice of Medicine, published in 1901, that the "the 
asthmatic pants into old age" [1]. Certainly asthma deaths were rare in the first 
half of this century, although since this time, the patterns of asthma mortality 
have become considerably more complex. There have been epidemics of asth
ma deaths in six Western countries in the 1960s, and again in New Zealand in 
the 1970s. Another feature observed in many countries has been a more grad
ual increase in asthma mortality, which commenced in the 1940s and has been 
particularly marked in the 1970s and 1980s. During the 1990s, mortality has 
declined in some, but not in other countries. In this chapter, we commence by 
briefly considering issues relevant to the interpretation of long-term time 
trends in asthma mortality. We then discuss the international trends in asthma 
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mortality throughout the 20th century, focusing primarily on the possible caus
es for the mortality epidemics and the gradual rise in asthma mortality which 
has occurred over recent decades. Finally, we review markers of an increased 
risk of asthma mortality, the characteristics of patients experiencing a fatal or 
near fatal attack of asthma, and factors that can provoke such episodes. 

2. Long-Term Time Trends 

2.1. Validity of Mortality Data 

International time trends in asthma mortality are inherently difficult to inter
pret due to the many different factors that may change in different countries 
over this time. It is crucial that the mortality data is valid, and in this respect a 
number of key issues need to be considered including the accuracy of death 
certificates, changes in disease classification, and changes in diagnostic fash
ion [2]. 

Almost all comparative studies of asthma mortality have been confined to 
the 5 to 34 years age group, because the diagnosis of asthma mortality is more 
firmly established in this group [3]. By eliminating younger children in whom 
the diagnosis may be confused with other conditions such as bronchiolitis, and 
older patients in whom it may not be possible to differentiate the diagnosis of 
asthma from chronic bronchitis and emphysema, routine death certificates 
have been shown to be reasonably accurate. For example, Sears et al. [4] 
observed that in patients aged 5 to 34 years, the recorded information was con
sidered accurate in 98% of all certified deaths, and in 100% of deaths coded as 
asthma in national mortality data (Fig. 1). The accuracy declined with increas
ing age and was less than 70% in those aged 65 years or more. Most studies of 
this type have only examined the possibility of false positive reporting (i.e. 
deaths from other causes being falsely attributed to asthma). However, in one 
study in which false negative reporting was examined (i.e. asthma deaths being 
falsely assigned to other categories), it appeared to be very rare [5]. 

Changes in disease classification are also of concern, as the International 
Classification of Diseases has gone through several major changes in coding 
practices for asthma deaths since the early 1900s [6]. These largely involved 
changes in the coding of deaths due to "Asthma and bronchitis" which were 
assigned to bronchitis during some periods and to asthma during others 
(Tab. 1). However, these changes have primarily affected the data for the older 
age-groups, and they appear to have had little effect on the key trends in the 
5-34 age group [2]. For example, the most important revision occurred with 
the change from ICD-4 to ICD-5, when the method of coding the underlying 
cause of death was changed, but no major changes in mortality rates occurred 
[2]. A further significant change occurred with the change from ICD-8 to 
ICD-9; however, bridge coding exercises found that the maximum possible 
increase that could be attributed to the change was approximately 5% [7, 8]. 



Epidemiology of Asthma Mortality 

40 

1: 30 
~ 
~ 

'020 ... 
~ 
~ 

Z 10 

Non~~~=I:· Asthmatic dying Nonasthma deaths 
of other causes 

Asthmatic dying Asthma death 
of asthma S ::: 

20 30 40 50 
Age 

... .•. . :. 
~~~ .:. 

60 

.•. 
~~~ . .. ... 
::: 
::: .:. 

70 

.. •.. 
::: 

80 

3 

90 

Figure 1. Accuracy of certification of asthma deaths as judged by a review panel of physicians, of 492 
cases with asthma in Part 1 of the death certificate or on the coroner's report of cause of death. 
(Source: adapted from ref. [4].) 

Table 1. Changes to coding of asthma deaths during this century 

Classification Years 

Bertillon 1908-1922 

ICD3 1923-1929 

ICD4 1930-1939 

ICD5 1940-1949 

ICD6 1950-1958 

ICD7 1959-1967 

ICD 8 1968-1978 

ICD9 1979-1988 

ICD 10 1989-

Comments 

''Asthma and bronchitis" coded according to which was 
judged to be underlying cause of death. 

''Asthma and bronchitis" coded according to which was 
judged to be underlying cause of death. 

''Asthma and bronchitis" coded according to which was 
judged to be underlying cause of death. 

''Asthma and bronchitis" coded as bronchitis 

"Asthmatic bronchitis" coded as asthma. 

"Asthma and bronchitis" coded as asthma. 

''Asthma and bronchitis" coded as bronchitis, unless the 
asthma was specified as allergic. 

''Asthma and bronchitis" coded as bronchitis. 

''Asthma due to bronchitis" coded as bronchitis. 
"Bronchitis due to asthma" coded as asthma. 

"Asthma due to bronchitis" coded as bronchitis. 
"Bronchitis due to asthma" coded as asthma. 
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The effects of changes in diagnostic fashion over time are more difficult to 
assess, although several attempts have been made by simultaneously examin
ing time trends in other respiratory diseases which could be confused with 
asthma [2, 6]. In general, these exercises have found that changes in diagnos
tic fashion could not account for the most striking time trends (such as the 
1960s mortality epidemics), but it is not possible to exclude changes in diag
nostic fashion as a partial explanation for the more gradual changes in asthma 
mortality. 

It is with these considerations in mind that the different patterns of asthma 
mortality that have been observed in different countries during this century are 
discussed. 

2.2. 1900 to 1960 

Those western countries in which the relevant data has been published indicate 
that asthma mortality was uniformly low and relatively stable between 1900 
and 1940 (Fig. 2) [6, 9-11]. The death rate began to increase gradually in the 
1940s in a number of countries including New Zealand and Australia, in which 
a three-fold increase over a 15-year period was observed. Mortality declined 
again in the late 1950s in New Zealand, England and Wales, but not in 
Australia. In contrast, little change in asthma mortality rates was observed in 
the USA during this period. 

3 

2 

• New Zealand 
• England and Wales 

• Australia 
~ USA 

O+---~~--~----~----~--~-----r----~----.---~----~ 

1910 1920 1930 1940 1950 1960 

Figure 2. Asthma mortality (per 100000) in persons aged 5-34 years in New Zealand, Australia, 
England and Wales, and the USA 1910-1960. (Source: adapted from refs. [6, 9-11]) 
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Although the interpretation of death rates over such an extended period is 
difficult, the historical data is likely to be of acceptable accuracy in this age 
group and the patterns observed did not appear to be due to changes in coding 
or diagnostic fashion. Possible factors include an increase in asthma preva
lence due to changes in environmental risk factors such as aeroallergens, diet, 
smoking, occupational exposures, or the incidence of environmental protective 
factors such as respiratory infections, as has been recently postulated [12]. 
Alternatively, the gradual changes in mortality could have been due to changes 
in the management of asthma. In this respect, interest has focused primarily on 
the introduction of isoprenaline as an atomiser spray during the 1940s when 
mortality began to increase, and the introduction of corticosteroids in the 
1950s when mortality declined. It is difficult to investigate these hypotheses, 
because of the gradual nature of the changes and the lack of precise data on the 
many different putative factors during this period. 

2.3. 1960s Epidemics (Fig. 3) 

In the mid 1960s, asthma mortality increased dramatically in at least six west
ern countries; England and Wales, Scotland, Ireland, New Zealand, Australia 
and Norway [13]. In these countries, the mortality rates increased two- to 10-
fold within a 2- to 5-year period (Tab. 2). Other countries such as the United 

5 

4 

3 

2 

0~~~~~~~~~~~~--~~~~--~~~-r--~-rJ 

1960 1965 1970 1975 1980 1985 1990 1995 

Figure 3. International patterns of asthma mortality in persons aged 5-34 years. 1960-1994, showing 
the different trends. (.-.) New Zealand; (e-e) England and Wales; (/':,-/':,) Australia; (,A.-A) 
West Germany; (0-0) Canada; (0-0) United States. (Source: adapted from refs. [2, 29, 36]) 
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States, Denmark, Sweden, Canada, Germany and The Netherlands did not 
experience epidemics, although in some countries such as Japan, significant 
increases in asthma mortality were noted within more narrowly defined age 
groups [14]. The initial detailed examination of mortality trends in England 
and Wales concluded that the epidemic was real and was not due to changes in 
death certification, disease classification or diagnostic practice [15]. The most 
likely explanation was an increase in case fatality, possibly due to new meth
ods of treatment. Interest focused initially on the possible role of pressurised 
metered dose beta agonist aerosols which had been introduced in the early 
1960s, however it was soon apparent that while this may explain the observed 
trends in some countries such as England and Wales (Fig. 4) [16], it could not 
explain the international patterns. 

Subsequent examination of international time trend data suggested that the 
epidemics were related to the use of a high-dose beta agonist aerosol isopre-

...... 700 

~ 
~ 600 

~ 
~ 500 

~ 
~ 400 
~ 
~ 
~ 300 

~ 
O/J 200 

~ 
... 100 
~ 

TOTAL SALES 

PRESCRIPTIONS 

DIRECT SALES 

Or-~--~--~~~--~--~--~--~--~--~~ 

40 

30 

10 

O~~~~~~~~~~~~ __ ~ __ ~~~ 
1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 '69 

Figure 4. Asthma mortality (per lOO 000) in persons aged 5-34 years, compared with sales and pre
scriptions of p-agonist preparations in England and Wales for 1959-1968. (Reproduced with permis
sion from ref. [16]) 
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Table 3. Cross-classification of countries by presence or absence of an epidemic of asthma mortality 
and presence or absence of sales of isoprenaline forte aerosols 

Isoprenaline forte Aerosols 
Epidemic of astluna 
mortality in the 1960s Available Not available Total 

Present 6 0 6 

Absent 2 6 8 

TOTAL 8 6 14 

naline forte, which contained a concentration of isoprenaline two to eight 
times greater than the standard isoprenaline MDI available in other countries 
[13]. Epidemics occurred only in countries where the high-dose preparation of 
isoprenaline was available, and in the two countries which marketed the high
dose preparation and had no increase in mortality, it was introduced late into 
their markets and per capita sales were low (Tab. 3). Countries such as the 
United States, Denmark, Canada, Sweden and Germany that did not market 
the high-dose preparation of isoprenaline did not experience an epidemic. In 
countries experiencing epidemics, case series identified that many of the 
patients who died from asthma had used excessive amounts of this drug in the 
situation of severe asthma [17]. Unfortunately, formal analytical epidemiolog
ical studies were not undertaken because the epidemic declined before there 
was time to conduct them. Nevertheless the weight of evidence suggested that 
the use of the isoprenaline forte inhaler was the major, although probably not 
the only, cause of the epidemics of asthma mortality. 

Although this isoprenaline forte hypothesis was subsequently disputed in 
many texts and reviews, this reinterpretation was not based on any new sub
stantial evidence, and in fact the further analyses that were undertaken 
strengthened the original conclusions [18]. Alternative hypotheses concerning 
under-treatment with oral or inhaled corticosteroids are implausible, since 
such problems of under-treatment applied to most countries, irrespective of 
whether they experienced epidemics, over a long period prior to, rather than 
during the epidemics. The mortality rate declined following warnings from 
regulatory bodies, a marked reduction in the sales of isoprenaline forte, and 
other changes in medical practice. 

2.4. The Second New Zealand Epidemic (Fig. 3) 

A second asthma mortality epidemic began in New Zealand in the mid-1970s. 
Jackson et al. [5] investigated the epidemic and concluded that it was real and 
could not be explained by changes in the classification of asthma deaths, inac
curacies in death certification or changes in diagnostic fashion, or changes in 
the incidence or prevalence of asthma. The most likely explanation, as for the 



Epidemiology of Asthma Mortality 9 

Table 4. Prescribed inhaled ~-agonist and the relative risk of dying from asthma: results from pub
lished epidemiological studies 

Relative risk * 

1st 2nd 3rd 
Specific NZ NZ NZ Saskatchewan Saskatchewan Japanese 
~-agonist Study Study Study Study (I) Study (2) Studl 

Salbutamol 0.7 0.7 0.6 0.9 l.l 1.0 

Fenoterol 1.6 2.0 2.1 5.3 11.8 5.0 

Reference: [19] [20] [21] [24] [25] [28] 

* Relative risk of death, unadjusted odds ratios 
During the period of these studies salbutamol and fenoterol were available in preparations 
dispensing 100 f.lg/puff and 200 f.lg/puff respectively 
Saskatchewan Study: (I) case-control (2) cohort 

# Based on market share; this study did not include a formal control group 

1960s epidemics, appeared to be an increased case fatality rate related to 
changes in the management of asthma in New Zealand. 

These initial investigations led to the formal examination of prescribed drug 
therapy and asthma mortality in New Zealand. In a series of three case-control 
studies, which employed different methods and incorporated different data 
sources, at different time periods throughout the epidemic, an increased risk of 
asthma death was found in patients prescribed the beta agonist fenoterol but 
not other asthma medications (Tab. 4) [19-21]. The association between 
fenoterol and asthma deaths was particularly strong in subgroups with more 
severe asthma, a pattern which essentially rules out the possibility that the 
findings were due to confounding by severity [22], an interpretation that was 
supported by more detailed analyses [23]. 

A subsequent case-control study from Saskatchewan, Canada also found 
that the prescription of the high-dose preparation of fenoterol was associated 
with an increased risk of death when compared with the more commonly pre
scribed beta agonist, salbutamol (Tab. 4) [24, 25]. Although the authors raised 
the possibility of a general beta agonist class effect, their subsequent analyses 
indicated that these particular findings may largely be due to confounding by 
severity [26]. 

Studies from two other countries have examined the issue of specific beta 
agonist use and asthma mortality. A cohort study based in Germany found that 
in older patients with chronic obstructive respiratory disease (CORD), the pre
scription of fenoterol was associated with a lO-fold increased risk of mortali
ty when compared with salbutamol [27]. More recently, an epidemiological 
study in Japan has found a five-fold increased risk of mortality with fenoterol 
in children [28]. 

By their nature, epidemiological studies such as those discussed are unable 
to identify the underlying mechanisms by which the high-dose preparations of 
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isoprenaline forte and fenoterolled to asthma mortality epidemics in the pop
ulations in which they were widely used. There are two potential groups of 
mechanisms that have been proposed [29-32]: those relating to the regular use 
leading to worsening asthma ~ontrol, and those relating to their over-use in the 
situation of a life-threatening attack of asthma, in which the cardiac side
effects are likely to be particularly harmful in the presence of severe hypoxia. 
It is likely that both these groups of mechanisms are relevant to the increased 
mortality associated with the use of fenoterol and isoprenaline, which are rel
atively non-selective potent full beta agonists, and which have been shown to 
have both greater adverse chronic and acute side-effects when compared with 
other beta agonist drugs [29, 31, 33, 34]. 

Similar to the New Zealand experience with isoprenaline forte, the asthma 
mortality rate fell dramatically with initial warnings and subsequent restriction 
of fenoterol in New Zealand (Fig. 5). The time trend data were inconsistent 
with other hypotheses that have been proposed including a class effect of beta 
agonist drugs, under-prescribing of inhaled corticosteroids (during the epi
demic New Zealand had the highest per capita use of inhaled corticosteroids), 
or socio-economic factors [35]. Thus the epidemiological evidence suggests 
that fenoterol was the major, although not the only, cause of the second New 
Zealand asthma mortality epidemic, similar to the role of isoprenaline forte 
during the first New Zealand asthma mortality epidemic. 
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2.5. Gradual Increase in Asthma Mortality 

Although no other countries have apparently experienced epidemics, a more 
gradual increase in asthma deaths has occurred in many countries during the 
1970s and 1980s. This background increase has occurred not only in countries 
which experienced the first epidemic of deaths in the 1960s, but also in other 
countries unaffected by previous increases in mortality. It has been difficult to 
determine the causes of this trend, as death from asthma is a complex phe
nomenon and many factors relevant to the causation of asthma mortality have 
changed to differing degrees in different countries during this period. Despite 
this complexity, a number of observations can be made. 

2.5.1. Magnitude: In a number of countries the magnitude of this "gradual" 
increase has been substantial. For example, between the mid-l970s and mid-
1980s, the mortality rate increased by more than 40% in many countries 
throughout the world (Tab. 5) [7, 29, 36]. In many of these countries, the 
marked increases in mortality occurred after a period of previously stable asth
ma mortality rates. 

2.5.2. Variation: There is both a wide variation in the reported asthma mor
tality rates in some countries with similar lifestyles and comparable approach
es to the management of asthma (e.g. Australia, England and Canada), and 
conversely, similar asthma mortality rates in other countries with different 
lifestyles and approaches to the management of asthma (e.g. Japan, Sweden 

Table 5. Asthma mortality (per 100 000) in persons aged 5-34 years in 15 countries between the mid-
1970s and mid-1980s 

1975-1977 1985-1987 Percentage 
Increase 

Australia 0.86 1.42 65 

Canada 0.33 0.47 42 

Denmark 0.14 0.36 157 

England & Wales 0.57 0.90 58 

Finland 0.29 0.21 -28 

France 0.24 0.51 113 

Italy 0.05 0.17 240 

Japan 0.44 0.59 34 

Netherlands 0.20 0.22 10 

Singapore 0.75 0.88 17 

Sweden 0.37 0.54 46 

Switzerland 0.31 0.45 45 

USA 0.19 0.40 III 

West Germany 0.59 0.78 32 
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and the United States). There appears to be no unifying hypothesis that 
explains this international variation. 

2.5.3. Prevalence: The gradual increase in mortality rates has occurred during 
the same period in which the prevalence of asthma has also increased. Asthma 
prevalence studies which have been repeated during this period using stan
dardised methods in the same population group, have observed a consistent 
increase in the prevalence of asthma symptoms [37, 38]. This increase has 
been observed in a wide range of countries with differing lifestyles and in 
some countries has been of considerable magnitude. 

In addition, available data suggest an increase in the prevalence of severe 
asthma, as indicated by the international trends of increasing hospital admis
sions for asthma in children. This increase, which began in the 1960s has been 
most pronounced in the younger age groups (Fig. 6) [39]. Detailed studies of 
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the circumstances of the hospital admissions have established that these trends 
cannot be completely explained by an increase in readmissions, diagnostic 
transfer from related disease categories, or changes in medical practice such as 
the threshold for admission, but are likely to reflect an increase in the preva
lence of severe asthma [40]. Indeed, limited data suggest that the severity of 
children hospitalised due to asthma may have actually increased during the 
1980s [41,42]. During the 1990s, the hospital admission rates have stabilised 
or decreased in several countries including the United Kingdom [40] and New 
Zealand [43]. 

2.5.4. Case Fatality Rates: It is evident from these considerations that when 
making international comparisons of asthma mortality, it is necessary to also 
consider the asthma prevalence rates in the countries being compared. This is 
now possible with the standardised international asthma prevalence data pub
lished from the European Community Respiratory Health Survey (ECHRS) 
[43] and the International Study of Asthma and Allergies in Childhood 
(ISAAC) [44]. These data have allowed an assessment of national case fatali
ty rates which provides a different perspective of the international differences 
in asthma mortality rates (Tab. 6). This specific analysis based on the ISAAC 
data [45] indicates that amongst Western countries, a five-fold difference may 
exist in the case fatality rates, defined by the ratio of the asthma mortality rates 
to the prevalence rates of severe asthma within each country. This suggests that 
while the prevalence of severe asthma is one determinant of asthma mortality 
rates, other factors unrelated to the occurrence of severe disease may also play 

Table 6. Comparison of asthma mortality rates with prevalence rates of severe asthma in 12 countries 

Asthma Prevalence of 
mortality rate severe asthma" Ratio 

Australia 0.86 8.3 0.10 

Canada 0.25 8.0 0.03 

England & Wales 0.52 8.7 0.06 

Finland 0.21 3.1 0.07 

France 0.40 2.8 0.14 

Italy 0.23 2.0 0.12 

Japan 0.73 2.1 0.35 

New Zealand 0.50 8.0 0.06 

Sweden 0.12 2.0 0.06 

USA 0.47 10.0 0.05 

West Germany 0.44 5.7 0.08 

Asthma mortality rate (per 100000) in persons aged 5-34 years in 1993 
" Asthma prevalence rates defined as self-reported episodes of wheezing sufficient to limit speech in 
previous 12 months, in 13-14 year old children, 1993-1995 (Source: adapted from ref. [45].) 
NB: Mortality and prevalence data are not available in the same age group 
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a major role. This approach also identifies countries such as Japan in which the 
asthma mortality rates are disproportionately high in relation to the prevalence 
of severe asthma. Investigations into the reasons for such variations have the 
potential to identify the major risk factors for some of these international mor
tality patterns. 

2.5.5. Relationships Between Time Trends: When presented individually, the 
trends in asthma prevalence, morbidity and mortality all suggest increases over 
recent decades. When reviewed together, it is evident that there are differences 
in these trends in terms of both the time-courses and the magnitude of the 
changes [11]. This would suggest that a single explanation for the causes of 
these trends is unlikely, and that there are significant differences in the relative 
importance of the different risk factors contributing to such trends. 

2.5.6. Population Groups: Analysis of trends in asthma mortality rates within 
countries often reveals differences between specific population groups 
[46-49]. This is illustrated by studies from the USA, in which the asthma mor
tality rates are greater in disadvantaged populations such as the Blacks and 
Hispanics [46,47], those who are poorly educated, live in large cities, or are 
poor [11, 46, 47, 50]. It is likely that through the investigation of such high risk 
populations, our understanding of the risk factors that contribute to asthma 
mortality will be improved. 

2.5.7. Environmental Exposures: One feature which is not evident from 
national mortality data is the occurrence of epidemics in discrete locations, 
associated with environmental exposures. Probably the best studied example is 
that of the epidemics of life-threatening attacks of asthma (and fatal asthma) 
in Barcelona in the 1980s, associated with environmental exposure to airborne 
soybean dust [51, 52]. While the causative agent may be difficult to identify 
with general environmental exposure, a wide range of sensitising agents have 
been implicated in the occupational setting as causes of severe asthma [53]. 
These studies suggest that repeated environmental exposure to a single organ
ic aeroallergen can lead to recurrent episodes of life-threatening attacks of 
asthma in a community whenever exposure reaches a sufficient level. 

2.5.S. Seasonal Trends: Seasonal trends in asthma mortality have been 
observed in a number of countries induding the United Kingdom (Fig. 7) [54], 
France [55] and the USA [56]. In each of these countries, asthma mortality in 
the 5 to 34 year age group is highest in the summer months, in contrast to the 
older age groups, in which the peak occurs in the winter. It is likely that this 
trend may relate to reduced access to or availability of medical care during the 
summer holidays, in view of the associated reduction in hospital admissions 
during this period [54, 56]. 
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Figure 7. Average monthly variation in deaths from asthma in 5-34 year age group in England and 
Wales 1960-82. (Reproduced with permission from ref. [54]) 

2.6. Most Recent Trends 

There has been a gradual fall in asthma mortality since the late 1980s in some 
but not all countries in which accurate mortality statistics are kept (Fig. 3). 
Countries in which such reductions have been observed include Australia, 
Canada, Denmark, West Germany, Sweden, England and Wales. It is possible 
that this reduction may relate to changes in management, in particular the 
greater use of inhaled corticosteroid therapy. In support of this view are the 
studies which have shown improved clinical outcome with inhaled corticos
teroid therapy [57], and their protective effects against mortality [58]. 
However, the time trend evidence is not conclusive in this regard, particularly 
as some countries such as the United States and Japan have experienced 
increases in mortality during this period, despite similar marked increases in 
the use of inhaled corticosteroid therapy. It is likely that other (unknown) fac
tors may well account for a significant component of the recent mortality 
decline in those countries in which this trend has been observed. 

3. Studies of Other Risk Factors for Asthma Mortality 

Although most analytical epidemiological studies of asthma deaths have 
focused on pharmacological risk factors, several case-control studies have 
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examined other risk factors for asthma deaths. These risk factors can be cate
gorised as involving characteristics of the disease (asthma severity) and char
acteristics of the patient (such as psychosocial factors). These factors are rele
vant both to clinicians who wish to identify patients who are at increased risk 
of death and to epidemiologists who wish to control for asthma severity in 
studies of asthma mortality. 

3.1. Asthma Severity 

A number of markers of asthma severity have been associated with an 
increased risk of asthma death as listed in Table 7 [24,59-61]. Amongst these 
markers, a hospital admission for asthma in the previous 12 months, and the 
occurrence of multiple hospital admissions for asthma in the previous 12 
months are the most reliable and easily ascertained, and carry a greatly 
increased risk of asthma death. However, they may be present in only about 
one-half of cases dying from asthma, and so their absence does not necessari
ly mean that a patient is not "at risk". With respect to the use of "prescribed 
oral corticosteroids" as a marker, the evidence is equivocal, probably because 
this class of drugs may be beneficial in the severe group of patients to whom 
it is prescribed; thus it may identify a high-risk group of patients, whose risk 
is in tum lowered by use of oral corticosteroids. 

Amongst patients with a recent hospital admission for asthma, the marker 
associated with the highest risk of death is a previous intensive care unit 
admission for asthma [60], and in particular the requirement for mechanical 
ventilation, which has a 5-year mortality rate of about 20% [61]. The use of 
other markers of acute asthma severity is difficult due to the poor quality and 
paucity of available data. However, if available they contribute to the overall 
assessment of risk, with a PaC02 of 45 mmHg or more being associated with 
an up to four-fold risk of subsequent death, and a PEF of less than 1001lmin 
being associated with an approximately two-fold risk of subsequent death [59, 
61]. 

3.2. Characteristics of the Asthmatic 

Several studies have examined characteristics of the asthmatic which may be 
associated with an increased risk of death. In particular, it has been observed 
that in addition to the underlying asthma severity, the risk of asthma death is 
also associated with psychiatric disease, psychosocial problems, and other 
psychological characteristics of the patient. These problems have been studied 
in depth by Strunk et al. [63], who reported that children were at an increased 
risk of asthma death if there were conflicts between the patient's parents and 
medical staff regarding management, depressive symptoms, or a disregard of 
asthma symptoms. Other characteristics which have been identified in "at risk" 
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patients include discontinuity of general practice care, poor compliance with 
therapy, family dysfunction, poor social support, and risk-taking behaviour 
[60, 64-66]. 

One practical marker which can be used by clinicians or epidemiologists to 
identify the existence of psychosocial problems is the prescription of psy
chotropic drugs, such as antipsychotics and sedatives, the use of which are 
associated with an increased risk of death [59, 61, 67]. The observation that the 
past use of antipsychotics with recent discontinuation (as against continuous 
use) is associated with a particularly high risk of death suggests that antipsy
chotic use is a "marker" of a patient at high risk of mortality, rather than direct
ly increasing the risk fatality through a pharmacological effect such as depres
sion of the central nervous system or impaired respiratory drive [67]. 

3.3. Circumstances of Fatal Episode 

Information concerning the circumstances associated with death from asthma 
has been obtained from national or regional descriptive asthma mortality sur
veys, in which close relatives or friends of the deceased, and general practi
tioners have been interviewed and the medical records have been reviewed 
when available. From such studies, undertaken in a number of Western coun
tries over the last 30 years, similar management problems have been consis
tently identified in association with the fatal outcome [17,49, 68-75]. These 
can be broadly grouped into those relating to the long-term care and those 
relating to the treatment of the life-threatening attack (Tab. 8). 

Problems associated with long-term management include lack of apprecia
tion by both the patient and their doctor, of the patient's chronic asthma sever
ity and risk of serious morbidity or mortality. This was often compounded by 
a discontinuity of general practice care and psychosocial problems. As a result, 
there was commonly inadequate use of, and poor compliance with preventive 
therapy and an over-reliance on bronchodilator drugs. 

Table 8. Management problems associated with fatal outcome in asthma 

Long term: 

Lack of appreciation of chronic asthma severity and risk of death 
Poor compliance with management 
Discontinnity of medical care 
Under-utilisation of inhaled corticosteroids 

Fatal attack: 

Delay in seeking medical help 
Inability to recognise the severity of the attack 
Over-reliance on bronchodilator therapy 
Insufficient systemic steroid use 
Lack of written guidelines for management 
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Similar problems have been identified with the treatment of the severe 
attack that led to death. In particular, in the majority of cases, there was a lack 
of recognition by the patient, family or doctor of the severity of the fatal attack, 
in part due to the infrequent use of objective measures of asthma severity such 
as lung function measurements. This results in delay in seeking emergency 
medical services, despite the development of a life-threatening attack of asth
ma. Linked with this delay is the excessive self-administration of bron
chodilator and the lack of an agreed management plan detailing instructions on 
when to seek medical care and what treatment to take in this situation. 

3.4. Life-Threatening Attacks 

Consideration of the circumstances relating to life-threatening attacks of asth
ma is relevant to asthma mortality, on the assumption that the pathophysiolog
ical mechanisms and precipitating factors involved in these clinical situations 
are likely to be similar. While there are reasons to be cautious in the use of 
information on near fatal attacks in this way, there are some practical advan
tages, in particular that detailed information of the circumstances of the severe 
attack can often be obtained, when such information is not usually available in 
fatal asthma [76]. 

Case series of life-threatening attacks of asthma have revealed three main 
patterns of presentation [77-79]. The first presentation is that of a sudden pre
cipitate attack in which the asthmatic patient may develop a life-threatening 
attack of asthma within minutes or hours of the onset of the first symptoms. 
The second type of presentation is characterised by a gradual worsening, 
evolving over several days to weeks, leading to progressively more severe 
asthma and the gradual development of respiratory failure. A third pattern is 
that of a severe attack which occurs quickly after a few days of unstable asth
ma. Clinical features, including the time-course of the response to treatment, 
suggest that bronchospasm may play the primary role in the pathogenesis of 
precipitate asthma, whereas worsening airways inflammation would cause 
mucous plugging which may be the predominant pathophysiological process 
involved in the more gradual presentations. 

Information concerning the different precipitating factors that have been 
identified as the cause of life-threatening attacks of asthma are also relevant to 
the causation of fatal asthma (Tab. 8). The most common cause of a severe 
attack of asthma is a viral respiratory tract infection, accounting for up to 80% 
of episodes in children, and up to 30% in adults [80, 81]. Although many dif
ferent viruses may precipitate an attack of asthma, the most common are rhi
noviruses and coronaviruses, which are responsible for the "common cold" 
[80,81], and Chlamydia pneumoniae infection which has recently been impli
cated in the pathogenesis of recurrent severe attacks of asthma [82]. 

One of the common causes of a precipitate life-threatening attack is aller
gen exposure in a sensitised individual [77, 78, 83]. The particular allergen 
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Table 9. Precipitating factors contributing to a life-threatening attack 

• Viral respiratory tract infections 

• Allergen exposure 

• Weather changes 

• Drugs -NSAlDs 

• Emotional stress 

• Foods, including preservatives 

• Air pollution .. 

responsible will often vary in different populations and individuals, however it 
is not uncommon for outbreaks of severe asthma to occur in a comniunity due 
to one specific allergen, as occurred in the soybean-induced epidemics of 
severe asthma in Barcelona, [51,52] and in seasonal-related episodes of life
threatening asthma relating to Altemaritl-exposure in the United States [84]. A 
further feature is that there may be a number of related factors which interact 
in the development of life-threatening attacks. For example, thunderstorms 
have been shown to cause the release of allergen containing starch granules, 
following the osmotic rupture of rye-grass pollen grains by rainwater, thereby 
provoking attacks of severe asthma in sensitised individuals [85]. The impor
tance of atopy in the underlying pathogenesis of life-threatening attacks of 
asthma is also illustrated by the findings that severe "brittle" asthmatics with 
frequent near fatal attacks of asthma are more atopic than asthmatics with less 
severe forms of asthma [86]. 

Aspirin and other non-steroidal anti-inflammatory drugs taken as medica
tions or naturally present in foodstuffs may also be a common provoking fac
tor in near-fatal asthma. In one series of asthmatic patients requiring mechan
ical ventilation, aspirin sensitivity was recognised in about 25% of the cases 
[62]; in other series sensitivity to aspirin has been considered to be the cause 
of the life-threatening attack in about 10% of patients [78, 86]. Allergic reac
tions to foodstuffs such as nuts and peanuts may also precipitate fatal or near 
fatal attacks of asthma, particularly if features of anaphylaxis are present [87, 
88]. Patients with known anaphylactic food sensitivity appear to be at high risk 
of death from severe asthma [88] and conversely both adults and children with 
a pre-existing diagnosis of asthma are at increased risk of fatal or near fatal 
anaphylaxis [89]. 

4. Summary 

In considering the epidemiology of asthma mortality, it is important to distin
guish between asthma mortality epidemics and asthma deaths during non-epi
demic periods. There is convincing evidence that the major cause of the epi
demics of asthma deaths was the use of the high-dose preparations of isopre-
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naline forte and fenoterol. In contrast, there are many different factors that may 
have contributed to asthma deaths in individual patients during non-epidemic 
periods. These include increases in asthma prevalence and severity, character
istics of the disease and its management, characteristics of the patient, and 
exposure to precipitating factors that can provoke life-threatening asthma 
attacks. However, it is currently unclear to what extent these various factors 
may explain international patterns of asthma mortality. Thus, there is a con
tinuing need to monitor international patterns and time trends in asthma mor
tality, and to conduct further studies into the causes of asthma deaths in both 
populations and in individuals. 
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1. Definitions 

1.1. Definition of Asthma in Children 

Over recent years, wheezing illness in children of the Western world has 
become synonymous with asthma, but as in adults there remains no universal
ly accepted epidemiological definition of the condition. Existing definitions of 
asthma in adults are more descriptive than definitive, focussing on the clinical 
characteristics of reversible airways obstruction, chronic airway inflammation, 
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and increased bronchial responsiveness to a variety of stimuli. The definition 
of asthma in children is even more difficult however, partly because of practi
cal contraints on the objective measures of airflow in young children, and also 
because of the particular susceptibility of infants and younger children to 
wheeze in response to viral respiratory tract infection. Although the term 
wheezy bronchitis was used to describe this condition, the emergence of evi
dence in the 1970s that children with either a diagnosis of bronchitis or of asth
ma differed from healthy controls with respect to family and personal history 
of allergic disease and personal atopy [1], that some children with the diagno
sis of wheezy bronchitis responded positively to asthmatic therapy [2], and that 
children were more likely to be treated appropriately if their condition acquired 
the label asthma [3], lead to an increased tendency to diagnose asthma in these 
children. The nature of the condition now labelled childhood asthma may 
therefore be at least as diverse as diagnosed asthma in adults, and probably 
reflects contributions from virtually any process resulting in the production of 
the symptom of wheeze. It is therefore extremely difficult to· identify and 
define unique wheezing conditions in children, and the working definitions 
adopted in practice inevitably reflect a substantial degree of compromise. 

1.2. Working Epidemiological Definitions of Asthma in Children 

Measurements of asthma prevalence in children have tended to rely on parental 
reporting of asthma diagnoses and associated symptoms. Doctor-diagnosed 
asthma is one of the more commonly used terms in epidemiological surveys to 
identify asthma cases, yet there are considerable objections raised to it. In the 
first 6 years of life, wheezing is itself a very common symptom and the pro
portion of children with wheeze who acquire a doctor given diagnosis of asth
ma is related to age, frequency of wheezing episodes and the association of 
wheeze with shortness of breath [4], suggesting that a diagnosis of asthma is 
heavily dependent on the duration and severity of symptoms, but not to any 
specific definition. More importantly, in view of the variations in diagnostic 
labelling of childhood wheezing which have taken place over recent years [5] 
and between populations, doctor-diagnosed asthma is clearly an unreliable 
measure with which to establish temporal or spatial differences in asthma 
prevalence. 

For epidemiological purposes, parentally-reported symptoms have served 
as a widely used alternative. Symptom-based measurements have the advan
tage of simplicity, relative independence from diagnostic trends, and the 
capacity to detect intermittent disease. Parental responses to questions on cur
rent wheeze have been shown to be highly repeatable at a 4-6 month interval 
[6, 7] and in relation to a respiratory physician diagnosis of asthma as gold 
standard, to have a high level of sensitivity [8]. However, wheeze is not a 
symptom specific to diagnosed asthma, there is no agreed way of grading the 
severity of wheezing symptoms and the word wheeze is not readily translat-
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able into some languages. Also, by comparison with general practice medical 
records, parental recall of respiratory symptoms may be biased in relation to 
the severity and persistence of symptoms [9]. 

General Practitioner (GP) medical records have provided a further source of 
information on wheezing illness, but these too are potentially biassed by the 
impact that symptom severity and general health awareness have on GP con
sultation. Thus, parentally-completed symptom-based questionnaires have 
become the main source of information on childhood asthma prevalence and, 
for all its potential faults, parentally-reported wheeze in the past 12 months has 
evolved as the most widely used measure of the prevalence of asthma in chil
dren. Problems associated with comprehension and with poor response have 
been reduced by using video presentations of clinical signs and symptoms and 
interviews with appropriately trained interviewers rather than self-adminis
tered questionnaires [10]. In the last few years the International Study of 
Asthma and Allergies in Childhood (ISAAC) initiative has generated a stan
dardised questionnaire with an accompanying video and this has been used 
across a number of international centres [11], to begin to provide comparable 
estimates of childhood asthma prevalence using standardised methodologies. 

2. Natural History of "Wheezing" in Children 

Wheezing in early childhood is very common, and prevalence estimates for 
wheeze during the fIrst 5 years of life of up to 32% have been reported in UK 
studies [6, 12, 13]. These observations are consistent with a fInding based on 
GP records that 25% of parents consulted as a result of their child's wheezing 
before the age of 5 years of whom approximately half did so in the fIrst 12 
months [9]. However, there is now increasing recognition that, in the fIrst year 
of life, wheezing illness is common but the vast majority is episodic and con
fined to episodes of lower respiratory tract infection [14]. 

Many children who wheeze in the fIrst few years of life experience a reso
lution of their symptoms before school age. Martinez et al. and Brooke et al. 
have followed children with pre-school wheezing to show that only about 40% 
of these children were still wheezing in the early school years [15, 16], whilst 
children who wheeze only in the fIrst 12 months of life have been shown to 
have no greater risk of subsequent asthma than children with no history of 
wheezing [17]. 

After age 5, the incidence of wheezing for the remainder of childhood is rel
atively low, estimated from the 1958 British birth cohort at 1 % per year for 
children aged 8-11 and 0.7% from age 12-16 [18]. However wheezing in this 
age group may be associated with a poorer prognosis through childhood into 
adulthood, particularly if symptoms are more severe or persistent. Two 
Australian cohort studies have provided valuable information on the natural 
history of childhood wheezing, and from the fIrst of these studies it has 
emerged that, of children who wheezed at age 7, only 23% had no respiratory 
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symptoms at age 14 [19]. The second cohort, which was enriched with chil
dren with more severe asthma, tended to show a less favourable prognosis, 
with 80% of children with persistent symptoms at age 7 continuing to wheeze 
into adolescence, and over 90% of those with persistent wheezing at age 14 
continuing to experience symptoms at age 21 [20]. 

The two distinct patterns of natural history thus described for childhood 
wheezing have lead to the suggestion that there are two distinct subgroups of 
wheezing in early childhood. According to this hypothesis, most childhood 
wheezing occurs in the first years of life, is associated with viral infection,and 
has a favourable prognosis, whilst in a minority, wheezing in infancy is an 
early manifestation of wheezing which will persist through childhood into 
adulthood. Wheezing that persists is probably more likely in children who are 
atopic and have other allergic diseases [16,21-25]. In contrast, infants with a 
family history of allergic disease or a personal history of allergic symptoms do 
not show an increased predisposition to wheezing within the first year of life 
[26-28]. Data from the Children's Respiratory Study in Tuscon, Arizona, 
which was the first prospective study initiated at birth and with measurements 
of airway function, serum IgE levels, allergic sensitisation, and wheezing ill
ness collected through early childhood, confirmed this association in that, 
whilst children who wheezed in the first 3 years of life and persisted inwheez
ing to age 6 were more likely than never wheezers to have mothers with a his
tory of asthma and to have elevated serum IgE levels at birth and age 6, chil
dren with transient wheezing before age 3 only did not differ from never 
wheezers in either of these respects [15]. However, children with transient 
early wheezing also differed from persistent wheezers with respect to lung 
function measured in the first months of life, confirming that wheezing lower 
respiratory tract illness is associated with lower levels of airway function 
[28-31]. Initially, it was not possible to ascertain whether this relationship was 
the result of airway damage caused by the respiratory tract illness. or if the 
same factors determined the risk of respiratory tract illness and lung function. 
However, the Tucson study is now one of two studies demonstrating that 
diminished airway function exists in children who wheeze in infancy prior to 
the onset of the first wheezing respiratory tract illness [31, 32], and suggesting 
that pre-existing abnormalities in airway function predispose to wheezing in 
response to viral infections in infancy. 

It therefore appears that the two types of early wheezers, distinguished ini
tiallyby the natural history of their illness, also differ with respect to the 
pathology of the condition, such that early transient wheezing is attributable to 
lower airway calibre and a consequent increased risk of wheezing in episodes 
of viral infection whilst persistent wheezing is associated with an allergic pre
disposition. Recent work on the 1970 British birth cohort has suggested that 
the two types of wheezing also have distinct aetiologies [33]. 

Interestingly, longer term cohort data suggest that the favourable prognosis 
which has been described for wheezing in association with viral infection in 
infancy, may not be sustained throughout adult life. Baker and colleagues have 
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demonstrated that respiratory tract infection in infancy may be associated with 
reduced airway function and with an increased risk of COPD in later life [34, 
35]. Early wheezing may therefore still represent a marker of susceptibility to 
significant airflow obstruction in later life, but it would appear that this is an 
effect distinct from what is perceived to be asthma. 

3. Temporal Changes in the Prevalence of Childhood Asthma and 
Allergic Disease 

3.1. Temporal Changes in Hospital Asthma Admission Rates 

Changes in hospital admission rates for asthma in children provided one of the 
earliest indications that the prevalence or severity of the condition might be 
increasing. In England and Wales, from 1958 to 1985, hospital admissions for 
childhood asthma increased 14-fold in the 0-4 age group and seven-fold in the 
5-14 age group [36]. It is likely that this was at least in part due to changes in 
medical care and in particular to the introduction of nebuliser therapy [37] 
which was initially a hospital-based treatment and may therefore have con
tributed to increased parent expectations and preference for hospital care and 
to an increase in self-referral to hospital casualty departments [36, 38, 39]. 
However, there does not seem to have been a corresponding change in the 
severity of hospital admissions [36], suggesting either that there was a real 
increase in the prevalence of asthma over this time span or an increase in the 
proportion of asthmatic children having severe attacks, or that there was an 
increase in presentation of previously untreated disease. 

3.2. Temporal Changes in the Prevalence of Asthma and Wheezing in 
Children 

There is relatively little information other than that based on hospital admis
sions with which to establish temporal changes in the prevalence of wheezing 
in pre-school children. However, serial surveys from the UK [5, 40-42], 
Australia [43, 44] and the USA [45], using several different methodologies, 
from parental questionnaires and interviews through to GP records, have 
shown an increase in the prevalence of diagnosed asthma in pre-adolescent 
children over the past few decades. Asthma histories obtained from medical 
records on army conscripts have provided inconsistent evidence of a larger 
increase in the adolescent age group; a 600% increase was observed between 
1966 and 1989 in Finland [46]. Several studies in pre-adolescence have also 
shown a substantial increase in the labelling of current wheezing as asthma [5, 
40,41], suggesting that some of the increase in asthma prevalence which took 
place over these years was due to an increased use of asthma as a diagnostic 
label. Nevertheless, these studies were also consistent in finding evidence for 
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a smaller, though significant increase in the reported occurrence of current 
wheezing in these countries during the 1970s and 80s; wheezing in the past 12 
months increased from 9.8% to 15.2% over 15 years in 12 year olds in Wales 
[40], from 11.5% to 12.8% over 3 years in 5-11 year olds in England [5], from 
10.4% to 27.6% over 10 years in 8-10 year olds of Australia [44], and wheez
ing in the past 3 years from 10.4% to 19.8% over 25 years in 8-13 year olds 
in Scotland [41]. The Welsh and Australian studies alone had objective meas
ures of wheezing illness, comprising bronchial responsiveness to exercise and 
histamine respectively, and both demonstrated increases over the same time 
scales in the prevalence of bronchial hyperresponsiveness. However, the 
increase in exercise-induced bronchoconstriction observed in the Welsh study 
was modest, at just 15%, in relation to the magnitude ofthe increase in preva
lence of symptoms. 

There is relatively little information on whether the severity of asthma in 
affected children has changed, but most of the available studies indicate an 
increase in morbidity in addition to an increase in prevalence. The Welsh study 
cited above found a relatively greater increase in the prevalence of severe 
grades of exercise-induced hyperreactivity than that of milder response to 
exercise between the two studies [40]. Burney et al. showed a trend towards an 
increased prevalence of wheeze on most days and nights and persistent wheeze 
in successive annual British cohorts born between 1961 and 1973 [471-
Comparisons of the latest two British birth cohorts originating in 1958 and 
1970 revealed a three-fold increase in the prevalence of more frequent attacks 
of wheezing in 16 year olds [48]. These data contrast however with the find
ings of a UK survey of 8-year-old children which encorporated more detailed 

Table 1. Prevalence studies of childhood wheezing in the UK since 1980 

Year Ref Age of No. of Method Prevalence of wheeze 

Subjects Subjects Ever Last 12 months 

1984 [51] 5-13 5287 PQ 15% 

1985 [9] 5 369 MR 25% 

1985 [5] 5-11 3675 PQ 17.7% 11.5% 

1986 [7] 7 1275 PQ 19.4% 12.0% 

1986 [7] 11 1218 PQ 18.3% 12.3% 

1988 [40] 12 965 PQ 22.3% 15.2% 

1989 [5] 5-11 13544 PQ 16.4% 12.8% 

1989 [41] 8-13 3403 PQ 19.8 (last 3 years) 

1991 [38] 7-8 3070 PQ 12.3% 

1993 [6] 4-5 385 PQ 17% 

Data collection methods: 
PQ: Parental Questionnaire, 
MR: Medical Records 
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measures of the severity of wheezing and found little change in the prevalence 
of frequent attacks of wheezing, speech limiting attacks or school absence due 
to wheezing between 1978 and 1991 [49]. 

Nevertheless, the most recent prevalence surveys from Britain have shown 
little evidence of a continuing increase in childhood wheezing illness. The 
prevalence of wheezing in primary school age children has been estimated in 
a number of separate surveys during the late 1980s and 1990s, and despite dif
ferencef'. in targeted age groups, geographical locations, size and type of sam
ple and survey methodology, findings since 1980 have consistently provided 
estimates of between 11.5 and 15.2% for the 12-month period prevalence of 
wheezing in the 5-13 years age group (Tab. 1). Hospital admission rates for 
asthma may also have stabilised in some areas [50]. 

3.3. Evidence for an Increase in Atopy and Atopic Disease 

Since wheezing that is associated with atopy may represent part of the more 
severe spectrum of wheezing in children [52], the limited evidence of an 
increase in morbidity in asthmatic children suggests an increase in expression 
of an allergic disease. A comparison of the prevalence of atopic dermatitis in 
the three British national birth cohorts, originating in 1946, 1958 and 1970 
provided some of the first evidence that the prevalence of allergic disease 
might be increasing, for the proportion of children with a parentally-reported 
history of eczema by age 5-7 increased from 5.1 % in the earliest cohort, to 
12.2% in the most recent cohort [53]. The Scottish and Welsh surveys of asth
ma prevalence [40,41] additionally asked parents about hayfever and eczema 
in their children. These two studies were consistent in showing a doubling in 
the parentally-reported prevalence of eczema since the 1970s, from 5.3% to 
12% in Scotland and from 5% to 16% in Wales, and substantial increases in 
the prevalence of hayfever, the magnitude of the increase being greater over 
the 25 year time span of the Scottish study (from 3.2% to 11.9%) than over the 
shorter period of the Welsh study (from 9% to 15%). These findings are con
sistent with the increase in prevalence of hayfever and eczema at age 16 report
ed between the 1958 and 1970 British birth cohorts [54], and with British gen
eral practice morbidity statistics which show a doubling in the consultation 
rates for both conditions between 1970 and 1980 [42]. The increase in the 
prevalence of eczema and hayfever thus appears to have been at least as great 
as the increase in self-reported childhood wheezing. 

Temporal changes in the self-reported prevalence of hayfever and eczema 
are subject to similar diagnostic and health care related trends as described for 
asthma [55]. There have been relatively few comparable cross-sectional popu
lation studies using objective measures of atopy. In a representative sample of 
adults in South West London the proportion of subjects with at least one posi
tive skin prick test reaction increased significantly from 23% in 1974 to 46% 
in 1988, which supports a doubling in the prevalence of atopy over this time 
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period [56]. A similar study in Tucson, USA, showed a slightly smaller 
increase over 8 years from 39% to 50% [57], but the increase in sensitisation 
to local aeroallergens between 1982 and 1992 in Australian children was small
er and non-significant [44]. The limited number of available objective serial 
measurements tend, therefore, to support an increase in the prevalence of atopy 
during the 1970s which may not have continued into the late 1980s and 90s. 

3.4. An Increase in Wheezing as an Expression of Atopy? 

Since the increase in asthma prevalence seems to have occurred simultaneous
ly with an increase in the prevalence of atopy and of other atopic disease in 
developed societies, it is plausible that the increase in wheezing has occurred 
as a result of a general rise in the underlying prevalence of allergic sensitisa
tion. However, Peat et al. have described a doubling in the prevalence of asth
ma in Australia between 1982 and 1992, which was concurrent with a much 
smaller and non-significant increase in atopy but with evidence of an increase 
in airway hyperreactivity in atopic children [44]. A similar pattern indicative 
of an increased tendency to wheeze in those with other expressions of allergic 
disease emerged from our own comparison of the 1958 and 1970 British birth 
cohorts [48], so that, in some environments at least, wheezing may also have 
become a more common expression of atopy. 

4. Spatial Differences in the Prevalence of Wheeze and Atopy 

Comparisons of wheeze and atopy prevalence between populations and coun
tries can provide insight into the contribution of the environment in the devel
opment of these conditions and into those environmental factors which are 
likely to be the more important. However, differences in methodology, diag
nostic criteria and age range between appropriate studies have limited the 
extent to which this is possible. Table 2 shows the results of recent studies 
focused to address this issue, and it is evident that, even allowing for differ
ences in methodology and cultural differences in the interpretation of ques
tions, there seems to be considerable international variation in the prevalence 
of childhood wheezing illness. These data suggest that childhood asthma is 
more common in Australasia, which is consistent with the geographical pattern 
of asthma mortality, admissions, and therapeutic drug use [58-60]. These 
studies also suggest that the prevalence of respiratory symptoms is two to three 
times lower in the more recently developed or developing countries of China, 
Malaysia and Hong Kong than in Western populations, and similarly very low 
prevalence rates have been described in areas of Africa [61, 62]. Racial differ
ences in genetic susceptibility could explain some of the geographical differ
ences in prevalence of childhood wheezing illness, but that this does not fully 
explain the observed spatial differences is confirmed by studies of children of 
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Table 2. International comparisons of the prevalence of childhood wheezing 

Ref. Year Country Method and criteria Age group Prevalence 

[67] 1991 Australia Self-reported wheeze 12-15 29%/37% 
(Adelaide) in the past year 
Australia (ISAAC questionnaire/video) 30%/40% 
(Sydney) 
England 29%/30% 
Germany 20%/27% 
New Zealand 28%/36% 

[68] 1994 Hong Kong Parentally-reported wheeze in the 11-20 4% 
Malaysia past 12 months 5% 
China 1% 

[69] 1994 Hong Kong Parentally reported wheeze 12 5% 
Melbourne in the past 12 months 22% 
Switzerland 6% 
Chile 21% 
Fiji 21% 

[70] 1994 New Zealand Parentally-reported wheeze 12 18% 
Wales in the past 12 months 15% 
South Africa 18% 
Sweden 9% 

similar genetic origin living in different environments. The reunification of 
East and West Germany has provided a unique opportunity to compare the 
development of childhood respiratory and allergic conditions in ethnically 
similar populations who have lived in different environments for a number of 
years. Surveys using identical methods in the two areas have shown an 
increased prevalence of cough and wheezing in East Germany, in particular 
that labelled bronchitis and associated with a cold, in comparison with the 
West, but reduced rates of asthma [63]. One interpretation of this study is that 
asthma is more common in children exposed to a Western lifestyle and perhaps 
the more convincing evidence for this supposition comes from comparisons of 
rural and urban communities of less developed countries, the latter being rela
tively recently exposed to Western influences. Van Niekerk et al. showed in 
1979 that asthma was more prevalent in an urban than in a rural Xhosa com
munity [61], Keeley et al. showed in 1991 that the prevalence of "reversible 
airways obstruction" measured as exercise reactivity was greater in urban than 
in rural Zimbabwe [64], and more recently, we have shown a higher prevalence 
of wheeze and diagnosed asthma in urban relative to rural Ethiopia [62]. The 
perception in these countries is that the increase in asthma prevalence is relat
ed to the adoption of a more Western lifestyle. 

International comparisons of positivity to skin prick tests reveal that there 
are also wide variations in levels of atopy and specific IgE sensitivity (Tab. 3). 



T
ab

le
 3

. 
B

et
w

ee
n 

co
un

tr
y 

an
d 

ar
ea

 c
om

pa
ri

so
ns

 o
f 

at
op

y 
le

ve
ls

 i
n 

ch
il

dr
en

 
V

ol
 

.I>
-

R
ef

 
Y

ea
r 

C
ou

nt
ry

 
A

ge
 g

ro
up

 
C

ri
te

ri
a 

A
to

py
 p

re
va

le
nc

e 
~
 1

 
M

it
e 

P
ol

le
n 

fo
r 

+
vt

y 
+

ve
 s

ki
n 

te
st

 

[6
8]

 
19

94
 

M
al

ay
si

a 
11

-2
0 

~
3
m
m
 

64
%

 
60

%
 

17
%

 

H
on

g 
K

on
g 

58
%

 
55

%
 

6%
 

C
hi

na
 

49
%

 
43

%
 

6%
 

[7
1]

 
19

89
 

N
ew

 Z
ea

la
nd

 
5

-1
5

 
~
3
m
m
 

46
%

 
30

%
 

33
%

 

[7
2]

 
19

94
 

F
ij

i 
9

-1
0

 
~
3
m
m
 

36
%

 
25

%
 *

 
<

10
%

 *
 

[4
4]

 
19

94
 

A
us

tr
al

ia
 

B
el

m
on

t 
(h

um
id

) 
8

-1
0

 
~
3
m
m
 

29
%

 
21

%
 

12
%

 

W
ag

ga
 W

ag
ga

 (
dr

y)
 

35
%

 
15

%
 

22
%

 

[7
3]

 
19

96
 

U
K

 
8-

11
 

~
l
 
m

m
 

35
%

 
no

t g
Iv

en
 

no
t g

iv
en

 

[7
4]

 
19

94
 

W
es

t 
G

er
m

an
y 

9
-1

1
 

~
3
m
m
 

37
%

 
10

%
 

21
 %

 (
gr

as
s)

 

E
as

t 
G

er
m

an
y 

18
%

 
4%

 
8%

 (
gr

as
s)

 

[7
5]

 
19

94
 

S
w

ed
en

 (
ru

ra
l)

 
10

-1
2 

~
3
m
m
 

24
%

 
2%

 
19

%
 

S
w

ed
en

 (
ur

ba
n)

 
35

%
 

2%
 

27
%

 

P
ol

an
d 

(u
rb

an
) 

14
%

 
0.

3%
 

10
%

 

[7
6]

 
19

94
 

S
w

ed
en

 (
no

rt
h 

ru
ra

l)
 

7
-9

 
~
3
m
m
 

27
%

 
5%

 
16

%
 

S
w

ed
en

 (
so

ut
h 

ur
ba

n)
 

14
%

 
4%

 
10

%
 

'-
;
 

[6
2]

 
19

97
 

E
th

io
pi

a 
(u

rb
an

) 
10

-1
9 

~
3
m
m
 

5.
9%

 
2.

8%
 

3.
3%

 (
m

ix
ed

 t
hr

es
hi

ng
s)

 
~
 

I:P
 

::I
. 

* e
st

im
at

ed
 f

ro
m

 g
ra

ph
ic

al
 r

ep
re

se
nt

at
IO

n 
S ::: 8- fJ

J ?> r CD
 ~.
 



Epidemiology of Childhood Asthma 35 

Specific IgE levels are clearly associated with the level of exposure to specif
ic allergens, such that sensitisation to the housedust mite seems to predominate 
in the more humid countries, whilst sensitivity to pollens is more common in 
drier climates. Nevertheless, it is also clear that the prevalence of atopy, 
defined in terms of positivity by skin prick test to at least one local aero aller
gen, across Westernised countries is reasonably consistent at 30-40%, 
Australia and New Zealand having the higher levels, comparatively low in 
Poland and East Germany, and relatively uncommon in the developing socie
ty of Jimma, Ethiopia [62]. The geographical pattern of the prevalence of atopy 
and allergic disease is similar to the described pattern of asthma prevalence, 
and our own findings that in urban Ethiopia as in the Western world, atopy was 
by far the strongest risk factor for asthma [62], is consistent with the sugges
tion that the spatial distribution of atopy largely explains that of allergic 
wheezing illness. 

5. Migrant Studies of Wheeze and Atopy 

Perhaps the most persuasive evidence that the prevalence of asthma and of 
atopy vary with the geographical environment rather than simply genetic back
ground comes from studies of first generation migrants. Individuals who move 
from areas of relatively low to relatively high asthma or atopy prevalence seem 
to be more likely to develop these conditions than children remaining in the 
country of origin. South African children living in urban Cape Town were 
more likely to be asthmatic than their non-migrant counterparts living in the 
rural Transkei area [61], and migrant Tokelauan children living in New 
Zealand had a significantly increased risk of the development of asthma, 
eczema or rhinitis defined by self-reported history and medical examination 
than those remaining in Tokelau [65]. Interestingly the most marked increase 
in the latter study occurred in the under 4 years age group who were more like
ly to be born in, or to have lived in New Zealand early in life. That the devel
opment of asthma, in particular, may be closely associated with the geograph
ical environment of infancy is suggested by the studies of Smith et al., who 
have shown a lower prevalence of asthma in migrant children to the UK born 
in India or Pakistan than in children of similar origin born in the UK, and Reid 
et al., who have shown that British migrants to the USA had a higher preva
lence of respiratory illness than Norwegian migrants [66]. 
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6. Aetiology of Wheezing Illness in Children 

6.1. Evidencefor the Importance of the Environment in the Development of 
Asthma and Atopy in Childhood 

Although genetic factors are known to be important in the development of 
atopy, and probably also in the expression of asthma, the data on the spatial 
and secular distribution of asthma outlined above demonstrates that the devel
opment and progression of atopic disease is largely explained by environmen
tal factors. The spatial distribution of disease and relatively greater increase in 
prevalence in developing societies suggest that factors relating to the 
Westernisation of a society may be important, and may also help to explain the 
increase in the Western world. The fact that atopic disease is usually first 
expressed in the first few years of life, and that the origins of respiratory dis
ease, even that occurring in later life [77], is related to the geographical region 
of early childhood, suggest that environmental exposures occurring very early 
in life may be of especial significance. To date, however, the exposures 
involved have not been identified, and untangling the aetiology of asthma in 
children is complicated by the fact that more than one aetiologically distinct 
disease entity may be involved. To date a wide range of environmental factors 
have been linked with the development of asthma and wheezing illness in chil
dren, including maternal smoking, low birth weight, pre-term birth, low birth 
order, maternal age, breast feeding, month of birth, levels of housedust mite 
exposure, keeping pets in the home, damp housing, indoor and outdoor pollu
tion, diet, respiratory infections and exposure to other childhood illnesses 
and/or vaccinations. 

6.2. Maternal Smoking 

There have been extensive investigations into the effects of parental smoking 
upon children's lung health, and the evidence is consistent that, after adjust
ment for relevant social class factors, maternal smoking is associated with 
about a 1.5 fold increase in the risk of wheezing and lower respiratory illness 
in the first few years of life [78-83]. Where the smoking habits of both par
ents have been considered, maternal smoking has been the more important in 
almost all studies [79, 81], and whilst this could reflect the more prolonged 
post-natal exposure to maternal smoking, there is also evidence that pre-natal 
exposure is particularly important [80]. 

There is strong evidence from cross-sectional data that parental smoke 
exposure is associated with diminished airway function in children [79, 
84-86]. Whilst many of the early studies suggested that the respiratory illness 
in early life to which the children of smoking mothers were disposed was the 
antecedent cause of the lowered levels of function that were observed [87-91], 
subsequent evidence has shown significantly reduced pulmonary function soon 
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after birth in children of mothers who smoke in pregnancy [29, 92, 93], sug
gesting that in utero exposure to cigarette smoke impairs airway development, 
and support for this theory has been provided through animal models [94]. 

The relationship between pre- or post-natal parental smoking and respirato
ry symptoms in children over the age of two is less clear. Some authors have 
found no significant effect of maternal smoke exposure in school age children, 
but interestingly most have found an odds ratio for this effect which is larger 
than one [95-97]. Others have shown a significant increase in risk of respira
tory symptoms in relation to parental smoking, though the size of the effect has 
generally been smaller than that seen in relation to wheezing in infancy, with 
estimates of 1.23 (95% CI 1.05-1.37) in relation to wheezing in the last year 
in 6- to 9-year-old children [98], and 1.35 (1.01-1.81) in relation to current 
wheezing in children from age 6 to 12 [99]. As in the case of early wheezing, 
the larger effects have generally arisen in relation to maternal, rather than 
paternal smoking [98], but again it has proved difficult to separate the effects 
of current and in utero exposure to maternal cigarette smoke. In support of a 
detrimental effect of postnatal as well as prenatal smoke exposure, however, 
some authors have described a significant dose response relationship with the 
number of smokers in the home [98, 100], and an increase in relation to pater
nal smoking in homes where the mother did not smoke [101]. Moreover, cer
tain children, and in particular those with diagnosed asthma, may be more sus
ceptible to the effects of passive smoke exposure and may experience more 
severe or frequent symptoms as a consequence [102-104]. 

Active smoking is associated with an increase in total serum immunoglob
ulin E (IgE) [l05-107], and possibly with an elevated risk of allergic sensiti
sation to some occupational allergens [108], leading to speCUlation that passive 
smoke exposure might increase the risk of allergic sensitisation in children. 
However, the available evidence in relation to allergic symptoms and atopy 
tends not to support this suggestion, and indeed three large studies have now 
shown negative associations between parental smoke exposure and atopy 
[109-111]. It therefore seems unlikely that parental smoking, either before or 
after birth increases the risk of allergic sensitisation in childhood. 

6.3. Low Birth Weight and Prematurity 

Low birth weight and prematurity have been associated with an increased risk 
of respiratory symptoms in infancy [l J 2-115], and also with an increased risk 
of asthma in older children [116, 117]. Some authors have speculated that 
mechanical ventilation used in the management of preterm children may itself 
induce lung damage, but others have shown that the effects of low birth weight 
or premature birth seem to be independent of neonatal respiratory illness or 
mechanical ventilation after birth [l18]. A further possibility is that maternal 
asthma predisposes to premature labour [116], but children born prematurely 
or of low birth weight do not appear to be at increased risk of the development 
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of atopy. Premature and low birth weight children do however appear to have 
a lower mean level of airway function measured soon after birth [119, 120], 
and it seems more likely that persistent wheezing in such children is a condi
tion attributable to poor airway calibre, rather than IgE mediated disease. 
Barker et al. have shown an interesting link between birth weight and lung 
function in adults [35], suggesting either that the effect of low birth weight on 
pulmonary function is irrecoverable or that there is some programming effect 
by which birth weight effects the subsequent growth of the lung. 

Birth weight and gestation are clearly strongly correlated, yet they may be 
differentially measures of fetal growth and fetal maturity [121, 122]. Only two 
studies to date have attempted to separate the relative effects of each upon lung 
function and respiratory symptoms. The results of the first were inconsistent in 
demonstrating that lung function was independently related only to low birth
weight, whilst respiratory symptoms were independently related only to pre
maturity [112], and the more recent study of new born infants has demonstrat
ed a reduced airway size in relation to small birthweight in premature babies, 
but no reduction in pulmonary function in relation to prematurity per se [120]. 
The evidence so far therefore suggests that the effects of low birth weight and 
prematurity are explained by some factor of the in utero environment which 
leads to retardation in infant weight gain; fetal undernutrition is a possible 
explanation. 

Nevertheless, it is also recognised that exposure to maternal smoking in 
utero is an important cause of low birth weight [123, 124], and a probable 
cause of pre-term birth [125, 126]. A study set in Shanghai, where smoking by 
women in pregnancy is rare, suggested that in the absence of maternal and 
other passive smoke exposure there may be no increased risk in relation to low 
birth weight, but that the detrimental effect of passive smoke exposure might 
be increased in children of low birth weight [115]. Thus the complex relation
ship between the effects of in utero and passive smoking, birth weight and ges
tation in relation to the risk of respiratory symptoms and the development of 
asthma in children has yet to be fully elucidated. 

6.4. Maternal Age 

There is some consistency in the observation that wheezing illness in infancy 
[114, 127] as well as in later childhood [33, 128] may be increased in relation 
to young maternal age, yet the occurrence of hayfever seems to be more rather 
than less likely with increasing maternal age [129, 130]. In some countries 
smoking is now commonest in young women, and is therefore a potential con
founder of this relationship, though the increase in risk of wheezing in the chil
dren of young mothers is reported to be independent of the effect of smoking 
[127]. The interpretation which has been put on this finding is that children of 
young mothers experience adverse circumstances in utero or in childhood 
leading to suboptimal respiratory growth or function, and one possibility is 
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that in the teenage years, nutritional requirements for the mother's own growth 
may compete with the needs of the fetus [131]. 

6.5. Birth Order 

Strachan et al. have shown in two British datasets that atopy and the occur
rence of hayfever in adolescence are strongly inversely related to the number 
of siblings [109, 129, 130, 132], and a similar association has now been shown 
in children of East and West Germany [110]. Since the association in the 
British data was stronger in relation to the number of older than to the number 
of younger siblings, it has been speculated that earlier or increased exposure 
to viral infections early in life may be involved in this association, as discussed 
below. 

6.6. Month of Birth 

Bjorksten et al. have demonstrated an increased risk of pollen allergy in chil
dren born in Finland in March and April, about 3 months before the period of 
highest exposure to pollen [133], and also that children born between February 
and April were at maximum risk of sensitisation to birch pollen, and those born 
between April and May were at maximum risk of mugwort allergy [134]. The 
maximum risk of sensitisation appeared to occur in those born 2-3 months 
before the period of maximum environmental exposure. These data indicate 
that there may be a relatively greater risk of sensitisation upon exposure to 
allergens in early life. This suggestion has since been supported by studies 
showing an increased risk of sensitisation to housedust mite and cat in those 
born in the autumn [135], but also disputed on the basis of several studies 
showing no such association [136] and the likely publication bias in reporting 
of random associations with month of birth. Collectively, however, these find
ings have led to the suggestion that there is a "window of opportunity" in very 
early childhood during which time genetically predisposed children may be at 
a relative greater risk of sensitisation to the allergens to which they are 
exposed, and that allergen avoidance during this period might reduce the risk 
of allergic disease. In conflict with this suggestion, studies which have looked 
at the effect of month of birth on the prevalence of allergic symptoms have pro
duced largely inconsistent results, and one possibility is that the month of birth 
simply alters the allergen to which an individual becomes sensitised rather 
than the risk of sensitisation per se. Evidence from intervention studies is lim
ited. In one major study, Arshad et al. showed that avoidance of food allergen 
and housedust mite in the first year produced a six fold reduction in the occur
rence of atopic disease at 1 year in high-risk children [137]. In relation to aller
gic sensitisation but not to asthma, the effect was sustained to age 4 [138], and 
interestingly, lower rates of sensitisation were observed to a number of differ-
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ent aeroallergens, not simply housedust mite antigen. Nevertheless, evidence 
on the development of sensitivity to occupational allergens, which has provid
ed an analogous model within which to look at the relationship between tim
ing of exposure and onset of symptoms, suggests that sensitisation can occur 
in adults upon exposure to a new allergen [139]. A popUlation based study in 
Tuscon, Arizona, showing that within 6 years migrants into the area had an 
increased level of sensitation to local aero allergens to a similar level to that 
seen in the native population, provided further support for this suggestion [57]. 
It therefore seems likely that avoidance of environmental allergens in early life 
may simply postpone rather than prevent sensitisation to a specific allergen, or 
result in sensitisation to an alternative allergen. 

6.7. Housedust Mite Exposure 

In the UK, the majority of children with asthma are sensitised to the housedust 
mite; as many as 94% have skin sensitivity to this allergen in relation to 30% 
in those without asthma [140]. As a result, much debate has centred around the 
extent to which the increase in asthma prevalence can be attributed to an 
increase in exposure and sensitisation to the housedust mite allergen, with 
speculation that modern, centrally heated, well-insulated housing has caused 
increases in housedust mite levels, and that earlier and increased exposure has 
caused an increased likelihood of sensitisation and more frequent or severe 
symptoms. Consistent with this hypothesis, there was a dramatic increase in 
allergic disease following modernisation of housing design in Japan [141] and 
there is evidence from some Western countries including Australia of increas
es in the prevalence of housedust mite exposure [44]. Some studies have also 
shown a relationship between the risk and degree of sensitisation and the level 
of housedust mite exposure [140, 142], and some, but not all, have demon
strated that current asthma symptoms, severity of symptoms, hospital admis
sions in asthmatic children, and airway reactivity are associated with levels of 
housedust mite exposure [143-145]. On the other side of this argument how
ever the evidence from studies of lung function and symptoms in asthmatic 
children after reduction in housedust mite levels in the home suggest that any 
effect is modest [146], and the fact that asthma has increased in areas of the 
world where the housedust mite does not flourish and in which sensitisation to 
other allergens are more important risk factors for asthma also suggest that 
increased exposure to the housedust mite is not the sole explanation for the 
described rise in allergic disease. 

6.S. Pets 

Sixty-eight percent of asthmatic children are sensitised to cat allergen [147], 
and some studies have suggested that keeping furry pets is a risk factor for cur-
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rent symptoms [148, 149], if only in children sensitised to the relevant aller
gen [150]. Whilst some cross-sectional studies have not demonstrated an asso
ciation between the presence of pets in the home or the levels of animal dan
ders and increased respiratory symptoms [7, 151], Brunekreef et aI., in show
ing that the highest prevalence of pet allergy was in homes where pets were no 
longer present but owned at some stage in the past, have suggested that these 
negative findings are erroneous and caused by the selective removal of pets 
from the homes of sensitised children [151]. Nevertheless, a lower risk of 
atopy in children from homes with a pig living in the house in a recent study 
in Guinea Bissau appears to be inconsistent with an important effect of animal 
exposure [152]. 

6.9. Damp and Mould in the Home 

Dampness and mould in the home has been associated with an increased 
prevalence of respiratory symptoms in children [150, 153-156]. However, 
many of the studies showing this association have relied on parental reporting 
both of respiratory symptoms and of dampness and it is likely that a public per
ception that damp housing must be detrimental to respiratory health may be 
partly responsible for these findings [97, 157]. Alternatively, sensitivity to the 
housedust mite, which thrive in damp homes, or to the airbourne spores of fun
gal moulds, are possible mechanisms for a causal link between damp condi
tions and asthma. One carefully conducted case control study, which used 
observer and parentally reported measures of damp and mould, has shown that, 
whilst parents of asthmatic children were slightly more likely to report damp 
in the home, there was a significant relationship between reported dampness 
and mould and respiratory symptoms or asthma, that this was related to an 
increased sensitivity to mould and housedust mite in children living in damp 
housing, and that damp housing was only associated with increased respirato
ry symptoms in children sensitised to one of these allergens [157]. A remain
ing question however is whether the effect of damp housing is truly independ
ent of the effect of parental smoke exposure, since a number of these studies 
provide limited data on the effect of adjustment for this likely confounder. 

6.10. Breast Feeding 

The question of whether or not breast feeding protects against the development 
of atopic diseases in general, and asthma in particular, is a source of persistent 
controversy. Some studies have shown breast feeding to be highly protective 
[158-161], whilst others have shown no effect [162, 163], or even a positive 
association between breast feeding and atopic disease [129, 130, 164]. On the 
grounds that when children at high risk of allergy are followed prospectively 
from birth some initially show an allergic response to food allergens only [165, 
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166], and that eczema is the main disease manifestation of food allergy, note
ably to cow's milk, it would seem plausible that early avoidance of food anti
gens might prevent or delay the onset of childhood eczema. This hypothesis is 
supported by at least one randomised trial showing that within breast fed chil
dren at high risk of allergic disease, manipulation of maternal diet to avoid spe
cific food antigens such as milk and eggs which are known to be transmitted 
through breast milk, reduces the risk of atopic eczema [167]. However, it is 
also recognised that allergic reactions to food peak in infancy and that the 
prevalence of food allergy reduces with age, and what is not clear is whether 
avoidance of food or other allergens in infancy has any sustained impact on the 
likelihood of allergic disease, or whether it simply delays onset. 

That breast feeding may also have a protective role in wheezing in the first 
few years oflife [168], perhaps in non-atopic children only [169, 170], is also 
plausible, since there is substantial evidence that prolonged breast feeding pro
tects against early childhood infections, including respiratory tract infections 
[171, 172]. This effect has not been satisfactorily separated from confounding 
by maternal smoking, but. if true, breast feeding might conversely predispose 
an individual to the subsequent development of allergic disease, if the hypoth
esis that early infections are protective (see below) has any foundation. Two 
large cross-sectional studies showing an increased incidence of hayfeverby 
adolescence or early adulthood in thosebreastfed as infants would appear to 
support this proposition [129, 130] 

6.11. Outdoor Pollution 

The rise in asthma prevalence over recent decades has occurred at a time of 
increasing appreciation of environmental issues, and this in conjunction with 
the recognition that acute pollution episodes such as the London smog of 1952 
caused excess deaths from respiratory conditions, have led to widespread spec
ulation that air pollution was responsible for the increases and high levels of 
asthma prevalence in children. As a result of these concerns in the UK, the 
Committee on the Medical Effects of Air Pollutants was formed to examine the 
evidence to date. on the effects on respiratory health and the' development of 
allergic disease of current pollution levels [173]. Some of the most persuasive 
evidence related to the fact that levels of sulphur dioxide and black smoke have 
actually substantially reduced over the same time span as the increase in asth
ma prevalence in the UK, and that levels of ozone and nitrogen dioxide have 
changed very little in polluted areas. Furthermore, population-based studies of 
genetically similar children exposed long term to very different pollution lev
els, such as those of the American six cities study, children of East and West 
Germany, and children of Sweden and Poland, show little association between 
traditional pollutants such as black smoke and sulphur dioxide and asthma 
prevalence. Indeed, in areas of East Germany and Poland, where the levels of 
sulphur dioxide and particulates were highest, the prevalence of asthma, 
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bronchial hyperresponsiveness, atopic sensitivity, hayfever and rhinitis, were 
lower than in the less polluted areas of West Germany and Sweden [63, 75]. 
These findings provoked the alternative suggestion that some aspect of the new 
types and distribution of pollutant levels in West Germany or Sweden, perhaps 
relating to car vehicle emissions, was responsible. There is very limited evi
dence in support of a relation between the risk of atopy and exposure to high 
traffic density, restricted to one study showing an increased prevalence of 
cedar pollen allergy in areas of high traffic volume [174], but to date, four pub
lished studies have shown a consistent, though modest, association between 
exposure to traffic and asthma prevalence in children [175-178]. Chamber and 
panel studies have demonstrated that at current outdoor ambient levels, ozone 
is the only measurable new pollutant to show any effect on respiratory symp
toms [179-182] or response to allergen [183]. Short-term daily variations in 
ozone are associated with temporary reductions in lung function in children 
[184-186], which, superimposed on the deteriorating lung function of asth
matic children, might provoke symptoms which would otherwise not have 
occurred. This effect is however, small, and unlikely to be important at a pop
ulation level. However, that constituents of traffic pollution are involved in the 
initiation of asthma is difficult to reconcile with the apparent lack of an 
urban/rural variation in the prevalence of asthma in the UK [187-189] or else
where in the developed world. Overall, the current evidence and the finding of 
the Committee on the Medical Effects of Air Pollution is that, while increased 
levels of certain pollutants might incite attacks of asthma in a small number of 
asthmatics particularly susceptible to the effects of air pollution, there is little 
support for air pollution as an initiator of asthma, or as the cause of the 
increased prevalence of asthma over recent decades. 

6.12. Indoor Pollution 

With the possible exception of exposure to environmental tobacco smoke, 
there is relatively little evidence on the impact of exposure to indoor air pollu
tants such as those emanating from gas stoves, wood stoves, and fireplaces, 
despite the fact that these are likely to have greater relevance than outdoor pol
lutant levels, since children spend over 80% of their time indoors. Indoor pol
lution is likely to have increased over recent years as a result of better insula
tion of houses, and in the presence of unvented gas appliances, levels of the 
nitrogen oxides are considerably higher indoors than outdoors. There is evi
dence, from some but not all studies, that children who live in homes with gas 
stoves have reduced lung function [98, 190] and experience more respiratory 
symptoms, particularly in the first few years of life, than those who live in 
homes that use other fuels for cooking [190-193]. Though the reported effects 
are fairly small, nevertheless the importance of this exposure lies in the fact 
that 30-60% of the population in most European and American countries use 
gas appliances for cooking or heating. 
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Smoke that emanates from wood stoves and fireplaces is a potential source 
of several indoor pollutants. Wood burnip.g, in addition to producing hydro
carbons and respirable particules, is a significant source of carbon monoxide. 
Interestingly, whilst coal and wood combustion have been reported to increase 
the risk of upper and lower respiratory tract infection, Von Mutius et al. have 
shown an inverse relationship between homes using open coal or wood burn
ing fires and the development -of atopyarrd allergic disease [194]. This finding 
was thus consistent with the possibility that respiratory tract infections have a 
protective role in the development of atopy. It also suggests however that this 
particular source of indoor pollution is. unlikely to form an important cause of 
allergic disease. 

6.13. Diet 

More recently, dietary intake has received much attention as a possible expla
nation for the world-wide variations, tr.ends in prevalence, and association with 
Westernisation [195], particularly because the western diet has changed dra
matically over the last 20-30 years with an increase in processed foods, and a 
decrease in fresh fruits, vegetables and fish [196]. Moreover, there is now sub~ 
stantial evidence that in adults dietary factors maybe involved in the aetiolo
gy of asthma. The hypothesis that the :high and increasing sodium content of 
Western diets may contribute to a higher prevalence of asthma has received 
particular attention, and has been supported by some cross-sectional epidemi
ological studies [197-199] and experimental clinical trials [200-202], though 
not in all cases [203, 204]. Our own work has suggested that some of the 
inconsistency in these findings may be explained by inverse correlation 
between sodium and magnesium intakes, since a high magnesium intake 
seems to be associated with reduced airway hyperreactivity and higher lung 
function in the general population ~205]. Other nutrients implicated in the aeti
ology of asthma include the antioxidant vitamins C and E [198,206], which 
may protect the lung against the oxidant damage caused by exposure to ciga
rette smoke and other air pollutants, and eicosapentaenoic acid found in fish 
oil, which may have a role in preventing or reducing inflammation in the air
way [207-209]. Whilst these findings have mainly arisen from studies of 
adults, a recent Australian study has shown a reduced prevalence of asthma 
and airway responsiveness in children with a high intake of fish oil [210], 
Demissie et al. have shown an increase in bronchial responsiveness· but not 
asthma with increasing salt intake [211], Powell et al. have shown that children 
with asthma have a lower antioxidant status than healthy controls [212], and 
less specifically, Carey et al. have recently shown that Asian children living in 
Britain who ate a traditional Indian· diet were at a reduced risk of asthma rela
tive to those eating a British diet [73]. There is thus increasing evidence that 
dietary factors may be involved in determining respiratory health in children 
as well as adults. It has been speculated that such changes may also have acted 
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to increase the risk of allergic sensitisation, and that these changes might thus 
have contributed to the increase in all allergic diseases over recent years [195]. 
However, an alternative hypothesis is that the influence of dietary trends has 
operated through changes in maternal diet in pregnancy, and indirect evidence 
that this may be influential has arisen from an apparent association between 
large head circumference at birth and adult IgE levels [213]. The argument that 
follows is that head size could be a marker of disproportionate growth, and that 
this in turn is a marker of fetal undernutrition in late gestation which itself 
results in slower maturation of the immune system. However, there is current
ly little direct evidence for the effect of maternal nutrient levels on the subse
quent development of atopy or allergic disease in the child. 

6.14. Viral and Other Infections 

Older data has suggested that viral infection occurring during early life could 
be a risk factor for the development of asthma, because children who wheezed 
in response to viral infection in early childhood seemed to be more likely to 
develop subsequent asthma [88, 214-218]. It was suggested that viral infec
tions could alter the lung and immune system, leading to reduced airway cali
bre, increased allergic sensitisation and persistent bronchial reactivity. More 
recently, it has been recognised that wheezing in children may not be a homo
geneous condition and that most children who wheeze in response to viral 
infection do so in the first few years of life with an early resolution of symp
toms. Martinez et al. have found that such children do not seem to be at 
increased risk of the subsequent development of atopy [15], suggesting that 
viral infections do not increase the risk of the development of allergic disease, 
and that in these children, reduced lung function pre-existed the viral infection 
[32]. That viral infection might conversely protect a child from the develop
ment of atopy is a hypothesis which has emerged from a number of recent find
ings. Martinez et al. have shown that children who had non-wheezing, but not 
wheezing, lower respiratory tract illness before age 3 years had lower IgE lev
els at 6 years, and those with more than one non-wheezing LRI before age 3 
were less likely to be atopic at age 6 [219]. A low prevalence of asthma is 
reported in New Guinea in which there is a very high rate of respiratory infec
tion [220], and an increased rate of respiratory infection but reduced rate of 
atopy has been found in East relative to West Germany [63]. A hypothesis that 
early infection might direct the development of the developing immune system 
against allergic sensitisation would also explain the strong inverse relationship 
between the prevalence of atopy and atopic disease and the number of siblings 
in the household. Recent studies showing a reduced risk of atopy in West 
African children who contracted measles infection [152], in Italian military 
students seropositive to hepatitis A [221], and in Japanese children with 
delayed hypersensitivity to mycobacterium tuberculosis [222] have provided 
further support for the suggestion that early respiratory or non-respiratory 
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infections may act to inhibit the development of allergic disease. Helminth par
asites may have a similar action, and indeed the allergic response which is now 
responsible for so many unwanted allergic symptoms may once have conferred 
biological advantage in immunity against parasitic infections [223]. 

7. Conclusion-What Has Caused the Increase? 

There seems to be little doubt that childhood asthma is a condition which has 
increased in prevalence in the developed world over the last 30 years, whilst 
remaining relatively rare in a number of developing societies. The picture that 
has emerged of childhood asthma is however of a heterogeneous condition, in 
terms of its natural history, pathogenesis and its aetiology, in that there may be 
a subset of children who wheeze early in life, with a condition associated with 
small airways, and partly attributable to maternal smoking or low birth weight, 
but whose symptoms have a good prognosis after infancy. A smaller group 
have a more persistent condition, more closely associated with an allergic pre
disposition, and since the increase in childhood asthma has occurred simulta
neously with an increase in other allergic disease phenotypes and with the 
underlying prevalence of atopy, it seems most likely that it is an increase in 
allergic asthma which has occurred over recent years. Whilst atopy is partly 
genetically determined, there are substantial reasons for believing that envi
ronmental factors must underlie the increase in atopy over such a short time 
span, and the pattern of prevalence and increase in both asthma and atopy is 
consistent with there being an aspect or aspects of a Western lifestyle which 
are responsible. However, there remains no satisfactory explanation for the 
increase. Changes in air pollution, increased smoking by women in pregnan
cy, a tendency to bottle feed rather than breast feed and from an earlier age and 
increased exposure to environmental allergens have all been implicated but the 
direction and magnitude of the effects of each are inconsistent with an impor
tant contribution from anyone of these factors. Our own analyses of the two 
most recent British birth cohorts found that temporal changes in all of mater
nal smoking, birth weight, infant feeding practices, maternal age, andoccupa
tional social class had a minimal contribution to the increase in prevalence of 
allergic disease between the two cohorts [48, 54]. Moreover, whilst the devel
opment of hayfeverand eczema were strongly related to birth order in both 
sets of children, our analyses provided little evidence that the small reductions 
in family size which have occurred over the past decades could explain much 
of the increase in these diseases. 

One factor which is linked to a western lifestyle and which has changed in 
a direction which would appear to be generally deleterious is diet, and this 
remains a contender as a contributor to the increase in childhood asthma. 
Additionally, however, recent advances in our comprehension of the immuno
logical processes involved in the development of allergic disease, have pro
vided a potential mechanism by which exposure to infections, and also to 
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pathogens, in early life might protect against the development of atopy [220]. 
It may therefore be improved health care, the introduction of immunisation 
programs against certain common infectious diseases of childhood, a direct 
effect of a specific immunisation itself, or the more hygienic environment in 
which we now live which holds the key to the increase in allergic disease. One 
further factor which has consistently emerged as a strong and independent 
determinant of the occurrence of allergic disease in older children and adults 
is high socioeconomic status, and though the factors underlying this associa
tion have yet to be determined, nevertheless, there is no doubt that in many 
developed societies, individuals are relatively more affluent and enjoy a con
siderably better standard of living now than 20 or 30 years ago. Whatever the 
factors involved, the rise in prevalence of allergic disease seen across the 
developed world over recent decades may therefore finally emerge as a neces
sary and obligatory consequence of a Western lifestyle. 
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1. Introduction 

A plethora of recent reviews testify to the controversy that has been generated 
in recent years by laboratory, clinical and epidemiological data challenging the 
wisdom of regular use of the short-acting PTagonists which traditionally have 
formed the mainstay of treatment for bronchial asthma [1-51- Although all 
national and international guidelines for the management of asthma now rec
ommend anti-inflammatory therapy for most patients with chronic symptoms 
[6-9], short-acting PTagonists are still the most widely prescribed and most 
frequently used form of asthma treatment, and so the issue remains an impor
tant one. The prompt symptom relief afforded by these agents, together with 
the apparent lessening of side-effects such as tremor and tachycardia as more 
selective agents . became available, led to almost universal acceptance of 
PTagonist therapy in any required dosage to control clinical manifestations of 
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asthma. Surprisingly, this occurred in the absence of any substantial controlled 
clinical trials demonstrating their long-term efficacy or safety. A I-week 
crossover trial of four times daily versus as-needed inhalation of salbutamol in 
18 patients whose evening peak flow rates improved, but whose symptoms of 
cough and wheezing did not change, seems to have provided the basis for rec
ommending regular use of i3ragonists as maintenance treatment in asthma 
[10]. 

In this chapter we will review the evidence that this confidence in the effi
cacy and safety of regular use of short-acting i3ragonists was misplaced, and 
that chronic use has detrimental effects which can lead to increased morbidity 
and even mortality from asthma. Studies over the last decade have shown that 
chronici32~'agonist inhalation may result in increased airway inflammation, 
increased airway responsiveness to allergen, exercise and non-specific bron
choconstrictor agents, tolerance to non-bronchodilator effects, impaired lung 
function, and thus ultimately to poorer control of asthma. Furthermore there is 
substantial epidemiological evidence for a link between patterns of increased 
i3ragonist use and asthma morbidity and mortality, including temporal rela
tionships during epidemics of mortality [11], and a substantial parallel 
decrease in morbidity and mortality when a potent i3ragonist was withdrawn 
from use [12]. These data converge to form the case against chronic use of 
short-acting i3ragonists in the management of asthma. While very important 
in acute asthma for relief of symptoms, chronic use confers no important long
term benefit and is potentially harmful. 

2. Evidence that Chronic Use of i3rAgonists is Detrimental in Asthma 

2.1. Increased Airway Inflammation 

Asthma is a disease of the airways in which both acute and chronic exposure 
to trigger factors such as inhaled allergens gives rise to airway inflammation, 
which is responsible for airway narrowing and reactive bronchospasm. While 
the latter is effectively relieved using as-needed single doses of inhaled i3rago
nist, recent evidence suggests that airway inflammation may be increased as a 
direct consequence of regular exposure to i3ragonists. 

In controlled studies in guinea pigs, Wang et al. demonstrated that enhanced 
bronchial hyper-responsiveness (BHR) [13] and airway smooth muscle con
tractility and remodelling [14] occurred following chronic exposure to inhaled 
fenoterol. The magnitude of these changes was similar to those which result
ed from chronic antigen exposure (ovalbumin). In other in vitro experiments, 
interleukin-4-mediated production of IgE by human mononuclear cells has 
been shown to be potentiated in a dose-dependent manner by the presence of 
the i3ragonists salbutamol and fenoterol [15]. 

These experimental data are consistent with the results of a placebo-con
trolled study in humans in which, following regular inhalation of salbutamol 
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by 11 asthmatic patients for 16 weeks, bronchial biopsies and lavage fluid con
tained significantly greater numbers of eosinophils and increased quantities of 
eosinophilic cationic protein respectively [16]. Similarly, Gauvreau et al. 
showed that, compared to placebo, regular treatment with 800 ).lg inhaled 
salbutamol daily significantly (p < 0.02) increased blood eosinophils and the 
influx of metachromatic cells into induced sputum 24 h after allergen chal
lenge in patients with mild asthma [17]. 

Hence both animal and human data suggest that chronic exposure to inhaled 
~ragonists may increase airway inflammation. Thus, paradoxically, despite 
their capacity to alleviate reactive bronchospasm, one of the major pathophys
iological consequences of asthma, ~ragonists may simultaneously be potenti
ating the underlying disease process. 

2.2. Increased Airway Responsiveness to Exercise, Aller~en and Non
Specific Bronchoconstrictors 

If chronic use of inhaled ~ragonists enhances airway inflammation, then 
patients so treated would be expected to demonstrate increased bronchial 
responsiveness to a variety of exogenous stimuli as a measurable consequence 
of that effect. There is now a substantial body of evidence to support this rela
tionship. 

2.2.1. Exercise Provocation: In a study of 10 asthmatic patients with pre
dominantly exercised-induced symptoms, Inman and O'Byrne showed that 
following 7 days of treatment with regular salbutamol, a standardised exercise 
challenge resulted in a mean post-exercise fall in FEV! averaging 390 mI. 
greater than after 7 days treatment with placebo [18]. In addition, the protec
tive effect afforded by a single dose of inhaled salbutamol against exercise
induced asthma was attenuated after regular treatment. One of the most fre
quent indications for the use of short-acting ~ragonists is to protect against 
exercise-induced bronchospasm. It is therefore illogical and, we would argue, 
counterproductive to prescribe regular inhaled ~ragonist to control exercise
induced asthma, as regular use potentiates the clinical problem it is designed 
to treat. Furthermore, if the therapeutic effect of a single dose to treat exercise
induced symptoms is attenuated by regular use, the most appropriate use of 
~ragonist for EIA is "as-needed" and not on a scheduled regimen. 

2.2.2. Allergen Provocation: Several studies suggest that the airway response 
to inhaled allergen is enhanced by regular ~ragonist therapy. Lai et al. demon
strated that regular treatment with inhaled rimiterol permitted five of eight 
patients with mild asthma to develop a late asthmatic response to an allergen 
challenge where none had previously occurred, the explanation being that rim
iterol treatment allowed a higher dose of allergen to be inhaled before a early 
response warning occurred [19]. However ~ragonists may also enhance the 
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response to a constant dose of allergen. The early asthmatic response to a con
stant allergen stimulus was increased following 2 weeks of regular salbutamol 
[20]. There was a near two-fold shift in allergen PC20 after regular treatment, 
together with a significant reduction in the protective effect of a single-dose of 
salbutamol. In another placebo-controlled investigation, the same authors have 
demonstrated that the late asthmatic response to a constant dose of allergen 
was significantly increased in atopic dual-responding asthmatic subjects who 
received regular salbutamol for 1 week [21]. 

2.2.3. Increased Responsiveness to Non-Specific Bronchoconstrictors: 
Assessing airway inflammation directly in asthmatic patients is difficult, and 
most studies are carried out in small numbers of selected patients. However, 
the measurement of non-specific bronchial hyper-responsiveness (BHR) cor
relates significantly with other more direct measures of airway inflammation 
[22]. Thus if regular ~ragonist treatment has an adverse effect on the pathol
ogy of asthma, this ought to be reflected in adverse changes in non-specific 
BHR during chronic use. This is indeed the overall result from a substantial 
number of studies using different ~ragonists in different populations of asth
matics. 

The mean doubling dose shift in PC20 for methacholine or histamine during 
regular ~ragonist treatment compared with values obtained during treatment 
with placebo or at baseline in 18 studies are shown in Figure 1. In 12 BHR 
increased, in two there was no detectable change, and in· four there was a 
decrease in BHR. If only those with a statistically significant result are 
analysed, all but one study show an increase in BHR on regular treatment. The 
one exception,a study of effects of terbutaline vs budesonide in newly diag
nosed asthma, had a substantial number of dropouts in the terbutaline treated 
arm. As most dropped out because of worsening asthma, the loss of these sub
jects may have biased the BHR towards not showing a deleterious effect. 
Hence the weight of evidence points to a deterimental effect of ~2-agonists as 
a class on BHR. 

In some studies [23, 25] increased BHR was maximal immediately after the 
withdrawal of inhaled ~ragonist treatment, although this so-called "rebound" 
phenomenon is not a consistent finding [40]. Nevertheless, it raises theaddi
tional possibility that in circumstances where regularly treated patients abrupt
ly discontinue their ~ragonist therapy, they become even more susceptible to 
trigger factors, and hence to instability of their asthma. 

It has been argued that the magnitude of these observed changes in PC20 is 
not clinically significant [41,42]. In eight studies [23-30] a doubling dose or 
concentration shift of greater than 0.5 was observed, a change considered to be 
clinically important. However, the magnitude of the change is not the sole cri
terion by which these observations ought to be judged. The direction of the 
change in BHR seen in the majority of studies is also important, especially as 
it contrasts sharply with the consistent increase in PC20 (decreased BHR) 
which follows regular use of inhaled corticosteroids such as budesonide [31, 
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Figure 1. Mean doubling dose shift in PC20 for methacholine or histamine during regular f3-agonist 
treatment compared with values at baseline or during placebo treatment, in 18 studies. Key: 
F = fenoterol, S = salbutamol, T = terbutaline, * p < 0.05. 

43]. The contrast between worsening BHR during ~Tagonist treatment and 
improved BHR during inhaled corticosteroid treatment, which is known to 
reduce airway inflammation, suggests that in many patients receiving regular 
inhaled ~Tagonists airway inflammation is increased. Certainly it is not 
reduced. These contrasting observations argue strongly against the regular use 
of ~Tagonists in the long-term treatment of airway inflammation. 

2.3. Tolerance to the Non-Bronchodilator Effects of ~rAgonists 

In addition to acting on airway smooth muscle, ~2-agonists exhibit non-bron
chodilator effects on the airways, notably suppression of mast cell mediator 
release. These combined actions are thought to be responsible for the benefits 
of inhaled ~Tagonist treatment. Indeed, it may be that the latter effect is the 
more important in offering protection against stimuli which cause bron
choconstriction by indirect means e.g. cold air, exercise, allergen. 

It is generally agreed that tolerance to the bronchodilator actions of ~Tago
nists does not occur or is minimal and insignificant [44]. However, tolerance 
to the non-bronchodilator effects occurs after relatively short periods of regu
lar ~Tagonist treatment. O'Connor et al. demonstrated that following 2 weeks 
of regular treatment with inhaled terbutaline, the protective effect of a single 
dose against methacholine- and AMP-induced bronchoconstriction was 
reduced by 19% and 55% respectively [45]. Similarly, it has been demonstrat
ed that as well as enhancing the airway response to exercise [18] or inhaled 
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allergen [20, 21] when given regularly, the bronchoprotective benefits of sin
gle-dose pre-treatment with inhaled salbutamol are diminished by regular 
treatment, albeit modestly [46]. Thus theoretically the chronic use of 13rago
nist may be doubly hazardous: susceptibility to trigger factors may be 
increased, and the effectiveness of single "rescue" doses of the drug to treat 
resultant bronchoconstriction may be decreased. 

The clinical relevance of tolerance to non-bronchodilator effects has not 
been clarified and it mayor may not explain why poorer control of asthma 
results from regular 13ragonist inhalation [29]. In each of the investigations 
reporting the development of tolerance to non-bronchodilator effects, standard 
doses of inhaled 13ragonist have been administered. However, a dose-response 
relationship for such effects has been demonstrated, in that while there was a 
trend for a decreasing geometric mean allergen PC20 at 200 and 400 flg salbu
tamol daily, this became significant at 800 flg daily [47]. Thus in individual 
patients inhaling large quantities of 13ragonist, these effects are likely to be 
more apparent. 

2.4. Changes in Lung Function 

If short-acting 13ragonists had only a short-acting effect on bronchial smooth 
muscle, then lung function as measured either by pre-bronchodilator morning 
peak expiratory flow rates or FEV 1 ought to be no different from baseline or 
placebo in controlled studies of regular 13ragonist treatment. However, this is 
not the case. A comprehensive review of this topic has recently been published 
[1]. In the majority of studies in which a significant result was reported, a/all 
in either FEV 1 or morning PEFR was observed (Tab. 1). For FEV [, the mean 
decrease ranged from -0.151 [48] to as much as -0.481 [49]. In more recent
ly published placebo-controlled studies of inhaled salbutamol, non-significant 
but none the less negative changes in pre-bronchodilator lung function have 
been observed [28, 55]. 

The results of some of these studies deserve closer examination. In the first 
lengthy double blind, placebo-controlled, cross-over study of regular vs. as
needed 13ragonist (29, 48), inhaled fenoterol 1600 flg daily for 24 weeks 
resulted in a mean change in FEV l of -0.15 litres in 64 patients with mild to 
moderate asthma (p < 0.05). In the placebo-controlled parallel-group study of 
Drazen et al. [28], in which 255 patients with mild asthma received either 
inhaled salbutamol 720 flg daily or placebo for 16 weeks, the changes in morn
ing PEFR and FEV 1 were consistently negative in the actively treated group. 
This was associated with an increase in BHR to methacholine (0.5 doubling 
doses). In the study by D' Alonzo et al. [55], the fall in mean morning peak 
flow rate in 108 patients with mild asthma during regular treatment with 
inhaled salbutamol was -13 lImin compared to the placebo group. The statis
tical significance ofthis last result was not reported. 
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Table 1. Effects of regular inhaled or oral f3-agonist on lung function in asthmatics * 

Drug Duration Baseline Regular 
(weeks) Variable value treatment p Reference 

Fenoterol 24 FEV! 2.46 2.29 <0.05 29,48 

Salbutamol 12 PEPR 352 289 NS 49 

Salbutamol 4 FEV! 2.30 2.08 NS 50 

Salbutamol 4 FEV! 3.68 3.33 <0.05 51 

Fenoterol 4 FEV! 2.76 2.43 <0.05 52 
PEPR 377 317 <0.02 

Salbutamol 2-5 PEFR 63% 57% NS 53 

Salbutamol 95 FEV! 79% 76% <0.0001 31 

Salbutamol (oral) 4-20 PEFR 61% 53% NS 53 

Fenoterol (oral) 12 FEV! 2.53 2.05 <0.05 54 

Ephedrine (oral) 12 FEV! 2.25 2.08 <0.05 54 

Salbutamol 12 PEPR (A.M.) NR -13 Llrnin NR 55 

*FEV! (L), PEFR (Llrnin), or as percent predicted FEV! or PEPR, FEV! = Forced expiratory volume 
in 1 s; PEFR = peak-expiratory flow rate. 
NS = Not significant; NR = not reported. 

The pattern of results emerging from these more recent studies is consistent. 
Although it is possible to interpret the results of some studies as indicating no 
statistically significant difference between regular inhaled ~ragonist and 
placebo, there is overall consistency in the direction of the reported changes. 
Differences in their magnitude and thus the statistical significance of the out
comes may be explained by the fact that some subjects being studied had 
milder asthma, as judged by baseline characteristics and use of inhaled corti
costeroids, and that the dose of inhaled ~ragonist being given was less than in 
some other investigations. 

In summary, negative rather than no changes in pre-bronchodilator lung 
function during regular ~ragonist therapy are the most frequent outcome in 
controlled studies. This overall picture is consistent with the view that their 
chronic use is detrimental. 

2.5. Control of Asthma 

The first reports to highlight the possibility that regular ~ragonist treatment 
might give rise to deterioration in asthma control were published in the late 
1960s. At that time aerosols containing relatively high doses of isoprenaline or 
adrenaline became available. No prospective or controlled investigations were 
carried out. However, in three case-based studies, worsening asthma was 
attributed to the use of inhaled adrenergic drug therapy [56-58]. Improvement 
was achieved in many cases by withdrawing the inhaled drug treatment. 
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In the more recent literature, whereas lung function is usually carefully doc
umented, control of asthma as a study end-point has been largely neglected. 
The New Zealand study of regular inhaled fenoterol treatment in which asth
ma control was the primary end-point provided the first prospective experi
mental evidence concerning the effects of chronic ~ragonist therapy on asth
ma control (29, 4S). Forty of the 64 patients who completed the study had bet
ter asthma control during the as-needed treatment period (p = 0.003). 
Exacerbations were more frequent during the period of regular ~2-agonist 
treatment. The median time to first exacerbation was only 33 days during reg
ular treatment compared with 66 days during placebo treatment (p = O.OOS). 

That poorer overall control of asthma ought to coincide with negative 
changes in mean pre-bronchodilator lung function may appear self-evident. In 
the New Zealand study, the deterioration in asthma control which occurred 
with regular fenoterol use was associated with a mean fall in pre-bronchodila
tor FEV! of -0.15 I (p < 0.05). Hence although the mean change in pre-bron
chodilator lung function observed in many studies during regular ~ragonist 
use may appear small, it reflects significant deterioration in overall asthma 
control. In many ofthe studies which we have reviewed [1], serious exacerba
tions of asthma requiring intervention with additional treatment, notably oral 
corticosteroid, are reported. However, the numbers of these events have usual
ly been insufficiently large for statistical comparisons to be made. This high
lights the importance of designing long-term studies in which control of asth
ma and occurrence of exacerbations rather than simply lung function meas
urements are primary study end points. 

3. Epidemiological Evidence for a Link Between ~rAgonist Use and 
Asthma Morbidity and Mortality 

3.1. Mortality Epidemics Associated with the Introduction of Potent 
Agonists 

Two major epidemics of asthma mortality have occurred in New Zealand dur
ing the last 30 years. The first began in the mid 1960s in England and Wales, 
Australia and New Zealand, and was associated in time with the introduction 
of a high-dose formulation of the non-selective ~ragonist isoprenaline [59, 
60]. More recently, a second New Zealand epidemic began in 1976 and con
cluded in 1990, in this instance coinciding closely with the introduction of the 
inhaled ~ragonist fenoterol in a relatively high-dose formulation. From a rate 
of approximately 1.5 per 100000 per annum, asthma mortality in the 5-34 age 
group rose dramatically to over 4.0 per 100000 per annum over a 3-year peri
od from 1976. This rise occurred in parallel with a steep rise in the prescrip
tion of inhaled fenoterol when compared to other ~ragonist drugs [61] 
(Fig. 2). 



Is Chronic Use of ~TAgonists Detrimental in the Treatment of Asthma? 

(l) .... 
<0 
..c 
If) 

+oJ 
(l) 

..::t:. 
'-
<0 
2 
?fl. 

III Fenoterol market 
share 40 --- Asthma mortality 

30 

20 

10 

0 
1974757677787980818283848586878889909192 

Year 

65 

4.5 
4.0 0 

0 3.5 0 

3.0 0 
0 

2.5 
M 
..... 
(l) 

2.0 0.. 
>. 

1.5 :'= 
<0 

1.0 t 
0 

0.5 2 

0.0 

Figure 2. Inhaled fenoterol market share and annual asthma mortality in persons aged 5-34 years. 
(The data for 1989 are divided into two 6-month periods because the first Department of Health warn
ings about the safety of fenoterol were issued in mid-1989) (from [61]). 

It has been argued that the introduction of other /3ragonist drugs such as 
salbutamol and terbutaline and the continuing increase in their use has not 
been associated with similar epidemics. There are clinically important differ
ences in intrinsic pharmacological efficacy between the different /3ragonist 
drugs [62], which may be of importance in explaining apparent differences in 
the frequency and magnitude of adverse effects associated with the different 
agents, and hence differences in epidemiological data. While the strong tem
poral relationship between the introduction of isoprenaline and fenoterol and 
increases in asthma mortality is not seen for the other agents, asthma mortali
ty and /3ragonist use have both risen over time. However a causal relationship 
between these observations cannot be proven using epidemiological data alone 
[63]. 

3.2. Case Control Studies of Asthma Mortality 

In 1989, the first of three New Zealand case control studies investigating the 
risk of death from asthma in relation to the prescription of /3ragonist medica
tion was published [64]. The odds ratio for death from asthma in patients pre
scribed inhaled fenoterol was 1.55 (p = 0.03), increasing in patients also 
receiving continuous oral corticosteroids to 6.45 (p < 0.01). Two subsequent 
case-control studies were published to address criticisms of the design of the 
first study: similar results were obtained [65, 66]. The consistent finding that 
adjustment for markers of severity increased rather than decreased the odds 
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ratios for risk of death associated with prescription of fenoterol was used to 
refute the suggestion that the link with fenoterol was due to confounding by 
severity. 

In order to confirm or negate the New Zealand findings, further epidemio
logical studies were conducted by Spitzer et al. using computerized prescrib
ing data from the province of Saskatchewan, Canada [67]. In a nested case 
control study in which data from 12301 patients for the period 1978-1987 
were obtained, 129 cases of death or near-death from asthma and 655 selected 
controls were compared. Adjusted odds ratios for the relationship between the 
index event and the prescription of fenoterol and salbutamol were calculated. 
For fenoterol a highly significant result was obtained (O.R. 6.1, 95% CI 
3.1-12.2). When adjusted for dose equivalence, there was no difference in the 
odds ratio for a major event between high users of fenoterol (> 12 canisters 
during the 12 months prior to the index event; O.R. 22.7 (95% CI; 8.1-63.3)) 
and high users of salbutamol (>24 canisters; O.R. 24.0 (95% CI; 9.0-64.1)). 
Further analysis revealed a dose response relationship between the number of 
aerosol canisters of f3ragonist prescribed and the risk of death or near death 
from asthma, and that the pattern of use i.e. whether decreasing or increasing, 
appears to be a very important predictor for the subsequent index event [68]. 

A major consideration in the interpretation of these data is whether the 
apparent relationship between drug prescribing and asthma morbidity and 
mortality is due to "confounding by severity" i.e. the possibility that patients 
with more severe asthma were prescribed more frequent and more potent 
f3ragonist. These concerns have been addressed by a number of authors but 
opinion remains divided. The second and third New Zealand case control stud
ies, in which controlling for asthma severity was more rigorously applied, con
tinued to show a significantly increased risk of asthma death associated with 
prescription of fenoterol (O.R. 2.66 (95% CI; 1.74-4.06)) [65,66]. Similarly, 
re-analysis of the Saskatchewan data using additional clinical information 
relating to asthma severity, did not significantly reduce the odds ratio for asth
ma death or near death for either fenoterol or salbutamol (2.5 and 2.0 respec
tively) [69]. If adjustment for severity does not reduce the relationship between 
prescribed f3ragonist therapy and important asthma-related events, but rather 
increases the odds ratios (as in the New Zealand studies), confounding by 
severity seems unlikely. 

On the other hand, Garrett et al. [70] reported that among 655 patients 
admitted to hospital with acute asthma during the period 1986-1987, the risk 
of subsequent admission to the ICU or death from asthma during the subse
quent 2 years after controlling for several indices of severity was no different 
for those patients taking inhaled fenoterol compared to those taking salbuta
mol. However, while this analysis is helpful in distinguishing the relative risks 
associated with different f3ragonist drugs, this study fails to address whether 
or not f3ragonist use per se is a risk factor for increased asthma morbidity and 
mortality. 
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3.3. Reduction in Morbidity and Mortality Associated with Withdrawal of 
Fenoterol 

In the early and mid 1980s a concerted campaign was mounted in New 
Zealand to control the dramatic rise in asthma mortality and morbidity. This 
included a wide variety of public health measures and therapeutic recommen
dations [71]. However, although the measures undertaken appear to have been 
somewhat successful, their impact on asthma mortality, which fell only mod
estly during the mid-1980s to an average annual rate of 2.3 per 100000, was 
disappointing. First hospital admission rates remained unchanged throughout 
this period (Fig. 3). 
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Figure 3. First admissions (.-.) and readmissions (e-e) per calendar year for asthma in 5-54 
year old New Zealanders 1980-92 (from [71]). 

In 1990, following the publication of the New Zealand case control studies 
[64-66], fenoterol was withdrawn from the prescribed medicines list by the 
Department of Health in New Zealand. Thereafter asthma mortality rates fell 
dramatically. Within 1-2 years mortality rates declined to be comparable to 
most other Western countries (approximately 0.8 per 100000 for each of the 
3 years 1990-1992) (Fig. 4). In addition, fIrst hospital admissions for asthma 
were also reduced for the fIrst time since 1981 (Fig. 3). 

The importance of these epidemiological data has been debated [11, 71]. 
The striking and repeated temporal relationship between the introduction of 
the high-potency ~z-agonist preparations and signifIcant changes in asthma 
mortality and morbidity on two occasions provides strong circumstantial evi
dence that the relationship is a causal one [11]. Even stronger support for this 
view is obtained from observing the changes which occurred following the 
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Figure 4. Abrupt decrease in asthma-related hospital admissions and mortality in New Zealanders 
aged 15 to 44 years following withdrawal of fenoterol in 1990 (from [12]). 

withdrawal of fenoterol, when an even greater rate of change in asthma deaths 
and hospital admissions occurred-this time downwards-than occurred 
upwards immediately after its introduction [12]. This cannot otherwise be 
explained unless another major factor predisposing to increased asthma sever
ity was simultaneously brought under control and there is no evidence for this. 
The disparity between the improvements in the rates for asthma death and rates 
for first hospital admission during the period 1984-1989 argues that despite an 
intensive response to the "asthma problem" in New Zealand, medical measures 
alone were insufficient to reduce morbidity and mortality to baseline. 
Withdrawal of the potent pz-agonist clearly defined the end of the epidemic. 

4. Conclusion 

In his address to the Royal Society of Medicine in 1965 [72], Sir Austin 
Bradford Hill, Emeritus Professor of Medical Statistics at the University of 
London proposed a number of criteria to answer the question" Upon what basis 
should we proceed to pass from an observed association to a verdict of causa
tion?" He cited nine: strength, plausibility, consistency, specificity, temporali
ty, biological gradient, coherence, experiment, and analogy. Interestingly, sta
tistical analyses were relegated by Bradford Hill to a subordinate role: "Tests 
of significance contribute nothing to the proof of our hypothesis". 
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In this chapter we have presented evidence which supports the hypothesis 
that chronic ~z-agonist use is detrimental to patients with bronchial asthma. 
The strength and consistency of the evidence are found in the repeatability of 
studies, both clinical and epidemiological, which have demonstrated an 
adverse outcome when inhaled ~z-agonists are used regularly. The plausibility 
of the hypothesis has been substantiated by studies demonstrating increased 
airway inflammation both in vitro and in vivo following chronic drug expo
sure, as well as increased responsiveness to trigger factors such as exercise and 
allergen. Temporality is demonstrated in that not one but two epidemics of 
asthma mortality have accompanied the introduction of potent agents, and that 
morbidity and mortality associated with the second epidemic was dramatical
ly reduced when fenoterol was withdrawn. 

The case presented is also coherent: there is a logical relationship between 
various categories of evidence. Increases in airway inflammation reasonably 
and logically ought to give rise to enhanced bronchial responsiveness, impair
ment of lung function, poorer control of asthma and adverse trends in asthma 
morbidity and mortality. Likewise, where the hypothesis that chronic ~z-ago
nist use is detrimental has been prospectively tested in an appropriate clinical 
setting over a sufficient period of time, the results have yielded experimental 
support. That these effects are not universally observed is a function of bio
logical gradient: there is a dose-response relationship between cause and 
effect, and the effects on morbidity and mortality are greatest among those 
using high doses of the most potent ~z-agonists. 

Few commentators now advocate the regular use of short-acting ~z-agonists 
to treat asthma. Nevertheless the detrimental effects associated with these 
drugs should not be forgotten, particularly when dealing with the difficult asth
matic whose "as-needed" use remains high. Their inappropriate use and over
use remains a risk factor for unstable and potentially life-threatening bronchial 
asthma. 
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1. Introduction 

1.1. Invasive versus Non-Invasive Clinical Measurements in Medicine 

Clinical measurement has become an essential complement to traditional 
physical diagnosis. An ideal clinical measurement should be quantitative, have 
a high level of reliability and accuracy, be safe, acceptable to the patient, easy 
to perform and non-invasive. The latter demands that the technique should not 
break the skin or the lining epithelium and should be devoid of effects on the 
tissues of the body by the dissipation of energy or the introduction of infection 
[1]. It is therefore logical that for a given measurement, a non-invasive test will 
be preferred if it provides the same information with the same accuracy and 
precision. 

In the following sections, we will discuss the role of various non-invasive or 
relatively non-invasive methods to assess airway inflammation in asthma and 
concentrate on the only direct method of induced sputum examination. 

1.2. Why Is Assessment of Airway Inflammation Important in Asthma? 

Inflammation is a localized protective response elicited by injury or destruc
tion of tissues which serves to destroy, dilute or wall off both the injurious 
agent and the injured tissue [2]. The role of inflammation in asthma was rec
ognized long ago. In his textbook The Principles and Practice of Medicine, in 
1892, Sir William Osler described "bronchial asthma ... in many cases is a spe
cial form of inflammation of the smaller bronchioles ... characterized by 
hyperaemia and turgescence of the mucosa of the smaller bronchial tubes and 
a peculiar exudate of mucin ... " [3]. The classical clinical signs of heat, red
ness, swelling and pain fIrst described by Celsus [4] have been observed in the 
airway. These are caused by the release of various mediators which cause an 
increase in vascular flow and permeability, exudation of serum, mucus secre
tion, stimulation of sensory nerve endings and inflammatory cell infiltration. 
Because these, with the exception of cell infiltration, can occur with the release 
of vasodilatory (and bronchoconstrictor) mediators, an inflammatory cell infIl
tration is usually considered necessary before it can said that inflammation is 
present. 

According to current knowledge airway inflammation is the primary cause 
of airway diseases including asthma, the cause of exacerbations, and the cause 
of persistent or progressive airway hyperresponsiveness and chronic airflow 
limitation. Airway inflammation has many different causes, these result in dif
ferent types of inflammation and these different types respond differently to 
treatment. Hence, theoretically, measurements should be necessary in order to 
be certain of the presence and type of airway inflammation as well as its sever
ity. Measurements should be required to guide antiinflammatory treatment. 
The importance of airway inflammation have led to its inclusion in consensus 
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guidelines and definitions of asthma [5, 6]. The treatment guidelines recom
mend that therapy for asthma should control the inflammatory process in addi
tion to relieving symptoms. It is reasonable to state that inflammation cannot 
be effectively controlled if it cannot be accurately assessed. The measurement 
of different components of inflammation is therefore critical to improve the 
understanding of asthma and its treatment. 

1.3. What Are the Different Methods to Assess Airway Inflammation? 

The presence and severity of airway inflammation has been gauged by differ
ent indirect and direct methods, some of which are invasive and others non
invasive [7]. 

The indirect indices include worsening of symptoms, FEV b variability in 
peak expiratory flow (PEF) and airway responsiveness and increased bron
chodilator requirement, blood eosinophil and basophil counts and sputum pro
duction. When symptoms are absent or require the least bronchodilator treat
ment, and the FEV 1 and airway responsiveness are normal or the best possible, 
inflammation is considered to be controlled. Alternatively, when the symptoms 
or need for bronchodilator treatment are increased, airflow limitation is pres
ent or worse and airway responsiveness is abnormal or heightened from best 
measurements, inflammation is considered to be present or increased. These 
objective measurements are non-invasive and cause little distress to the 
patients but they may be misinterpreted. 

Another recent development has been the introduction of measurement of 
exhaled nitric oxide (ENO) to assess airway inflammation non-invasively [8]. 
Although this provides information on the presence or absence of inflamma
tion, it does not provide information on the cellular or molecular components. 
Other indirect relatively non-invasive methods that have been employed in 
research include lung imaging using ventilation and perfusion scanning [9] 
and computerized tomographic scanning [10]. 

The direct methods of assessing inflammation using fibreoptic bron
choscopy are invasive. They include bronchoscopic biopsy, bronchial wash
ings and brushings and bronchoalveolar lavage (BAL). The only direct non
invasive method is examination of sputum. Therefore, sputum examination is 
the logical assessment tool if it "performs" well in different clinical situations. 
In the following sections, we will present evidence for the performance and 
utility of improved methods of sputum examination and compare them with 
those of the other direct but invasive methods. 

2. What Determines a Good Measurement Tool? 

A good measurement tool should be accurate, precise, responsive to changes, 
and acceptable to the subject [11]. The cost and risk involved should also be 
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taken into account in the assessment of the test. A measurement may be eval
uated depending on what it is used for, as a tool to identify the normal from 
the abnormal or as a diagnostic test to make a diagnosis of a diseased state 
(evaluative), or to differentiate between different types of abnormalities (dis
criminative). There are several criteria for making these assessments: 

2.1. Peiformance of a Measurement 

2.1.1 Validity (Accuracy): This is the degree to which the data measures what 
is intended. For example, the results of measurement of sputum cell counts and 
fluid phase indices correspond to the airway inflammation being measured. 
For clinical observations that can be measured by physical means, it is rela
tively easy to establish validity. However, there is no gold standard for the 
measurement of airway inflammation. In such a situation, there are three 
strategies for establishing the validity of measurements: 
1) Content validity is the extent to which a particular method of measurement 

includes all the dimensions of the construct one intends to measure and 
nothing more (e.g. different aspects of inflammation such as inflammatory 
cells, mediators, microvascular leakage, etc. 

2) Construct validity is the extent to which the measurement is consistent with 
other measurements of the same phenomenon such as clinical severity indi
cated by airflow limitation and airway hyperresponsiveness, or other direct 
measurements like BAL and bronchial biopsies. 

3) Criterion validity is a measure of the extent to which the measurement pre
dicts a directly observable phenomenon. For example, changes in sputum 
measurements with different severities of asthma, correlation of sputum cell 
counts with specific corresponding markers of cell activation and differ
ences in sputum measurements in different airway diseases. 

2.1.2 Reliability (Precision): This is the extent to which repeated measure
ments of a stable phenomenon, e.g., airway inflammatory indices, measured 
by different people and instruments, and at different times and places, are sim
ilar. 

2.1.3 Responsiveness: An instrument is responsive to the extent that its results 
change as conditions change. For example, when glucocorticoid treatment 
improves asthma, sputum inflammatory indices are reduced. 

2.1.4 Sensitivity and Specificity: These refer to the relationship between a diag
nostic test (e.g. sputum meaurement) and the actual presence or absence of the 
disease (e.g. asthma). Sensitivity is the the proportion of people with the dis
ease who have a positive test for the disease. Specificity is the proportion of 
people without the disease who have a negative test. 
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2.2. Utility (Cost and Risk) 

An important aspect of any measurement that could alter patient management 
is utility of the test. This takes into consideration the cost of the test and the 
risks involved, as well as assumptions about the patient's preferences for qual
ity of life, length of life and the pleasant and unpleasant aspects of the test 
from the patient's point of view. 

3. Performance of Various Non-Invasive Methods Other than Sputum 

3.1. Clinical 

The severity of symptoms is an important indicator of the severity of an asth
ma exacerbation. However, for some patients the onset of symptoms is a very 
sensitive indicator and can develop several days before significant changes in 
PEF or spirometry [12], symptoms are non-specific and an imprecise measure 
of the severity of the airflow limitation, airway responsiveness and airway 
inflammation [13]. 

3.2. Spirometry 

Spirometry has traditionally been used to monitor the degree of airflow limi
tation and guide the treatment changes in asthma. A decrease in FEV 1 (indi
cating worse airflow limitation) has been observed to correlate with an 
increase in sputum and blood eosinophilia [12]. However, it is not true for all 
ranges of severity of the disease, particularly the more severe forms of the dis
ease. Pizzichini and co-workers have demonstrated this in two groups of 
patients [14, 15] in whom sputum eosinophilic counts were observed before 
symptoms and FEV 1 worsened and persisted long after clinical parameters 
improved. In a group of prednisone dependent asthmatics who had normal 
sputum eosinophilia and best FEV l' slow reduction of the dose of prednisone 
caused an increase in sputum eosinophils before worsening of symptom, PEF 
or FEV l [14]. In another study, in which the kinetics of inflammatory indices 
in sputum were observed after treatment with prednisone for a severe exacer
bation of asthma, symptoms and FEV 1 improved before the improvement in 
sputum eosinophils [15]. These observations suggest that eosinophilic inflam
mation begins before worsening of symptoms or deterioration in airflow limi
tation and tends to lag behind clinical improvement. They indicate that spiro
metric measurements of airflow limitation do not necessarily reflect the true 
nature of airway inflammation. 
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3.3. Airway Responsiveness 

Chronic [16, 17] and acute [18, 19] inflammatory processes in the airways 
have been associated with airway hyperresponsiveness. However, some stud
ies have suggested that exacerbations of asthma, as measured by increased 
symptoms and variable airflow limitation, is not always associated with 
changes in the severity of airway hyperresponsiveness [20]. Moreover, airway 
hyperresponsiveness can occur without sputum eosinophilia and sputum 
eosinophilia can occur without airway hyperresponsiveness. These observa
tions suggest that more objective and direct evidence of inflammation is 
required. 

3.4. Exhaled Nitric Oxide 

Measurement of levels of ENO has recently been recognized as a non-invasive 
method to assess airway inflammation [21]. An increase in ENO in patients 
with asthma has been reported and NO levels have been shown to correlate 
with early and late asthmatic responses in spirometry after allergen challenge 
[22]. The cellular source of NO in the lower respiratory tract is not yet certain 
and therefore ENO does not give any information about the type of inflamma
tion e.g., eosinophilic or neutrophilic. Exhaled NO, despite provoking consid
erable interest as a non-invasive means of measuring airway inflammation, has 
not been validated by comparing it with more direct measurements like BAL 
or bronchial biopsies. Modest correlations have been observed between ENO 
and sputum eosinophil counts (r = 0.42, p = 0.01) in a small study on unse
lected sputum [23]. The measurement moreover is not specific for disease and 
can be increased not only in asthma but also in bronchiectasis [24], and respi
ratory tract infections [25]. Until the methodology is validated, its clinical use 
in patient management will remain uncertain. 

3.5. Imaging: Computerized Tomography (CT), Position Emission 
Tomography (PET) 

High-resolution CT abnormalities have been compared in patients with aller
gic and non-allergic asthma of similar duration in an attempt to correlate struc
tural abnormalities with symptoms (Aas score) and FEV 1 [10]. The extent of 
airway remodelling was assessed indirectly by comparing permanent CT-scan 
abnormalities (cylindric and varicose bronchiectasis, emphysema, bronchial 
linear shadows) between allergic and non-allergic asthmatics who had asthma 
for a similar duration. The data demonstrated that the extent of airway remod
elling could be quantified by CT scans and there was a significant increase in 
the extent of persistent abnormalities with increasing severity and duration of 
asthma. However high-resolution CT does not provide any information on the 
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presence or type of current airway inflammation. It provides anatomical infor
mation but not cytological. 

Positron emission tomography has also been employed to image the airway 
inflammation in asthma. Taylor et al. [26] demonstrated that [18]FDG uptake 
in the airway after segmental allergen challenge could be visualized using PET 
scan. However it provides no information about the cellular localization of the 
signal and the technique is expensive and not widely available. 

4. Induced Sputum 

Sputum is defined as secretions from the lower respiratory tract and contains 
both cellular and non-cellular elements. The specific anatomical origin of cells 
collected in sputum is not known, but they are believed to originate from the 
larger as well as smaller airways. When it is expectorated, it is often mixed 
with saliva. 

In this section, we will present evidence to show that induced sputum exam
ination is the most validated minimally invasive method to assess airway 
inflammation. It provides direct information on the presence and type of 
inflammation which is not provided by the other indirect non-invasive meth
ods. 

4.1. Evaluation of the Methodology 

The examination of sputum was previously thought to be difficult and unreli
able. Recent developments have shown that it can be processed to give repeat
able, valid and responsive results for an increasing number of measurements. 

Two methods have been used to induce sputum with an aerosol of hyper
tonic saline in stable or mildly exacerbated asthmatics, smokers with non
obstructive bronchitis and healthy people [27]. In one, the subject is pretreat
ed with inhaled salbutamol 200 )lg to prevent airway constriction and the 
hypertonic saline is then inhaled from an ultrasonic nebulizer. The concentra
tion of saline and the duration of inhalation is either 3% for up to 20-21 min 
[28] or 3% followed by 4%, followed by 5% each for 7 min [29]. In the other 
method, the hypertonic saline (4.5%) is given without pretreatment and 
inhaled for doubling times from 30 s to 8 min [30] 

The success of sputum induction is dependent on a number of possible fac
tors related to the subject characterisitics (cigarette smoking, whether the sub
ject is healthy or has disease and the degree of airway inflammation), compo
nents of the induction procedure (nebulizer output and particle size, concen
tration of saline, duration of inhalation, ~Tagonist pretreatment and the 
encouragement given to cough up sputum) and the success of processing spu
tum (selection of sputum from saliva and the effectiveness of dithiothreitol 
treatment) [31]. The procedure is successful in about 80% of stable asthmatics 
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or healthy subjects who are unable to produce sputum spontaneously and in 
whom sputum is selected from saliva and processed for cell and fluid phase 
measurements by the method described by Pizzichini et al. [32]. The success 
can be 100% when the induction is performed in asthmatics with uncontrolled 
asthma, in previously healthy subjects with a current respiratory infection or in 
smokers or ex-smokers. 

Sputum induction with an ultrasonic nebulizer is more successful than a jet 
nebulizer which has a lower output [31]. Moreover, between ultrasonic nebu
lizers the output required for maximum success may be relatively low. For 
example, the Fisoneb ultrasonic nebulizer (also called the Medix or Universal 
Ultrasonic nebuliser, Clement Clarke International Ltd.) with an output of 
0.87 m1!min and mass median aerodynamic diameter (mmad) of 5.58 fJlll has 
comparable success but less side-effects than the DeVilbiss Ultraneb 99 with 
an output of 2.17 mllmin and mmad of 4.14 fJlll. However the effect of the out
put on repeated inductions and the cellular and fluid phase measurements is 
not well understood and is currently being studied. Hypertonic saline is more 
successful than isotonic saline and pretreatment with salbutamol does not 
influence the success [31]. 

The induction of sputum in asthmatics who can produce sputum sponta
neously does not influence the cell content but might reduce the levels of some 
of the fluid phase measurements perhaps because of the dilution with inhaled 
saline [33]. Induced sputum gives a higher recovery of viable cells and 
cytospins of better quality. Cell viability does not affect the repeatability of cell 
counts by the same observer [32]. However, samples with cell viability <50% 
and squamous cell contamination >20% have lower interobserver agreement 
than those with cell viability >50% and squamous contamination <20%. The 
fluid phase measurements obtained from spontaneous and induced sputum can 
only be used interchangeably when both samples have a cell viability of 
>50%. 

Details of the methods that we follow to induce and process sputum have 
been described elsewhere. Laboratory details are given in a video and booklet 
[34] available from the Canadian Thoracic Society. 

4.2. Evaluation of the Test 

4.2.1. Content Validity: Airway inflammation in asthma has different compo
nents, namely cellular infiltration, mediator release, microvascular leakage, 
cytokine and chemokine interplay, mucosal oedema and mucus hypersecre
tion. These different aspects of inflammation have been successfully measured 
in induced sputum. The normal values for total and differential cell counts 
(Tab. 1) and some of the fluid-phase measurements (Tab. 2) have been estab
lished by studying relatively few healthy subjects [35]. They need further val
idation from studies in a larger number of randomly selected, well character
ized subjects. The various measurements that can be made in the fluid phase 
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Table 1. Normal values for total and differential cell counts (proportions and absolute number) based 
on the examination of 10 samples of induced sputum from healthy subjects 

Proportions % 95% Confidence interval 

Mean Lower limit Upper limit Median 

Neutrophils 24.3 14.9 33.7 24.1 

Eosinophils 0.6 0.2 1.0 0.5 

Macrophages 65.2 49.8 80.6 62.9 

Lymphocytes 1.4 0.3 2.5 1.3 

Bronchial epithelial cell 0.6 0.06 1.2 0.3 

Metachromatic cells 0 0 0.1 0 

Total cell count x 106 3.8 0.02 0.06 0.03 

Neutrophils x 106 0.87 0.30 1.45 0.6 

Eosinophils x 106 0.02 0.5 0.04 0.02 

Macrophages x 106 2.25 1.28 3.22 1.66 

Lymphocytes x 106 0.08 0.0 0.27 0.03 

Efthimiadis A, Pizzichini E, Pizzichini MMM, Hargreave FE (197)Sputum examination for indices of 
airway inflammation: laboratory procedures. Astra Draco AB, Lund, Sweden. 

Table 2. Normal values for fluid-phase indices based on the examination of 10 samples of induced 
sputum from healthy subjects 

95% Confidence interval 

Mean Lower limit Upper limit Median Kit/antibody 
source 

ECP, flglL 405.0 165.0 655.0 288.0 Pharmacia 

MBP, flglL 445.0 37.0 852.0 304.0 Dr. GJ. Gleich 

EDN, flglL 570.0 57.0 1082.0 448.0 Dr. GJ. Gleich 

Tryptase, lUlL 15.4 10.8 19.8 12.8 Pharmacia 

Fibrinogen, flg/L 728.0 180.0 1275.0 440.0 Dako 

Albumin, flglL 380.0 173.0 588.0 288.0 Dako 

MPO, flglL 4360.0 2890.0 5380.0 5880.0 Pharmacia 

Elastase, ng/mL 248.0 62.0 395.0 286.0 Dr. GJ. Gleich 

IL-5, pg/mL ULD ULD UDL UDL R&D 

ULD: Under limit of detection. See Appendix 2 for kits. 
Efthimiadis A, Pizzichini E, Pizzichini MMM, Hargreave FE (1997) Sputum examination for indices 
of airway inflammation: laboratory procedures. Astra Draco AB, Lund, Sweden. 

of sputum include 1) cell products [35], e.g. eosinophil cationic protein (ECP), 
major basic protein (MBP), esoinophil derived neurotoxin (EDN), myeloper
oxidase (MPO), elastase and human neutrophil lipokalin [36], 2) cytokines 
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[IS, 3S, 37], e.g. IL-S and IL-8, 3) chemokines [38], e.g. RANTES, MIP-la 
and eotaxin, 4) tachykinins [39], e.g. substance P, S) adhesion molecules [40], 
e.g. IeAM-I, 6) fibrinogen, albumin and a-2 macroglobulin as measures of 
microvascular leakage [41], 7) mediators, e.g.leukotrienes [42], and 8) mucus 
secretion [43], e.g. mucin-like glycoprotein. 

The validity has been further examined by observing the strong correlations 
between the different markers of inflammation (Tab. 3) 

Table 3. Correlation (rs)*matrix for sputum eosinophils and fluid phase markers 

ECP EDN 

Eosinophils 0.89 0.75 

ECP 0.9 

EDN 

MBP 

Albumin 

p values for all correlations <0.001. 
only in asthmatic subjects 

MBP Albumin Fibrinogen 

0.81 9.8 0.54 

0.81 0.7 0.64 

0.89 0.7 0.62 

0.66 0.67 

0.61 

IL-5 

0.97 

For the correlations between ECP and albumin with eosinophils, the Spearman correlation coefficient 
was obtained by linear regression and the best fitted curve was estimated based on a cubic relation· 
ship. 
Pizzichini E et aI. (1996) Indices of airway inflammation in induced sputum: reproducibility and 
validity of cell and fluid phase measurements. Am J Respir Crit Care Med 154: 308-317. 

4.2.2. Criterion Validity: The sputum cell counts have been examined in asth
ma of differing severity and in different airway diseases. Few eosinophils are 
present in healthy subjects [3S]. The eosinophil count increases in uncon
trolled asthma [44]. An increase in eosinophils have also been observed in 
severe exacerbations of asthma [IS] and in prednisone-dependent asthmatics 
[14]. However, increase in sputum eosinophils has also been observed in 
eosinophilic bronchitis without the physiological abnormalities of asthma 
[4S]. Asthma exacerbations can also occur without an increase in eosinophil 
counts. For example, neutrophils counts have also been reported to increase in 
some asthma exacerbations [46,47]. 

The criterion validity has been further established by examining the cell and 
fluid-phase measurements in healthy and abnormal airways, for example, 
healthy and asthmatic subjects, and smokers with non-obstructive bronchitis 
[3S]. Asthmatics had an increase of the proportion of eosinophils, metachro
matic cells and neutrophils and of the eosinophilic proteins, tryptase, fibrino
gen and IL-S. In smokers with non-obstructive bronchitis, the proportion of 
neutrophils and the concentration of fibrinogen and albumin are increased in 
comparison with healthy subjects (Fig. 1). The total cell counts are also 
increased in other conditions e.g. respiratory infections, particularly bacterial 
infections. The proportion of neutrophils is higher in smokers' obstructive 
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Figure 1. Indices of airway inflammation in induced sputum: reproducibility and validity of cell and 
fluid phase measurements. Pizzichini E et al (1996) Am J Respir Crit Care Med 154: 308-317. 

bronchitis than in nonobstructive bronchitis and asthma, and is highest in 
infections. 

Criterion validity is also supported by observing the high correlations 
between the inflammatory cells and their activation products in the sputum 
supernatant. Pizzichini et al. [35] reported correlation coefficients of 0.89 and 
0.81 between eosinophils and ECP and EDN respectively. They also observed 
a correlation between sputum metachromatic cells and tryptase (rs = 0.71, 
P = 0.001). Similarily, a high correlation has been observed between neu
trophil cell counts and the levels of free neutrophil elastase activity in sputum 
in asthmatics with an exacerbation (rs = 0.8, p = 0.003) [47]. 

4.2.3. Construct Validity: Construct validity has been established by observ
ing the correlations between sputum indices and clinical indices of asthma 
severity such as symptoms, measures of airflow limitation (FEV 1,FEV iNC) 
and airway responsiveness (PC20 methacholine) [35] (Tab. 4). In symptomatic 
patients, eosinophils, ECP, MBP, EDN and albumin were higher than in 
asymptomatic patients. 
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Table 4. Correlation (rs)* matrix for sputum and clinical measurements 

Symptomscores FEVj% pred 

Eosinophils -0.68 -0.68 

ECP -0.57 -NS 

EDN -0.67 -0.62 

MBP -0.63 -0.52 

Albumin -0.60 NS 

Fibrinogen NS NS 

* p values for all correlations <0.0l. 
Symptoms were recorded only in asthmatics 
NS: Non signifcant with an rs < 0.50 and p > 0.01. 

FEVjNC% PC20mg/ml 

-0.50 -0.66 

-0.62 NS 

-0.73 -0.56 

-0.53 -0.50 

-0.57 NS 

NS NS 

Pizzichini E et al. (1996) Indices of airway inflammation in induced sputum: reproducibility and 
validity of cell and fluid phase measurements. Am J Respir Crit Care Med 154: 308-317. 

Construct validity has been further tested by comparing the cellular and 
fluid phase measurements in sputum with more direct measurements obtained 
by bronchoscopy and lavage. Fahy and co-workers [28] demonstrated that the 
proportions of nonsquamous cells in sputum plus saliva more closely resem
bled those in bronchial washings than BAL but the agreement between the 
methods was not reported. Maestrelli et al. [48] observed that the agreement of 
the number of eosinophils in induced sputum and bronchial biopsy was better 
than the agreement of the same measurement between BAL and biopsy. We 
have demonstrated that sputum contains more cells especially neutrophils and 
CD4+ T-cells compared to BAL in mild stable asthma [49]. Parameswaran et 
al. [50] observed that the sputum measurements of cell counts were reflected 
in the histopathological examination of the resected lung specimen in a patient 
presumed to have prednisone dependent asthma but who had bronchiectasis 
and chronic airflow limitation. Clinical deterioration was not associated with 
sputum eosinophilia, but rather with neutrophilia. The resected lung specimen 
did not show any airway eosinophilic infiltration or structural changes consis
tent with typical asthmatic inflammation. 

4.2.4. Repeatability: The repeatability of cell counts has been examined in 
different ways and expressed either as intra class correlation coefficient (ICC) 
or as coefficient of variation. Repeatability has been examined on two differ
ent days (within subject variability), between two observers on the same sam
ple (interobserver variability) and by the same observer on one sample which 
was separated into two portions (within sample variability). There are only 
three reports using ICC. Pizzichini et al. [35] (on sputum selected from saliva, 
within subject), In't Veen et al. [51] (unselected sputum sample, within sub
ject) and Iredale et al. [30] (unselected sputum sample, interobserver and with
in sample) observed high ICC with the exception of total count and proportion 
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of lymphocytes. Good repeatability has also been demonstrated in flow cytom
etry for lymphocyte markers [52]. 

There are only two reports of within subject variability of the fluid phase 
measurements reported as ICC. Pizzichini et al. [35] observed high ICC for 
ECP (0.85), MBP (0.80), EDN (0.86), albumin (0.94), fibrinogen (0.86), 
tryptase (0.60) and IL-5 (0.69). In't Veen et al. [51] observed high ICC in the 
fluid phase of unselected sputum sample for ECP (0.82), albumin (0.71) and 
fibrinogen (0.88). 

This good repeatability identifies the reliability of these measurements 
(Tab. 5). 

4.2.5. Responsiveness: The responsiveness of the methods of sputum exami
nation have been investigated by following the results after inflammation has 
been induced or treated. Eosinophil counts and ECP concentrations are 
increased by exposure to allergens or diisocyanates in sensitized subjects and 
by reduction of steroid treatment [12, ] [53, 54] and decreased by treatment 
with corticosteroids [15, ] [55]. Similar observations have been made in pred
nisone dependent asthmatics [56]. When the prednisone is reduced, the 
eosinophilic inflammation returns. Regular treatment with inhaled steroid has 
also been shown to prevent the rise in eosinophils and metachromatic cells, 7 
and 24 h after allergen exposure [57]. These observations indicate that the 
methods of sputum examination are responsive to change. 

4.2.6. Sensitivity and Specificity: Traditionally, blood eosinophil counts have 
been used to monitor disease activity in asthma. Pizzichini et al. [58] compared 
the diagnostic utility of peripheral blood eosinophil counts and ECP levels 
with similar measurements in sputum by constructing receiver operating char
acteristic curves and comparing the area under the curves (AUC). 
Comparisons of the AUCs showed that percentage of eosinophils in sputum 
were significantly more sensitive and specific than blood eosinophils or ECP 
in the differentiation of patients with asthma from control subjects. Sputum 
eosinophilia of 2% had 100% specificity and 63% sensitivity. These results 
indicate that sputum eosinophils have better discriminative properties than the 
same indices in peripheral blood. Sensitivity and specificity of measurements 
in bronchial biopsies or BAL have not been investigated. 

4.2.7. Risks: Inhalation of hypertonic saline aerosol can cause airway con
striction [59]. This is inhibited by pretreatment with salbutamol [15]. However 
the degree of protection will depend on a number of factors including subject 
characteristics, the amount of saline inhaled and the amount of a recent PTago
nist used. When asthma is uncontrolled, airway responsiveness is severely 
increased, the dose of saline is greater, or a short acting PTagonist has been 
used three or more times in the past 24 h or a long acting ~Tagonist is in use, 
and the protection by inhaled salbutamol against bronchoconstriction is likely 
to be less. 
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The present methods of sputum induction with hypertonic saline in increas
ing concentrations is safe in subjects with mild stable or mildly exacerbated 
asthma [27, ] [60]. Induction with an aerosol of isotonic saline given cau
tiously for shorter time periods can also be safe in patients with a severe exac
erbation of asthma [15] or with severe airflow limitation [61]. However, the 
technique is still generally a research method and must be used cautiously. It 
should only be used by staff trained to perform the procedure safely. 

4.2.8. Cost Utility, Patient Acceptance: It is logical to assume that patients 
would prefer a noninvasive test like sputum induction to an invasive procedure 
like bronchoscopy. However there are no scientific studies which have exam
ined patient acceptance of sputum induction compared to other methods. 
Likewise, economic analysis of cost utility, cost effectiveness or cost mini
mization of sputum examination compared with other methods of assessing 
airway inflammation have not been conducted. 

5. Sputum Compared with Bronchoscopic Procedures 

Direct measurements of airway inflammation by bronchoscopy are considered 
to be the "gold standards" for assessing airway inflammation. However, their 
performance has not been investigated to the same extent as sputum examina
tion and they are impractical in practice. Two studies have examined the safe
ty of bronchoscopy and biopsy in bronchial asthma. Djukanovic and co-work
ers [62] concluded that fiberoptic bronchoscopy with BAL and endobronchial 
biopsy can be conducted safely in asthmatics under careful monitoring of 
oximetry except in patients with severe airway hyperresponsiveness. The safe
ty of the procedure was also examined by Van Vyve and colleagues [63], who 
demonstrated significant deterioration in FEV l (75.6% of predicted to 55.3% 
of predicted) and VC (86.2% of predicted to 64.0% of predicted) in a group of 
asthmatics with a range of severity of airflow obstruction. However they con
cluded that the procedure was safe because there was no correlation between 
the physiological deterioration and clinical severity and because similar dete
riorations were observed in normal controls (FEV 1 decreased from a mean 
97.1 % of predicted to 80.3% of predicted). 

There have been only four published studies comparing sputum with these 
direct measurements. Fahy et al. [28] compared cells and soluble markers in 
the whole expectorate of induced sputum with BAL and bronchial washings of 
10 asthmatics and 10 healthy subjects. The proportion of nonsquamous cells in 
sputum plus saliva more closely resembled those in washings than in BAL. 
Maestrelli et al. [48] observed that the agreement of the number of eosinophils 
in induced sputum and bronchial biopsies was better than the agreement of the 
same measurement between BAL and biopsies. Keatings and co-workers [64], 
in a study of 16 asthmatics, showed that the sputum is richer in neutrophils and 
eosinophils and poor in lymphocytes. Modest correlations were observed 
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between eosinophils and neutrophils in sputum and washings, but not in BAL. 
Grootendorst and co-workers [65] compared the cellular compositions of 
hypertonic saline-induced sputum, BAL, bronchial washings and biopsies in 
18 clinically stable mild atopic asthmatics, 10 of whom were on regular 
inhaled steroids. Sputum cell differentials were not significantly different 
between the patients with and without inhaled steroids. Sputum had higher 
neutrophil counts (median 28.7%) than washings (2.3%) and BAL (1.4%). The 
percentage eosinophils in sputum was significantly correlated with the per
centage in washings (rs = 0.52, p = 0;03) andBAL (rs = 0.55, p = 0.02). The 
correlation between the number· of eosinophils in sputum and the number of 
EG2+ eosinophils (/mm2 1amina propria in bronchial biopsies) however was 
not significant (rs = O.44,p = 0.07). The percentage of CD4+ lymphocytes cor
related between sputum and BAL (rs == 0.55, p = 0.03); 

We have compared the cell (differentially and metachromatically), lympho
cyte subsets and fluid phase ECP, fibrinogen and tryptase in induced sputum 
and BAL [49]. Our results confirmed the previous observations that sputum 
contained higher proportions of neutrophils and lower proportions of 
macrophages and higher concentrations of ECP; others have shown higher lev
els of albumin and mucin-like glycoprotein [28]. In contrast to previons obser
vations, we did not observe correlations between sputum and BAL eosinophil 
count (ICC 0.4). Furthermore, we observed that both the absolute number and 
the proportion of eosinophils and the fluid-phase ECPin sputUm, but not in 
BAL, were highly correlated. 

These differences in observations between induced sputum measurements 
and BAL may be accounted for by two factors: firstly, the two methods of 
investigation provide information about the inflammatory processess in two 
different airway compartments. BAL particularly samples the peripheral air
way and sputum is believed to mostly sample the larger airways. Secondly, 
BAL results will be influenced by the dilution effect of the fluid· used for 
lavage, and the variable amount of fluid used in different studies makes com
parisons difficult. The excellent correlations between the absolute number or 
proportion of eosinophils and fluid-phase ECP in induced sputum in the 
absence of similar correlations in BAL may be due to this dilution phenome
non. Sputum measurements, in the expectorate separated from saliva, has a 
known dilution factor, which overcomes this problem. 

Finally, both BALand bronchial biopsies do not have the same discrimina
tive properties as induced sputum. The repeatibility of both measurements 
have been reported to be poor [66,67] The high intra-subject variability of 
BAL measurements makes it a less precise measurement tool than sputum. The 
results have not been reported as intrac1ass correlation coefficient, making it 
difficult to compare them with the repeatibility of other instruments such as 
sputum. 

The differences and lack of correlation between sputum measurements and 
BAL and biopsies do not decrease the construct validity of sputum measure
ments. This may simply be a reflection of the differences in the discriminative 
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properties of the measurement tools and the type of airway sampling. 
Moreover, some of the differences may be accounted for by the different tech
niques involved in processing induced sputum. For example, Pizzichini et al. 
[49] use sputum selected from saliva, Fahy et al. [28] use whole expectorate, 
and Keatings et al. [64] and Maestrelli et al. [48] use whole sputum with 
attempts to minimize salivary contamination. 

6. Clinical Usefulness of Sputum Examination 

Sputum examination for inflammatory indices is still primarily a research tool. 
Its place in clinical practice still needs to be evaluated. However, there are the
oretical reasons why it should be required as little or as much as any other 
objective measurement. 

As Lord Kelvin has said "When you can measure what you are speaking 
about and express it in numbers you know something about it; but when you 
cannot measure it, when you cannot express it in numbers, your knowledge is 
of a meagre and unsatisfactory kind: it may be the beginning of knowledge, but 
you have scarcely, in your thoughts, advanced to the stage of science, whatev
er the matter may be [68]". Of course, measurements of airway inflammation 
must be made accurately, otherwise they will not be reliable and will not be 
useful in practice. At present, fresh sputum needs to be examined within about 
2 h. This can be accomplished by obtaining specimens at the hospital where 
the processing of sputum and examination is carried out. The measurements 
require a registered technologist, haematologically trained; in Canada, this is a 
prerequisite for reporting on clinical specimens in research· or practice. The 
processing and examination of sputum for cell counts, with automation of 
rocking and staining, takes about 30-45 min of technician time. At present 
these measurements are simple and robust and, as such, they resemble the 
FEV 1 in measuring the presence and severity of airflow limitation and have 
already been introduced in our own practice. 

The clinical uses of sputum examination can be considered in relation to 
diagnosis, causes of inflammation, prediction of response to glucocorticoid or 
antibiotic treatment, and helping to establish optimum treatment (including the 
minimum regular treatment required). 

6.1. Diagnosis of Eosinophilic Bronchitis 

Eosinophilic bronchitis can be defined as the presence of sputum eosinophilia 
without evidence of peripheral respiratory disease [69]. It occurs in asthma 
defined as variable airflow limitation [44]. It can occur when variable airflow 
limitation and airway hyperresponsiveness are only mildly abnormal and also 
in patients without asthma [45]. The latter has only recently been recognized 
because it requires measurement of airway inflammation to be diagnosed. 



90 K. Parameswaran and EE. Hargreave 

Eosinophilic bronchitis without asthma usually presents with a chronic 
cough with or without sputum [69]. It can also be associated with chest tight
ness, wheezing and a feeling of dyspnea when these are not associated with 
variable airflow limitation. It can occur in cigarette smokers [61] and in atopic 
or nonatopic subjects. It can be caused by airway reactions to inhaled allergens 
[53,57] or occupational chemical sensitizers [54,] [70]. Ifleft untreated, it can 
become associated with asthma (as indicated by the development of airway 
hyperresponsiveness) [45, ] [71] or with progressive airflow limitation without 
reversibility to a P2-agonist or hyperresponsiveness. 

Eosinophilic bronchitis, whether it is associated with asthma or not, usual
ly responds to treatment with inhaled glucocorticoids [45, 57]. However, it 
may require treatment with prednisone [69, 71] and it may be prednisone
dependent [56]. When asthma is not present, inhaled bronchodilators are not 
required. 

6.2. Recognition of the Type of Airway Inflammation and its Cause 

The type of airway inflammation may be categorized as eosinophilic, neu
trophilic or lymphocytic depending on whether the proportion of eosinophils, 
neutrophils or lymphocytes respectively are increased. An increase in 
eosinophils can be caused by reactions to inhaled allergens [53] or chemical 
sensitizers [54, 70]. It is a common feature of asthma and is exacerbated in 
steroid-dependent patients when the steroid is reduced below the dose required 
to suppress it [14, 56]. 

Serial measurements of sputum cell counts can be useful to confirm occu
pational allergy or chemical sensitization causing eosinophilic bronchitis with
out asthma [70] or occupational asthma [72]. If these are present, periods at 
work are associated with sputum eosinophilia and periods away from work by 
a reversal of this. 

Exacerbations of asthma are usually considered to be eosinophilic. 
However, they can be neutrophilic [46,47] and result from viral [73] or bacte
rial infections [50] or, perhaps, other stimuli. Clinical judgements of the type 
of inflammation often do not agree with sputum cell counts [74]. Without spu
tum examination, this will not be recognized and inappropriate treatment may 
be prescribed. 

6.3. Prediction of Response to Treatment with Glucocorticoids 

Sputum eosinophilia responds to glucocorticoid treatment in patients with 
chronic cough without asthma [45], in patients with asthma [15, 55] and in 
smokers with chronic airflow limitation [61]. Those patients without 
eosinophilia do not seem to respond. The latter has been prospectively inves
tigated in chronic cough [75] and in a pilot study of smokers with moderate to 
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severe chronic airflow limitation [61]. Amongst asthmatics, there is supportive 
evidence [15] but no prospective investigation. 

These observations are clearly important in interpreting research trials to 
investigate drugs in the treatment of airway diseases. If subjects are selected 
without sputum eosinophilia, drugs with anti-eosinophilic effects but no bron
chodilator or bronchoprotective effects will be ineffective. This is one of the 
reasons that patients on regular treatment with inhaled steroid who have 
uncontrolled symptoms are more likely to benefit from added inhaled long
acting ~-agonists than from the addition of inhaled steroid. 

6.4. To Monitor the Effects of Antiinflammatory Drugs in Difficult-to
Control Asthma 

Patients who seem to require regular treatment with prednisone (e.g. pred
nisone-dependent asthma) may benefit from serial objective measurements of 
sputum cell counts as well as from spirometry. Patients who are truly pred
nisone-dependent [14, 56], have sputum eosinophilia when on suboptimal 
treatment. When they are given an adequate high dose, sputum eosinophilia 
usually disappears [56]. When the dose of prednisone is reduced, sputum 
eosinophilia recurs before a clinical and physiological exacerbation and before 
the development of blood eosinophilia. Serial measurements may therefore be 
useful to establish the minimum regular dose of prednisone that is required. 
Some patients who are thought to be prednisone-dependent are not [50]. In 
these sputum eosinophilia is not a feature and exacerbations are neutrophilic. 
Because of the latter, exacerbations may be treated without additional pred
nisone. 

The value of monitoring sputum cell counts in treating airway disease in 
general needs to be investigated. 

7. Summary 

Sputum examination has become an established tool to assess airway inflam
mation. It is the most evaluated of all measurement tools available for this pur
pose. It is valid, repeatable, responsive and safe. Sputum induction takes about 
30-45 min and sputum examination about 2 h. The procedure can be per
formed at any time of day, at random, in more severe forms of airway disease, 
and performed repeatedly. There are some recent data suggesting that repeat
ed sputum examination within 24 h affects the cell differential counts, but 
these have yet to be confirmed. Sputum examination may be handled by any 
haematology laboratory. However it is important to adequately train the labo
ratory personnel and to establish regular quality control so that the reliability 
of results is ensured. The method is non-invasive and has comparable, if not 
better, discriminative properties to the invasive direct methods of assessing air-
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way inflammation, and is therefore a logical alternative to these. The role of 
measuring airway inflammation in general, and sputum examination in partic
ular, in routine clinical practice now needs proper investigation. 
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Decisions about the use of a drug in any group of patients should be based 
upon the knowledge about beneficial and adverse effects. Appropriate data is 
obtained through controlled clinical trials in patients of a similar age and dis
ease severity as the group in which the drug is being considered for use. 
Abundant, high quality clinical efficacy and safety data have been obtained on 
the use of inhaled corticosteroids in children> 3 years of age with mild, mod
erate and severe asthma. Our knowledge about the use of inhaled corticos
teroids and other drugs in children ::;3 years is more limited. Therefore, rec
ommendations about pharmacological asthma management in the ::;3 age 
group are based upon less evidence than the recommendations for older chil
dren. 

Several issues must be considered when positioning a drug in asthma man
agement. Some of the more important are: 
• The aims and outcome measures of asthma treatment 
• The dose of drug which is required to achieve these aims 
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• Comparison of the clinical efficacy of a particular drug with the efficacy of 
other treatments or no treatment at all 

• Influence of timing on the clinical effect 
• Cost-effectiveness 
• The risk of clinically important side-effects at doses required to control the 

disease to the same extent as other treatments 
In the following, these issues will be briefly discussed and summarized in 

order to provide the reader with some important information for therapeutic 
decision making. 

2. Aims and Outcome Measures of Treatment 

The choice of treatment to a great extent depends on which goals (outcomes) 
the physician wants to achieve. Over the years the aims of asthma management 
have changed markedly from effective pm. treatment of symptoms and exac
erbations towards more use of continuous prophylactic treatment. This change 
seems to have become widespread judging by the various international guide
lines. With the new therapeutic strategy definition of the aims of treatment and 
assessment of optimal asthma control has become much more complex and 
difficult. 

The goals of asthma treatment of children are twofold (Tab. 1). The imme
diate aim is to produce the maximum achievable effect on all outcome param
eters. The long-term aim is to prevent complications of the disease or its phar
macological treatment. If the immediate aim is not achieved the risk of also 
missing the long-term aim is increased. On this basis the undertreatment of 
asthma can be clearly defmed (Fig. 1) as: 
I. The maximum effect on an outcome is not achieved by the treatment 
ll. An insufficient number of outcomes is affected by the treatment 

Table 1. The goals of asthma treatment of children are dual. The immediate aims are to produce a max
imum achievable effect on all outcome parameters. The long-term aim is to prevent complications by 
the disease or its pharmacological treatment 

Important for choice of first-line therapy: 

Achieve optimal control 

Maximal effect 

Effect on as many outcome parameters. as possible 

Prevent complications 

Interference with normal social interactions and development 

Consequences of airway remodelling 

Clinical side-effects of the treatment 
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Effect (% max) 
100 

Effect (% of max) 
100 

80 80 

60 60 

40 40 

20 20 

o o 
Dose Outcome 

Figure 1. Undertreatment of asthma is seen 1) When the maximum effect on an outcome is not 
achieved by the treatment, or 2) when an insufficient number of outcomes is affected by the treatment. 
Inhaled corticosteroids beneficially affect more outcome parameters to a greater extent than any other 
asthma drug in the majority of children with asthma. 

In day to day management most physicians would agree that an optimally 
controlled child with asthma lives a normal life without any restrictions in 
physical activity and without any asthma symptoms or exacerbations. Lung 
functions are "normal" and increase over time as in healthy non-asthmatic 
children. Furthermore, the child has good knowledge about the disease, is con
fident about self-management and experiences no side-effects from the treat
ment. This level of control probably requires that bronchial reactivity is with
in the normal range and that inflammatory changes in the airways are minimal. 

Though these objectives seem pretty straightforward, and are achievable in 
the majority of children clinical experience and review of the literature suggest 
that they are not fulfilled in many children and that undertreatment is common 
[14]. The main reason for this seems to be variations in the perception and def
inition of the terms symptom free, normal lung functions and inaccurate 
assessment of the daily physical activity and degree of restriction of lifestyle of 
the child. Several studies have shown that asthma severity and the impact of 
disease on daily life are often greatly underestimated because of the difficulty 
in correctly assessing symptoms and the extent to which the child has adapted 
his or her lifestyle to avoid symptoms [1, 3,4]. As a consequence many chil
dren are undertreated, optimal asthma control is not achieved and effective 
treatment is either not prescribed or prescribed after the asthmatic condition 
has progressed for a number of years. 

Historically, the most extensively studied outcome parameters for anti-asth
ma drugs has been improvement in 1) symptoms and 2) lung function. 
However, during recent years, other outcome parameters have been recognized 
to be of similar or even greater importance than improvement in symptoms and 
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peak expiratory flow rate. These include 3) reduction in frequency and severi
ty of acute exacerbations, 4) reduction in mortality and morbidity, 5) control 
of airway hyperresponsiveness, 6) normalization of the chronic inflammatory 
changes in the airways, 7) improvement in quality of life, 8) normalisation of 
physical activity 9) prevention of airway remodelling and 10) normal growth 
of lung function. Furthermore, the question of whether early intervention with 
treatment can 11) change the natural course or even 12) cure the underlying 
disease are important issues to consider when the response to treatment is eval
uated. 

Our understanding of the effect of various drugs on these different aspects 
of control of disease is at a very early stage. The dose of drug sufficient to nor
malize lung function may be quite different from the dose required to control 
other outcomes. Furthermore, a certain drug may produce excellent control of 
one outcome such as symptoms without having any significant effects upon 
another such as exacerbations [5]. Finally, the time-course of the effect on the 
various parameters differs. Improvements in lung function and symptoms 
often precede and reach a plateau before the maximum reduction in respon
siveness [6]. 

Because of this complexity and difficulty with correct monitoring in daily 
clinical practice it is important to choose a prophylactic therapy, which has 
been shown in controlled clinical trials to affect as many outcomes as much as 
possible and to a greater extent than other available therapies. If this is not 
done the risk of undertreatment will be substantial. 

3. Effects of Inhaled Corticosteroids on Various Clinical Outcome 
Measures 

In the clinical situation it is almost impossible for the prescribing physician to 
accurately to assess if all the goals have been achieved. At present the best out
come or clinically most important combination of outcome parameters is not 
known. Therefore, it is important to choose a first-line treatment which has 
been shown to influence as many outcome parameters as possible. Such strat
egy is likely to reduce the risk of undertreatment. In this respect inhaled 
steroids normally have a significant and greater effect upon more outcome 
parameters than any other anti-asthma drug in patients with asthma regardless 
of disease severity. Inhaled corticosteroids have been documented in con
trolled trials in both children and adults to have a significant and often marked 
effects upon outcome parameters 1-10. Continuous use improves day- and 
night-time symptoms and lung function, reduces morbidity, mortality, the fre
quency of acute exacerbations and the number of hospital admissions, 
improves bronchial hyperreactivity, quality of life and capacity for physical 
activity, reduces chronic inflammatory changes in the airways, airway remod
elling and restrictions in daily activities, and ensures normal growth of lung 
function [1, 2, 5-46]. Furthermore, some studies have suggested that inhaled 
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steroids may also have an effect upon the natural course ofthe disease [2,47, 
48]. 

Controlled trials of all other asthma drugs in the chronic treatment of chil
dren have mainly shown a significant and reproducible effects on parameters 
1 and 2 and, infrequently, a limited effect on parameters 7 and 8. 

Undoubtedly, many of the outcomes are to some extent related to the degree 
of airway inflammation, which has been shown to exist in all disease severi
ties. However, at present we do not have the tools to measure all aspects of air
way inflammation in the day to day management of the disease in children. 
Furthermore, it is not clear to what extent the inflammatory process must be 
suppressed or which aspects of inflammation need to be controlled to influ
ence the various parameters. While most drugs possess some anti-inflammato
ry actions no other drug has been shown in controlled studies to affect the 
chronic inflammation of the airways to the same extent as inhaled corticos
teroids. Inhaled corticosteroids produce anti-inflammatory effects which are 
superior to those of all other anti-asthma drugs. The only component of the 
disease which may not respond to inhaled corticosteroids is the increased air
way responsiveness caused by structural changes in the airways. In contrast to 
other drugs, steroids not only shift the dose response curve to spasmogens to 
the right, but also limit the maximum narrowing in response to spasmogens 
[49]. 

4. The Inhaled Steroid Dose Required to Achieve Treatment Aims 

The dose of inhaled steroid required to achieve the aims of treatment seems to 
depend upon: 
• The outcome measure studied 
• The duration of administration of the inhaled steroid 
• The severity of the disease 
• The drug/inhaler combination used for the administration 
• The age of the patient 
• The duration of asthma when treatment is initiated 

As a consequence, each child may have herihis own individual dose
response curve. However, some general, superior conclusions about inhaled 
corticosteroid dose-response relationships can be made: 

Marked and rapid clinical improvements and changes in symptoms and lung 
function are seen at very low daily doses (around 100 Ilg) of inhaled steroids 
in most children with moderate and severe asthma [34, 35, 50, 51]. These 
improvements in lung function and symptoms precede and reach a plateau 
before a reduction in airway responsiveness is seen [52]. Additional improve
ment in these parameters with increasing doses is rather small, often taking an 
additional four-fold increase in dose to produce further significant effect. 
Therefore, low doses are clinically so effective that even very large, well con
ducted studies normally fail to show any statistically significant or clinically 
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relevant additional effect on symptoms and lung function when the dose is 
increased beyond 100 Ilg per day [51]. 

The dose-response curve for other outcome parameters is less thoroughly 
studied. It may be less steep in children with moderate and severe asthma [50] 
although this is probably not the case in children with mild asthma, who seem 
to reach the top of the dose-response curve with low daily doses of inhaled 
steroids [1, 53, 54]. Thus, in children with moderate and severe asthma, 4 
weeks treatment with a daily dose of 400 Ilg budesonide from a spacer (equiv
alent to 200 Ilg from Turbuhaler or 200 Ilg fluticasone propionate) produces 
about 85% of the maximum achievable protection against exercise induced 
asthma [50, 54]. No dose response studies on the anti-inflammatory effects 
have been performed in children. Budesonide at a daily dose of 400 Ilg has 
been shown to normalize NO levels in exhaled air [55]. In a biopsy study in 
adults fluticasone propionate 500 Ilg/day had a marked antiinflammatory 
effect and also seemed to influence airway remodelling [46], indicating that 
quite marked anti-inflammatory effects are also seen at low doses. However, 
further studies are needed. 

This means that the vast majority of school children will achieve optimal 
symptom control and maximum effect on peak expiratory flow rates, and a 
marked and clinically significant effect on other outcome parameters at daily 
doses of <400 Ilg/day of inhaled steroids [1, 26, 31, 32, 34, 35, 50, 52, 54, 
56-58]. Thus a recent dose reduction trial on 216 children with moderate 
asthma found that the minimal effective daily dose of inhaled corticosteroid 
required to maintain optimal lung function and clinical control, and prevent 
exercise induced asthma was 188 Ilg budesonide from Turbuhaler and 180 Ilg 
fluticasone propionate from Diskhaler [54]. The marked efficacy of low doses 
of inhaled steroids has also been confirmed in clinical trials and dose-response 
studies in adults [51,59,61]. 

5. Clinical Efficacy and Comparisons with Other Anti-Asthma Drugs 

The beneficial effects of inhaled steroids in children are more pronounced than 
for any other anti-asthma drug as shown in a number of studies [1, 2, 5, 24, 25, 
33,38,39,44,45,62-64]. In two recent studies, including one from general 
practice, children with mild and moderate asthma achieved markedly better 
symptom control, significantly higher morning and evening peak expiratory 
flow rates and clinical lung function, and reported fewer adverse events during 
treatment with 50 Ilg fluticasone propionate twice daily as compared with 
children treated with DSCG 20 mg four times daily [1, 45] (Fig. 2). Similar 
results were also reported with budesonide 400 Ilg/day from a spacer [25, 64]. 
In three other studies, 200 and 400 Ilg beclomethasone propionate per day was 
significantly more effective than continuous theophylline treatment adminis
tered in optimal doses in combination with inhaled bronchodilators [38, 39, 
62]. Furthermore, inhaled budesonide 400 Ilg/day was better than nedocromil 
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Figure 2. Mean morning (SE) peak expiratory flow rate (PEFR) expressed as percent of that predict
ed in children with mild asthma treated with. = fluticasone propionate, 50 ~g b.i.d (n = 110), 
... = cromolyn sodium, 20 mg qid (n = 115); *p < 0.05; ++p < 0.0001 [1]. 

[33], sodium cromoglycate [44], salmeterol 50 Ilg b.i.d [55, 65] or combina
tions of all other asthma drugs [2]. Finally, beclomethasone 400 Ilg/day was 
recently shown in two long-term studies to be clinically more effective than 
salmeterol 50 Ilg b.i.d on a variety of outcome parameters, including symp
toms, lung functions, exacerbations and bronchial hyperreactivity [5, 63]. In 
all these studies, a fixed dose of inhaled corticosteroid was used (dose titration 
was not performed); in light of the dose-response relationships described ear
lier, it is likely that similar results could have been achieved at lower doses of 
inhaled corticosteroid in many of the studies. This assumption is indirectly 
supported by the similarity between the findings of studies using daily doses 
of 100 Ilg and studies using doses of 400 Ilg/day. 

So far, no controlled clinical studies have found other drugs to be more 
effective than inhaled steroids in children or adults with asthma. 

6. Timing - Early Treatment Produces Better Results 

A recent long-term study provided interesting information about the beneficial 
clinical effects associated with long-term continuous use of inhaled steroids 
[2]. The improvement in lung function was significantly greater in children 
who started budesonide treatment early (within 2 years) after the onset of 
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Figure 3. Annual increase (i%) predicted FEV 1 in relation to the duration of asthma at the time when 
treatment with inhaled budesonide was initiated [2]. 

asthma than in children who did not start the treatment until some years after 
onset of asthma symptoms (Fig. 3). In addition, children who started early had 
better lung function at a lower accumulated dose of budesonide during the ftrst 
4.5 years of treatment than children in whom inhaled steroids were not initiat
ed until after more than 5 years of symptoms. The development of the lung 
functions in the group of children who did not receive inhaled corticosteroids, 
was slower inthe group of the corticosteroid-treated children. The average 
annual "loss" of lung function was around I % in FEV h compared with the 
expected growth over time. These ftndings strongly suggest that early treat
ment with inhaled steroids may prevent airway remodelling and the develop
ment of irreversible structural changes in the airways. Recently, similar ftnd
ings have been reported in other studies of children and adults where early 
introduction of inhaled corticosteroids produced a better clinical effect com
pared with late introduction [47, 48, 6670]. The ftndings of these studies speak 
strongly for introducing inhaled steroid treatment early rather than late in the 
treatment schedule. Similar ftndings have not been reported with other drugs 
in controlled prospective studies. 

7. Cost-Effectiveness Considerations 

When the effects of therapy on disease are assessed, it is important to consid
er not only effectiveness in modifying the physiological parameters of disease, 
but also the influence on health-care costs. If two treatments are equally effec-
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tive and safe, other factors, including the costs of the two alternatives, are 
important to consider when choosing therapy. 

A number of studies have evaluated the cost effectiveness of intervention 
with inhaled corticosteroids in children. In a detailed analysis of costs involved 
in adding an inhaled corticosteroid to inhaled ~Tagonists, there was an expect
ed increase in drug costs, but this was compensated for by savings in the use 
of medical services. Furthermore, for similar costs patients experienced sig
nificant advantages in terms of symptom control and increased activity [71]. 
These findings concur with the results of another prospective study which 
compared inhaled budesonide and placebo in preschool children with wheeze 
[43]. This study found that total health-care costs were higher in the placebo 
group due to greater indirect and other direct expenses incurred in that group. 
For each US$ spent on budesonide total costs were reduced by 2.6 US$. 

Inhaled budesonide has also been compared with other non-steroidal anti
asthma treatments in a long-term (up to 7 years) study of 278 children. In that 
study, inhaled budesonide treatment was associated with a greater than 50% 
reduction in annual direct health care costs per child and provided improved 
asthma control compared with other non-steroidal anti-asthma treatments [72]. 
Each US$ spent on budesonide was associated with a reduction in health-care 
costs of 2.9 US$. 

These results agree with the findings of a recent study comparing inhaled 
fluticasone treatment with sodium cromoglycate in children with mild and 
moderate asthma: The inhaled steroid was found to be makedly more cost
effective than sodium cromoglycate [73]. It was calculated that the cost of one 
symptom-free day was 1 US$ in the fluticasone group and 2.5 US$ in the sodi
um cromoglycate group. 

These four studies and several studies in adults clearly show that treatment 
with inhaled corticosteroids is very cost-effective, not only in children with 
severe asthma but also in children with moderate and mild disease severity. 
Inhaled corticosteroids are normally more cost-effective than other anti-asth
ma treatment. This conclusion seems to be true not only for industrialized 
countries but also for developing countries. 

8. Risk of Side-Effects 

The occurrence of systemic effects has been extensively studied over the past 
20 years without a clear definition of the various terms. Often no distinction is 
made between a a measurable systemic effect and a clinically relevant sys
temic side-effect. Whether a systemic effect is measurable or not depends 
entirely upon the sensitivity of the method used for the· measurement: when 
more sensitive methods are utilized, more systemic effects become measura
ble. Thus, for a given drug or inhaler, there will always be a dose below which 
no systemic effects can be detected no matter which method is used. As the 
dose increases, there will be a dose range within which systemic effects are 
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measurable in one or more systems. However, more often than not, these 
measurable effects merely reflect small changes within the normal range of the 
normal biological feedback system or are chance findings without clinical rel
evance. For example, studies have found sodium cromoglycate treatment to be 
associated with significant effects upon the excretion of growth hormone in the 
urine [74] and markers of bone metabolism [75]. Treatment with inhaled 
Pragonists has also been found to adversely affect the secretion of growth hor
mone [76, 77]. Although statistically significant, these findings are probably 
not clinically relevant. The same is the case for some of the findings with 
inhaled steroids. Finally, there will be a dose level beyond which the drug may 
be associated with clinically important systemic side-effects in one or more 
systems. 

Our knowledge about the dose level at which measurable systemic effects 
are seen is quite good. It varies with different steroid/inhaler combinations [51, 
78] and conclusions from one drug/inhaler combination cannot be extrapolat
ed to other drug/inhaler combinations. It can usually be assumed that doses 
which are not associated with any measurable systemic effects in sensitive lab
oratory test systems are also clinically safe. 

A recent study suggested that significant differences may exist between 
findings in patients and healthy volunteers [79], the systemic effects being 
markedly higher in healthy volunteers than patients. Therefore, the results of 
studies of systemic activity of inhaled corticosteroids should preferably be per
formed in patients with moderate-to-severe asthma. For inhaled steroids, the 
vast majority of safety data has been obtained in school children with mild 
asthma who have not required the doses of inhaled corticosteroid under inves
tigation to be optimally controlled. Furthermore, many studies have been con
ducted under artificial laboratory conditions which are very different from the 
actual conditions occurring during day-to-day treatment. Conclusions from 
such studies should be applied with great caution to the day-to-day treatment 
of patients with more severe disease who may require the doses used in these 
studies. Clinically relevant safety data should be obtained in clinical trials 
which tailor the dose of inhaled steroid to the severity of the disease. Often, the 
findings in such "dose-tailored" studies are different from the conclusions of 
studies carried out in the laboratory or from studies in which patients are 
overtreated due to a fixed (often high-dose) dosing regimen which does not 
allow for dose adjustments as indicated by the individual's clinical picture. 

It is clear from efficacy studies in pediatric patients that 100-200 Ilg inhaled 
steroid per day is more effective than any other treatment in the majority of 
patients. Therefore, it is only relevant to assess the risk of clinically important 
systemic effects of such doses of inhaled steroids when comparing the clinical 
efficacy/side-effect ratio with other drugs. When reviewing the literature about 
the safety of low doses of inhaled steroids, it becomes clear that at present, no 
controlled studies have reported any clinically relevant systemic side-effects 
with such doses of inhaled corticosteroid [51, 80, 81]. 
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8.1. Growth 

Growth is a complex and variable process. Many studies have demonstrated 
poor correlations between short-term height velocity and annual height veloc
ity [8286] and between steroid-induced changes in short-term lower leg 
growth rate and statural growth during the subsequent year. One month lower 
leg length velocity explains virtually nothing of the variation in annual statur
al height velocity [85, 86]. In addition, the correlation between two consecu
tive annual height velocity values for normal prepubescent children is also 
very poor. A low gain in 1 year is not necessarily followed by a low gain the 
next year and vice versa [85]. The correlation between 1- 2- 3- and 4-year val
ues are only partially correlated with one another [85] and height velocity 
computed over a period of 3 or 4 years in childhood only explains 34% and 
38%, respectively, of the variation in final height, respectively. Therefore, the 
only clinically important outcome measure of human growth is the final height 
in relation to expected final height, allowing for gender and mid parental 
height differences. Few studies have assessed final height in children treated 
for long periods with inhaled corticosteroids. Two prospective studies found 
that long-term treatment with inhaled corticosteroids did not adversely affect 
final height [87, 88]. In agreement with this a meta-analysis of 21 studies con
cluded that inhaled corticosteroids did not adversely affect final height [89]. 

Over the years, a large number of intermediate-term studies studies have 
evaluated the effect of inhaled corticosteroids on statural growth. The vast 
majority have not found any adverse effect. However, over the last few years 
several studies have found growth retardation in children with mild asthma 
treated continuously for 1 year with a fixed daily dose of beclomethasone 
~400 Ilg [5, 38, 63, 81, 90]. This dose is markedly higher than the dose 
required to control mild asthma. Furthermore, a dry powder inhaler or a pMDI 
was used for the administration of beclomethasone. These devices deposit a 
large amount of drug in the oropharynx. Oral deposition of beclomethasone 
results in extensive absorption into the systemic circulation through the gas
trointestinal tract with a subsequent increase in systemic effect. The reason for 
the discrepancy between the findings in these intermediate-term studies and 
the conclusion of the metaanalysis are not clear. It is known.that the growth 
retarding effect of exogenous steroids is most pronounced during the first year 
of treatment. In addition, steroids also seem to retard bone maturation. If this 
occurs to the same extent as the retardation of growth, then final height is not 
expected to be adversely affected since bone age will correspond to height age. 
Such children will grow for a longer period than their peers and eventually 
attain normal final height. 

Other prospective, high quality, controlled studies of ~2 year's duration 
with budesonide pMDI and Turbuhaler and of 1 year's duration with fluticas
one propionate found no adverse effect on growth [2, 45, 91, 92]. The two 
studies with fluticasone propionate were performed in children with mild 
asthma. Both confrrmed that fluticasone doses which are markedly more effec-
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tive than sodium cromoglycate do not adversely affect growth during 1 year's 
treatment [45, 92]. 

These findings emphasize two important issues: 
1. Important differences exist between the various inhaled corticosteroids and 

inhalers [51], and 
II. Growth retardation may be seen when a sufficiently high dose is adminis

tered for long periods without any adjustment in the light of disease severi
ty. 

8.2. Osteoporosis 

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. 

8.2.1. Biochemical Markers: Several studies have assessed markers of bone 
resorption and formation. They all found that only high dailrdoses ofinhaled 
steroids (equivalent to 800 /-lg budesonide) have a detectable effect on these 
markers in children. Daily doses of 400 /-lg or less had no effect in any of the 
studies [75,93, 100]. Measurements of markers of bone formation and degra
dation have always been done in short-term studies on patients with quite mild 
disease. 

8.2.2. Bone Mineral Density: A recent 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 /-lg 
was not different from the BMD of 112 children with asthma, who had never 
received inhaled or oral steroids [101]. These findings corroborated those 
reported in previously published cross-sectional studies of much smaller 
groups of children treated for shorter periods of time with inhaled steroids [94, 
102,104] and two longitudinal studies assessing the development of bone min
eral density over a period of 6 months in 14 children [105] and 1 year in 21 
children [106]. Although the latter studies may have been underpowered, the 
results are reassuring-there are no indications that standard paediatric doses 
adversely affect bone mineral density in children. 

8.2.3. Fracture: At present there are no indications that long-term treatment 
with inhaled corticosteroids is associated with an increased risk of fracture in 
children. 
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8.3. Cataracts 

Three to 6 years' treatment of 178 children with inhaled budesonide at an aver
age daily dose of about 500 Ilg was not associated with an increased occur
rence of posterior subcapsular cataract, bruises, tendency to bruise, hoarseness 
or other noticeable voice changes [107]. This finding corroborates those 
reported in previously published studies of smaller groups of less well-charac
terized children and of adolescent patients treated for shorter periods of time 
with inhaled glucocorticosteroids [108, 112]. These data strongly suggest that 
long-term treatment with inhaled corticosteroids in the doses required to con
trol mild and moderate asthma is unlikely to cause cataract formation. 

9. Summary 

Inhaled steroids have been used for the treatment of asthma in children for 
more than 20 years. During this time, a substantial number of studies have 
evaluated the safety and efficacy of this therapy. Generally, the results have 
been reassuring. Inhaled corticosteroids have a marked effect on both imme
diate and long-term aims of asthma therapy. In patients with mild and moder
ate asthma, low daily doses of around 100-200 Ilg/day of inhaled steroid pro
duce a clinical effect which, in most trials, is better than the effect of any other 
treatment to which it has been compared. No clinically important side-effects 
have been associated with treatment in this dose range. Inhaled corticosteroids 
beneficially affect more outcome parameters than any other asthma drug and 
use of inhaled corticosteroids as first-line prophylactic therapy reduces the risk 
of undertreatment. Furthermore, early intervention with inhaled steroids facil
itates, and may be a precondition for, long-term optimal asthma control. 
Finally treatment with inhaled corticosteroids is very cost-effective, more so 
than the other treatments to which they have been compared. 

10. Conclusions 

The marked efficacy and many beneficial effects of low doses of inhaled 
steroids, combined with the lack of clinically important systemic side-effects, 
give this treatment a favorable benefit/risk ratio compared with other treat
ments. This supports placing this treatment as a first-line therapy in children 
with asthma requiring continuous prophylactic treatment. 
• 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 
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rather than to increase the steroid dose. Further studies are needed to assess 
that and at which dose this should be done for the individual steroid-inhaler 
combinations. 
Further studies are needed in children :53 years. 
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1. Introduction 

With the increasing awareness of the importance of inflammation in the patho
genesis of asthma even in relatively mild patients [1], more and moreempha
sis is being put on anti-inflammatory approaches to treatment 

The place of anti-inflammatory drugs is defined by the latest international 
guidelines (The Global Initiative for Asthma: GINA) as starting with patients 
with mild persistent asthma, who have symptoms more frequently than 1 day 
per week [2]. 

Anti-inflammatory drugs can be divided into oral and inhaled steroidal, and 
inhaled non-steroidal (cromolyn sodium and nedocromil sodium). The choice 
between steroidal and non-steroidal drugs needs to be made, based on a 
risklbenefit assessment. The safety record of cromolyn sodium and nedocromil 
sodium is excellent [3-5]. Most of the side-effects due to cromolyn sodium are 
attributable to a local irritant effect, mainly with dry powder administration, 
resulting in transient cough or wheezing_ More serious adverse effects are rare 
and were described in 2% of patients in one study, manifesting as dermatitis, 
myositis, and gastro-enteritis [6]. There are only a few published cases of ana
phylaxis to cromolyn sodium [7-9]. 

The safety record of nedocromil sodium is also very good [10]. Unpleasant 
taste has been described as the most frequent unwanted event, but its occur
rence varied between 0% [11, 12],6% [13] and 13% [14]. 
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2. The Side-Effects of Inhaled Corticosteroids are Both Topical and 
Systemic 

2.1. Topical Side-EffecTs 

Oral candidiasis has been described with an incidence varying between 5 and 
77% [15], but the incidence is less in children [16, 17]. 

Dysphonia seems to be more frequent than candidiasis, and has been 
described in 30-50% of cases [18, 19]. Cough and throat irritation are also 
fairly common [19]. Oral blood blisters have been found in adults treated with 
large doses of inhaled corticosteroids [20]. A few children have developed stri
dor on inhaled beclomethasone dipropionate [21]. Linder et al. reported on 
three premature infants who developed hypertrophy of the tongue while being 
treated with nebulized beclomethasone 200-400 /lg/day. Discontinuation of 
the steroid resulted in reversal of the hypertrophy [22]. 

2.2. Systemic Side-Effects 

Systemic unwanted effects are influenced by: a) dose, b) pharmacokinetics, c) 
delivery system, d) individual sensitivity, and e) asthma severity. The first two 
are self-explanatory. Relevant pharmacokinetic factors may include lung ver
sus oral bioavailability (the latter from the swallowed portion); half-life; recep
tor affinity; and lipophilicity. 

2.2.1. Delivery Systems: Delivery systems are important because of differ
ences in the dose delivered to the lungs, from which absorption freely occurs. 
Thus Thorsson and associates showed that the same dose of budesonide given 
as dry powder, produced 50% more systemic bioavailability than as an MDI, 
because of greater delivery of steroid to the lungs [23]. 

2.2.2. Individual Sensitivity: Individual sensitivity to the systemic effects of 
inhaled corticosteroids varies substantially between patients. In addition to 
rare case reports of so-called idiosyncratic reactions such as obesity, hirsutism, 
growth retardation and adrenal suppression at regular doses [24], in some stud
ies where the group mean results justified the conclusion of no unwanted 
event, a few individual patients can be found who do show side-effects. Thus, 
Godfrey and Konig [25] showed no growth suppression for the whole group of 
pediatric asthmatics treated with beclomethasone dipropionate, but five of the 
26 children grew at a rate slower than expected. 

2.2.3. Asthma Severity: Asthma severity is not a widely recognized factor 
affecting systemic side-effects of inhaled corticosteroids, but there is increas
ing evidence that it does. In a study on adult asthmatics, fluticasone propionate 
2000 /lg/day caused more adrenal suppression in milder patients than in severe 
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ones [26]. This could be due to greater lung deposition and absorption in the 
less obstructed mild patients. Numerous studies have shown no growth sup
pression in severe patients treated with beclomethasone dipropionate in regu
lar doses [25, 27]. More recently, two studies performed in mild-to-moderate 
patients showed significant growth suppression with beclomethasone dipropi
onate at a low dose of 400 Ilg/day [28, 29] (Fig 1). 
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Figure 1. Change in height from baseline of children receivingBDP (closed circles) and those receiv
ing placebo (open circles). From: Doull et al. Am J Respir Crit Care Med 1995; 151: 1715-1719 (ref
erence [29]). 

Why should there be more growth suppression reported in milder disease? 
Ninan and Russell [30] found that poorly controlled asthma itself results in 
growth suppression. In severe asthma, the introduction of inhaled corticos
teroids results in a marked improvement in asthma control. In addition, severe 
patients often need short or more prolonged courses of systemic steroids which 
have a powerful growth-suppressive effect. The introduction of inhaled 
steroids in such patients greatly reduces or eliminates the need for systemic 
steroids. Thus, in severe patients inhaled corticosteroids have two beneficial 
effects on growth which will balance out any negative effect and the end result 
is no growth suppression or even accelerated growth. In mild patients, the 
introduction of inhaled corticosteroids has a less dramatic effect on asthma 
control and these patients rarely need systemic steroids. Therefore, in mild 



120 

Severe asthma 
Inhaled steroids 

! \ 

P. Konig 

significantly less asthma 
growth 'IP 'IJl less need for systemic steroids 

\' li I 
no growth suppression 

Mild asthma 
Inhaled steroids 

! \ 
9rowth\ ~ ii9htly less asthma 

growth suppression 

Figure 2. Growth suppression with inhaled corticosteroids in severe versus mild asthma. 

patients the two beneficial effects on growth are much less important and the 
negative effect predominates, resulting in growth suppression (Fig 2). 

The systemic undesirable effects of inhaled corticosteroids at regular doses 
can be classified into: 1) Rare, idiosyncratic reactions; 2) Statistically signifi
cant changes in biochemical levels with unclear clinical significance; 3) Side
effects affecting only certain severity groups, such as growth suppression in 
mild-to-moderate asthmatic children [28,29]; 4) Side-effects demonstrated in 
adults but not studied in children; and 5) Theoretically possible side-effects' 
which were not yet clinically studied, such as increased IgE synthesis and 
decreased lung· growth. 

Idiosyncratic reactions: The exact prevalence of such cases is hard to establish 
because not all cases are diagnosed or published. Thomas and associates [31] 
described six patients with growth suppression on beclomethasone dipropi
onate 300-800 ~g, but they did not state how large was the original group 
treated with beclomethasone 
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Statistically significant changes with unclear clinical significance: Tabachnik 
and Zadik [32] found that treatment with beclomethasone dipropionate 
400 Ilg/day in children with asthma caused a 63% suppression of nocturnal 
cortisol production 

There is no evidence that this adrenal suppression entails a risk for life 
threatening adrenal insufficiency [33, 34]. However, there is some evidence 
that suppression of nocturnal endogenous cortisol production increases late 
allergic reactions in the skin [35] and may have a role in nocturnal asthma [36]. 
The clinical significance, if any, of this finding in asthma remains to be estab
lished. 

Studies on bone metabolism have yielded somewhat contradictory results. 
In children, Sorva and associates in a longitudinal study, reported significant 
reduction in osteocalcin and procollagen I (markers of osteoblastic activity) 
with budesonide 400 Ilg/day [37]. Our own cross-sectional study showed no 
effect on osteocalcin or on bone mineral density with beclomethasone 
300-800 Ilg/day [38] and one longitudinal study showed no effect on bone 
mineral content with beclomethasone 300-400 Ilg/day [39]. 

In adults, with larger doses of inhaled corticosteroids (800-2000 Ilg/day) 
both osteocalcin [40] and bone mineral density [40,41] were found to be sig
nificantly reduced and at these doses the changes are probably clinically sig
nificant. 

Side-effects affecting only certain severity groups: This has been shown in 
terms of adrenal suppression in adults [26] and of growth suppression which 
is more common in milder patients than in more severe patients [28, 29] 

In a retrospective study of 201 children Saba and associates [42] reported 
growth retardation from treatment with beclomethasone or budesonide 
100-2500 flg/day and they concluded that growth suppression was more pro
nounced in severe patients. However, their severity classification was very dif
ferent from the more widely accepted classifications, such as those in the 
GINA [2] or other international guidelines. The authors used a severity score 
based on four criteria, two of which (use of steroids for allergic rhinitis and 
"difficulty in cooperation") are not used in other classifications. Therefore, 
their results cannot be compared (in terms of the effect of the severity of dis
ease) with other studies based on more conventional severity classifications. 
Nevertheless, it does show growth suppression with an average dose of 
500 Ilg/m2 body surface area, which is not an excessively high dose. 

Many studies enroll patients already on some prophylactic drug regime 
(non-steroidal or steroidal) and the severity classification is based on frequen
cy of symptoms and/or pulmonary function, which creates confusion between 
degree of control and disease severity [43]. This makes it difficult to analyze 
the effect of disease severity on steroid side-effects. 

Side-effects shown in adults, but not studied in children: These are mostly side
effects affecting the skin, resulting from treatment with inhaled corticos-
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teroids, in most cases with large doses. Autio et al. [44] studied skin collagen 
synthesis. They concluded that budesonide either 400 Ilg/day or 1600 Ilg/day, 
significantly reduced type I and type III procollagen propeptides compared to 
a control group treated with nedocromil sodium. This confirms an earlier study 
by Capewell and associates [45] who demonstrated skin thinning in adults on 
high doses of beclomethasone (1000-2250 Ilg/day) but not on low doses 
(200-800 Ilg/day) 

Skin bruising has been reported in 47-48% of adult patients taking large 
doses of inhaled corticosteroids [41, 46]. It was more pronounced among 
females, older patients, and among patients with adrenal suppression, and it 
correlated with the dose of inhaled corticosteroids. 

Theoretically possible side-effects, which were not studied clinically: Zieg and 
associates [48], in a group of adult asthmatics treated with oral prednisone, 
showed a significant increase in total IgE. In a study in children with atopic 
dermatitis, Hiratsuka et aI., compared beclomethasone with cromolyn sodium, 
both drugs by topical application [49]. IgE production by peripheral blood B 
cells was significantly increased by beclomethasone dipropionate, but signifi
cantly decreased by cromolyn sodium. In vitro studies confirm the fact that 
glucocorticosteroids increase IgE synthesis [50] and cromolyn sodium inhibits 
it [51]. Studies have not investigated the effect of inhaled corticosteroids on 
IgE synthesis 

Systemic corticosteroids given to rat fetuses cause profound pulmonary 
hypoplasia [52], and in newborn rats they partly suppress the outgrowth of new 
interalveolar septa, resulting in larger and fewer air spaces [53]. It is not known 
if this occurs in humans and if inhaled corticosteroids might have the same 
effect. 

3. Corticosteroids versus Cromolyn Sodium 

In terms of efficacy, several studies have compared cromolyn sodium with 
inhaled corticosteroids in children. The outcome of these studies depends very 
much on the severity of the patient population. As one would expect, in severe 
patients, inhaled corticosteroids are more efficacious than cromolyn sodium 
[54-56]. 

However, studies performed on mild-to-moderately severe children have 
yielded very mixed results. Of the five published studies, only two [57, 58] 
(one of them not a controlled study) [58] showed a superiority for inhaled cor
ticosteroids over cromolyn, while three others showed equal efficacy [59-61]. 
Thus, there is no conclusive evidence that inhaled corticosteroids are more 
efficacious than cromolyn sodium in mild to moderate asthmatics. It is in these 
same mild-to-moderate patients that inhaled corticosteroids are more likely to 
produce systemic side-effects than in patients with severe disease [26,28,29]. 
Therefore the risklbenefit ratio of inhaled corticosteroids is excellent in severe 
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asthma but not as favorable as the inhaled non-steroidal agents in mild-to
moderate asthma. 

For many years this was the widely accepted philosophy behind a stepwise 
approach to treatment, in which inhaled non-steroidal anti-inflammatory drugs 
such as cromolyn sodium were tried first in mild to moderate patients, and 
inhaled corticosteroids were reserved for severe asthmatics, who failed to be 
controlled by the nonsteroidal agents [62-64]. 

More recently, this approach has been questioned by some investigators, 
who have raised the possibility that delay in starting inhaled corticosteroids 
may result in irreversible airway obstruction [65]. This postulate was based on 
a study by Agertoft and Pedersen [65], in which one group of children was 
treated with budesonide for 6 years and a control group was treated with other 
antiasthmatic agents, including cromolyn sodium in some. The authors found 
a greater increase in FEV 1 in patients with a shorter delay in starting budes
onide. The study, however, was not designed to evaluate irreversible airway 
obstruction. The published spirometry results are only prebronchodilator val
ues with no postbronchodilator values given and there was no attempt made to 
reverse airway obstruction with a short course of systemic steroids. Thus, it 
cannot be said that the obstruction was truly irreversible. Another shortcoming 
in this study is that the control group was not chosen on a random basis, but 
was comprised of patients or parents who refused to take inhaled corticos
teroids. The patients were also treated with maintenance adrenergic agonists. 
Some studies have shown that maintenance adrenergic agonist therapy can 
cause less effective asthma control [66], increased bronchial hyperreactivity 
[67] and an increase in the late asthmatic response to allergen [68]. 

We performed a retrospective study specifically designed to examine the 
hypothesis that delay in starting inhaled corticosteroids might cause irre
versible airway obstruction [69]. The patients were classified as mild, moder
ate and severe as defined by Warner et al. [62] and treated with "as needed" 
adrenergic agents, cromolyn sodium, or inhaled corticosteroids, respectively. 
If the clinical control, based on symptoms and pulmonary function tests, 
changed for the better or worse, the treatment was stepped up or down accord
ingly. Both groups treated originally with inhaled anti-inflammatory drugs 
(cromolyn sodium or inhaled corticosteroids) had better pulmonary function 
tests at the end of follow-up (a mean of 8.4 years) than at the start, and the only 
group that showed worsening was those started on bronchodilators alone. 
Postbronchodilator values in the group started on cromolyn sodium were quite 
normal (FVC 104%; FEVl 100%, FEF25- 75 94%). (Fig. 3). Final pulmonary 
function tests showed a significant negative correlation with delay in starting 
cromolyn sodium in terms of FVC pre- and postbronchodilator values, but 
delay in starting inhaled corticosteroids had no effect on any of the pulmonary 
function tests. Thus it seems that the crucial step is the start of anti-inflamma
tory treatment, but not necessarily with inhaled corticosteroids. 

A cross-sectional study from Finland [70] examined pulmonary function 
tests in a group of children treated according to the same asthma guidelines 
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Figure 3. Pulmonary function tests at start and end of follow-up. (A) Mild asthma (p.r.n. bron
chodilators). (B) Moderately severe asthma (cromolyn sodium). (C) Severe asthma (inhaled corticos
teroids). (Modified from Konig, Shaffer; J Allergy Clin Immunol 1996; 98: 1101-1111; reference 
[69]). 

[62]. Their moderately severe group was treated with cromolyn sodium or 
nedocromil sodium. The conclusions of their study were very similar to ours 
[69], namely that inhaled non-steroidal agents (cromolyn sodium or 
nedocromil sodium) resulted in very good pulmonary function tests and should 
be started earlier than the recommendations of the guidelines [62] (patients 
with symptoms more than 3 days/week). Their results are almost identical with 
the pulmonary function tests observed in our study [69]. 

Oswald and associates [71] conducted a longitudinal study with a 28-year 
follow-up. They concluded that patients with relatively mild asthma who were 
not treated with inhaled corticosteroids did not have a negative outcome in 
terms of lung function tests. 

Thus, three studies [69-71] have shown no evidence that moderately severe 
patients treated with inhaled non-steroidal anti-inflammatory agents develop 
irreversible airways obstruction. Of course, if control with these drugs is unsat
isfactory, the treatment needs to be stepped up to inhaled corticosteroids, a step 
that was not possible in most patients of the control group in the Agertoft and 
Pedersen study [65], who refused steroid therapy. 

In conclusion, in mild to moderately severe asthma in children, non
steroidal inhaled anti-inflammatory drugs such as cromolyn sodium and 
nedocromil sodium have comparable efficacy and better overall safety than 
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inhaled corticosteroids. The milder the patient's illness, the less readily we 
should accept the risk of side-effects. In severe patients, the superiority of 
inhaled corticosteroids is clear and in those patients the risklbenefit ratio of 
these drugs is excellent. 

Therefore, a stepwise approach, as recommended by various guidelines 
[62-64], is still the best approach. The latest set of guidelines, incorporated in 
GINA [2], is further improved by recommending earlier introduction of 
inhaled non-steroidal agents than the previous guidelines [62-64] (in patients 
symptomatic more than 1 day/week, as opposed to the previously recom
mended more than 3 days/week). 
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1. Introduction 

129 

Corticosteroids have been used to treat a variety of airway diseases since the 
early 1950s, following an initial study of Carryer et al. [1], who reported the 
benefits of oral cortisone on ragweed pollen-induced hay fever and asthma. 
This was followed by a report by Gelfand [2], demonstrating clinical benefit 
from inhaled cortisone in a small group of patients with both allergic or non
allergic asthma. Subsequently, a multicenter trial run by the Medical Research 
Council in the United Kingdom in 1956 demonstrated improvement in acute 
severe asthma in a placebo controlled trial [3], and reports at that time 
described benefit in chronic asthma [4], demonstrating the unequivocal bene
fit of corticosteroids in asthma. Subsequently, both oral and inhaled corticos
teroids have evolved into the most important and useful drugs currently avail
able to treat asthma. 

The initial studies evaluating the efficacy of inhaled corticosteroids in asth
ma were performed on patients with moderate to severe disease. At the time of 
their introduction to clinical practice in the early 1970s, and for many years 
thereafter, their use was mainly limited to patients who had persisting symp
toms despite aggressive oral or inhaled bronchodilator use. The increased 
appreciation, in the mid 1980s, of the central role of airway inflammation in 
the pathogenesis of all asthma [5-7], provided a rationale for the earlier intro
duction of inhaled corticosteroids, particularly as the ability of inhaled corti
costeroids to reduce airway inflammation [8] and improve some of the airway 
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structural abnormalities associated with asthma was being identified. This has 
led to a reappraisal of how inhaled corticosteroids may be best used in the cur
rent and future management of asthma. 

2. Clinical Use of Inhaled Corticosteroids 

Asthma is a disease characterized by the presence of symptoms such as dysp
nea, wheezing, chest tightness, and cough. These symptoms are usually caused 
by airflow obstruction, which is characteristically variable. Asthmatics are also 
known to have airway hyperresponsiveness to a variety of chemical bron
choconstrictor stimuli and physical stimuli such as exercise and hyperventila
tion of cold dry air. It is now accepted that asthma symptoms, variable airflow 
obstruction and airway hyperresponsiveness occur as a consequence of a char
acteristic form of cellular inflammation and structural changes in the airway 
wall [9]. The inflammation consists of the presence of activated eosinophils, 
lymphocytes, and an increased number of mast cells, which have been 
described both in bronchoalveolar lavage and airway biopsies from patients 
with mild stable asthma [6, 7, 10], as well as asthmatic subjects with much 
more severe disease [9]. Also, there are characteristic structural changes 
described in asthmatic airways, which appear to be characteristic of the disease 
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Figure 1. Effect of 22 months' treatment with an inhaled corticosteroid plus an inhaled ~z-agonist or 
placebo plus an inhaled ~z-agonist on methacholine airway responsiveness in asthmatic children. The 
inhaled corticosteroid progressively improved methacholine airway responsiveness over time. 
(Reproduced with permission from [15]). 
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and which are likely caused by persisting airway inflammation [9]. These 
changes include patchy desquamation of the airway epithelium [11]; thicken
ing of the reticular collagen layer of the basement membrane [12]; and 
increased volume of airway smooth muscle [9]. 

It has been only with this increased appreciation of the pivotal role of air
way inflammation in asthma, that an emphasis been placed on treating airway 
inflammation rather than the consequences of the inflammation, which are 
bronchoconstriction and asthma symptoms. The only anti-asthma medications 
which have been demonstrated to improve airway inflammation [8, 13], air
way hyperresponsiveness [14, 15] (Fig. 1), airflow obstruction and symptoms 
in asthmatics are inhaled corticosteroids. This evidence has been used as a 
rationale for using inhaled corticosteroids much earlier in the treatment of 
asthma than was previously the case, when they were suggested to be reserved 
as third- or fourth-line therapy for asthma, and only when bronchodilators 
were not providing control of asthma [16]. 

3. Objectives of Asthma Management 

There have been many published consensus statements from a variety of coun
tries on asthma management [17, 18]. While the consensus statements have 
differed in some regards, they have been remarkably consistent in identifying 
the goals and objectives of asthma treatment. These are: 
1. To minimize or eliminate asthma symptoms; 
2. to achieve the best possible lung function; 
3. to prevent asthma exacerbations; 
4. to do the above with the lowest number possible medications; 
5. to educate the patient about the disease and the goals of management. 

One objective which is implied, but not explicitly stated, is the prevention 
of the decline in lung function and the development of fixed airflow obstruc
tion which occurs in some asthmatic patients. 

In addition to these goals and objectives, each of these documents has 
described what is meant by the term "asthma control". This includes the above 
objectives of minimal or no symptoms and best lung function, but also 
includes minimizing the need for rescue medications, such as inhaled pz-ago
nists to less than daily use, minimizing the variability of flow rates that is char
acteristic of asthma, as well as having normal activities of daily living. 
Achieving this level of asthma control should be an objective from the very 
first visit of the patient to the treating physician. Unfortunately, many studies 
suggest that this does not happen. This may be, in part, because the patient has 
learned to live with daily asthma symptoms and limitations in his daily activ
ities, and minimizes these to the physician. Alternatively, the idea of asthma 
control may not be widely accepted or understood by many physicians who see 
patients with asthma. This means that many (perhaps even most) patients with 
diagnosed asthma are not optimally controlled. 
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These concepts have resulted in a much lower threshold than previously for 
intervening with inhaled corticosteroids in asthma. This "early intervention" 
with an effective anti-inflammatory medication in asthma has scientific ration
ale, and is now being supported by clinical studies which have been complet
ed or are underway. 

4. Reasons for Early Intervention with Inhaled Corticosteroids 

Early intervention with inhaled corticosteroids in asthma means beginning this 
treatment as the first regular treatment used after a diagnosis is established. An 
argument for early intervention with inhaled corticosteroids could be made if 
one or more of the following conditions were met: 
1. Inhaled corticosteroids were more effective than other regular treatment to 

achieve optimal asthma control and meet the other treatment objectives; 
2. inhaled corticosteroids prevented the decline in lung function over time that 

occurs in asthmatics; 
3. inhaled corticosteroids were safer than an equally effective treatment modal

ity; 
4. inhaled corticosteroids were cost beneficial as an initial treatment of asth

ma, as measured by a benefit to the patient and/or to society by reducing the 
morbidity of asthma, which was not available by using any other medica
tion. 
Studies using inhaled corticosteroids have addressed all of these issues and 

these will be considered below. 

5. Efficacy of Early Intervention with Inhaled Corticosteroids 

There is little debate in the literature that corticosteroids are the most effective 
treatment for asthma [19, 20], and that the inhaled route is preferable to mini
mize unwanted effects. There is, however, considerable debate over the early 
use of inhaled corticosteroids in asthmatic patient considered to have mild 
asthma [21]. These patients are usually treated with regular inhaled ~z-ago
nists, or with drugs considered to be less clinically effective than inhaled cor
ticosteroids, such as cromoglycate or nedocromil sodium. In a study of newly 
diagnosed asthmatics seen in speciality clinics, early intervention with the 
inhaled corticosteroid, budesonide, was shown to be an effective first-line 
treatment, when compared with an inhaled ~z-agonist, as indicated by reduced 
symptoms, improvements in lung function, and improvements in methacholine 
airway hyperresponsiveness [22]. However, many patients considered to have 
mild asthma are not seen in speciality clinics but are managed in primary care 
practices. It is possible that these patients are, in fact, ideally controlled with
out the use of inhaled corticosteroids. To address this issue, one study has 
examined the efficacy and cost-benefit of inhaled corticosteroids, supplement-
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ed with bronchodilators as needed, compared to bronchodilators alone, as first
line treatment of asthma in primary care practice [23]. This double blind study 
compared budesonide 400 Ilg/day, budesonide 800 Ilg/day, and placebo in 
patients considered by their primary care physician to have such mild asthma 
that they would not derive any clinical benefit from inhaled corticosteroids. In 
this patient population, in whom self-reported symptoms were mild at the start 
of the study, 40-70% of the patients were experiencing nocturnal or early 
morning symptoms in the month before entering the study (Fig. 2). These 
symptoms suggest that asthma control was not optimal. The study demon
strated that inhaled budesonide 400 Ilg/day provided better asthma control and 
is cost-beneficial when compared to bronchodilators alone in the management 
of these patients with mild asthma and that no differences could be demon
strated between 400 Ilg/day and 800 Ilg/day of budesonide; however, the study 
had insufficient power to detect differences between dosages, had they been 
present. The percentages of patients experiencing daily symptoms fell to less 
than 10% over the course of the study in the budesonide treatment groups 
(Fig. 2). Also, there was a mean 60-70 lImin increase in morning and evening 
peak expired flow rates (Fig. 3), and an elimination of exacerbations of asth
ma requiring emergency room management, indicating that a clinically useful 
improvement was achieved in this patient population with a dose of budes-
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Figure 2. Proportion of patients considered by their family physician as having mild asthma, experi
encing early morning symptoms or nocturnal symptoms in the month prior to evaluation at baseline, 
and after treatment with inhaled budesonide at treatment weeks 4 to 16 for patients on placebo (open 
circles), budesonide 400 /-lglday (closed circles) and 800 /-lg/day (closed squares). ' p < 0.05, 
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Figure 3. Changes in PEFR from baseline measured in the morning upon waking in patients consid
ered by their family physician as having mild asthma, both before and after inhaled bronchodilator, 
after treatment with inhaled budesonide for treatment weeks 4 to 16 for patients on placebo (open cir
cles), budesonide 400 Ilglday (closed circles) and 800 Ilg/day (closed squares) .•• p < 0.01, 
••• P < 0.001. (Reproduced with permission from [23].) 

onide as low as 400 flg/day. This study supports the early intervention with 
inhaled corticosteroids for adult patients with regular daily symptoms of asth
ma, and suggests that low doses (budesonide 400 flg/day or possibly less) are 
effective in the management of asthmatic patients with mild to moderate asth
ma. In addition, the study reinforced the need to strive for optimal control of 
asthma, and once control is achieved, to identify the minimum amounts of 
medication needed to maintain control. Lastly, this study demonstrated that 
inhaled corticosteroid treatment is more cost-beneficial than asthma therapy 
with bronchodilators alone. 

Another reason for recommending low doses of inhaled corticosteroids as 
first-line therapy for asthma, is the recent concern about the safety of regular 
short acting inhaled Bragonists. Sears et al. [24] have demonstrated deteriora
tion in a number of parameters of asthma control, and reduced the time to an 
asthma exacerbation [25] when the short acting inhaled Bragonist fenoterol 
was used on a regular rather than intermittent basis. A subsequent study of the 
regular use of the short acting inhaled Bragonist, salbutamol, in milder asth
matics, showed an overall trend towards deterioration in a number of asthma 
outcomes, although none were statistically significant [26]. Also, retrospective 
studies have associated increased risk of asthma mortality with the overuse of 
the Bragonist fenoterol [27, 28], and salbutamol [28]. Regular use of inhaled 
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~Tagonists has been demonstrated to increase airway responsiveness in asth
matics [29, 30], and to result in loss of functional antagonism to the bron
choconstrictor effects of inhaled methacholine [31], and adenosine monophos
phate (AMP) [32]. 

6. Effects of Inhaled Corticosteroids on Lung Function over Time 

Asthmatics lose lung function more rapidly than nonasthmatics [33], although 
less rapidly than cigarette smokers. In occasional asthmatics, this leads to 
severe, permanent, fixed airflow obstruction, with all of the attendant disabil
ity and handicap associated with this condition. A number of recent studies in 
both adults and children have demonstrated that inhaled steroids provide a pro
tective effect against the deterioration in lung function seen with prolonged 
regular use of inhaled bronchodilator therapy alone. In one study, patients with 
asthma and patients with chronic obstructive pulmonary disease, previously 
treated with regular inhaled bronchodilators, were treated with inhaled 
beclomethasone 800 /lg/day or placebo for 2 years [34]. Prior to the addition 
of inhaled corticosteroids, the forced expired volume in 1 s (FEV 1) had been 
declining at a rate of 160 rnl/year. In the first 6 months of corticosteroid ther
apy, the FEV 1 increased by 460 ml and then continued to decline at a rate of 
100 rnl/year (significantly less than with bronchodilators alone). This protec
tive effect of inhaled corticosteroids was most marked in the asthmatic 
patients, and was associated with significant improvement in methacholine air
way hyperresponsiveness in the asthmatic patients only, and with decreased 
asthma symptoms and exacerbations. 

A second study [35], has addressed this issue in a different way. These 
investigators had previously reported that the treatment of newly diagnosed 
asthmatics with inhaled budesonide 1200 /lg/day for 2 years improved asthma 
control as indicated by reduced symptoms, improvements in lung function, 
and improvements in methacholine airway hyperresponsiveness, when com
pared to inhaled ~Tagonists [22]. The subjects receiving budesonide were sub
sequently randomly allocated to continuing for a third year on a lower dose of 
inhaled budesonide (400 /lg/day) or placebo. The improvements in all param
eters were maintained on the lower dose of budesonide, but were lost on place
bo. The subjects who had previously been treated with inhaled ~2-agonists 
only were treated with the higher dose of inhaled budesonide for the third year, 
and while they improved in all parameters when compared to the first 2 years 
of treatment, the improvement in lung function (Fig. 4) or methacholine air
way hyperresponsiveness was significantly less than that achieved by the sub
jects treated for the first year of the study with inhaled budesonide. This sug
gests that these asthmatics had lost lung function which might have been pre
served with the early use of inhaled corticosteroids. 

A study in asthmatic children has been reported by Agertoft and Pedersen 
[36], who have studied two cohorts for up to 7 years. One cohort had been 
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Figure 4. Comparison of the improvements in peak expired flow rates in patients treated with budes
onide as fIrst line therapy within 1 year of diagnosis of asthma, and patients treated more than 2 years 
after diagnosis. (Redrawn and reproduced with permission from [35]) 

treated with inhaled corticosteroids shortly after diagnosis, while the other had 
received a variety of other antiasthma medications, including cromones, theo
phylline and regular inhaled /3ragonists, but not inhaled corticosteroids. Some 
children in the second cohort were converted to inhaled corticosteroids, but on 
average 5 years after an initial diagnosis. These children in whom treatment 
with inhaled corticosteroids was started later did not achieve the level of lung 
function of the children treated early, even after 3 years of treatment with 
inhaled corticosteroids. The study also measured growth velocity in these chil
dren and concluded that doses of inhaled budesonide up to 400 Ilg/day was not 
associated with a reduction in growth velocity. A subsequent study in adult 
asthmatics, has conftrmed these observations [37]. 

These studies, taken together, suggest that inhaled corticosteroids can 
diminish the decline in lung function that occurs in asthmatics, and that early 
intervention with inhaled corticosteroids can optimize lung function in asth
matics. Each of these studies, however, has limitations, mainly in that none 
were explicitly designed to address this issue in a prospective fashion. 
Therefore, while the results are consistent between the studies, the results are 
not conclusive. This has lead to the development of a very large, multination
al, prospective, randomized and placebo controlled study of the effects of early 
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intervention with inhaled corticosteroids in both childhood and adult asthma. 
This study, known as the START (Steroid Therapy As Regular Treatment) trial, 
will evaluate the potential beneficial effects of inhaled corticosteroids treat
ment started within the first 2 years of the development of asthma, in patients 
with very mild disease. 

7. Cost Benefit of Inhaled Corticosteroids in Asthma 

Until recently, few studies have examined the cost benefit of early intervention 
with inhaled corticosteroids. However, several recent studies have demonstrat
ed that inhaled corticosteroids are cost beneficial when compared to other anti
asthma treatments. For example, Adelroth and Thompson [38], have shown 
that the costs to the Swedish health care system declined when patients were 
treated with inhaled corticosteroids because of a reduction in hospital utiliza
tion and physician visits, when asthma control was optimized. Also, in the 
Canadian study already discussed [23], a cost-effectiveness analysis of the use 
of inhaled corticosteroids in patients thought to have very mild asthma treated 
in primary care practice, demonstrated an advantage with inhaled corticos
teroids (again, mainly by keeping patients out of hospital emergency rooms), 
as asthma control is improved. 

8. Future Trends in Inhaled Corticosteroid Use 

The studies described above suggest that low doses of inhaled cotricosteroids 
will be used earlier in the onset of asthma and in patients with milder disease. 
The impact of earlier treatment on the progression of the disease is a critical 
issue which needs to be evaluated in future studies. It is plausible that, by pre
venting the airway structural abnormalities associated with asthma, the devel
opment of fixed airflow obstruction and more severe disease can be prevented. 
Also, it is clear from the studies which have evaluated this, that the severity of 
asthma is often underappreciated by both patients and physicians. This leads 
to undertreatment, less than ideal asthma control, and the attendant effects on 
patients' quality of life and increased costs to society. The only way to ensure 
that this does not happen, is to offer optimal treatment to all patients with 
established asthma, and this would most often be a therapeutic trial of inhaled 
corticosteroids. 

9. Conclusions 

Inhaled corticosteroids are the most effective medications currently available 
to treat symptomatic asthma, and are, fortunately, free of clinically relevant 
unwanted effects, when used in the doses needed to provide optimal control in 
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most asthmatics. Inhaled corticosteroids also improve the physiological abnor
malities of variable airflow obstruction and airway hyperresponsiveness that 
characterised asthma, as well as reducing the decline in lung function over 
time that occurs in asthmatics. Inhaled corticosteroids are also cost-beneficial 
when compared to other treatments, even in patients with milder asthma treat
ed in primary care. For these reasons, inhaled corticosteroids are now being 
considered the first-line therapy for patients with regular, daily asthma symp
toms, and should be started early after a diagnosis is made, rather than delay
ing until all other treatment options have been tried and have not provided opti
mal control of asthma. 

There are, however, several issues about the early intervention with inhaled 
corticosteroids that have not yet been resolved. One such issue, already dis
cussed, is whether inhaled corticosteroids should be used in all asthmatic 
patients, including those who have very mild and infrequent symptoms, or who 
.develop symptoms only after being exposed to an inciting stimulus, such as 
exercise or cold air, and who have normal airway caliber most of the time. The 
current consensus statements do not recommend regular treatment in such 
patients, and this recommendation should probably be adhered to until more 
information is available about the natural history of asthma in such patients. 
These asthmatics do have evidence of airway inflammation and structural 
changes in airway biopsies; however, we do not yet know whether they lose 
lung function more rapidly than nonasthmatics, or whether the morbidity of 
having very mild asthma warrants the use of regular treatment. This informa
tion may be available when the results of the START trial are available. Also, 
not enough is yet known about the long-term effects of even low doses of 
inhaled corticosteroids. Although the studies of Agertoft and Pedersen [36] 
have provided details of up to 7 years of treatment on some of the potential 
unwanted effects in children, these studies will need to be more long-term 
before the concerns and fears of using inhaled corticosteroids very early in 
asthma will be allayed. 
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1. Introduction 

The recognition that asthma is a consequence of airway inflammation has 
focused treatment goals towards anti-inflammatory agents. Inhaled and sys
temic corticosteroids are of proven benefit and inhaled steroids are so effective 
that systemic corticosteroids are usually reserved for acute exacerbations of 
the condition. 

However there is a group of asthmatic patients who continue to have symp
toms despite high doses of inhaled steroid and who require maintenance treat
ment with oral corticosteroid. Whilst these patients are a relative minority of 
the asthmatic population, in the order of 1-2%, this subset constitute a signif
icant number and consume a considerable fraction of the available health care 
resources. Furthermore these patients are at risk from the unwanted effects of 
long-term treatment with systemic corticosteroid. These include osteoporosis, 
diabetes, cataracts, hypertension, and neuropsychiatric disturbances as well as 
growth retardation in children. Therefore, despite their efficacy in the treat
ment of asthma, there is a need to manage patients on the lowest dose of cor
ticosteroid possible. 

A structured approach to management of patients with steroid dependent 
asthma should be adopted. Firstly the diagnosis of asthma should be carefully 
examined. Chronic obstructive pulmonary disease (COPD) is common and a 
number of patients fall into this diagnostic category rather than asthma. 
Airway tumours, vocal cord dysfunction, connective tissue diseases, and 
hyperventilation syndrome should all be excluded. In addition psychological 
morbidity should be considered and appropriately treated as this may con
tribute to poor asthma control. Review of inhaled treatments for both dose and 
delivery is essential and patient compliance should be confirmed. 
Bronchodilator therapy with long-acting Bz-agonists and theophylline should 
be optimised. Avoidance of relevant allergens and occupational exposures 
remain central to asthma management and are especially important in this 
group of patients. 

When asthma remains uncontrolled in spite of optimisation of both standard 
therapeutic and non-therapeutic management then alternative steroid sparing 
approaches should be considered. Various "second line" immunosuppressant 
drugs have been used including methotrexate, gold and cyclosporin. A number 
of trials have been done examining their usefulness in the treatment of asthma 
and the evidence for their use as steroid sparing agents is the subject of this 
review. 
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2. Design of Trials for Steroid Sparing Treatments in Asthma 

Although some of the earlier trials examined immunosuppressants in isolation, 
the current treatment guidelines rely on the use of inhaled and systemic corti
costeroids prior to the use of these "second line" agents. Therefore most of the 
trials published examine the effects of these drugs in addition to systemic cor
ticosteroids. This rationale is based on the established benefits of corticos
teroids in the treatment of asthma. In this context the fundamental issue is the 
risklbenefit ratio of systemic corticosteroids alone or in combination with a 
steroid sparing drug. 

The trials looking at steroid sparing therapies have shown mixed results. 
There are a number of problems concerning patient selection and/or study 
design that should be highlighted prior to reviewing the evidence and reaching 
conclusions. 

With the exception of methotrexate and cyclosporin, the literature is flawed 
by a lack of randomised, blinded, placebo-controlled studies. Many trials are 
either open studies or case reports providing merely anecdotal evidence for the 
use of these drugs. Further problems arise from those studies utilising a cross
over design. The lengthy duration of effects of many of the drugs introduces 
bias in favour of placebo consequent upon carry-over effects-a consideration 
that has been overlooked in many of the trials in question. 

Secondly the issue of steroid sparing effects is not strictly the same as effi
cacy. Various commentators argue that a drug that allows reduction in the dose 
of steroid dose without loss of asthma control must be efficacious. This is not 
in fact the case as improvement in control was neither sought nor often prop
erly measured within the design of those studies. This is an important differ
ence as comparison of those trials looking at steroid sparing effects and those 
showing efficacy becomes difficult. 

Patient characteristics need to be carefully defined. It should be clearly 
shown that study patients are truly steroid dependent. The minimum dose of 
systemic corticosteroid should be established to allow possible steroid sparing 
effects of second line agents to be manifest. A good illustration of this point is 
seen in those studies showing marked steroid reduction in the placebo limb. A 
graphic expression of the importance of corticosteroid reductions ("steroid 
tapering") prior to trials is shown in Figure 1. A prerequisite for study entry 
should be that all subjects are on maximal doses of inhaled steroid 
(beclomethasonelbudesonide 2 mg daily, or equivalent), appropriate adjunctive 
treatments, the lowest dose of systemic corticosteroid and despite these treat
ments remain symptomatic. Many of the trials to date have not clearly shown 
the steroid dependence of the study subjects and also show a heterogeneous 
population in terms of steroid requirements at baseline. 

The question of steroid resistance is rarely addressed. Ideally for future 
research, subjects should be both corticosteroid responsive and dependent. 
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Figure 1. Illustration of dose/response for corticosteroids in the treatment of asthma. The importance 
of steroid dose tapering prior during run-in. Failure to use the lowest possible dose of corticosteroid 
(Dose A) during the treatment phase will allow reductions in corticosteroid use without loss of con
trol, independent of other treatment. Reductions during tapering from maintenance dose B, to dose A 
will allow a true demonstration of steroid sparing effects of added treatments as further reductions 
would otherwise result in loss of asthma controL 

For each drug reviewed below the evidence for steroid sparing effects (or 
lack of them) will be presented in addition to a brief synopsis of relevant side
effects and safety data. 

3. Drugs 

3.1. Methotrexate 

3.1.1. Mode of Action: Methotrexate is the most widely studied non-steroidal 
immunosuppressant agent in the treatment of asthma. Methotrexate has been 
used in the treatment of malignant diseases for over 50 years and more recent
ly for inflammatory disease of the joints and skin [1, 2]. 

The mechanism of action of methotrexate in asthma and other inflammato
ry conditions is thought to be different from its effects in malignancy. Whilst 
it is a potent inhibitor of the enzyme dihydrofolate reductase causing inhibi
tion of thymidine synthesis and thus blocking nucleic acid synthesis in divid
ing cells, methotrexate probably also acts via direct inhibition of immune cell 
function. Blockade of granulocyte chemotaxis and the effects of interleukin-l 
(IL-l), as well as inhibition of histamine release by basophils have all been 
demonstrated following in vitro experiments with the drug [3-5]. As 
methotrexate does not seem to cause leucopaenia in the doses used for the 
treatment of asthma, nor is its effect in inflammatory conditions lost following 
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concomitant medication with folinic acid, the actions directed against immune 
cell function are thought to be more relevant to airway inflammation. 

3.1.2. Clinical Trials: The possible benefits of methotrexate in asthma fol
lowed from the observation by Mullarkey that a patient with psoriasis and 
steroid dependent asthma was able to discontinue systemic corticosteroid 
treatment following the institution of methotrexate for her psoriatic arthropa
thy [6]. Alongside the index case the authors reported a further five patients in 
whom steroid reduction was possible without loss of asthma control. Further 
randomised, double-blind, placebo-controlled trials examining the effects of 
methotrexate over 24-week treatment periods endorsed the initial report show
ing steroid sparing effects of the drug [7, 8]. In the first of these trials, also 
reported by Mullarkey, 14 patients with a mean daily prednisolone dose of 
25 mg were prescribed Methotrexate 15 mg/week or placebo using a cross
over study design. In these patients there was a 36.5% reduction in steroid 
requirements in the methotrexate limb compared to placebo without change in 
lung function [7]. This result clearly shows benefit for methotrexate treatment 
but does not give adequate details of concomitant asthma treatment nor inhaled 
steroid treatment, thus raising doubt about the steroid dependence of the 
patients. Furthermore, details of the eight patients who failed to complete the 
study are not reported. Shiner conducted a similar study using a parallel group 
design. This study presented evaluable data on 60 patients and more clearly 
defined steroid dependence. Both placebo and methotrexate patients were on 
high-dose inhaled steroid and at least 7.5 mg systemic corticosteroid for no 
less than 1 year previously. At the end of the study there were significantly 
greater reductions in the dose of steroid in the methotrexate group compared 
to placebo (50% vs 14%). In support of the anti-inflammatory effects of 
methotrexate there were significant fewer exacerbations in the active treatment 
group compared to placebo, although no changes in PEFR, PEFR variability, 
nor symptom scores [8]. 

Subsequently there have been three further blinded, placebo-controlled tri
als showing a steroid sparing effect of methotrexate. Dyer studied 12 patients, 
10 of whom completed the trial, and showed a 30% greater reduction in steroid 
dose during treatment with methotrexate compared to placebo over a 12-week 
treatment period [9]. No changes in lung function, rescue medication use or 
symptoms were reported. This study is endorsed by both its requirement for 
steroid dependence of at least 7.5 mg a day and a steroid tapering period prior 
to run-in. Stewart showed significantly greater reductions in steroid dose on 
methotrexate compared to placebo and associated improvements in symptom 
scores [10]. Twelve patients studied by Hedman et al. showed a significant 
reduction of 38% during methotrexate treatment with no change in lung func
tion. These patients were also subjected to steroid tapering regimens prior to 
run-in [11]. The mean daily prednisolone dose at baseline for these studies was 
13 mg, 23 mg and 10 mg respectively [9-11]. 
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In contrast to these trials there are five double-blind, placebo-controlled tri
als that fail to show steroid sparing effects of methotrexate. The first of these 
trials was conducted by Erzurum. Following a 12-week treatment period 
studying 19 patients using a parallel group design there were significant reduc
tions in steroid dose in both placebo and methotrexate 15 mg/week groups but 
no difference between treatments. The average dose of steroids at baseline was 
20 mg and there was an adequate steroid tapering regimen prior to randomisa
tion [12]. This study may have failed to identify a benefit of methotrexate due 
to an inadequate treatment period in keeping with the delayed response seen 
by Shiner [8]. Against this hypothesis are the results from the studies published 
by Mullarkey and Dyer that did show earlier effects [7, 9]. 

A further negative study examining data from nine patients has been report
ed by Taylor. In favour of this study the treatment period was 24 weeks in 
length-although the authors do not give details of the washout period 
between treatments and did not undertake a steroid tapering phase prior to ran
domisation. Nevertheless no difference was seen between methotrexate at a 
dose of 15 mg/week and placebo in patients with an initial mean dose of sys
temic corticosteroid of 16 mg [13]. Trigg showed similar results amongst nine 
patients who were diagnosed as steroid dependent on a median dose of pred
nisolone of 17.5 mg/day. This study was conducted over two 12-week treat
ment periods (although using a cross-over design), and in common with the 
work of Taylor, there was no washout period notwithstanding the fact that only 
the data from the last 8 weeks of each treatment limb were analysed. The dose 
of methotrexate in this trial was 30 mg/week and the authors report no reduc
tion in steroid dose compared to placebo [14]. Coffey, studying 11 patients 
using 15 mg/week in a crossover design [15] and Kanzow, using a parallel 
design with 21 patients [16], both failed to show a significant steroid sparing 
effect of methotrexate. In the latter study there was reduction in steroid dose 
of 24% in the active treatment limb compared to a 5% reduction with placebo, 
although this change was not sustained during a subsequent 8 week run-out 
period. The baseline prednisolone doses were 30 mg (following steroid taper
ing) in both these trials. A subsequent efficacy study looking at the effects of 
methotrexate and triamcinolone compared to placebo in a small group of 
severe asthmatics showed no benefits for methotrexate for lung function, 
symptom control or airway responsiveness. No attempts to reduce steroids was 
made in this study [17]. A summary of the findings of the placebo controlled 
trials for methotrexate is shown in Table 1. 

For those trials showing a steroid sparing benefit of methotrexate, the ques
tion remains as to whether this effect is maintained in the longer term. The evi
dence from early follow-up data suggested that this was not the case [8, 16]. 
In contrast however four subsequent open trials have addressed this issue with 
follow-up periods of between 12 and 28 months. Mullarkey demonstrated a 
significant reduction in steroid dose with 15 out of 31 patients discontinuing 
systemic corticosteroid treatment over approximately 2 years [18]. Shiner 
showed similar results with 13 out of 21 patients weaning altogether during the 
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long-term review [19]. Even more striking reductions were recorded by 
Stanziola during the follow-up of 13 patients over periods ranging from 54 to 
72 weeks. In this group there was a mean reduction of 87% in steroid dose 
with nine patients stopping prednisolone therapy completely [20]. Clearly 
these open studies are difficult to interpret, nevertheless the magnitude of 
change implies a real effect. Contrary to these reports, Becquart failed to 
demonstrate reduction in systemic corticosteroid dose or improvements in 
lung function in a group of 10 patients over a 14-month methotrexate treatment 
period and a further 7-month post treatment follow-up [21]. 

The experience with methotrexate in the treatment of children is limited. A 
small number of case reports and open studies reported to date show possible 
steroid sparing effects and improvements in lung function [22-24]. However 
the number of subjects is small and, with the exception of the study of Stempel 
[22], are of too short duration to draw conclusions about benefits or safety. 

3.1.3. Adverse Effects: All the trials to date show a high incidence of nausea, 
and abdominal discomfort and this symptom has a variously reported inci
dence of between 28 and 75% [25]. Other common side-effects include muco
cutaneous ulceration, stomatitis, and alopecia. Abnormalities of liver enzymes 
occur with low dose treatment with methotrexate although these are usually 
mild and recover on discontinuation of the drug. Twelve patients in the study 
reported by Shiner, three of whom were withdrawn, showed increases in serum 
transaminases, although all with no subsequent untoward consequences [8]. 
Although no serious or permanent hepatic side-effects have been reported in 
these asthma trials, the risk of liver fibrosis during long-term treatment with 
methotrexate for psoriasis and rheumatoid arthritis has led to one group rec
ommending liver biopsy after a cumulative dose of 1.5 g. Evidence showing 
that this approach reduces morbidity has not been published. A history of dia
betes, obesity, and alcohol excesses are all relative contra-indications to the 
use of this drug as these factors have been shown to increase the likelihood of 
this complication [26]. Mild impairment of renal function, macrocytosis 
(although it is unusual for the doses relevant to asthma to cause haematologi
cal suppression) and hypogammaglobulinaemia have been recognised as pos
sible side-effects of methotrexate and therefore careful monitoring of these 
parameters is important during treatment. There are anecdotal reports that 
methotrexate may actually precipitate asthma [27]. 

Drug-induced pulmonary complications of methotrexate are potentially 
severe. An idiosyncratic pneumonitis has been reported and is usually 
reversible on stopping the drug [28]. In contrast an insidious pulmonary fibro
sis may occur and despite withdrawal may be irreversible [29]. Careful moni
toring of both radiology and lung function are important to monitor for this 
possible adverse effect. There are reports of Pneumocystis carinii pneumonia 
amongst patients on methotrexate [30-32] and there is probably increased 
incidence of pulmonary and extra-pulmonary infections including reactivation 
of latent herpetic infection [33]. Trigg reported two cases of pneumonia (war-
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ranting withdrawal from the trial) and one zoster infection in patients receiv
ing methotrexate 30 mg/week [14]. 

Methotrexate is a teratogen and should be avoided in individuals who do not 
use adequate contraception. Sulphonamides, non-steroidal anti-inflammatory 
drugs, and diuretics should be avoided in patients prescribed methotrexate [34]. 

3.1.4. Conclusion: Comparing the various studies, particularly with respect to 
the different patient populations, is very complex. A recent meta-analysis of 
the randomised trials has failed to conclusively support this agent as a steroid 
sparing treatment. There was however a small effect in favour of methotrexate 
in the parallel group designs endorsing the possibility of carryover effects for 
the crossover studies [35]. Given the lack of data showing efficacy and the 
side-effect profile of this drug there are no clear indications for the use of 
methotrexate in the treatment of asthma. In those instances where it is pre
scribed careful monitoring of liver, renal and lung function are mandatory. 

3.2. Cyclosporin A 

3.2.1. Mode of Action: Cyclosporin is a cyclic undecapeptide metabolite 
extracted from the fungus Tolypocyladium inflatum. It is used for the preven
tion of allograft rejection and has been found to be effective in the treatment 
of a variety of inflammatory disorders such as rheumatoid arthritis [36], pso
riasis [37], lichen planus [38] and nephrotic syndrome [39]. Cyclosporin acts 
either directly or indirectly to inhibit lymphocytes, eosinophils, mast cells, and 
basophils. 

At a cellular level cyclosporin diffuses easily into cells and binds cytosolic 
proteins, for example cycophilin, whose roles include regulation of protein 
kinases, phospholipase A2 and post-translational protein folding [40]. It also 
binds to pro-inflammatory transcription factors inclusive of activator protein 3 
(AP3) [41], and nuclear factor KB (NFKB) [42]. Additionally cyclosporin 
blocks the membrane receptor for interleukin-l (IL-l) [43]. Through these 
effects, and relevant to allergic inflammation, cyclosporin has been shown to 
inhibit 1) mast cell and basophil secretion of leukotriene C4 (LTC4), platelet 
activating factor (PAF) , and histamine [44], 2) lymphocyte synthesis of 
cytokines, for example IL-2, IL-3, IL-4, IL-5, GM-CSF [45], 3) B cell IL-4 
stimulated IgE synthesis [46],4) eosinophil function [47], and 5) macrophage 
respiratory burst oxidase and IL-l production [48]. 

The drug is well tolerated by the oral route and is given at a dose range of 
between 3 and 7.5 mg/kg body weight. Cyclosporin treatment should be mon
itored and maintained at drug levels of 80-150 ng/mL to give optimal anti
inflammatory effects and minimal side-effects. 

3.2.2. Clinical Trials: In view of the experience with other inflammatory 
states and the in vitro evidence for mechanisms of action it is not suprising 
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there has been considerable interest in the possibility that this compound may 
have benefits in the treatment of asthma. The first randomised trial was report
ed by Alexander [49]. Thirty patients with a mean systemic corticosteroid dose 
of 8.5 mg a day received cyclosporin in a placebo controlled cross-over study. 
The treatment period was 12 weeks and the mean cyclosporin levels was 
152 ng/mL. This efficacy study showed significant improvements compared to 
placebo in lung function, PEFR, and PEFR variability but no differences in 
symptom scores or rescue medication use. Analysis of an ll-week run-out 
period showed the mean morning PEFR remained significantly higher com
pared to baseline following cyclosporin treatment. 

A subsequent study by Nizankowska examined both the efficacy and possi
ble steroid sparing effects of cyclosporin in 32 patients [50]. These individuals 
were steroid dependent as demonstrated by failed attempts to taper systemic 
corticosteroid in the 6 months prior to study entry. The mean dose of pred
nisolone in this group of patients was 16 mg a day. In this study the mean 
cyclosporin level was 120 ng/mL. No benefits were recorded for lung function, 
PEFR, or PEFR variability in the efficacy treatment phase of 12 weeks 
although there were significant differences in symptom scores and rescue med
ication use in favour of the cyclosporin patients. During the steroid sparing 
phase (22 weeks) no differences were seen between the two groups for steroid 
reduction or exacerbation rates. The authors concluded no benefits following 
the introduction of cyclosporin. 

Lock studied the steroid sparing effects of cyclosporin using a placebo con
trolled parallel study design [51]. Thirty-nine patients were studied and all 
were established steroid dependent asthmatics with a mean daily prednisolone 
dose of 12 mg. Contrary to the reports of Nizankowska, this study showed sig
nificantly greater steroid reduction in cyclosporin treated patients of25% com
pared to placebo for "lowest dose" steroid during the 36-week treatment phase 
(i.e. not necessarily at the end of treatment periods). However over the whole 
duration of treatment there was no statistically significant difference between 
treatment groups despite the fact that the within group steroid reduction for 
cyclosporin was significant. Despite reductions in steroid treatment the 
cyclosporin patients showed significant increases in PEFR, although no 
change in other parameters of lung function, PEFR variability, or symptom 
scores. The mean cyclosporin level during this study was 144 ng/mL. The 
details of these trials are shown in Table 2. 

Two further open studies by Szczeklik [52] and Mungan [53] showed 
steroid reduction in studies of 3 and 9 months duration respectively. Neither 
were placebo controlled and there were six nonresponders in the first trial and 
evaluable data from only seven individuals in the second. The mean 
cyclosporin levels for these studies were 105 ng/mL and 77 ng/mL respective
ly. 

3.2.3. Side-Effects: The effects of cyclosporin on blood pressure and renal 
function are established and require careful monitoring. In the studies report-
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ed above there were a number of patients who either developed hypertension 
or had worsening of pre-existing hypertension. Blood pressure was signifi
cantly higher in the cyclosporin treated patients in the studies reported by 
Alexander [49] and Lock [51]. These two trials also showed significant wors
ening of renal function during treatment with the GFR remaining decreased 
after the run-out phase, perhaps indicating lasting damage to the kidney [51]. 

Other side-effects include elevations in liver enzymes, increased risk of 
infection, hypertrichosis, neuropathy/paraesthesia and gastrointestinal distur
bances. 

3.2.4. Conclusion: The trial data does not support the routine use of 
cyclosporin in the treatment of asthma. In view of its potentially serious side
effect profile it should only be used by physicians with experience of it, and 
careful monitoring is essential. The development of inhaled cyclosporin may 
allow the drug to be given more safely. The evidence to date at best predicts a 
role in only a subgroup of patients. 

3.3. Gold 

3.3.1. Mechanism of Action: Gold sodium thiomalate, gold thioglucose and 
auranofin are the agents used as gold therapy. The latter is a synthetic com
pound that, unlike the other two parenteral compounds, is lipid soluble and 
therefore administered by mouth. In addition. to its route of administration, 
there are other pharmacokinetic differences between the formulations of gold 
that strongly favour auranofin. Not least of these relates to the doses of the var
ious agents required to give a similar clinical effect, these being significantly 
less for the oral compound. This is particularily relevant in the light of the 
cumulative toxicity of gold treatments [54]. 

The mechanism of action of gold is not well understood. Furthermore the 
action of parenteral gold differs from auranofin [55]. The possible anti-inflam
matory effects of these agents is summarised in Table 3. 

Gold is usually prescribed at a dose of 25-50 mg a week and taken either 
orally or by intramuscular injection. 

3.3.2. Clinical Trials: Elemental gold has been used as a treatment of various 
ailments for hundreds of years, although its use in inflammatory conditions 
such as rheumatoid arthritis was not fully recognised until 1929 [56]. 
Subsequently the use of gold in the treatment of arthritic conditions has been 
extensively examined and the benefits in some patients are proven. Studies in 
asthma have been attempted for over 50 years, the earliest work in Europe 
[57-59] and thereafter most of the interest in this treatment has been in Japan 
[60-62]. These uncontrolled studies, evaluating parenteral gold, showed 
promising results for efficacy and suggested that gradual reductions in bron
chodilator and corticosteroid treatments was possible. 
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Table 3. Mechanisms of action of gold 

Mechanism 

Inhibition of lymphocyte responses to mitogen 

Inhibition of prostaglandin synthesis 

Inhibition of lysozymes 

Inhibition of mast cell/basophil mediator release 

Inhibition of chemotaxis 

Inhibition of antibody synthesis 

Inhibition of IL-l and IL-2 release 

Inhibition of allergen-induced contraction of guinea pig trachea 

(Parenteral gold; Gold sodium thiomalate, gold thioglucose) 

153 

Parenteral gold Auranofin 

Given the various possible mechanisms of action and established differ
ences in pharmacolgical profiles between auranofin and parenteral gold, com
parisons of steroid sparing effects and efficacy are difficult. Nevertheless for 
the purpose of review the studies reported for both oral and parenteral gold 
will be summarised together. 

The first blinded, placebo-controlled trial looking at the benefits of par
enteral gold was published by Muranaka [63]. Sixty-four steroid dependent 
asthmatic patients whose systemic corticosteroid requirements were approxi
mately 5 mg a day were studied over a 30-week treatment period. The analy
sis of the data constituted a physician's evaluation of rescue medication con
sumption and responses to questions concerning asthma control. In this way 
the authors reported a significant improvement in asthma control in the gold 
treated patients compared to the placebo group. 

In an open trial examining the effects of auranofin, over 24 weeks in 20 
steroid dependent asthmatics (mean daily prednisolone 15 mg), Bernstein 
showed non-significant improvements in asthma symptoms and exacerbations 
but did demonstrate significant reductions in IgE mediated immune responses 
during ex vivo peripheral blood studies [64]. 

Subsequently further placebo-controlled, double-blind trials have been pub
lished [65-68], the first of which examined the effects of parenteral gold [67], 
the remainder concentrating on oral auranofin. All these trials adopted a steroid 
tapering phase prior to run-in. However the patients in these studies represent 
a wide spectrum of severity with half of one study population on inhaled cor
ticosteroids (the remaining half steroid naIve) [65] to groups requiring 7-9 mg 
[66] and others dependent on 20-25 mg prednisolone a day [67, 68]. With the 
exception of the trial by Honma (which succeeded in its design to show a bron
choprotective effect of oral gold) all these studies demonstrated significant 
steroid sparing effects of gold. Only the study by Nierop showed significant 
improvements in lung function in addition to reductions in systemic corticos
teroid requirements [66]. The details of these trials are shown in Table 4. 
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One open report looking at the effects of auranofin in salicylate-sensitive 
steroid dependent asthmatics has shown significant reductions in systemic cor
ticosteroid requirements, without any improvement in lung function over 7 -17 
months of therapy [69]. 

3.3.3. Adverse Effects: Auranofin and parenteral gold cause proteinuria in a 
minority of patients. Two patients became nephrotic and were withdrawn in 
one study [65], while three had lesser degrees of proteinuria in another [61]. 
The authors reporting the latter study documented that the renal abnormality 
recovered on discontinuation of the drug but no details concerning resolution 
are given for the other patients. Gastrointestinal problems including nausea 
and diarrhoea are common side-effects of gold and Bernstein attributes intes
tinal perforation in two patients and haemorrhage in two other patients to the 
use of gold [66]. Eczema, either de novo or worsening of pre-existing disease, 
frequently occurs and caused a patient withdrawal in one study [64]. Blood 
dyscrasias, liver enzyme abnormalities and pulmonary infiltrates are less com
mon complications of gold therapy. 

3.3.4. Conclusion: The data for gold suggest steroid sparing effects although 
the study populations are very mixed and the size of the reduction between the 
studies is variable. Furthermore the inconsistent use of inhaled steroids makes 
the clinical relvance difficult to judge. The experience with rheumatoid arthri
tis is that treatment usually has to be discontinued after a period due to side
effects. As many of these are potentially serious the likelihood of gold becom
ing an established treatment for asthma is low. 

3.4. Immunoglobulin 

3.4.1. Mechanism of Action: Intravenous immunoglobulin (IVIG) may have 
broad based immunomodulatory actions that account for its effects in a variety 
of diseases. Clearly it may be valuable in the protection against infection in 
those individuals with hypogammaglobulinaemia. However in the majority of 
patients there are no immunodeficiencies and in these patients the mechanism 
of action is complex and under debate. It may act via interference with the Fc 
gamma receptor mediated clearance of IgG coated particles which, although 
relevant to thrombocytopaenia, is probably not relevant to actions in asthma. 
An interesting hypothesis for IVIG involves the concept of anti-idiotype 
effects. In these circumstances the IVIG may act to block the effects of IgE in 
allergic responses. Other possibilities include the inhibition of mononuclear 
cell responses in particular the differentiation of B cells into antibody secret
ing cells [70] .. 

3.4.2. Clinical Trials: IVIG has been used in the treatment of immunologi
cally mediated diseases, for example immune thrombocytopaenias and 
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polyneuropathy. Interest in the possibility that IVIG may be of benefit in the 
treatment of asthma has emerged in the light of increasing knowledge about 
the pathogenesis of the airway inflammation seen in asthma and the various 
successes of this modality in the treatment of the other conditions. 

The literature on the evidence for IVIG in asthma goes back over 30 years 
although it is very difficult to arrive at a consensus about either efficacy or pos
sible steroid sparing properties. The reasons for this are threefold. Firstly the 
indications for therapy vary. In the earlier trials the rationale for therapy was 
based on a need to limit infection in the asthmatic patients, indeed some stud
ies concentrated only on patients who were hypogammaglobulinaemic [71]. 
Secondly the doses used vary greatly both in those trials looking at 
immunomodulatory effects of the treatment and those using IVIG as a protec
tion against infection. Finally there is considerable variation in study design 
and end-points, in particular many of the reports are not blinded or placebo 
controlled. The studies concentrate on children and adolescents. 

Abernathy in 1958 [72] and Brown in 1960 [73] were the first authors to 
undertake formal trials using IVIG in the treatment of asthma following on 
from initial abstract reports of successful control of sinopulmonary infection 
in asthmatic subjects. Abernathy evaluated 22 asthmatic children using a dou
ble-blind, placebo-controlled design and found no evidence in terms of exac
erbations, treatment requirements or infection rates to support IVIG. In con
trast Brown found evidence for an effect in 23 of 29 of study patients, although 
this trial gave limited details of other treatments and was conducted in an open 
fashion. These trials were both low-dose IVIG-approximately 300 mg/kg. 
Soon after these papers Fontana published the results of a double-blind, place
bo-controlled trial with low dose IVIG looking at 41 patients with recurrent 
episodes of asthma related to infection [74]. As with the other studies previ
ously reported these individuals were immunocompetent. This study conclud
ed no benefit for the treatment. 

Subsequently Page [71], in five children with immunoglobulin sub-class 
deficiency, and Smith [75], in 50 subjects with chronic infection, have report
ed clinical improvements in symptoms although they failed to show any 
immunological parameters to support anything other than added protection 
against infection. The issue of steroid sparing properties was not·exarnined in 
theses studies. 

Two studies focus on an immunomodulatory mechanism and selected 
patients with asthma and atopy contrary to the previous work where history of 
infection was central to recruitment. Mazer conducted a comprehensive study 
looking at clinical and immunological markers of asthma control, albeit in an 
open design amongst eight steroid dependent children. In this study, despite a 
steroid tapering run-in over 3 months, the mean steroid requirements of the 
subjects was 32.5 mg alternate days. The run-in was followed by 6 monthly 
IVIG treatments. The results show a threefold reduction in maintenance 
steroid requirements and reduced doses of steroids during exacerbations and 
improvements in PEFR and symptom scores. There were diminished skin 
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prick responses to aero-allergens and in parallel to this significant reductions 
in total IgE levels, but no change in airway responsiveness to methacholine 
challenges. This study used higher doses of IVIG, 2 g/kg, distinguishing it 
from the previous lower dose trials [76]. lackobsson repeated the study in a 
group of less severe asthmatics whose mean daily steroid dose requirement 
was only 720 Ilg of inhaled steroid using an IVIG dose of 800 mg/kg monthly 
for 5 treatments. The authors report significant reductions in steroid consump
tion but no difference from controls in terms of rescue medication use or 
symptom scores [77]. As for the patients studied by Mazer there were no 
changes in airway responsiveness. 

3.4.3. Adverse Effects: IVIG is well tolerated although headache is common
ly experienced by patients during the infusion and there are reports of aseptic 
meningitis occurring following this therapy [78]. The other concern for IVIG 
is the occurrence of acute allergic reactions to the infusions and anaphylaxis 
has been reported. 

3.4.4. Conclusion: The evidence for a steroid sparing effect for IVIG is lim
ited. Furthermore there are no data to strongly support efficacy beyond those 
effects attributable to infection protection. In addition IVIG is an expensive 
and inconvenient treatment. IVIG cannot be recommended for routine use in 
asthma. Carefully controlled placebo trials are required, although the data to 
hand do not predict useful immunomodulatory effects for asthmatic patients. 

3.5. Troleandomycin 

3.5.1. Mechanism of Action: Troleandomycin (TAO) is a macrolide antibiotic 
with established benefits in the treatment of infections. The most likely rele
vant mechanism of action relates to the clearance of methylprednisolone. 
Studies in both humans [79] and animals [80] show definite effects in keeping 
with inhibition of methylprednisolone clearance with consequent increases in 
half-life. Interestingly this effect seems to be specific to methylprednisolone. 
However there is some in vitro work showing reductions in neutrophil chemo
taxis [81], inhibitory effects on mitogen-stimulated lymphocytic responses 
[82], reductions in basophil histamine release [83] and airway mucous secre
tion [84]. Overall the evidence supports steroid related actions more than 
immunomodulatory effects for this drug. 

3.5.2. Clinical Trials: Celmer prepared a derivative of oleandomycin, former
ly named triacetyloleandomycin, in 1957 [85]. This drug was shown to have 
superior antibiotic efficacy to its parent compound and was adopted as an 
antibiotic in the treatment of Gram positive infection. As a consequence of this 
use it became clear that asthmatic patients with infective exacerbations, treat
ed with TAO, fared better than might be expected compared to individuals 
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treated with other appropriate antibiotics [86,87]. These reports stimulated the 
first controlled trials of this compound examining the effects in asthma in the 
late 1960s and early 1970s [88, 89]. Since these trials there have been a con
siderable number of further studies looking at the possible benefits of TAO as 
a steroid sparing agent, the results of which are summarised in Table 5. Initial 
impressions of these studies would suggest an impressive effect for this drug 
although there are few placebo controlled trials and no attempts to define inde
pendent anti-inflammatory mechanisms have been made. 

In common with many of the other compounds with reputed steroid sparing 
effects, the literature for TAO is flawed by a failure to either examine for 
steroid sparing effects or efficacy, and not tapering the dose of steroid in the 
run-in periods. Scrutiny of the data for TAO shows significant placebo effects 
in the placebo controlled studies. 

In addition, and specific to TAO, there are further problems m the reported 
studies: too small sample sizes, various arbitrary end-points (in particular 
issues surrounding infection and sputum production), short treatment periods, 
and a mixture of reports looking at children and adults. In fact, only two of the 
placebo-controlled studies had adequate numbers of patients [89, 97]. Nelson 
reported neither steroid sparing effects nor efficacy [97] and Spector did not 
randomize treatment sequence [89]. Given the questions surrounding mecha
nism for this drug, namely the inhibition of methylprednisolone clearance, it is 
not suprising that the consensus is that the effects seen are merely a conse
quence of increased effective doses of steroid. 

There are two arguments in favour of TAO as a steroid sparing agent. 
Rosenburg reported the case of a patient whose asthma improved despite not 
receiving systemic glucocorticoids (in particular methlyprednisolone) [99]. 
However this patient remained on inhaled flunisolide and there is now evi
dence that TAO also inhibits clearance of this steroid. Secondly the proponents 
of TAO claim that the effects seen are in excess of the improvements expected 
from the relative increases in effective steroid dose. This has to be countered 
by the observation that many patients, despite tapering the dose of methyl
prednisolone, develop Cushingoid side-effects on TAO. Furthermore there 
appear to be no benefits for those patients on TAO who use prednisolone or 
other systemic corticosteroids. 

3.5.3. Side-Effects: Almost without exception the studies reported show evi
dence of steroid related side-effects, inclusive of cataracts and abnormal glu
cose intolerance. TAO is an established cause of deranged liver function in 
addition to the problems often associated with macrolides such as gastroin
testinal upset. Care should be exercised with the concomitant use of theo
phylline as TAO inhibits its hepatic metabolism which can result in toxicity. 

3.5.4. Conclusion: Despite many trials showing reductions in the dose of 
steroid and efficacy, there is no parallel data showing a mechanism for these 
effects. The incidence of steroid related side-effects weigh heavily in favour of 
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a mechanism dependent on methylprednisolone. Beneficial effects relating to 
theophylline metabolism also cannot be discounted. As there are side-effects 
of TAO, independent of the systemic steroid, there would appear to be no indi
cation for this drug in the treatment of asthma. 

3.6. Anti-Malarials 

3.6.1. Mechanism of Action: Chloroquine and hydroxychloroquine both exert 
anti-inflammatory effects via the inhibition of phospholipase A20 an enzyme 
responsible for the mobilisation of membrane phospholipid in the synthesis of 
leukotrienes and prostaglandins [100]. Both these families of mediators have 
been implicated in the aetiology of inflammation as well as airway smooth 
muscle spasm in the lung. 

3.6.2. Clinical Trials: The antimalarial drugs chloroquine and hydroxy
chloroquine have been used in the treatment of connective tissue disease and 
rheumatoid arthritis for many years. The potential value of anti-malarial agents 
in asthma has been noted in anecdotal reports for well over 30 years [101, 
102]. In these papers the authors claim response rates of 75%. Subsequent 
uncontrolled open studies endorsed this earlier data [103, 104]. Tennebaum 
showed delayed improvements in symptom control and exercise tolerance 
approximately after 10 weeks amongst four subjects-three of whom discon
tinued steroid treatment over the subsequent 6 months [104]. 

Following from this work there have been three further publications report
ing contrasting results for the steroid sparing role of chloroquine. Roberts pub
lished the results of a double-blind placebo controlled cross-over trial examin
ing hydroxy chloroquine 400 mg/day in nine steroid dependent asthmatics over 
2 months. The mean steroid requirements of the subjects at the start of the trial 
was 11.6 mg/day. Neither hydroxychloroquine nor placebo limbs resulted in 
change in steroid dose nor lung function. The authors concluded that hydrox
ychloroquine was of no benefit in the treatment of asthma [105]. 

In contrast, Charous has reported two open trials showing improvements in 
both steroid requirements and asthma control. The first 11 asthmatics treated 
over 28 weeks showed increases in lung function of the order of 15%, and the 
7 steroid dependent patients were able to reduce their mean monthly pred
nisolone doses from 383 mg to 191 mg. Of interest the authors also report sig
nificant reductions in the levels of total serum IgE [106]. The second report 
showed sustained improvements amongst 10 patients in asthma control and 
reduced steroid doses over a 22 month follow-up period [107]. 

3.6.3. Side-Effects: The most serious side-effects of chloroquine relate to ocu
lar and central nervous system toxicity. Whilst the retinopathy associated with 
this drug is rare at the doses used in the treatment of inflammatory disease it 
can be irreversible. Regular eye examinations should be undertaken whilst on 
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therapy. Chloroquine should be avoided in epileptics, and patients with renal 
and hepatic impairment. Non-specific gastrointestinal side-effects and rashes 
can occur but are usually well tolerated. Neither Roberts or Charous reported 
side-effects in their respective studies [105-107]. 

3.6.4. Conclusion: The data in favour of anti-malarial treatments in asthma is 
derived from open trials with relatively small numbers of patients. The only 
placebo controlled trial, albeit with equally small numbers of patients, was 
strikingly negative. Until studies of this design are done with adequate num
bers of patients, the use of chloroquine for either steroid sparing effects or effi
cacy cannot be recommended. In the event of such data, carefully monitored 
treatment should not present safety problems given the side-effect profiles 
reported to date. 

3.7. Azathioprine 

3.7.1. Mode of Action: Antimetabolite drugs have been used in the treatment 
of inflammatory disease for many years. Initially 6-mercaptopurine was used 
although this has been superseded by azathioprine, a less toxic derivative. Both 
agents are incorporated into DNA and prevent cell division. The mechanism 
by which this action results in immunosuppression is poorly understood but 
the evidence from organ transplantation and in conditions such as rheumatoid 
arthritis have endorsed this conclusion. 

3.7.2. Clinical Trials: Following anecdotal case reports with azathioprine 
[108] and the earlier experience with antimetabolites and alkylating agents in 
asthma [109] interest in the possible use of azathioprine developed. Four trials 
have been reported [110-113], three of which were placebo controlled. There 
are minor flaws in design in each, such as lack of washout periods [Ill, 112], 
failure to randomise sequence [110], and in common with many of the other 
reports already discussed, no steroid tapering during run-in. In fact in only one 
of the trials were all the patients on steroids [110]. The numbers of subjects 
studied was small (ranging from four to 13) and the treatment periods were 
inadequate perhaps with the exception of the 12 week open trial reported by 
Asmundssen [113]. Notwithstanding these problems the results of all the trials 
universally show neither efficacy or steroid sparing effects for azathio
prine/6-mercaptopurine although Hodges observed improvement in a sub
group of patients who previously expectorated large volumes of sputum [112]. 
No mechanism for this effect has been forthcoming. 

3.7.3. Side-Effects: Azathioprine is an established cause of bone marrow sup
pression and increased susceptibility to infections. Hepatotoxicity has also 
been reported. Amongst the trial data there were a number of patients who sus-
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tained considerable gastrointestinal upset and in one case this necessitated 
withdrawal from treatment [110]. 

3.7.4. Conclusion: Despite the problems with design all the trials have failed 
to support the use of azathioprine in the treatment of asthma. 

3.8. Colchicine 

3.8.1. Mechanism of Action: Colchicine has also been used in various inflam
matory disorders to good effect. In particular colchicine is central to the treat
ment of gout. Its anti-inflammatory mechanism has not been fully elucidated 
although it is probably multi-factorial and complex. Colchicine has been 
shown both in vivo and in vitro to correct deficiency of Concanavalin-A 
induced suppressor cell function seen in patients with both familial 
Mediterranean fever and primary biliary cirrhosis [114]. As colchicine remains 
effective treatment in these conditions-it has been postulated that this mech
anism of action may underlie an anti-inflammatory effect. The discovery that 
patients with asthma also have a deficiency in Concanavalin-A induced sup
pressor cell function has led investigators to examine the possibility of treating 
the condition with colchicine [115]. Interestingly theophylline also corrects 
this defect and the combination of theophylline and colchicine is additive with 
respect to this deficiency. The exact pathway through which colchicine 
achieves this is unknown. 

Colchicine has also been shown to inhibit neutrophil functions [116] and 
block the release of leukotrienes and IL-l from lymphocytes [117] as well 
increasing intracellular levels of cyclic AMP [118]. These effects that may be 
mediated by the binding of the drug to microtubules within the cell. 

3.8.2. Clinical Trials: Despite the experience with other inflammatory condi
tions there have only been three trials looking at the effects of colchicine in 
asthma. Furthermore the issue of steroid sparing effects for oral treatment has 
not been examined at all. In the first study reported by Schwartz, the use of 
colchicine resulted in improvements in symptom scores and rescue medication 
use compared with placebo but there were no differences in lung function 
between the two treatment limbs amongst 10 steroid naIve patients [119]. 
Another trial looked at the effect of treatment on 30 children all of whom were 
taking theophylline. Only nine were on inhaled steroids and none was taking 
oral corticosteroids. The results were identical to the previous study with mar
ginal benefits for symptom scores and no differences in lung function [120]. 
Newman looked at the steroid sparing effect of colchicine in 20 patients main
tained on inhaled treatment (1600 flg a day) over 4 months. No effect was seen 
and no benefits for asthma control were found [121]. 
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3.8.3. Side-Effects: Colchicine is a safe drug, although diarrhoea is relatively 
common. There are rare reports of myopathy and neuropathy and these remain 
the only severe risks of treatment. 

3.8.4. Conclusion: Appropriate studies looking at colchicine as a steroid spar
ing agent in asthma have not been done although the data currently available 
suggest that this drug will not have a role to play despite the attractive concept 
of impaired suppressor T cell immune responses in asthma. 

3.9. Dapsone 

3.9.1. Mechanism of Action: Dapsone (4,4'-diaminodiphenyl sulfone) is 
established as a treatment for leprosy and rheumatological conditions. The 
rationale for the use of dapsone in asthma is based on the assumption that the 
neutrophil is an important cell type in the pathogenesis of airway inflamma
tion. Clearly the evidence for this is limited despite the data from allergen chal
lenge studies in both human [122, 123] and animal [124] subjects. Dapsone 
inhibits neutrophil functions, inclusive of respiratory burst [125] and chemo
taxis [126]. If the neutrophil were crucial to airway inflammation in asthma 
these effects might limit tissue injury. 

3.9.2. Clinical Trials: There is only one trial looking at the possible steroid 
sparing effects of dapsone. Berlow studied 10 patients in an open trial for 
between 3 and 20 months. The dose of dapsone was 100 mg twice daily. The 
mean monthly prednisolone dose was reduced from 428 mg to 82 mg. Five of 
the patients were able to discontinue steroid treatment within 6 months. 

Apart from the open design of this study (amongst a small number of sub
jects), there was no steroid tapering phase and the group were heterogeneous 
with steroid requirements at baseline ranging from 5 mg to 60 mg daily. In 
addition, three other patients were withdrawn during the study and the data 
from these patients were not included in the analysis [127]. 

3.9.3. Adverse Effects: Dapsone has a diverse and potentially serious side
effect profile. Complications include haemolytic anaemia (contraindicated in 
glucose-6-phosphate dehydrogenase deficiency), methaemoglobinaemia, 
agranulocytosis, gastrointestinal upset, hepatitis, neuropsychiatric. reactions, 
and skin rashes. 

3.9.4. Conclusion: The study reported for dapsone shows impressive reduc
tions in corticosteroid requirements. Given the in vitro data for dapsone and its 
effects on the neutrophil this result has interesting implications from a mech
anistic point of view. With respect to clinical use of this drug, further con
trolled studies are necessary before this agent can be considered in the treat
ment of asthma. 
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4. Summary 

To date there is no conclusive evidence to support the widespread use of any 
"second-line agents" in the treatment of asthma. With a few notable exceptions 
the trials show faults in design that preclude definite conclusions. The experi
ence of the reported studies has given a clear guide to appropriate design in the 
examination of possible steroid sparing drugs. Meticulous observation of 
appropriate methodology in future work will allow more confident assess
ments. The use of these agents should be restricted to controlled trials until 
their roles are more clearly defined. 
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Cysteinylleukotrienes, leukotrienes C4, D4 and E4, are important mediators of 
asthma derived from the oxidative 5-lipoxygenase pathway of archidonic acid 
metabolism, which were discovered by the late 1980s. Research programs 
within the pharmaceutical industry have led to the discovery of many mole
cules that are capable of inhibiting the effects of these mediators. These 
inhibitors have now become available for the treatment of asthma in the form 
of three cysteinyl leukotriene receptor antagonists, montelukast, zafrrlukast 
and pranlukast, and one inhibitor of leukotriene synthesis, zileuton, which are 
available in many countries round the world. 
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2. Generation of Leukotrienes 

Leukotrienes are synthesized from arachidonic acid, a nortnal constituent of 
the phospholipid bilayer, which is liberated by the action of phospholipases in 
responses to various stimuli. Leukotrienes are formed by the activation of 
5-lipoxygenase (5-LO) enzyme on arachidonic acid to form an unstable inter
mediate, 5-hydroperoxy-eicosatetraenoic acid (5-HPETE) which is converted 
to epoxide leukotriene (LT)~ [1]. 5-LO is a member ofa family of lipoxyge
nases and is an iron-containing enzyme consisting of 673 aminoacids which is 
dependent of Ca2+, adenosine triphosphate and several cofactors for maximal 
activity [2]. 5-LO translocates from the cytosol to the nuclear cell membrane 
to initiate leukotriene biosynthesis. 5-HPETE is formed through the action of 
5-LO and the 5-lipoxygenase-activating protein (FLAP), a nuclear membrane 
protein to which 5-LO binds to make a stable complex [3]. 

LTA4 is the pivotal intermediate from which all other leukotrienes are syn
thesised. LT~ hydrolase is a zinc-containing cytosolic metalloproteinase pos
sessing intrisic aminopeptidase activity [4], with considerable homology to 
aminopeptidase N family of enzymes. LT~ enzymatic activity can be inhibit
ed by metallohydrolase inhibitors such as bestatin. LT~ is unstable and may 
either be hydrolysed to the dihydroxyacid LTB4 by LT~ hydrolase, or glu
tathione is incorporated to form the peptido-Ieukotriene LTC4 by the enzyme 
LTC4 synthase. LTC4 synthase is an I8-kDa integral microsomal membrane 
protein [5]. The nucleotide and deduced aminoacid sequences of its cDNA 
show no significant homology to glutathione S transferases but shares amino
acid identity with FLAP [5]. 

The subsequent conversion ofLTC4 to LTD4, a cysteinyl glycinyl derivative, 
is through the action of a-glutamyl transpeptidase. LTD4 is further 
metabolised to the cysteinyl derivative, LTE4, by the action of a dipeptidase. 
Leukotrienes are rapidly metabolised and removed from the circulation. 
Peptidoleukotrienes undergo oxidation, resulting in biliary and urinary elimi
nation of biologically less active and inactive metabolites. LTE4 is an impor
tant urinary metabolite that can be used to monitor the production of 
leukotrienes in man [6, 7]. 

The location of leukotriene synthesis is determined by the cellular distribu
tion of the enzymes controlling each step of the pathway. The distribution of 
5-lipoxygenase is limited to myeloid cells including neutrophils, eosinophils, 
monocytes, macrophages, mast cells and basophils. LTC4 synthase has been 
identified not only in mast cells and eosinophils but also in endothelial cells 
and platelets. LT~ hydrolase has been found in human plasma, human ery
throcytes, inflammatory cells, bronchoalveolar lavage fluid and airway epithe
lial cells. Because these enzymes are distributed among different cell types, 
various inflammatory cells, in concert with noninflammatory cells such as 
endothelial cells or epithelial cells can participate in the transcellular synthe
sis of leukotrienes [8, 9]. 
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A number of different cells can generate leukotrienes, including mast cells, 
basophils, eosinophils and macrophages. The predominant product of 
S-lipoxygenase in eosinophils is LTC4 rather than LTD4, and cytokines such as 
IL-3, IL-S and GM-CSF can enhance leukotriene synthesis [10, 11]. LTB4 is 
preferentially produced by macrophages and neutrophils, whereas cysteinyl 
leukotrienes are produced predominantly by eosinophils, basophils and mast 
cells. 

The cysteinyl LTD4 and E4 activate a CysLTj receptor on airways smooth 
muscle. This receptor has recently been cloned and shown to be highly 
expressed on airways smooth muscle. Another receptor, CysLT2' may also be 
activated on pulmonary vascular smooth muscle. LTC4-specific receptors have 
not been identified in human lung tissue. The bronchoconstrictor activity of 
LTC4 may be derived from its conversion to LTD4. LTB4 acts on a different 
class of receptors, BLT receptors. 

3. Inhibition of Leukotrienes 

The role of leukotrienes in asthma can be investigated by using specific phar
macological agents that prevent their synthesis or receptor-mediated effects. 
The biosynthesis of leukotrienes can be inhibited directly by inhibitors of the 
S-lipoxygenase enzyme such as zileuton, or indirectly by inhibitors of FLAP 
such as MK-886 or BAY-X-100S. Alternatively, a number of potent Cys LTj 
receptor antagonists have been developed including zafirlukast, pranlukast and 
montelukast. One potential advantage of leukotriene synthesis inhibitors over 
CysLT j receptor antagonists is that they also inhibit the formation of LTB4. 
The contribution of LTB4 in asthma is probably small. 

4. Effects of Cysteinyl Leukotrienes 

The cysteinyl LTs are very potent contractile agonists of human bronchi in 
vitro, being about 1000 times more potent than histamine [12]. This potent 
effect of cysteinylleukotrienes can be demonstrated in vivo in normal subjects 
and in patients with asthma. In healthy subjects, LTD4 displayed a 140-fold 
greater potency than histamine and LTE4 was 14 times more potent [13, 14]. 
Although LTC4 and LTD4 are 100-1S0 times more potent than LTE4 in pro
ducing airway bronchoconstriction in healthy subjects, they are only four to 
five times more potent in asthma patients, indicating a relative hyperrespon
siveness to LTE4 in asthmatic patients [1S]. Inhaled LTD4 is not only a more 
potent bronchoconstrictor than methacholine but it can also cause a greater 
degree of maximal airway narrowing [16]. LTE4 can increase bronchial 
responsiveness to histamine in patients with asthma, an effect that can persist 
for 1 week [17]. LTB4, by contrast, does not induce bronchoconstriction or 
bronchial hyperresponsiveness [18]. 
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An important property of cysteinyl leukotrienes is their ability to increase 
airway microvascular permeability in the airways, thereby causing oedema 
and mucosal thickening, and providing also an additional source of secondary 
mediators such as the kinins derived from plasma. Leukotriene-induced airway 
microvascular leakage of fluorescein-labelled proteins into the extravascular 
space has been demonstrated in a hamster cheek pouch model. Leukotriene D4 
induced extravasation of Evans Blue dye at all levels of the airways of guinea 
pigs [19, 20]. In an experimental model using sensitised guinea pigs, inhibitors 
of the 5-lipoxygenase enzyme caused a dose-dependent inhibition of allergen
induced airway microvascular leakage at all airway levels [21]. Cysteinyl 
leukotrienes also increase mucus secretion, both by direct effects on goblet 
cells and by stimulating nerves and producing reflex secretion from submu
cosal glands [22-24]. 

Eosinophils have been identified as key inflammatory cells in the patho
physiology of asthma [25]. Both LTE4 and allergen can induce the influx of 
eosinophils into the airways of sensitised guinea pigs and these effects can be 
blocked by a cysteinyl leukotriene receptor antagonist,zafirlukast [26]. 
Inhalation of LTE4, but not of methacholine, by allergic asthmatic subjects also 
causes a significant increase in the number of eosinophils in bronchial biopsies 
[27]. Cysteinylleukotrienes also facilitate the proliferative activity of growth 
factors such as epidermal growth factor on airway smooth muscle in vitro [28]. 

5. Release of Leukotrienes in Asthma 

A number of studies measuring leukotrienes in bronchoalveolar lavage fluid, 
blood and urine have shown that leukotrienes are released during acute exac
erbations of asthma. LTE4 is the principal urinary metabolite of the cysteinyl 
leukotrienes and measurement of LTE4 excretion in urine is a convenient 
method for examining leukotriene production in vivo [7]. For example, higher 
levels of LTE4 in the urine of patients during acute severe asthma attacks when 
compared with those in a group of normal nonasthmatic individuals, or with 
those asthma patients whose lung function had returned to normal following 
treatment [29, 30]. Those presenting with acutely reversible airway narrowing 
had elevated LTE4 in their urine. Cysteinylleukotrienes have been recovered 
from urine during exercise-induced bronchoconstriction in some studies [31, 
32], but not in others [33]. When atopic asthmatics were challenged with 
inhaled allergen, there was an increase in urinary LTE4 excretion which paral
lels the bronchoconstriction and subsides with resolution of the airway 
response [29, 34]. Urinary LTE4 levels are also increased after aspirin chal
lenge of aspirin-sensitive asthmatic patients [35, 36]. Elevated levels of LTC4 
and E4 have been measured in bronchoalveolar lavage fluid of atopic asthmat
ics following endobronchial allergen challenge [37-40]. 
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6. Inhibitors of 5-Lipoxygenase 

Inhibition of 5-lipoxygenase has been achieved in several ways including trap
ping of radical intermediates, chelation or reduction of iron, reversible binding 
at either an active or a regulatory site, as well as combinations of these mech
anisms. Direct inhibition of 5-LO partly through an iron-catalysed redox 
mechanism has been possible with compounds such as benzofurans (L-670, 
630 and L-650,224), hydroxamates (BWA4C), N-hydroxyurea derivatives 
(A-640n or Zileuton) and indazolinones (ICI 207, 968) with good selectivity 
and potency [41]. ICI 207,968 and BWA4C, which are orally active, produce 
dose-dependent inhibition of the cysteinyl-Ieukotriene component of antigen
induced bronchoconstriction in sensitised guinea pigs [42]. BWA4C also 
exhibited ex vivo LTB4 synthesis when dosed orally to volunteers. Zileuton has 
similar in vitro potency and selectivity to acetohydroxamates and inhibits 
leukotriene synthesis ex vivo [41]. Zileuton inhibits airway microvascular leak
age and bronchoconstriction induced by inhaled allergen in the sensitised 
guinea-pig model [21], in addition to inhibiting leucocyte accumulation [21, 
43]. Zileuton produces dose-dependent inhibition of leukotriene synthesis ex 
vivo following oral administration to volunteers, with a duration of action of 
6 h at doses of 600-800 mg [44]. 

A new series of non-redox 5-lipoxygenase inhibitors devoid of iron-chelat
ing properties, the methoxyalkyl-thiazoles, such as ICI D2138 are most potent 
and selective inhibitors of 5-lipoxygenase [45]. ICI D2138 exhibits prolonged 
inhibition of ex vivo leukotriene synthesis when administered orally to volun
teers, with a half-life of around 12 h. 

Inhibitors of FLAP such as MK-886 and MK-591 which is a structural ana
logue of MK-886, have no direct activity on 5-LO but antagonises FLAP thus 
preventing the translocation ofthe enzyme to the membrane [46]. MK 886 is a 
highly selective compound with no effects of prostaglandin synthesis. MK886 
inhibits antigen-induced bronchoconstriction in Ascaris-sensitive squirrel 
monkeys [47,48]. MK 591 inhibits LTB4 synthesis ex vivo by up to 90% [49] 
and urinary LTE4 by >80% at 24 h, with a half-life of 6 h [50]. Although FLAP 
antagonists REV5091 and WY50295 are active in vitro and in animals, they 
were inactive in inhibiting leukotriene synthesis in volunteers [51,52]. BAY-X-
1005 inhibits anti-IgE challenge in human airways in vitro [53]. 

To date, only one inhibitor of 5-lipoxygenase, zileuton, is now available for 
prescription in the USA. 

7. Effects in Asthma 

7.1. Inhibition of Bronchial Challenges 

Zileuton has been most extensively evaluated in human studies. It inhibits 
bronchoconstriction induced by cold, dry air, exercise and by aspirin (in 
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aspirin-sensitive asthma) [54-56]. Nasal, gastrointestinal and dermal reactions 
were also inhibited, together with urinary LTE4 excretion [56]. ZD-2138 was 
also effective in inhibiting aspirin-induced asthma [57]. The effects of several 
5-LO inhibitors on allergen-induced early and late responses have been more 
variable [58-62]. While zileuton and ZD-2138 did not inhibit early and late 
asthmatic responses [58, 60], MK-886, MK-059l and BAY-X-1005, inhibit 
both responses [59, 61, 62]. MK-886 and MK-059l protected against the late 
asthmatic response between 3-8 h, but this was lost afterwards [59,61]. These 
compounds had no effect on allergen-induced airway hyperresponsiveness, 
despite effective blockade of LTB4 biosynthesis and LTE4 excretion at the time 
of measurement of airway responsiveness. A single oral dose of 800 mg zileu
ton caused an almost complete blockade of LTB4 biosynthesis ex vivo, and a 
nearly 50% inhibition of urinary LTE4 [58], while in the MK-886 studies, 
LTB4 biosynthesis ex vivo was reduced by 54% with an 80% reduction in LTE4 
urinary excretion at 3-9 h post challenge. Almost complete blockage of LTB4 
biosynthesis and LTE4 urinary excretion were observed with MK-0591. 
Zileuton also reduced allergen-induced nasal congestion, and selectivity 
blocked leukotriene release in nasal lavage fluid in patients with allergic rhini
tis [63]. 

Treatment with zileuton reduced the number of inflammatory cells recov
ered in bronchoalveolar lavage fluid from patients with the late asthmatic 
response after bronchopulmonary segmental allergen challenge [64]. 

7.2. Studies in Clinical Asthma 

In a 4-week placebo-controlled trial in patients with mild to moderate asthma, 
it improved airway function and symptoms. At the highest dose of 2.4 gm/day, 
there were a mean increase in FEV! of 13.4%, a decrease in 13-agonist usage 
by 24%, an improvement in morning peak expiratory flow rate of 10%, a 
decrease in overall symptom scores of 37% and a decrease in urinary 
leukotriene excretion by 39% [65]. There were no significant side-effects 
reported. In a longer clinical trials of up to six months, zileuton continued to 
maintain improvement in lung function with a peak improvement of the order 
of 20% for FEV 1> a decrease in symptoms and in the use of 13z-agonists, and 
lesser need for glucocorticoid rescue [66, 67]. The improvement in lung func
tion after zileuton can be observed within 1 to 3 h [65-67]. The number of 
patients who required oral corticosteroid treatment for exacerbations of asth
ma was reduced by more than 60% [66,67]. Zileuton was compared to twice
daily theophylline in a 3-month study in which theophylline doses were adjust
ed according to plasma drug concentrations. Similar increases in FEV! were 
observed with both, but theophylline caused a greater symptomatic improve
ment [68]. Zileuton gave additional benefits to aspirin-intolerant asthmatics 
already on conventional therapy [69]. 
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8. Leukotriene Receptor Antagonists 

The first leukotriene receptor antagonist of the hydroxyacetophenone class 
described was FPL-55712 [70], which exhibited poor bioavailability and a 
short half-life. Other compounds within the same class, e.g. LY 171883, 
L-649,923, and YM-16638 were synthesised, but did not possess sufficient 
potency to act effectively as an LTD4 receptor antagonist. In addition to being 
inactive on allergen-induced responses, L-649,923 was poorly tolerated with a 
high incidence of gastrointestinal effects [71]. The newer generation of 
leukotriene antagonists such as leI 204,219 (zafirlukast), the quinolones MK-
571 and RG-12,525, ONO-1078 (prankulast) and SK&F 104,353 (pobilukast) 
were more potent. These compounds are at least 200-fold more potent than 
earlier LT antagonists in eH]-LTD4 binding assays [72]. The efficacy and safe
ty of potent LT receptor antagonists against leukotriene-induced bronchocon
striction in normals and asthmatics has been shown in several studies. 
Zafirlukast at a single oral dose of 40 mg shifted LTD4-induced bronchocon
striction dose-response curve by 100-fold and provided significant antagonism 
for at least 24 h in normal subjects, with no apparent side-effects [34]. MK-
571 provided a shift of greater than 88-fold in asthmatic patients [73]. MK-
0476 (montelukast), now available for treating patients with asthma, also pro
tects against LTD4-induced bronchoconstriction, 20-24 h after administration, 
and is probably the antagonist with the longest duration of antagonist activity 
in man [74, 75]. 

8.1. 1nhibition of Bronchial Challenges 

Leukotriene receptor antagonists inhibit several bronchoconstrictor challenges 
such as exercise, allergen, and aspirin (Tab. 2). Exercise-induced asthma is 
partially inhibited by 50% to 80% [32, 76-81]. When administered before 
exercise, they shorten the time to recovery of normal lung function. 

Both the early and late phase responses are partly inhibited by the 
leukotriene antagonists, zafirlukast and MK-571 [82-84]. Zafirlukast also 
inhibited airway hyperresponsiveness to histamine at 6 h after allergen chal
lenge [82]. It inhibited the airway response to cumulative allergen challenge 
by 5.5-fold increase in allergen dose, associated with a shorter recovery time 
[85]. When administered by inhalation, zafirlukast [1.6 mg] reduced the early 
but not the late asthmatic response [86]. Inhaled L-648051 administered over 
7 days attenuated the early and late responses to inhaled allergen [87]. 
Pretreatment with a combination of antihistamine, loratidine, and zafirlukast 
(80 mg bd) caused near complete abolition of the early and late phase response 
to allergen [88]. Zafirlukast can reduce cellular influx after allergen challenge 
in asthmatic patients [89]. Fourty-eight hours after segmental allergen chal
lenge, the numbers of basophils, mast cells and lymphocytes, and the concen
tration of histamine and superoxide release from alveolar macrophages were 
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Table I. Some clinical trials of leukotriene inhibitors in clinical asthma 

Compound Type of asthma Effects Reference. 

Zileuton (2.4 mg/day) Mild to moderate t 13.4% FEV j Israel 1993 
t 24% ~-agonist use [65] 

(1.6 mg/day) t 10.9% FEV j 

t 17% ~-agonist use 

Zileuton (2.4 mg/day) Baseline FEVI = 62% t 15% FEV j Liu 1996 
(n = 122) t 30% ~-agonist use [66] 

t 36% day-time symptoms 

Zafirlukast Mild-to-moderate At 40 mg/day: Spector 
(5, 10 or 20 mg (n = 276) t rescue ~-agonist (30%) 1994 [108] 
twice/day for 6 weeks) t night waking (46%) 

t day symptom (26%) 
tFEV j (11%) 

Zafirlukast Mild-to-moderate As above Fish 1997 
(20 mg twice daily) (n = 762) [128] 

MK-571 Mild-to-moderate 
(75 mg TDS; 2 weeks, (n = 43) t 8-14% FEV j Margolskee 
then 50 mg TDS t 30% symptom scores 1991 [105] 
for 4 weeks) 

LY-171,883 mild-moderate t Mean weekly FEV j of 4.5% Cloud 1989 
600 mg twice/day (n = 138) t use of ~-agonist [104] 
(6 weeks) 

Montelukast Mild to moderate t 13%FEVj Reiss 1998 
10 mg/day Predicted FEVI 67% t ~-agonist use [114] 

n=408 t morning PEFR 
t day-time symptoms 

Montelukast Asthmatic children t 8.2% FEVI Knorr 1998 
5 mg/day Predicted FEVI 72%; t 16.8% ~-agonist use [111] 

39% using inhaled t 14.8% asthma symptoms 
steroids n = 336 

Pranlukast Mild-to-moderate t 11.5% FEVI Barnes and 
337.5 mg twice daily Predicted FEVI 66% t 28% night symptoms Pujet 1997 

n=45 [110] 

significantly reduced in bronchoalveolar lavage fluid after zafirlukast treat
ment. 

Patients with aspirin-induced asthma have an increase in leukotriene C4 

synthase activity [90], which is associated with a mutation in the promoter 
region of the gene for this enzyme [91]. Pretreatment with pobilukast or MK-
679 prevented the bronchoconstrictor response induced by lysine-aspirin [92, 
93]. MK-679 also improves lung function in aspirin-sensitive patients with 
asthma [93]. In normal subjects, PAF-induced bronchoconstriction was inhib-
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ited by the LTD4 leukotriene antagonist, zafirlukast [94] and pobilukast [9S], 
in accord with the observation that PAP induces an increase in urinary LTE4 
excretion [96]. 

Prankulast (ONO-1078) after I week's treatment causes a small (half of one 
doubling dilution of methacholine PC20) improvement in bronchial hyperre
sponsiveness in stable asthmatic patients [97]. Inhaled L-6480S1 also 
improved bronchial hyperresponsiveness by 1.S-doub1ing dilutions of metha
choline after 9 days' treatment [87]. 

8.2. Studies in Clinical Asthma 

8.2.1. Single Dosing: Leukotriene receptor antagonists similar to the synthe
sis inhibitors produce significant improvement in airways function, together 
with a reduction in symptoms (Tab. 1). In a study of ten patients with mild to 
moderate asthma, a single oral dose of zafirlukast induced significant bron
chodilation, with a mean increase of 8% in FEV! (range: 2%-14%) [98]. 
However, inhaled zafirlukast (1600 flg dose) did not induce bronchodilatation 
[99], while pobilukast by inhalation was effective (S% mean increase in FEV!) 
[l00]. In 12 moderately severe asthmatics, infusion of MK-S71 resulted in a 
mean 20% increase in FEV! noticed 20 min after the start of infusion, and per
sisted for the S hour observation period [101, 102]. The bronchodilator prop
erties of LT antagonists and of the ~Tadrenergic agonist, salbutamol, appear to 
be additive. In addition, the degree of baseline airway obstruction was corre
lated with the degree of bronchodilation achieved with MK-S71. Similarly, in 
eight patients with aspirin-sensitive asthma, MK-679, the (R)-enantiomer of 
MK-S71, by oral administration, induced a S-34% (mean 18%) improvement 
in FEV!> lasting for at least 9 h [103]. Therefore, persistent activation of 
leukotriene receptor to increase airway tone is present in patients with chron
ic asthma. The bronchodilator response correlated strongly with the severity of 
asthma and with aspirin sensitivity. Leukotriene receptor antagonists do not 
induce bronchodilatation in normal volunteers [34, 73]. 

8.2.2. Multiple Dosing: The earlier relatively weak leukotriene receptor 
antagonist LY 171,883 (600 mg twice-daily for 6 weeks) caused a small 
improvement in basal lung function, with some reduction in the use of 
~Tadrenergic agonist reliever medication [104]. MK-S71 administered orally 
for 6 weeks resulted in a mean increase in FEV! of 8-14%, a decrease in day
time symptom scores by 30%, a decrease in ~-agonist inhaler use by 30% and 
improved diurnal variation in peak expiratory flow rate [lOS]. Montelukast 
was dosed at 600 mg/day for 10 days and 200 mg for 6 weeks in asthmatics, 
causing similar degrees of bronchodilatation [106]. Further studies indicated 
that a dose-related improvement in patient-reported asthma end-points over the 
range 2-S0 mg per day, with maximal beneficial effects using the 10 mg daily 
dosage in adult asthma [107]. In a 6-week study of zafirlukast (S, 10 or 20 mg 
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twice daily) in patients with mild to moderate asthma, a dose-dependent 
improvement in symptoms was observed. The 40 mg/day dosage led to a sig
nificant improvement of evening peak expiratory flow, rescue /3-agonist 
inhaler use (reduced by 30%), night-wakings (reduced by 46%), morning asth
ma symptoms and day-time symptoms (reduced by 26%) [108]. ICI 204,219 
was more effective in subjects who had the lowest predicted FEV 1 at entry to 
the study and a linear response was observed with increasing doses of the 
antagonist [108]. Montelukast and pranlukast also caused similar sustained 
degrees of improvement in asthma with up to 11-13% increase in FEV!. and 
decrease in symptoms in 12- and 4-week studies respectively [109, 110]. 
Dose-related improvements have been shown with montelukast [107]. In chil
dren, similar clinical beneficial effects are demonstrated for montelukast, 
including inhibition of exercise-induced asthma [111, 112]. 

9. Comparative Clinical Studies 

In patients using inhaled corticosteroids (average 1,600 Ilg inhaled 
beclomethasone dipropionate per day), pranlukast allowed a reduction of 50% 
in inhaled dose of beclomethasone without loss of asthma control compared to 
placebo [113]. Indirect markers of inflammation such as exhaled nitric oxide 
and serum eosinophilic cationic protein levels increased in patients on place
bo experiencing loss of asthma control. The bronchodilator effect of 
leukotriene antagonists is also present even in patients already on inhaled cor
ticosteroid treatment [114-116]. In preliminary reports, addition of 
leukotriene antagonists to high doses of inhaled and often concomitant oral 
corticosteroid therapy in patients with severe disease can lead to additional 
clinical benefits with reduction in exacerbations [117]. Comparative studies 
with low dose inhaled corticosteroids in mild-to-moderate asthma have been 
published only in preliminary form and show that low dose inhaled corticos
teroids (400 Ilg of beclomethasone per day) are more efficacious than the 
receptor antagonists, zafirlukast and montelukast [118, 119]. 

10. Anti-Inflammatory Effects of Leukotriene Receptor Antagonists 

Treatment with the leukotriene receptor antagonist zafirlukast or the 5-lipoxy
genase inhibitor zileuton reduced the number of inflammatory cells recovered 
in bronchoalveolar lavage fluid from patients with the late asthmatic response 
after bronchopulmonary segmental allergen challenge [64, 89]. Treatment of 
chronic asthmatics with pranlukast causes a reduction in the number of 
eosinophils and T-cells in the airways submucosa [120]. Montelukast caused a 
significant reduction in eosinophils in induced sputum of asthmatics [121], and 
in eosinophils in blood [107]. 
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11. Safety of Leukotriene Receptor Antagonists and Inhibitors 

In general, the leukotriene receptor antagonists and inhibitors are well tolerat
ed in 6-month trials. In most studies, the incidence of reported adverse effects 
was similar to that reported in the placebo group [65, 104, 108]. No reports of 
unexpected adverse clinical or laboratory events have been reported with pran
lukast since it was launched in Japan more than 2 years ago. In the montelukast 
phase 1-3 trials, adverse events and abnormal laboratory events were similar 
in both active and placebo groups. In a few patients treated with zaflrlukast 
(and montelukast), Churg-Strauss syndrome that is characterised by marked 
circulating eosinophilia and eosinophilic vasculitis, has been reported [122]. It 
is likely that these are the result of reduction in oral corticosteroid dosage 
while these patients with unsuspected Churg-Strauss were being treated with 
these antagonists; however, an idiosyncratic effect of these new treatments 
cannot be entirely excluded. 

Asymptomatic elevations of serum alanine amino-transferase concentra
tions by more than three-fold were observed in 4.6 patients receiving zileuton 
(600 mg four times per day) compared to 1.6 patients on placebo. Most eleva
tions resolved after 3 months of either continuation or discontinuation of treat
ment. Doses of zaflrlukast higher than 20 mg twice a day can cause elevation 
of liver enzymes. 

12. Role in Asthma Management 

Recent asthma guidelines for the management and treatment of chronic asth
ma recommend a stepwise approach for the pharmacological treatment of this 
disease [123,124]. The selection of treatment is based upon the severity of the 
asthma and the number of medications and their dose and frequency titrated to 
the severity of disease. There is also emphasis on the early use of anti-inflam
matory medication to gain early control of the disease. At present, inhaled cor
ticosteroid therapy is considered to be the most effective and commonly used 
anti-inflammatory agents, with sodium cromoglycate and nedocromil sodium 
being less reliable and effective agents. Overall, the goals of management 
include the attainment of minimal or no symptoms, a decrease in the number 
of acute exacerbations, a reduction in the requirements for short-acting ~T 
agonists, near normal lung function and a greater ability to participate in phys
ical activities. Avoidance of known allergens or irritants and patient education 
are also important aspects of asthma management. 

Where do the leukotriene inhibitors flt in the overall current management of 
asthma? Although studies are still being currently performed regarding the 
potential anti-inflammatory effects of leukotriene inhibitors, the limited data 
available indicate that these agents do possess anti-inflammatory effects, par
ticularly in inhibiting eosinophil inflammation. These agents can therefore be 
considered as having anti-inflammatory properties in asthma. In the studies 
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that have been reviewed above, these agents produce an overall modest 
improvement in lung function and symptom control, a reduction in the need 
for short-acting ~Tagonist therapy in patients with mild to moderate persistent 
asthma when compared to placebo, both in patients on or not on inhaled cor
ticosteroid therapy. It is best to consider the various steps of asthma manage
ment guidelines in attempting to integrate these antileukotriene therapies with 
existing asthma management. Should they be used as fIrst-line treatment for 
mild intermittent asthma at Step I or Step 2 on equal par to the use of low-dose 
inhaled corticosteroid therapy or sodium cromoglycate and nedocromil sodi
um? Data showing a reduction in cellular airway infIltration on allergen chal
lenge and an attenuation of the late phase response would indicate that these 
agents possess antiinflammatory properties disease-modifying effects, 
although more studies are needed. Finally, there has been no fully-published 
comparison of these treatments to low-dose inhaled steroids for efficacy in 
improving lung function and bronchial hyperresponsiveness. It is possible that 
such clinical studies may help identify groups of patients that may particular
ly benefIt from either one or other first-line therapy. The relative responsive
ness of patients to one or other treatment may be important in determining 
their clinical usage. The recent United States National Heart Lung & Blood 
Institute Expert Panel Report II guidelines have indicated that leukotriene 
modifIers may be used as an alternative to low dose inhaled corticosteroids in 
mild persistent asthma. One advantage of these drugs particularly for its con
sideration as a Step1l2 therapy, as chronic therapy is its availability as a well
tolerated oral formulation which should promote improved patient compliance 
and more predictable drug bioavailability compared with inhaled medication, 
and thus avoid the necessity for teaching and insisting on proper inhaler tech
nique. 

Compliance may also be helped by the relatively rapid onset of effect of 
zafirlukast. A study of twice daily oral zafIrlukast showed a compliance of 
81 % in a group of symptomatic asthmatic patients using an electronic tracking 
cap device system, which is about twice that of previously-published compli
ance rates for twice daily inhaled corticosteroid therapy [125]. Another poten
tial area of advantage of the leukotriene inhibitors over inhaled steroid thera
py is the combined effect on co-existing allergic rhinitis symptoms. Therefore, 
much of the basis for the choice would lie in the superior effIcacy of inhaled 
corticosteroids versus the likely superior compliance associated with 
leukotriene inhibitors. 

At the more severe level of Step 3 where usually high-dose inhaled corti
costeroid therapy is considered, the benefIcial effects of leukotriene inhibitors 
have been demonstrated and these would be recommended as additive therapy 
to corticosteroids. A combination of low-dose steroids with leukotriene 
inhibitors may provide better control than high-dose inhaled steroids alone. 
Certainly, there is an additive effect of leukotriene inhibitors with high-dose 
inhaled steroid therapy and for more severe asthma patients (Steps 4 and 5), 
additive therapy to inhaled or oral steroid therapy should be considered. 
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Neither inhaled nor oral corticosteroid therapy reduce leukotriene production 
in asthmatic patients as measured by urinary LTE4 excretion [126, 127]. 
Comparative studies are now needed regarding the additive effects of 
leukotriene inhibitors compared to other available agents such as long-acting 
inhaled pz-adrenergic agonists and slow-release theophylline at these steps. 

Finally, are there any advantages of leukotriene receptor antagonists over 
5-lipoxygenase inhibitors and vice versa in the treatment of asthma? Zileuton 
has broader action that the leukotriene receptor antagonists in that it also 
inhibits the actions of the leukotriene B4 However, the contribution of LTB4 to 
asthma control is not clear and several studies indicate that LTB4 may not con
tribute to asthma pathogenesis. There are no direct comparisons of zileuton to 
the receptors antagonists yet. The need to use zileuton four times a day com
pared to the once or twice daily dosage for montelukast and zafirlukast respec
tively may represent a clinical disadvantage. However, currently no firm rec
ommendations can be made on the use of one group versus the other. 
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1. Theophylline in the Treatment of Asthma 

Theophylline has been in clinical use for more than a century, although it is 
only during the last 50 years that this drug has been in regular use for the 
treatment of asthma. Theophylline was first used in the treatment of asthma in 
1937, when it was administered i.v. for the treatment of acute asthma. In 1940, 
theophylline was first used orally in combination with ephedrine, and there are 
now many studies in the literature describing the effects oftheophylline in the 
treatment of asthma [1]. Theophylline is now most commonly used in various 
slow-release formulations to overcome its rapid metabolism. However, over 
the last decade, the number of prescriptions being written for theophylline has 
declined, as newer medications have been introduced for the treatment of asth
ma, and this decline has come about mainly due to concerns about the narrow 
therapeutic window of theophylline, which has typically been classified as 
being 10-20 flg/ml in plasma [1]. 

However, whilst theophylline has traditionally been classified as a bron
chodilator drug, it is now apparent that this drug has a range of other effects of 
potential therapeutic value in the treatment of respiratory diseases [2], that 
occur independently of the bronchodilator actions, including anti-inflarnmato-
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ry and immunomodulatory actions [3, 4], and increased respiratory drive [5]. 
These effects often occur at plasma levels below 10 Ilg/ml, suggesting that 
lower plasma levels of theophylline than have previously been used to obtain 
bronchodilation may be of benefit in the treatment of lung diseases, thus 
reducing the side-effect profile and improving its safety margin. 

A number of studies have reported that theophylline can inhibit allergen
induced late onset responses in the airways of allergic asthmatics without sig
nificantly affecting acute bronchoconstriction [3, 6-8], although this was not 
seen in all studies [9]. The late onset response to allergen is known to be 
accompanied by an influx of inflammatory cells into the airways [10] and this 
allergen-induced infiltration of activated eosinophils into the airways (assessed 
as the total number of eosinophils and as an increase in the number of EG2+ 
eosinophils in biopsies) was also reduced significantly by 6 weeks of treatment 
with theophylline [11], an effect that occurred at plasma levels well below the 
10-20 Ilg/ml plasma levels required for bronchodilation. Confirmation that 
this anti-inflammatory effect of theophylline is not due to its bronchodilator 
effects has recently been provided by the observation that theophylline will 
also reduce allergen-induced eosinophil recruitment and activation in allergic 
rhinitis [12]. 

The mechanism whereby theophylline inhibits the recruitment of activated 
eosinophils into the airways is not known, but several mechanisms have been 
put forward to explain this observation. The first mechanism relates to an 
immunomodulatory action of theophylline on T-Iymphocytes, an action that 
has been recognized for more than two decades [13-17]. It is now recognized 
that T-lymphocytes playa central role in the pathogenesis of allergic asthma, 
in particular the orchestration of eosinophil migration into the airways, via the 
release of cytokines such as IL-5 [18]. Regular treatment with theophylline has 
also been reported to inhibit allergen-induced recruitment of T-lymphocytes 
into the airway [19] and to increase the number of suppressor CD8 cells in 
peripheral blood [3, 17, 20]. Furthermore, withdrawal of theophylline from 
asthmatics has been shown to unmask a significant increase in asthma symp
toms [4, 21], which was associated with an increase in T-Iymphocytes in the 
airways [4], an immunomodulatory effect that again occurred at plasma levels 
below 10 Ilg/ml. Regular treatment with theophylline has also been reported to 
reduce the number of inflammatory cells expressing IL-4 in the airway [22] 
and to induce the production of IL-I 0 from peripheral blood mononuclear cells 
obtained from asthmatics [23], an observation of considerable interest as IL-
10 can shorten eosinophil survival [24] and induce tolerance in T-cells [25]. 

Another suggested mechanism of action of theophylline that occurs at clin
ically relevant concentrations is its ability to alter eosinophil survival. A num
ber of cytokines, including IL-5 have been shown to prolong eosinophil sur
vival [26]. Theophylline has been shown to inhibit IL-5 mediated survival of 
human eosinophils and to accelerate apoptosis, again at concentrations below 
10 Ilg/ml [27]. This effect could readily explain the ability of regular treatment 
with theophylline to reduce the number of eosinophils in the airways at plas-
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ma levels lower than 10 /lg/ml. Many of the biological effects of theophylline 
have been suggested to be mediated via an inhibitory effect on the phosphodi
esterase (PDE) family of enzymes [2, 28]. However, the effect of theophylline 
on apoptosis of eosinophils was not shared by the selective PDE4 inhibitor 
rolipram suggesting that this anti-inflammatory effect of theophylline may not 
be through inhibition of PDE4 [27]. 

This observation supports other recent work carried out in mononuclear 
cells obtained from asthmatics where theophylline was able to inhibit mononu
clear cell proliferation via mechanisms distinct from selective PDE4 inhibitors 
[29] and recent data with the related xanthine, pentoxyphylline, showing that 
this drug can inhibit proliferation of fibroblasts via a mechanism unrelated to 
c-AMP generation [30]. 

Another prominent action of theophylline is the ability to antagonise adeno
sine receptors [31]. However, for more than a decade this suggestion was ques
tioned as the related drug enprophylline had similar effects to theophylline 
clinically [6], yet was claimed to lack adenosine receptor antagonism [31]. 
However, recent studies have reported that enprophylline can act as a selective 
A2b receptor antagonist on human mast cells [32], a property shared by theo
phylline and which has been suggested to be of potential importance for the 
clinical activities of theophylline [33]. Other studies have shown that whilst 
asthmatics are very sensitive to inhaled adenosine [34], an effect that is 
blocked by theophylline [35, 36], but there is no evidence to date that this 
effect is mediated via activation of A2b receptors; rather there is evidence from 
experimental animals that it is the Al receptor that is upregulated as a result of 
allergic sensitization [37, 38], an observation supported by the study of Nyce 
and Metzger [39] that an anti-sense oligonucleotide against Al receptors 
blocks allergen-reduced eosinophilia and allergen-induced bronchial hyperre
sponsiveness in allergic rabbits. 

Recently regular theophylline treatment has been demonstrated to produce 
anti-inflammatory activity in patients having natural exacerbations of their 
asthma, in the form of nocturnal asthma. Theophylline treatment significantly 
improved the overnight deterioration in lung function associated with noctur
nal asthma compared with placebo treatment [40], a finding consistent with 
previous studies using theophylline for the treatment of asthma [41]. 
Theophylline also inhibited the ability of neutrophils to migrate into the air
ways of patients undergoing nocturnal attacks of asthma [40], associated with 
a reduction in the ability of PMNs to release LTB4. This work not only extends 
the anti-inflammatory actions of theophylline, but also supports earlier work 
that regular treatment with theophylline can reduce PMN activation [42, 43], 
in addition to the actions of theophylline on eosinophils and lymphocytes dis
cussed above. Theophylline treatment has also been reported to reduce the 
slope of methacholine dose-response curves in asthmatics versus placebo 
treatment [44, 45], a change also seen with glucocorticosteroids [46], but not 
with f3ragonists [47], which actually steepen the curve. 
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The clinical relevance of these anti-inflammatory actions of theophylline is 
now being evaluated and a number of recent clinical studies lend weight to the 
suggestion that such activities may offer clinical benefit. The combination of 
low-dose inhaled budesonide plus theophylline, and conventional treatment 
with high-dose inhaled budesonide produced equivalent clinical efficacy in 
patients already receiving 800 Ilg of budesonide and whose asthma was not 
controlled [48]. These effects occurred at plasma levels below 10 Ilg/ml and 
suggest thatlower than conventional plasma levels of theophylline may offer 
real clinical benefit with a reduced risk of side-effects for both drug classes 
[48]. These results also suggest that theophylline may offer additional benefit 
to glucocorticosteroids as has been previously suggested from other clinical 
studies by the use of different types of protocol [4,49,50]. 

Studies in paediatric asthma have shown that there is a clear effect of theo
phylline in the treatment of asthma that is comparable to low doses of gluco
corticosteroids [51]. This observation is of particular interest given that theo
phylline is an orally active drug and has been shown to have a better compli
ance rate than inhaled medications [52], which is particularly relevant to the 
treatment of asthmatic children. With the low cost of theophylline, relative to 
other anti-asthma medications [53], and the fact that it is still one of the few 
drugs available for use orally in the treatment of this common disease, the 
growing body of evidence suggests that theophylline has anti-inflammatory 
and immunomodulatoryproperties at lower than conventional plasma levels. It 
is timely, therefore, to reconsider the wider use of theophylline in the overall 
management of asthma [28]. 

2. New Generation Phosphodiesterase (PDE) Inhibitors in the 
Treatment of Asthma 

2.1. Phosphodiesterase Isoenzymes and Inflammatory Cells 

Cyclic nucleotide PDEs (EC 3.1.4.17) hydrolyze the phoshpodiester bond of 
purine cyclic nucleotides (cAMP, cGMP) to the inactive metabolites, 5'-AMP 
and 5'-GMP, respectively. These metabolites lack the ability to activate cyclic 
nucleotide-dependent kinases. At least seven isoenzymes families have been 
identified to date, whose properties include an affinity for cyclic nucleotides. 
Theophylline is the archetypal non-selective PDE inhibitor. However, a wide 
range of more selective inhibitors of the various PDE isoenzyme faculties have 
now been discussed and example selective inhibitors are summarized in 
Table 1. 

It is readily apparent that PDEs are widely distributed throughout the body 
and regulate the function of many cells. Particular interest has focused on the 
role of PDE4 and to a lesser extentPDE3 in allergic diseases such as asthma, 
as these isoenzymes are found in many inflammatory cells. 
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Table 1. Characteristics of phosphodiesterase isoenzymes 

Family Isoenzyme Km (!JM) Km (!JM) Selective inhibitors Cell types 
cAMP cGMP 

Ca2+ calmodulin- 1-30 3 Vinpotecine, Brain, testes, 
stimulated KS-505a trachea 

2 cGMP-stimulated 50 50 EHNA Hear, kindney 

3 cGMP-inhibited 0.2 0.3 Siguazodan Platelets, 
(SKF 94120) smooth muscle 

Milrinone 
Ciclostamide 

(SKF 95654) 

4 cAMP-specific 4 >100 Rolipram, RP 73401 Inflammatory 
denbufylline, cells 
CDP 840, Ro 201724 
CP 80633 

5 cGMP-specific 150 Zaprinast, Sidenefil Platelets, 
smooth muscle 

6 Phototeceptor 60 >100 Zaprinast, Sidenefil Retina 

7 High-affinity 0.2 >100 None identified T-cells 
cAMP-specific 

POE enzymes have been identified in human basophils (POE3 and POE4) 
[54], neutrophils (POE4) [55]; eosinophils (POE4), (2) monocytes (POE4) 
[56], lymphocytes (POE3, 4 & 7) [57, 58]. There are now many studies that 
have demonstrated that such biochemical data are supported by pharmacolog
ical studies showing that selective inhibitors of the appropriate POE isoen
zyme families will inhibit a variety of functions of inflammatory cell activa
tion in vitro (see [2] for a comprehensive review). In addition POE3 and POE4 
isoenzyme have been identified in macrophages [59] and vascular endothelial 
cells [60]. Inhibition of POE3 and POE4 by selective inhibitors will also mod
ulate a variety of function of these two cell types (see 2 for review). 
Furthermore, POE 1, 3 & 5 have been identified in vascular and airway smooth 
muscle (see 2 for review) and for studies with selective POE inhibitors, it 
would appear that POE3 plays the dominant role in causing smooth muscle 
relaxation (see 2 for review). 

2.2. Effects of PDE Inhibitors in Experimental Models of the Features of 
Asthma 

2.2.1. Acute Bronchospasm: A variety of selective POE inhibitors, including 
rolipram [61-67], RP 73401 [64], COP 840 [65], and the mixed POE3IPOE4 
inhibitor zardaverine [63], significantly attenuated acute bronchospasm to 
antigen in the guineapig. Similary, COP 840 [68] but not rolipram [69] atten
uated allergen-induced bronchoconstriction in the rabbit. In contrast, the POE3 
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inhibitor CI-930 [61], and to a lesser extent siguazodan [63], inhibited the 
allergen-induced bronchoconstrictor response in the guinea pig, while the 
PDE5 inhibitor zaprinast was without effect [61]. 

The effect of PDE4 inhibitors on bronchospasm induced by allergen is most 
likely due to inhibition of IgE/IgG-dependent mediator release from inflam
matory cells rather than functional antagonism of airway smooth muscle short
ening, as the predominant PDE isoenzymes in airway smooth muscle in PDE3. 
Indeed, rolipram significantly attenuated PGD2 but not histamine release from 
guinea pig senisitized tracheal preparations in vitro [62]. In contrast, rolipram 
[62-64,68], RP 73401 [64] and CDP840 [66] were less effective against spas
mogen (LTC4, methacholine, or histamine)-induced bronchoconstriction in the 
guinea pig, and it is clear that ~Tadrenoceptor agonists are superior to PDE4 
inhibitors as functional antagonists. 

2.2.2. Recruitment and Activation of Inflammatory Cells: PDE4 inhibitors 
have been shown to attenuate the ability of various stimuli, including various 
mediators and allergen to induce the recruitment of inflammatory cells, partic
ularly eosinophils, into the lung. 

The mixed PDE 3/4 inhibitor benzafentrine inhibited the pulmonary recruit
ment of eosinophils induced by the intraperitoneal injection of the cytokines 
GM-CSF, IL-3, and TNF-a [70]. Similarly, intratracheal instillation of human 
recombinant IL-5, IL-8, but not IL-3, and RANTES elicited a concentration~ 
dependent increase in eosinophils recovered in BAL fluid that was inhibited by 
rolipram, and RO~20174, but not by the PDE3 inhibitors milrinone and 
Siguazodan, or by the PDE5 inhibitor zaprinast [71]. The IL-5-induced pleu
ral eosinophilia in rats was also significantly attenuated by various PDE4 
inhibitors, including CDP 840, RP 73401, and rolipram [66]. 

The PDE4 inhibitor rolipram has also been shown· to attenuate allergen
induced pulmonary eosinophilia in the guinea pig whether administered via 
the oral [62, 71] or intraperitoneal route [63, 64, 66, 67, 72, 73] or following 
direct instillation into the airway [74]. Other PDE4 inhibitors, including Ro 
201724 [72], RP 73401 [64, 66], and CDP 840 [66], were effective against 
eosinophilia induced by allergen. This effect is not a feature peculiar to the 
guinea pig since rolipram and CDP 840 attenuated. the allergen-induced 
eosinophilia in the allergic rabbit [68, 69], while rolipram [75-77] and RP 
73401 [64] inhibited allergen-induced pulmonary eosinophilia in the allergic 
rat and monkey. In allergic mice, the mixed PDE3IPDE4 inhibitor benzafen
trine and the PDE4 inhibitor rolipram attenuated macrophage and eosinophil 
accumulation in BAL fluid [65]. Moreover, in addition to the ability of 
rolipram, Ro 201724, and CDP 840 [72, 73, 66] to inhibit pulmonary recruit
ment of eosinophils induced by allergen challenge, there is some evidence that 
these inhibitors and CP 80633 [78] also attenuate the activation of eosinophils 
recruited to the lung, as assessed by measurements of eosinophil peroxidase 
(EPa) contained in and/or secreted by the eosinophil. 
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The PDE3 inhibitor siguazodan has been shown to attenuate the ovalbumin
induced pulmonary eosinophilia in guinea pigs [62], although in some studies, 
siguazodan [72, 73] and milrinone [73, 67] were ineffective. These discrepan
cies could be attributed to differences in the degree of sensitization and/or dose 
of allergen employed to challenge the animals. Interestingly, the PDE3 
inhibitor milrinone also inhibited pulmonary eosinophilia in allergic rats [77]. 
The PDE5 inhibitor zaprinast appeared to have no dect on allergen-induced 
eosinophilia in the rat [77] or the guinea pig [72, 67]. 

The mixed PDE3IPDE4 inhibitors zardaverine [79, 63,65] and ORG 20421 
[76] inhibited pulmonary eosinophilia in the guinea pig and neutrophilia in the 
rat, respectively. Furthermore, pulmonary neutrophilia and the attendant 
increase in elastase and TNF-a in BAL fluid following exposure to LPS in the 
rat were significantly reduced by zardaverine [80]. 

Many studies have demonstrated that acute treatment with a PDE4 inhibitor 
is effective against allergen-induced pulmonary eosinophilia. However, few 
studies have examined the effect of chronic treatment with PDE4 inhibitors. 
Seven-day delivery of benzafentrine inhibited eosinophilia induced by PAF 
[81] and allergen [82] in the guinea pig. Similarly, the intraperitoneal admin
istration of Ro 201724 and zardverine twice daily for 1 week inhibited aller
gen-induced eosinophilia in the guinea pig [83]. Eosinophilia induced by aller
gen in allergic monkeys was abrogated following administration of rolipram 
over a 10-day period [75]. Similarly, the allergen-induced pulmonary recurit
ment of eosinophils in the allergic rabbit was inhibited following administra
tion of rolipram [69] or CDP 840 [68] over a 3-day period. 

In contrast, 7 -day treatment with rolipram, benzafentrine, or aminophylline 
did not inhibit pulmonary eosinophilia to inhaled antigen but did reduce EPO 
activity in BAL fluid [73]. However, RP 73401 inhibited both eosinophil 
recruitment and activation [73]. It remains to be established whether chronic 
treatment with certain PDE4 inhibitors leads to tolerance subsequent to an 
upregulationof activity and/or expression of PDE4. 

2.2.3. Bronchial Hyperresponsiveness: PAF-induced bronchial hyperrespon
siveness to various spasmogens was attenuated by the non-selective PDE 
inhibitor, isbufylline [84], the mixed PDE3/4 inhibitor benzafentrine [70] and 
the PDE4 inhibitors rolipram [67] and RP73401 [64]. Rolipram [67] also atten
uated allergen-induced bronchial hyperresponsiveness. Similarly, inhalation of 
pollutants such as ozone caused an eight- to lO-fold increase in airway sensi
tivity to histamine that was significantly attenuated by CDP840 [85]. Rolipram 
was 100 fold less potent than CDP840, although, RP73401 and aminophylline 
were found to be ineffective [85]. It is unclear whether differences in the 
bioavailability of these PDE4 inhibitors can account for the lack of effect of 
RP73401 on ozone-induced bronchial hyperresponsiveness. The effect of the 
PDE4 inhibitors on bronchial hyperresponsiveness was unrelated to functional 
antagonism of airway smooth muscle shortening since these inhibitors failed to 
attenuatebronchoconstriction induced by various spasmogens. 
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Both rolipram [69] and CDP840 [68] significantly inhibited allergen
induced bronchial hyperresponsiveness in the rabbit and the mixed PDE3/4 
inhibitor zardaverine attenuated LPS-induced bronchial hyperresponsiveness 
to serotonin in the rat [SO]. 

Few studies have investigated the effect of chronic treatment with PDE4 
inhibitors on bronchial hyperresponsiveness. In one study, a 20-fold increase 
in airways sensitivity to methacholine was observed following repeated anti
gen challenge of atopic cynomolgus monkeys. This response was abolished by 
chronic treatment with rolipram [75]. Once again this effect was unlikely to be 
a consequence of functional antagonism of airway smooth muscle shortening 
since rolipram failed to attenuate the bronchoconstrictor response to inhaled 
allergen. In contrast, the mixed PDE 3/4 inhibitor benzafentrine administered 
over a 7 -day period did not attenuate bronchial hyperresponsiveness induced 
by allergen, despite inhibiting the associated eosinophilia [81]. 

2.2.4. Phosphodiesterase Inhibitors in Asthma: Very few studies have been 
published concerning the efficacy of PDE inhibitors in the treatment of asth
ma. Ibudilast have been reported to significantly improve baseline airways 
responsiveness to spasmogen by two-fold after 6 months' treatment [S6]. We 
have recently demonstrated that the PDE4 inhibitor CDP840 attenuated the 
development of the LAR in mild asthmatics with no effect on the acute 
response [S7]. The effect of CDPS40 on the LAR was modest, although treat
ment with this drug was not associated with significant side-effects. This study 
is the [lIst to document the potential utility of this class of drug in the treat
ment of asthma, and other more selective orally active compounds are cur
rently under development that are well tolerated in phase 1 studies in man [SS]. 
Furthermore, recent studies with the orally active PDE4 inhibitor SB207499 
(Ariflo) have shown that this drug is well tolerated and produces significant 
clinical benefit in patients with COPD [S9] raising the distinct possibility that 
selective PDE4 inhibitors may well offer a therapeutic benefit in'a wider range 
of respiratory diseases. 
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