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factor, particularly since countries with the greatest
increases in asthma prevalence include Australia
and New Zealand, which are usually considered to
have low levels of air pollution.

Inducers and inciters

Our current understanding is that all asthmatic
patients have an underlying chronic inflammatory
process in the airways. This inflammation is char-
acterized by the presence of activated CD4' T
lymphocytes, eosinophils and mast cells.8'9 In aller-
gic ('extrinsic') asthmatic patients, this inflam-
matory state may be driven by exposure to inhaled
allergens, such as house dust mite, pollens or mould
spores. In non-allergic ('intrinsic') asthma, the
nature of the driving mechanism is unknown,
whereas in the case ofsome occupational asthmas a
sensitizing chemical encountered in the workplace
(such as toluene diisocyanate) is responsible. The
chronic inflammatory state is associated with in-
creased airway responsiveness and usually with
symptoms. Exposure to various agents may in-
crease asthma symptoms and it is important to
distinguish between factors that increase airway
inflammation leading to increased airway respon-
siveness (inducers) and factors which merely in-
crease asthma symptoms by triggering airway
narrowing (inciters). Exposure to allergens and
chemical sensitizers results in increased airway
inflammation and increased airway responsiveness
to various challenges. By contrast, exposure to
spasmogens (such as histamine and methacholine
which constrict airway smooth muscle directly),
exercise, hyperventilation and laughing (resulting
in cooling and drying of the airway mucosa), fog
(resulting in reduced osmolarity or airway lining
fluid), metabisulphite, SO2 and bradykinin (result-
ing in activation of airway sensory nerves) lead to
transient airway narrowing and symptoms of
wheezing, but do not increase inflammation or
airway responsiveness. The natural triggers of
asthma, such as exercise, fog and hyperventilation
are indirect constrictors, implying that they release
bronchoconstrictors from other cells in the airways
(such as mast cells, sensory nerves or other
inflammatory cells) and are only effective in the
presence of asthmatic inflammation. In other
words, inflammation is a necessary precondition
for these triggers/inciters to produce symptoms.

What is air pollution?

Air pollution has been implicated in the aetiology,
the epidemiological changes and in the worsening
of asthma. Although episodes of major air pollu-
tion have been associated with increased asthma

morbidity and mortality, at present there is little
evidence to suggest that the normally encountered
levels of air pollution play any significant role in the
aetiology or symptomatology of asthma.'0-13

There are several major pollutants in ambient air
and their effects on the airways have been studied
separately and in combination. Sulphur dioxide is
an urban pollutant derived from the burning of
coal and oils, the smelting of sulphur-containing
ores and industrial processes, such as the manufac-
ture of cement. Although the atmospheric levels
have fallen in many countries with control of
combustion, the upper recommended level of 0.04
parts per million (p.p.m.) may be temporarily
exceeded and peak values of up to 0.2 p.p.m. may
be reached. S02 in the ambient air may form an
aerosol of sulphuric acid and mix with other acids,
such as nitric, hydrochloric and hydroxy-
methanesulphonic acid as acid fog.'4

Particulate matter (smoke) is also an important
component of air pollution and may be measured
as total suspended particles, which the complex
mixture of organic and inorganic dusts collected in
a filter, or as PM10, which measures only those
particles of < 10 jtm which are respirable.

Oxides of nitrogen (NO,), of which nitrogen
dioxide is the major component, are derived from
car exhausts and fuel combustion. NO2 may also
occur inside houses and is derived from gas
cookers, and gas and oil heaters. Ambient concen-
trations depend on the density of cars and annual
mean concentrations in cities are approximately
0.06 p.p.m. but peak concentrations on busy roads
may occasionally exceed 2 p.p.m. Hourly concen-
trations in Los Angeles, which has one of the
highest average levels, may reach 0.5 p.p.m. on
occasions. Nitric oxide is a much smaller compo-
nent of pollution and is rapidly converted to NO2.
Ozone (03) is a powerful oxidizing agent formed

by the action of sunlight on NO2 in the presence of
hydrocarbons resulting from photochemical smog.
There is a background 03 concentration derived
from the upper atmosphere of approximately
0.2 p.p.m. Ozone formation is favoured by high
temperature, sunlight and low winds, and may be
carried long distances by prevailing winds. Because
03 is broken down in the presence of NO2, its
concentration in cities may be less than in rural
areas. In the UK peaks of 03 of> 0.2 p.p.m. may
be reached in the summer months in the presence of
sunlight and windless conditions.

There may be several other atmospheric pol-
lutants in lower concentrations, such as carbon
monoxide, formaldehyde, secondary aldehydes
and mixtures of short-lived radicals, but there has
been little research on their airway effects at
relevant concentrations.
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Studies in asthma

There are several ways in which an air pollutant
may have effects on the airways of asthmatic
patients.
1. The pollutants may act as inciters or triggers

when the airways are hyper-responsive, result-
ing in transient airway narrowing.

2. The pollutant may act as an inducer to increase
airway inflammation and therefore airway
hyper-responsiveness, which may persist
beyond the exposure time.

3. The pollutant may have a direct toxic effect on
the airways, leading to asthma-like symptoms in
normal individuals.

4. The pollutant may affect the immune system,
resulting in sensitization or increased allergic
responses in the airway.
Theoretically air pollutants may therefore cause

exacerbation of pre-existing asthma or may in-
crease the risk of developing asthma.
The link between air pollutants and asthma has

been studied using two main approaches.
Laboratory studies have been used to measure the
airway response following exposure to a particular
pollutant under carefully controlled conditions and
at relevant concentrations. Although it is possible
to make careful measurements it is not possible to
examine long-term exposure and the effects of
interacting pollutants is difficult to evaluate. In
addition, the patients studied usually have mild
asthma. The alternative approach is to undertake
epidemiological studies, either in large populat-
ions, some ofwhom will be asthmatic, or in defined
groups of asthmatic patients. These studies may be
difficult to interpret because ofconfounding effects
of aero-allergen exposure, infections and climatic
changes. Furthermore, it is very difficult to estimate
individual exposure.

Sulphur dioxide

Many studies have been performed with exposure
ofnormal, atopic and asthmatic individuals to SO2.
SO2 causes chest tightness and an immediate bron-
choconstriction but the concentration required
depends to some extent on the degree of airway
hyperresponsiveness (AHR). For normal subjects
concentrations of > 5 p.p.m. are usually required
to provoke bronchoconstriction, whereas for
asthmatics bronchoconstriction develops at con-
centrations > 1 p.p.m.'5"16 With moderate exercise
bronchoconstriction is found in asthmatic patients
at concentrations of 0.25 p.p.m. when the subjects
breathe through a mouthpiece, but concentrations
of >0.4 p.p.m. are needed when subjects breath
through the nose as some SO2 is removed in
the upper respiratory tract. The incremental effect
of these low concentrations of SO2 on exercise-

induced asthma appears to be similar, irrespective
ofthe severity ofasthma. 6 Since the highest concen-
trations encountered in the atmosphere are likely to
be in the order of0.25 p.p.m., this suggests that SO2
may induce symptoms in asthmatic individuals only
with exercise. The bronchoconstrictor response to
SO2 in asthmatic subjects is rapid in onset and
recovers rapidly once exposure ceases; there is no
evidence that SO2 increasesAHR at these concentra-
tions. The mechanism ofaction ofSO2 is probably as
a bronchial irritant via activation of sensory nerves
resulting in cough and wheeze.

Interactions with other pollutants have been
examined. Prior exposure to ozone increased the
sensitivity of SO2 in a group of mild asthmatics, so
that concentrations as low as 0.1 p.p.m. cause
bronchoconstriction during moderate exercise.'7
However, the effects on lung function are extremely
small and of doubtful clinical significance. Prior
inhalation of NO2 had no effect on the airway
response to SO2 inhalation in asthmatic patients.18

Oxides ofnitrogen

There has been great interest in the effects of NO2
on airway function in normal and asthmatic indi-
viduals, since the concentrations of this pollutant
have increased with traffic density, whereas concen-
trations of many other air pollutants have
decreased. The effects of relevant concentrations of
NO2 in normal and asthmatic individuals have
been studied extensively. ' In normal subjects
exposure to high concentrations of NO2 have
caused small and inconsistent effects, but exposure
to concentrations of less than 1 p.p.m. have not
had any significant effects.'9 A widely quoted study
by Orehek et al. demonstrated an increased bron-
choconstrictor response to carbachol in asthmatic
patients exposed to 0.1 p.p.m. NO2.20 Some subse-
quent studies demonstrated a small effect on airway
responsiveness after exposure ofasthmatic patients
to 0. 1-0.3 p.p.m. for one hour,2' 23 but most have
failed to demonstrate any effect at concentrations
up to 4 p.p.m. with exercise in either normal or
asthmatic individuals.'8'24-30 Long-term exposure
of asthmatic patients (including patients with
severe asthma) to NO2 at concentrations of 0.3 and
0.6 p.p.m. and to ambient air in Los Angeles with
an NO2 content of 0.09 p.p.m. had no effect on
airway function, even in the patients with most
severe asthma.3' The majority of studies have also
failed to demonstrate any effect on lung function.
Thus NO2, even at concentrations higher than
those achieved in the atmosphere at peak periods,
has little or no effect on airway function in patients
with asthma. Nor is there any evidence that NO,
effects are potentiated by other pollutants such as
ozone32 or potentiate the bronchoconstrictor
effects of SO2.'8 A recent study of cultured human
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airway epithelial cells demonstrated that exposure
to an NO2 concentration of 0.4 p.p.m. for 6 hours
caused increased expression of proinflammatory
cytokines, such as interleukin-8 and tumor necrosis
factor-",33 but the relevance of these in vitro studies
to exposure in vivo is not yet certain.

Nitric oxide is now recognized to have an impor-
tant physiological role in the regulation of vascular
tone and as a neurotransmitter.34 It is present in high
concentration in cigarette smoke,35 but its concent-
ration in the ambient air is low. High inhaled
concentrations may cause bronchconstriction in
normal individuals,36 although lower concentrations
(300 p.p.m.) have no effect37 and a recent study
showed a small and variable bronchodilator effect in
asthmatic patients at a concentration of 80 p.p.m.38

Ozone

The effects of ozone on respiratory function have
been extensively investigated.39 Early studies in
animals and humans used high concentrations
which had tissue damaging effects that are unlikely
to be relevant to ambient exposure. Most studies
have reported a small increase in airway respons-
iveness at concentrations of 0. 1-0.3 p.p.m. and
there do not appear to be any differences in the
responses of normal and asthmatic subjects.26'"
With heavy exercise a concentration of 0.2 p.p.m.
over one hour may increase responsiveness and
cause tracheal irritation.4' With longer exposure
effects at lower concentrations may be observed.
Thus exposure to 0.08-0.12 p.p.m. for over
6 hours has been reported to increase AHR in
normal individuals.42 The mechanism of increased
reactivity has been investigated in humans, with an
increase in neutrophils in bronchoalveolar lavage,
suggesting that ozone provokes an inflammatory
response.4344 This inflammatory response is still
present 18 hours after exposure to 0.08 p.p.m.
ozone for 6 hours.45 Ozone may also increase
airway responsiveness to asthma triggers.
Exposure to asthmatic subjects to 0.12 p.p.m.
ozone for one hour caused a small increase in
airway response to inhaled allergen,' although
there was no increase in exercise-induced broncho-
constriction.47 Ozone at a concentration of
0.4 p.p.m. for 4 hours increased the eosinophilic
inflammatory response to intranasally applied
allergen in atopic subjects.48 These studies suggest
that ozone, at concentrations which may be present
during the summer months, may have a small effect
on airway responsiveness, which may be associated
with an increase in airway inflammation. However,
there is no evidence that asthmatic patients are
more susceptible to the effects of ozone than
normal individuals. In the UK a recent government

sponsored survey assessed the available data on
ozone and came to the conclusion that at levels of
ozone which are the hourly average in the UK
(0.1 p.p.m.) there was no convincing evidence for
any effect on respiratory symptoms or function,
apart from in occasional individuals during heavy
exercise.49 Symptoms become more common as
concentrations increase with most subjects report-
ing some symptoms at levels of > 0.2 p.p.m.

Acid aerosols

Inhalation of sulphuric acid fog at relevant concen-
trations has little or no effect on airway function in
either normal or asthmatic individuals.'4 Similarly,
another constituent of acid fog, hydroxymethane-
sulphonic acid has no effect on lung function in
asthmatic subjects.50

Epidemiological studies

There are three documented episodes of major air
pollution associated with cold weather and little
wind, so that polluted air became trapped as a
result of temperature inversion, resulting in high
concentrations of SO2 (over 1 p.p.m.), sulphuric
acid and particulate matter.'0 These occurred in the
Meuse Valley (Belgium) in 1930, in Dondora
(USA) in 1948, and in London in 1952. In each
episode there was evidence that asthmatic patients
became more symptomatic with increased hospital
admissions. Similarly in Yokohama there was
evidence for increased asthma symptoms amongst
US servicemen and their families which corres-
ponded with periods of smog,5' although this was
not seen to the same extent in resident Japanese
asthmatic patients.52 In the famous London smog
of 1952 Fry noted the absence of any problems
amongst his younger asthmatic patients.53
Similarly there was no increase in hospitalization
for asthma during a severe episode of fog in
Germany in 1985.5

Large population studies of respiratory symp-
toms in relation to air pollution are difficult to
interpret due to socio-economic factors, the effect
of coexistent aero-allergens, the influence of
cigarette smoking and the difficulty in diagnosing
asthma. In a study of six US cities there was an
association between the level ofsuspended particles
and cough and bronchitis, but no association
between levels of particulates, SO2 or NO2 was
found in patients with persistent wheeze or
asthma.55'56 In a large survey in Switzerland there
was no relationship between the levels of air
pollutants and respiratory symptoms in children,
apart from an association with total suspended
particles,57 although there was no evidence for
increased symptoms in asthmatic compared with
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non-asthmatic children. In another study in child-
ren in the US there was an association between the
PM10 value and respiratory symptoms such as
cough and wheeze, which was more marked in
children with asthma,58 suggesting that particulates
may act as an irritant in the same way as SO2. There
are relatively few studies which have monitored the
effects of air pollution on known asthmatic
patients. In one study in Los Angeles there was a
small effect of ozone concentrations of > 0.3
p.p.m. on asthma symptoms in only a proportion
of the 45 asthmatic patients studied59 and some
studies have demonstrated small effects of SO2
levels on asthma symptoms.

In a study of schoolchildren in Austria there was
evidence for a small increase in airway respon-
siveness in areas of high ozone (0.12 p.p.m.) com-
pared with low ozone (<0.06 p.p.m.) but there
was no difference in respiratory symptoms sugges-
ting that these small changes in reactivity are
unlikely to be clinically relevant.'A recent study in
Dutch children found a small association between
ambient ozone level and lung function, but no
difference between asthmatic and non-asthmatic
children.6'

Studies linking admission to hospital with
asthma and levels of air pollution have produced
conflicting results, with some studies demons-
trating a weak association with levels of SO2,
whereas others have shown no association with air
pollution levels. It is possible that a combination of
pollution and allergen may be relevant.

There is no evidence that air pollution is related
to the prevalence of asthma, as evidenced by the
fact that asthma is no more common in urban
communities in industrialized countries where
levels of air pollution would be expected to be
higher. For example, there is no evidence that the
prevalence of asthma in Los Angeles which has
high levels of air pollution, is higher than in other
areas of the USA. In a recent detailed study there
was no evidence for an increase in the prevalence of
asthma in polluted areas of Sydney compared with
non-polluted areas.62
The reunification ofGermany has provided data

on two populations exposed to very different levels
of air pollutants.'2 Each German industrialized
towns, such as Leipzig and Erfurt, have high
concentrations of SO2 and particulates, whereas
West German cities, such as Munich and Ham-
burg, have low levels of SO2 and particulates, but
higher levels ofNO2. The prevalence ofasthma and
allergic diseases was reported to be higher in
Munich than in Leipzig, but the prevalence of
bronchitis was higher in Leipzig.63 Similar
differences have been reported based on ques-
tionnaires, with a much higher frequency ofreported
asthma attacks in Hamburg (West Germany) than
in Erfurt (East Germany).'M There is also a higher

prevalence of sensitization to the indoor allergens
house dust mite and cats in schoolchildren from
Leuna (East Germany) compared with Duisberg
(West Germany), although there was no difference
in sensitivity to outdoor allergens such as grass
pollens.65 This evidence suggests that indoor
exposure to allergens is a more important deter-
minant of asthma than exposure to outdoor air
pollutants, such as SO2 and particulates.

It has been argued that air pollution may in-
crease the risk of developing allergic disease. A
report from Japan suggested that there was an
increase in pollen-induced rhinitis in districts pol-
luted with diesel exhaust,66 but other studies are
needed to address this possibility. There is no
evidence that air pollution increases either total
serum IgE or the skin sensitivity to aero-allergens.'0

Summary and conclusions

There has been much debate about the role of air
pollution in the increased prevalence and mor-
bidity of asthma, but results to date indicate that
the normally encountered levels of air pollution are
unlikely to contribute to a worsening of asthma.
When exceptionally high levels of SO2 are
encountered, it is possible that asthmatic patients
may have increased symptoms, since this irritant
gas acts as a trigger to bronchoconstriction. There
are similar data to suggest that high levels of
suspended particles may act as an inciter ofasthma
symptoms. There is evidence that, experimentally,
ozone in high concentrations may increase airway
responsiveness in both normal and asthmatic sub-
jects by an increase in airway inflammation, but
there is little evidence to link increases in ambient
ozone with an increase in asthma. NO2 concentrat-
ions are associated with car exhausts and there is
evidence that its levels are rising in urban areas.
However, there is little evidence that even peak
levels cause significant effects on airway function.
Other air pollutants which are present in lower
concentrations have not been studied as exten-
sively, but there is no convincing evidence that they
cause significant respiratory symptoms in
asthmatic patients. It is possible that a combination
of air pollutants may have more effect on airway
function than exposure to a single pollutant, and
that there is an interaction between the effects of air
pollution and allergen exposure. Few studies have
explored these possibilities and further work is
needed in this area.

Epidemiological evidence provides little support
for the idea that atmospheric pollution levels are
related to the frequency ofasthma symptoms or the
frequency of attacks. More importantly, there is no
evidence that asthma prevalence or aetiology is
related to the level of air pollution.
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