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Editorial

Heterogeneity of mechanisms in exercise induced
asthma
The development of airflow limitation that occurs in
70-80% of people with asthma several minutes after
vigorous exercise is known as exercise induced
asthma. In most asthmatic patients the airflow obs-
truction is reversed spontaneously within 60
minutes. There are, however, asthmatic individuals
who have more prolonged airways obstruction and
who require bronchodilator treatment to recover
pre-exercise lung function. After exercise 40-50%
of asthmatic individuals with exercise induced
asthma will be less responsive to an identical exer-
cise task performed within one hour.' 2 This is
known as the refractory period.3 In some patients,
particularly children, exercise induced asthma will
be followed three to nine hours later by a further
decrease in lung function, termed the late reac-
tion.4' In most asthmatic subjects with exercise
induced asthma the administration of sodium
cromoglycate or a I2 sympathomimetic aerosol
immediately before exercise will prevent the
development of the initial8 and late phase asthmatic
reactions.6
Although exercise induced asthma has been re-

cognised for centuries there is still considerable
debate about its pathogenesis. Some of the con-
troversy may relate to the attempt to seek a single
mechanism to explain a condition in which several
mechanisms may exist. The recognition that exercise
induced asthma is only sometimes followed by a
refractory period, that the inhibitory effect of
sodium cromoglycate and the anticholinergic agent
ipratropium bromide is not universal, and that bron-
choactive mediators cannot be detected in the circu-
lation of all patients with the condition suggests that
there may be several different mechanisms causing
exercise induced asthma.

Respiratory heat loss as the initiating stimulus for
exercise induced asthma

When air of temperate conditions is inspired during
quiet breathing, heat and water are transferred from
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the bronchial mucosa of the upper airways to the
incoming air, so that the air is warmed to body
temperature and fully saturated with water. During
this process, there is convective and evaporative
cooling of the airways. Although on expiration some
of the vaporised water condenses back to the air-
ways and some heat is returned to the mucosa, the
net effect of these exchanges results in a loss of both
heat and water from the respiratory tract. During
breathing in temperate climates about 80% of the
heat loss is caused by the vaporisation of water,9 but
as the temperature of the inspired air is decreased
the contribution from convective cooling becomes
greater. Because cold air is always dry the mag-
nitude of the respiratory heat loss will be greater
when subjects breath air at subfreezing tempera-
tures than when they breathe air of temperate condi-
tions. As expired air is almost fully saturated with
water, respiratory water loss during ventilation will
depend on the concentration of water in the inspired
air and on the temperature of the expired air.
The importance of respiratory heat loss and sub-

sequent airway cooling to the pathogenesis of exer-
cise induced asthma was recognised by Chen and
Horton,'0 who showed that exercise induced asthma
could be prevented by inhaling warm, humid air dur-
ing exercise. Evidence to support the theory that
airway cooling was the stimulus for exercise induced
asthma came from several observations. It was
shown that the inhalation of cold, dry air during
exercise caused a greater reduction in FEV1 and
specific airway conductance than did the inhalation
of ambient or hot, dry air." 12 The magnitude of the
airway response was shown to be directly related to
the calculated heat loss in bringing the inspired air to
alveolar conditions'0 and to the measured respirat-
ory heat loss.'3 Quantitative expressions were
developed that suggested that respiratory heat loss
was directly proportional to the minute ventilation
and it was reasoned that, since the level of ventila-
tion was an important determinant of the quantity of
heat transferred from the mucosa, it should be poss-
ible to reproduce the extent of the airflow obstruc-
tion associated with exercise by carrying out volun-
tary hyperventilation.'3 Hyperventilation, in con-
trast to exercise, decreases the end tidal carbon
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dioxide. Thus if hyperventilation is to be used as an
experimental model for exercise induced asthma,
additional carbon dioxide must be supplied to the
inspired air during the hyperventilation procedure
to maintain isocapnia. In patients subjected to
isocapnic hyperventilation with fully saturated air at
body temperature asthma did not develop. If, how-
ever, the water content and temperature of the
inspired air were reduced, thereby increasing the
calculated respiratory heat loss, bronchoconstriction
occurred.13 The documentation of a reduction in
retrotracheal, airway, and expired air temperatures
during hyperventilation with subfreezing air pro-
vided direct evidence for airway cooling.'3-'5 As a
result of these studies it was generally accepted that
the only stimulus for exercise induced asthma was
cooling of the intrathoracic airways brought about
by the conditioning of the inspired air to full satura-
tion at 37C.10-l'4

Respiratory water loss as the initiating stimulus for
exercise induced asthma

The possibility that respiratory water loss may act as
a stimulus for exercise induced asthma through its
direct effect in drying the airways, rather than via its
effect in augmenting respiratory heat loss, has been
discussed only recently.'6 ' It has been suggested
that an increased rate of respiratory water loss,
caused by the hyperpnoea of exertion, induces a
transient hyperosmolarity of the respiratory
epithelium'6 '' and that this is an even more potent
stimulus for bronchoconstriction than respiratory
heat loss.8-2 This reinterpretation of the initiating
stimulus for exercise induced asthma resulted from a
detailed analysis of data from the early studies on
the role of respiratory heat loss in exercise induced
asthma, from the results of a series of experiments
which indicated that the condition could occur when
respiratory heat loss was negligible and under condi-
tions that induced only small changes in retro-
tracheal temperatures,'6 18-20 and from the know-
ledge that a hyperosomolar stimulus to the airways
of asthmatic individuals leads to bronchoconstric-
tion.22 23

Analysis of data from the study of Deal et al'3
showed that, even when the amount of heat lost
from the airways during exercise was reduced from
1.68 kcal (7.03 kJ)/min to 0.88 kcal (3.68 kJ)/min
by increasing the inspired air temperature from 24°
to 80°C, the severity of asthma induced by the chal-
lenges was essentially the same. Furthermore, when
the temperature of the inspired air was 80°C, the
expired air temperature was 37.1°C, suggesting that
the temperature of the airway mucosa was not
abnormally low. It is difficult to believe that cooling

of the airway mucosa occurred during exercise when
the temperature of the expired air was higher than
the value normally recorded at rest. The original
studies that evaluated the relationship between
respiratory heat loss and exercise induced asthma
did not make recordings of airway temperature
when hot dry air was inspired; possibly the conclu-
sion would have been different had these measure-
ments been included.'4 Hahn et al have recently
reported a study in which they conditioned the air
inspired by 10 asthmatic subjects during different
exercise tasks to give it the same water content while
changing the temperature and vice versa.'9 The air
was conditioned to a temperature of 9° or 35°C with
an inspired water content of 9 mg water/litre or 29
mg water/l. The airway responses of the asthmatic
subjects to exercise were not significantly different
even though the temperature of the inspired air var-
ied by 26°C and the amount of heat required to
bring the inspired air to alveolar conditions was
significantly greater for cooler air. Sheppard et al
subjected 12 asthmatic patients to hyperventilation
breathing dry air at three different temperatures
( 50, 22°, and 37°C).20 The respiratory heat loss was
calculated and the minute ventilation required to
produce a 100% increase in specific airways resis-
tance was documented. Despite significant differ-
ences in respiratory heat loss, the minute ventilation
required to elicit the same increase in airways resis-
tance was not significantly different under the three
conditions. These observations indicate that the air-
way response in exercise induced asthma will be
similar if the respiratory water loss remains the
same, even though the respiratory heat loss may
vary.
Although further studies are required to confirm

that there is a change in the osmolarity of the
epithelial fluid lining the airway mucosa during
exercise induced asthma, there is evidence that
increasing evaporative water loss by breathing
through the mouth rather than the nose induces sub-
stantial increases in the osmolarity of respiratory
tract secretions.2426 That hyperosmolarity of the
respiratory epithelium is a stimulus for bronchocon-
striction has been documented by several inves-
tigators.2223 Anderson et al showed a direct relation-
ship between the extent of the osmotic stimulus to
the airways and its potency in producing airflow obs-
truction. They further showed that the bronchocon-
striction resulting from the inhalation of ultrasoni-
cally nebulised hypertonic and hypotonic saline sol-
utions could be inhibited by the prior administration
of sodium cromoglycate.22 Hypertonic and
hypotonic solutions of sodium chloride differ from
isotonic saline not only in osmolarity but also in ion
content. It was therefore important to separate these
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two factors before it could be concluded that altera-
tions in airway fluid osmolarity could be a stimulus
to bronchoconstriction. Eschenbacher et al showed
that the inhalation of an aerosol of iso-osmolar dex-
trose solution by asthmatic subjects did not cause
airflow obstruction, whereas an aerosol of hyperos-
molar dextrose solution elicited asthma, thus
confirming the suggestion that hyperosmolarity is a
stimulus to bronchoconstriction.23 If respiratory
water loss is a major initiating stimulus for exercise
induced asthma, it is understandable that the inhala-
tion of dry air over a wide range of temperatures
during exercise or hyperventilation will result in the
development of similar degrees of airflow obstruc-
tion.'3 19 20 Furthermore, the capacity of humidified
air to reduce exercise induced asthma is related to its
ability to modify respiratory water loss per se, rather
than to its effect in diminishing respiratory heat
lOSS.I2 17

Interactions between different initiating stimuli

It is certainly possible that in selected circumstances
airway cooling and drying may operate together to
initiate exercise induced asthma. For example, when
air of subfreezing temperature is inhaled both heat
and water loss will occur, resulting in a change in the
osmolarity of the epithelial fluid and cooling of the
mucosa. This may explain why the enhancement of
exercise induced asthma with cold air occurred in
the patients studied by Deal et al. 1' When the same

subjects inspired dry air at temperatures varying
from 240 to 80°C the airway response was similar
because the rate of water loss was the same. Patients
with asthma probably differ in their sensitivity to
airway cooling or changes in osmolarity since
enhancement of exercise induced asthma by inhala-
tion of cold, dry air is not universal, and not all
patients develop exercise induced asthma when they
exercise while breathing hot, dry air.

Sustaining events

The mechanisms by which an osmotic stimulus or

airway cooling induces asthma are unknown but
substances capable of inducing bronchial smooth
muscle contraction may be released from mediator
cells in the bronchial mucosa in response to these
stimuli. This is supported by the demonstration that
a hyperosmolar or a cold stimulus can lead to mast
cell activation and mediator release in vitro and in
vivo.2'-29 The knowledge that pharmacological
agents that prevent mediator release inhibit exercise
induced asthma8 and the detection of mediators of
hypersensitivity in the circulation of many asthmatic
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subjects during exercise induced asthma constitute
further in vivo evidence to support the role of
mediators in eliciting the airflow obstruction.

Evidence for mediator release

NEUTROPHIL CHEMOTACTIC FACTOR
A neutrophil chemotactic factor of high molecular
weight is detectable in the circulation of 75% of
asthmatic subjects during exercise induced
asthma.303 Its appearance accompanies the
development of airflow obstruction and can be pre-
vented by the administration of sodium cromogly-
cate before exercise.3032 The release of this mediator
is not due to the bronchoconstriction itself since his-
tamine and methacholine inhalation challenges,
which elicit the same degree of airflow obstruction
as exercise, do not release this factor.3032 The elab-
oration of neutrophil chemotactic factor is not a
consequence of exercise per se, because normal
individuals who perform the same exercise task as
the asthmatic subjects do not release this chemotac-
tic factor.30 A treadmill exercise undertaken by
asthmatic patients while breathing warm, humid air
does not release this mediator, whereas the same
exercise undertaken by the same patients while
inspiring cold, dry air produces detectable circulat-
ing neutrophil chemotactic factor.33 The appearance
of this mediator is related to the severity of exercise
induced asthma in individual patients and is inde-
pendent of atopic status.34 Of particular relevance is
the fact that neutrophil chemotactic factor release
has also been documented after osmotic challenge to
the airways in vivo.29 It has not been detected after
isocapnic hyperventilation with cold air.35-3' It is
possible, however, that this form of challenge may
have released neutrophil chemotactic factor locally
in the bronchial mucosa and that its appearance in
the peripheral circulation was prevented or delayed
because of changes in the local bronchial circulation
as a result of the fall in airway temperature. It is also
possible that exercise may facilitate the detection of
neutrophil chemotactic factor in the circulation by
increasing cardiac output and changing the perfu-
sion of the lungs-haemodynamic changes that do
not occur to the same extent during isocapnic hyper-
ventilation.38
The suggestion that pharmacological mediators

may be important in the pathogenesis of exercise
induced asthma, at least in some patients, is sup-
ported by the recognition of a late phase asthmatic
response that may occur three to nine hours after
exercise and is prevented by pretreatment with
sodium cromoglycate.4-' The propensity to develop
late phase reactions after exercise is not determined
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by differences in severity of disease or by the extent
of baseline airway reactivity in asthmatic subjects.39
In susceptible individuals there is a correlation be-
tween the severity of the early reactions and the
magnitude of the late phase responses. Spontaneous
recovery from the early reaction is significantly
slower and less complete in those subjects who
develop a subsequent late reaction than it is in indi-
viduals who develop an early response only.39 Exer-
cise induced late phase reactions are also accom-
panied by the release of neutrophil chemotactic fac-
tor, as are allergen induced late responses.40 These
findings are consistent with the view that factors
associated with the early reaction in exercise
induced asthma sustain the initial airways obstruc-
tion and in turn lead to a second release of
mediators and the development of a late phase reac-
tion. Nevertheless, only a minority of asthmatic
individuals have late reactions after exercise and
neutrophil chemotactic factor release cannot be
detected in 25% of asthmatic patients during exer-
cise induced asthma3'-observations supporting the
hypothesis of several underlying mechanisms caus-
ing the condition.

Mediators released in exercise induced asthma
may have a more generalised proinflammatory
effect by activating circulating neutrophils. Asthma-
tic subjects with exercise induced asthma have a
time dependent increase in the expression of neut-
rophil complement (CR1) receptors for up to 60
minutes after exercise.4' The enhancement of CR1
receptors, as evidence of neutrophil activation, is
preceded by an increase in circulating neutrophil
chemotactic factor and a reduction in FEV,. These
changes in neutrophil membrane receptors are not
observed in asthmatic subjects who do not have
exercise induced asthma after similar treadmill exer-
cise. Furthermore, the prior administration of
sodium cromoglycate to asthmatic patients not only
inhibits the asthma but also prevents the release of
mediators and the enhancement of CR1 receptors.
When neutrophils from normal donors are incu-
bated with partially purified neutrophil chemotactic
factor in vitro, there is a dose related enhancement
of CR1 receptors.4' These findings suggest that, as a
result of chemotactic factor release, the inflammat-
ory potential of circulating leucocytes may be
augmented after exercise induced asthma and this
may contribute to bronchial inflammation. Airway
inflammation may disrupt epithelial integrity,
increase mucosal permeability, and contribute to the
smooth muscle hyperresponsiveness that is charac-
teristic of bronchial asthma. This sequence of events
may explain the enhanced airway response to
methacholine and histamine inhalation induced by a
previous challenge with aerosolised water.42

HISTAMINE
Several studies32 43-45 have shown increases in
plasma histamine concentration of 7-14 pmollml
during an exercise induced attack of asthma. In
some studies a significant increase in plasma his-
tamine concentration was not found in all subjects
and in 40-50% of patients with exercise induced
asthma the changes were similar to those observed
in non-asthmatic subjects.4345 The increases in
plasma histamine during the asthmatic attack could
be inhibited with inhaled sodium cromoglycate and
terbutaline given before exercise.3243 Anderson has
proposed that small increases in plasma histamine
concentrations may reflect much larger increases in
the lung because the bronchial circulation is only
1-2% of the cardiac output and there is rapid
metabolism of histamine in the peripheral circula-
tion.2 Other workers have suggested that detectable
increases in plasma histamine concentrations are
due to spontaneous release from "leaky" basophils,
which increase in number after exercise.44-48 It
seems unlikely, however, that basophils are the only
cause of the histaminaemia detected in exercise
induced asthma for several reasons. Spontaneous
histamine release from basophils of asthmatic sub-
jects decreases after exercise; subjects with exercise
induced asthma (EIA+) have a postexercise
basophilia similar to that of asthmatic patients with-
out exercise induced asthma (EIA-),36 but only
EIA+ individuals release histamine;34 and an
increase in plasma histamine occurs after hyperven-
tilation induced asthma in the absence of
basophilia.37 Studies which have shown a significant
correlation between whole blood or plasma his-
tamine concentrations and the level of postexercise
basophilia have all been unable to detect significant
increases in the concentrations of this mediator in
exercise induced asthma or to distinguish between
asthmatic individuals and normal controls. The
basophil is an important repository for histamine
and the spontaneous release of this mediator from
basophils contributes to the resting concentrations
of plasma histamine. It is thus understandable that
in postexercise basophilia the plasma concentration
of histamine will be increased even in patients who
do not release histamine from pulmonary mast cells.
The inability to detect significant increases in plasma
histamine in exercise induced asthma in some
studies may have been related to difficulties in sam-
ple handling, to sampling of venous blood,48 to dif-
ferent assay techniques for measuring plasma his-
tamine,49 and to the influence of baseline airway
reactivity on the detection of mediators in the
peripheral circulation.50 5' These explanations prob-
ably do not account for all of the discrepant findings
and it is likely that release of histamine just does not
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occur during exercise induced asthma in some asth-
matic subjects.4347

Refractory period

The refractory period is defined as the period during
which a repeated exercise under identical conditions
induces less than 50% of the initial asthmatic
response. With this definition 40-50% of asthmatic
subjects whose lung function returns to within 15%
of pre-exercise levels will be refractory to exercise
induced asthma when a second exercise is undertaken
within two hours.52 The cause of refractoriness is not
known. It has been suggested that the refractory
period may be evidence of mediator release and
reflect the time needed for replenishment of mediator
stores.3 Its duration is, however, unrelated to the sev-

erity of exercise induced asthma and 50% of asthma-
tic patients made refractory to such an attack by
repeated running still developed bronchoconstriction
to inhaled allergen.53 Furthermore, 80% of a group of
asthmatic subjects could be rendered refractory to
further exercise induced asthma by an initial exercise,
performed while breathing warm, humid air, after
which there was no asthma.-' These findings suggest
that there are probably other mechanisms besides
mediator depletion contributing to the presence of a

refractory period in exercise induced asthma and
these remain unexplained. It has been suggested that
the development of a refractory period is related to
the release of endogenous catecholamines that pro-
tect the airways from a subsequent bronchoconstric-
tor stimulus.55 This seems unlikely for two reasons.
Firstly, the increased circulating catecholamine con-
centrations return to baseline values shortly after
exercise56 but the refractory period may last up to
four hours.3 Secondly, voluntary hyperventilation
does not release catecholamines56 but does render
asthmatic subjects refractory to the development of
exercise induced asthma. Wilson et al5' showed that
42% of asthmatic patients have no refractory period
after hyperventilation induced asthma, whereas the
remaining patients had a considerable refractory
period when hyperventilation was repeated within 40
minutes. In subjects who were not refractory
cholinergic blockade prevented the development of
hyperventilation induced bronchoconstriction, sug-
gesting that vagal reflexes may participate in the
pathogenesis of their airflow obstruction. In contrast,
ipratropium bromide was not effective in inhibiting
hyperventilation induced asthma in the group of
patients who showed refractoriness to a subsequent
hyperventilation challenge. Thus isocapnic hyperven-
tilation, which is thought to produce bronchoconstric-
tion through mechanisms similar to those at work in
exercise induced asthma, also shows evidence of dif-
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ferent pathogenetic mechanisms.

Conclusions

Since exercise induced asthma refers to a clinical
association, defined by physiological criteria with no
comment on pathogenesis, it is not surprising that
there may be different underlying mechanisms.
Perhaps future studies should be directed towards
identifying subpopulations of asthmatic individuals in
whom a specific stimulus, such as respiratory water
loss or airway cooling or both, with or without the
participation of mediator release, contributes to exer-
cise induced asthma. This approach may be more
suitable than lengthy debate about which mechanism
is more important. The recognition of the potential
for different mechanisms causing exercise induced
asthma and an appreciation of the interactions bet-
ween various stimuli may lead to a better understand-
ing of airway hyperreactivity.
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