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age. The initial values were, however, lower in those people
with symptoms. Our findings agree on the whole with
Fletcher's ecb3rvations that an upper respiratory infection never
caused a particularly rapid fall in F.E.V. A few of our patients
with respiratory symptoms, however, showed a much greater
drop in ventilatory capacity than the average subject, and a
greater drop than any subject without any respiratory symptoms.
Our study thus confirms the observations of Fletcher and

of Higgins et al. that cigarette smoking has a definite effect
in decreasing the ventilatory capacity. Thus in Higgins ct al.'s
25-34 age group the non-smokers showed a drop in F.E.V.o 75
of 0 021 1./year, as opposed to a drop of 0 037 1. for the subjects
smoking 1-14 g./day, 0038 1. for the subjects smoking more
than 15 g./day, and 0 029 1. for the ex-smokers. The corre-
sponding figures for their 55-64 age group were 0 032, 0-044,
0 054, and 0 037 1. Fletcher found a correlation between
cigarette smoking and sputum eosinophilia, on the one hand,
and an accelerated drop in F.E.V. on the other ; this was inter-
preted as increased bronchial " sensitivity "in some cigarette
smokers. Thus smoking seems to worsen the pulmonary
function whether or not the subject has respiratory symptoms.
For example, Wilhelmsen and Tibblin (1966) found a signifi-
cantly lower ventilatory capacity in heavy smokers having no
respiratory symptoms than in non-smokers. The present study
also points to a more rapid drop in ventilatory capacity among
heavy smokers without chronic bronchitis than among non-
smokers and ex-smokers.
Hence these findings suggest that, in choosing control sub-

jects, not only the absence of respiratory symptoms but also
the smoking habits have to be considered. The cessation of
smoking could not be shown to diminish ventilatory capacity
significantly less than in those who still smoked, though there
was a tendency in this direction. An improved ventilatory

function after varying periods of non-smoking has been demon-
strated by Krumholz et al. (1965), Wilhelmsen (1967), and
Peterson et al. (1968).
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Summary: Tests in three patients with asthma occurring
J only on exertion showed that F.E.V., fell progres-
sively on exercise, to reach a minimum after 10 minutes.
Al! patients showed a striking metabolic acidosis, with an
accumulation of the products of anaerobic metabolism.

Introduction

It is well known that exercise may induce bronchoconstriction
in asthmatic subjects (Jones et al., 1962), and in some patients
wheezing on exertion is the sole manifestation of illness
(McNeill ct al., 1966 ; Crompton, 1968 ; Rebuck and Read,
1968). There is some uncertainty about the manner in which
exercise produces bronchoconstriction, and to investigate this
problem we have studied three patients with exercise-induced
asthma.

Techniques

The patients were all studied in the same manner. All gave
informed consent for these procedures. A Teflon cannula was
introduced percutaneously into the radial or brachial artery
and the patient was allowed to rest for a few minutes. The
vital capacity and forced expiratory volume in one second

(F.E.V.,) was then estimated by a pulmometer (Godart) on
three occasions and a control arterial blood sample was taken.
This and all subsequent samples were analysed for pH, Pco2,
PQ2, lactate, and pyruvate. pH was measured by a Radiometer
capillary electrode, Pco. Nvith a Severinghaus electrode, and the
Sigaard-Andersen nomogram wvas used for calculation of base
excess and standard bicarbonate. Po., was measured with an
EIL Bishop electrode. The arterial blood was analysed
enzymatically for lactate and pyruvate (Bochringer kits) and
excess lactate was calculated from Huckabee's (1958a) equation as
(Ln-Lo)-(Pn-Po) (Lo/Po), where Lo and Po are initial
and Ln and Pn subsequent concentrations of lactate and
pyruvate respectively in millimoles per litre. The patient was
then asked to hyperventilate until he felt tingling in his fingers.
A second arterial sample was obtained and three further csti-
mationls of F.E.V., were made. When his F.E.V.1 and blood
gases had returned to normal the patient rebreathed 5 % carbon
dioxide in oxygen for five minutes and a further arterial sample
and measurements of F.EN.V. were obtained.
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After a further period of rest a baseline arterial sample and
F.E.V.1 were obtained and the patient was exercised by running
for five to eight minutes. At the end of exercise serial arterial
samples and measurements of F.E.V.1 were obtained until the
patient recovered.

Patients

Clinical details and resting pulmonary function tests are

summarized in Tables I and II.
Cases 1 and 3 had no previous history of allergic or chest

disease, nor was there any such illness in their families. Both
had a history of increasingly troublesome wheezing on exertion
for about five years. Case 2 gave no history of allergic or

respiratory illness, but two of his cousins were asthmatic. His
symptoms had gradually worsened since they started three years

ago. All three patients had normal chest radiographs, and
Cases 1 and 3 had normal resting pulmonary function tests.

The three patients, however, had a mild hypoxia at rest, though
in all cases this was corrected by hyperventilation. Case 2 in
addition had a mild hypercapnia and slight overinflation of
the lungs (residual volume 125% of normal).

TABLE I.-Clinical

Results

Effect of Hyperventilaticn (Table III).-Hyperventilation
was associated with a fall in F.E.V.1 of 1 litre in Case 1 and
of 0 5 litre in Case 3 but with no change in Case 2. All three
patients showed a profound respiratory alkalosis. At the same
time there was an appreciable rise in lactate in Cases 1 and 3,
but very little rise in Case. 2.

Effect of Rebreathing Carbon Dioxide (Table IV).-The
F.E.V.1 rose slightly in Case 2, but there was no change in the
other two patients. A definite respiratory acidosis and increased
minute volume occurred during the period of rebreathing in
all three patients.

Effect of Exercise (Table V and Chart).-In a preliminary
test the three patients were exercised by gentle running until
they were mildly dyspnoeic. All showed a progressive fall in
F.E.V.N, which reached half the resting level about 10 minutes
after exercise and did not return to normal for more than two
hours in spite of injections of adrenaline.
On the second test, carried out some weeks later, the F.E.V.1

again reached a minimum about 10 minutes after exercise. On
this occasion the arterial blood analyses were carried out. In

Details of Patients

- Occupation Smoking History

Commercial traveller Nil

Contractor Occasional cigar
Fireman Nil

Duration
of

Illness

4 years
5 years
5 years

Family
History

of Asthma

No
Yes
No

TABLE IV.-Response to Hypercapnia

TABLE V.-Effect of Exercise

Excess
F.E.V.i pH Po2 PCs | Base Lactate Pyruvate Lactate

.(1) (mm.Hg) (mm.Hg) (mEq/l.) (mMoles/l.) (mMoles/l.) (mMoles/l.)

Before exercise .2-5 7-38 67Case 1
41 -0-9 1-43 0171 -0-07

Immediately after exercise 1-25 7 17 69 44 -13 9-77 033 +6-88
10 minutes after exercise 0-8 7-21 42 39 5 -11-8 7-83 0-332 +4-92

Before exercise 3 7-41 47 33-5 -3 065 0-072 + 004
Immediately after exercise 3-5 7-28 64 29-5 -12 5-61 0-286 + 485
lOlminutes after exercise 1-6 7-38 47 30 -6-5 3-72 0-256 +2-98

Before exercise 3 7-46 64 30 -2 0O49 0-087 +0-14
Immediately after exercise 2-7 7-32 88 30 -9 5 7 05 0-24 +6 09
lOtminutes after exercise 1-6 7-31 64 30 5 -10 5 79 0 35 +4 39

D
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all patients there was a striking metabolic acidosis with con-
siderable accumulation of products of anaerobic metabolism as
evidenced by the high excess lactate. As the acidosis began to
improve, so, after a 10-minute time lag, did the F.E.V.1 (see
Chart). In Case 3, when the F.E.V.1 fell to haf it resting level,
the acidosis was corrected by intravenous injection of 50 mEq

Casel Case2 v Case3

uJ 2

-Bicarb. adrenaline
---Adrenaline alone

cuaeu ihieto of03m .of ./,0 arnle. ... hi

-2
-.4

-Kb

Efftectnof exercis hreonFEVpadarteiethallbase. hr

ofaseodiu bicarbonae solution. this watinsfohad byithe sub-

whrasiaWhn thepreeliiarzes withloutdal bicrbonpatienthershad
beellnnoreposeto wadrnlie Subsequentlyee Caster2 wntas

aaimm editel Case 1 seq Exercised aftrintra-

in the previous tests and subsequently developed an arterial base
deficit of -5.

Discussion

The condition of exercise-induced asthma has been described
surprisingly infrequently in adults (McNeill, 1965; McNeill
et al., 1966; Crompton, 1968 ; Rebuck and Read, 1968). These
patients are probably latent asthmatics in whom exercise pro-
duces the only stimulus to bronchoconstriction (Jones and
Jones, 1966). It is well known that bronchoconstriction may
be produced in asthmatic subjects by exercise (Jones et al.,
1962) and that this effect may be blocked by prior amstra-
tion of sympathomimetics, steroids (Jones et al., 1963), and
disodium cromoglycate (Davies, 1968). Once bronchoconstric-
tion has been initiated, however, it is usually unresponsive to
pharmacological agents, as in our three patients (Sly et al.,
1967; Rebuck and Read, 1968).
The precise cause of the bronchoconstriction after exertion

is not understood. Any theory must take into account the
response to drugs mentioned above, the time relationship to
exercise, and the delay of two hours before recovery is com-
plete. In addition, the dimi ing effect of repeated exercise
over the course of a day (McNeill et al., 1966), the absence of
any bronchoconstriction after hyperventilation induced by
rebreathing, and the occasional fall in F.E.V.1 on voluntary
hyperventilation must be explained.
The onset of bronchoconstriction shortly after exercise is

consistent with release of a humoral substance. Body stores

of such a substance may become depleted and therefore repeated
exercise would cause a smaller effect, as suggested by McNeill
et al. (1966). It seems unlikely that hyperventilation per se
caused the bronchoconstriction in our patients, as appeared to
be the case with Crompton's (1968) patient, because of the
delay in onset after the maximal ventilation of exercise and
our patients' inability to produce bronchoconstriction of any
severity by hyperventilation. The alternative possibility that
hypocapnia caused the bronchoconstriction appears unlikely, as
the very low Pco, produced by voluntary hyperventilation was
associated with a smaller effect on F.E.V.1. Hypoxia did not
seem to play any part in initiating bronchoconstriction in our
patients, appearing only after the patient had started to wheeze.
The most consistent finding in the three patients was a

striking metabolic acidosis. It is possible that this acts as a
trigger at a cellular level to release either directly or indirectly
a substance such as bradykinin or SRS-A and thus to initiate
bronchoconstriction. It is known that the reaction producing
bradykinin from its precursor is dependent on an enzyme and
that maximum accumulation of bradykinin takes place when
the reaction occurs at a low pH (Brocklehurst, 1967 ; Lewis,
1968).

Acidosis may also have the effect of blocking the action of
sympathomimetics, as is known to occur in patients in status
asthmaticus (Blumenthal et al., 1956; Mithoefer et at., 1965).
In this case the acidosis, though primarily respiratory, probably
has a large metabolic component owing to the considerable
work of respiration against a background of hypoxia (Huckabee,
1958b). On the basis of this reasoning, correction of the meta-
bolic acidosis should make patients with exercise-induced
asthma amenable to conventional bronchodilator therapy, and
this appeared to be the case in the patients in whom we tested
this theory. We were unable, however, to prevent the broncho-
constriction in one patient by prevention of arterial acidosis.
In these circumstances it is nevertheless impossible to prevent
the production of acid metabolites by the cells, and it is pre-
sumably at this level that the effect of pH is important.
The accumulation of acid products of metabolism occurs not

only on exertion but also as a compensatory response to respira-
tory alkalosis (Huckabee, 1958a). This could account for the
mild bronchoconstriction occurring after hyperventilation in
two of our patients.

We are grateful to Drs. E. Wyn Jones, J. Emlyn Jones, and
D. Leeming for allowing us to publish details of patients under their
care, to Dr. C. M. Ogilvie for help in the preparation of this paper,
and to Miss Susan Williams for technical help.
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