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ABSTRAGT

Many asthmatic subjects, both adults and children develop an acute
attack of asthma as a result of exercise., This thesis has examined some
of the physioiogical aspects of the effect of exercise on the cardio-
pulmonary system in asthmatic subjects and compared this response with
that found in normal subjects.

In asthmatic subjects it has been shown that during exercise there is a
fall in airways resistance as measured by the peak expiratory flow rate
and forced expiratory volume in one second and that following exercise
there is an increase in airways resistance within a periéd of five to ten
minutes,

By serial studies ueing different forms of exercise it has been sﬁown
that running is a more potent stimulus in provoking an attack of asthma
than cycling or swimming exércise performed by the same subject at the
same oxygen consumption, The possible reasons for these differences are
discussed.

The effect of running exercise on lung volumes has heen investigated

in nqrmal and asthmatic subjects. The fesults have shown that in.
asthm;fic subjects during an attack of bronchoconstriction provoked by
exercise, there are abnormal increases in residual volume and functional
regidual capacity above the resting level. Acute changes in total

lung capacity may also occur at the same time as there is an increase
in airways resistance., These acute changes in lung volumes are of
short duration usually less than 25 minmutes.

An investigation of arterial blood gas tensions, pH and lactate during

and after exercise has shown that in general asthmatics have a rise in



arterial oxygen tension during exercise. Following exercise there is

a fall in arterial oxygen tension below the resting level at the‘same
time as there is an increase in airways resistance. 1In some asthmatic
subjects a severe metabolic acidosis occurs after exercise.

It would appear from the results of the studies presented in this thesis
that no single factor, e.g. hyperventilation, hypocapnia, lactic

acidosis or acidemia as has been suggested by other workers, is wholly
responsible for the increase in airways resistance which follows exercise
in asthmatic subjects:

Possible mechanisms by which exercise induces an attack of broncho-

constriction in asthmatic subjects are discussed.
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SECTION 1

ABBREVIATIONS
HISTORICAL INTRODUCTION

REASONS FOR STUDYING THE PHYSIOLOGICAL
ASPECTS OF EXERCISE INDUCED BRONCHOCONSTRICTION



ABBREVIATTONS

"1 = litres, kg. = kilograms, cm, = centimetres, ml. = millilitre,
moHg. = millimetres of mercury, hr. = hours, min. = minﬁtes, sec. =
seconds, T = temperature, % = percentage, W = Watts, m.p.h. = miles
per hour, R.P.M. = revolutions per minute.

BTPS = body temperature and pressure saturated with water vapour.
STFD = standard temperature and pressure of dry gas.

PBAR = Dbarometric pressure mmig.

mEq. = milliequivalent.

PEFR = peak expiratory flow rate 1/min.

vC = vital capscity 1.

FVC = forced vital capacity 1.

TLC = total lung capacity 1.

FRC = functional residual capacity 1.

RV = residual volume 1.

FEV1 = forced expiratory volume in one second 1l.
MMEFR = maximum mid-expiratory flow rate 1/min.
Rav = airways resistance cm.H,0/1./sec.

SGaw = specific airways conductance cm.HQO—l sec.
Vtg = thoracic gas volume 1.

VE = mnimte ventilation 1. BTPS

£ = frequency of breathing/min.

VT = tidal volume ml. BTPS

VO, = oxygen consumption ml./min. STPD

VCO, = carbon dioxide production ml,/min, STPD

R = respiratory exchange ratio = VCO,/V0,
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FECO expired CO, concentration %

2
FEO,, = expired O, concentration %
FIN, = inspired nitrogen concentration %
PETCO, = end-tidal CO,, mmHg.
Pa002 = arterial 002 mmHg .
PA002 = alveolar 002 mmHg .
PaO2 = arterial O2 mmHg .
PAO2 = alveolar O2 mmHg .
FAO2 = alveolar O2 concentration %
B.E. = base excess mEq./l.
La. = arterial blood lactate mEg./1l.
VD =  physiological dead space mis.
VD/VT =  physiological dead space tidal volume ratio
J.L.I. = Jones Lability Index

E.L.I. =  BExercise Lability Index

E.I.B. =  Exercise Induced Bronchoconstriction

S.D. = gtandard deviation

SEM or S.E.M. = standard error of the mean

S.E.Y. = S.E. of estimate of Y about regressién line
Y = dependent variable

X = independent variable

B = regression coefficient

M = Inftercept on Y axis

r = correlation coefficient

n = number of subjects

P - significance level



INTRODUCTION

The association between asthma and exercise was first described
by Arateus of Cappodocia who lived circa 8l1-138 A.D. In his early
writings on respiratory disorders he stated that "if from rumning,
gymnastic exercises or any other work, the breathing become
difficult it is called asthma" (Adams, 1856).

Arateus did not comment on the possible reasons why exercise might
be responsible for this difficulty of breathing which he called asthma
and it was not until the 17th Century that interest was reawakened on
the subject of the association between exercise and asthma.

At this time asthma was described as an "obstruction of the bronchi"
and it was thought that exercise was capable of acting as a stimulus o
change airway calibres by provoking bronchial spasm. It was suggested
that the increased blood volume in the lungs produced by exercise might
be responsible for such obstruction (Willis, 1679). This idea was extended
in the 18th Century by Cullen who reported in his book 'First Lines of
the Practice of Physic' (1784) that "constriction of the muscular fibres
of the bronchiae which not only prevenis the dilation of the bronchiae
necessary to a free and full inspiration but gives also a rigidity which
pravents a full and free expiration" and "like many other convulsive and
spasnodic affections, ié readily excited by a turgescence of the blood
or other cause of uwnusual fullness and distention of the vessels of the
lungs". Cullen also made the obsexrvation that "asthmatics bear no bodily
motion easily" and recommended riding and especially sailing to be useful
exercise for asthmatics. This was in agreement with earlier ideas that
axercises which involved the arms were the least agreeable to asthmatics

(Floyer, 1710).
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Although it was generally agreed by Willis, Floyer and Cullen ?hat
spasm was due fo contractiion of the Bronchi, it was not until the
early psrt of the 19%h Century that the existence of muscular fibres

in the bronchi was demonstrated. -

In 1804 the Berlin Akademie der Naturwissenschaften offerad a prize-
for the best essay on the siructure and funciion of the lungs. This
distinction was won by Francis Reisseissen and in 1808 he published
his work 'Ueber den Bau Lungen' in which he described the existence
of a "set of completely circular fibres sround the bronchial ramifications
beginning at the point where tﬁe cartilagenous circle terminate", L#ennec
confirmed these observations in 1834 and further suggested '"the spasmodic
contraction of these fibres may be carried the length of the obsiructing
air passages to such a degree as to prevent the transmission of air to’

a great portion of the lungs".

An extensive study was made in the latter half of the 19th Century,
in which‘the case histories of asthmatic adults were recorded (Salter,
1868). By a review of these notes it has been possible to assess the
incidence of exercise as a preclpitating factor in astlmatic attacks. Of
the 223 recorded cases, 54 patienis cited exercise as one of the
provoking stimuli for their asthmatic attacks. Some of the notes taken
from these patients are shown in Table 1-1. Although Salter recorded
the comments of his older patients only in this manner, he did nvte that
exercise was the cause of asthma in one young child.

Despite obvious awareness of the effecis of violent exercise in
asthmatic patients, physicians of'the time generally agreed that some form
of exercise was necessary in the ireaiment of asthma. Horseback riding

and walking were frequenitly. recommended in the medical texts of the



period. In 'Notes on Asthma' published in 1873, John Thorogood stated
that "daily exercise in the open air should not be neglected, and
several cases testify to the effect of a steady walk in preventing an
attack of asthma even when it already threatens". Similarly, Salter
(1868) commented that he was "puzzled by the fact" that exercise
appeared to help some of his patients. I% may now be suggested thaﬁ
these patients were in fact benefiting from the bronchodilatation which
occurs drring exercise.

After this time it appears that the problem of exercise and the
asthmatic was forgotten until the middle uf this century. With the
development of the low resistance spirometer, the peak flow meter and
the whole body plethysmograph, it became possible to quantify changes
in airways resistance and investigators in the ficld of asthma research
began to use these new technigques to determine the incidence and cause
of exercise-induced bronchoconstriction (E.I.B.)

Herxheimexr (1946) was the first investigator to quantifj changes
in ventilatory volumes following exercise and he reported measurements
of changes in vital capacity which occurred after short-term running -
and cycling exercise. This study was important because it combined
comment on the effects of different forms of exercise -~ running and
cycling - and the duration of the exercise. In two of the patients
studied, wheeze occurred after running but not after cyecling. In
another patient short runs of two minutes provoked aftack of asthma
two to five minutes affer the run but the episode lasted only fwo to
three minutes.

In two other patients no wheeze developed affer a two minute run

but there was an increase in the minute wolume above normal. In one of

14
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the patients an attack of asthma was provoked when the duration of the
run was increased to four and one-half minutes. This patient's vitql
capacity fell from 3.14 L. to 1.72 L. and ephedrine had %o be giveni
to abolish the attack.

The effect of carbon dioxide inhalation was also investigated byv
connecting the patients to a rebreathing tube at the end of exercise.
In four patients who were studied in this manner Herxheimer noted that
no attack of asthma occurred after exercise. These results led to the
theory that hypocapnia wos responsible for post-exercise bronchospasm
which prompted a further investigation into the effect of voluntary
hyperventilation. Results in six patients showed that only one failed
to wheeze following hyperventilation. Thus it was postulated that
excessive overbreathing - which had been noted to occur following
exercise - produced a fall in alveolar carbon dioxide tension and that
this in its turn provoked bronchoconstriction.

Though this work was a valuable contribution fo the beginning of
objective measurement on the effect of exercise in asthmatic subjects,
the conclusion reached about the cause of post-exercise bronchoconsiriction
is now doubiful.

Following Herxheimer's study a report (Pearson, 1952) was madelwhich
suggested that after exercise in asthmatic subjects two opposing factors
might occur either independently of consecutively "the one causing
improvement =2nd the other an increase in bronchial obstruction". This
suggestion was based on the results of measurements made of vital capacity
and two-second vital capacity before and affer exercise in asthmatic
subjects. It appeared that immediately following exercise, some subjects

had an increase in two-second vital capacity and some showed no change,
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but that after a period of five minutes there was a reduction in both
vital capacity snd two-second vital capacity. Similar observations confirming
these suggestions were recorded in a later repor% on the results of
measurements made of inspiratory non-elastic resistance at rest and
‘after treadmill exercise. Of three asthmatic subjects investigated,
two had a fall and one a rise in the value of mean inspiratory non-elastic
resistance following exercise (McIlroy and Marshall, 1956).

The first workers 1o make detailed measurements following exercise
in asthmatic children reported the results of measurements of lung
compliance and airways resistance. Ten asthmatic children were studied
at rest, during and after bicycle exercise. During exercise there was
a statistically significant increase in lung compliance in seven subjecis
and a2 decrease in pulmonary flow resistance in eight, the other subjects
showing indefinite changes: After exercise there was a further increase
in compliance in five subjects,a decrease in two and indefinite changes in
two. Pulmonary flow resistance decreased significantly in eight subjects
and increased in one child following exercise (Engstrom, Karlberg,
Kraepelein and Wengler, 1960).

At the time of this report investigations had been made of changes
in forced expiratory volume (FEVl) following cxercise in a group of adult
subjects some of them with asthma who had obstructive airwayg disease.
It was found that there was a mean increase in FEVi of 24% of the resting
value after cxercise in these subjects while another group of patients
either with heart discase or other types of lung disease showed no
significant change in FEVl after exercise., The imporiant ohservation was
made that the combinatioﬁ of exercise and adrenaline inhalation was more

effective in increasing the FEVl in patients with obstructive lung disease
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than the use of either exercise or adrenaline adone, It was concluded
from these and other studies that the "increase in inspiratory rate and
an increase in lung blood, volume" due %o exercise may be responsible

for a fall in airways resistancé and thus an increase in the FEVl. This
was reasoned on the basis of unequal emptying of alveoli so that the
increased rate of inspiration allowed areas of low resistance in the
lung to become "overdistended" during inspiration. This overdistension
would allow the alvesli "to empty into their low resistance airways with
less assistance from intrathoracic pressure"” and thus there would be
less expiratory collapse of the airways.

It was also suggested that increased blood volume in the lungs
during exexcise would make the lungs moxe "furgid" and that this would
"increase their power of recoil and keep the airways open during a forced
expiration (Capel and Smart, 1959).

This last suggestion is an interesting reversal of the ideas of the
early physicians who considered that it was increase in blood volume in %
lungs during exercise which caused the difficulty of breathing following

exercise (Willis, 1679; Floyer, 1717; Cullen, 1784).

he

In fact the early ideas of there being an increase in blood volume in

the lungs in asthmatic subjects had given riss to blood letting as a
treatment for asthma.
With the development of the body plethysmograph it became possible

to measure airways resistance directly and at the same time fo determine

~ the functional residual capacity. Using this method of investigation, it

was found that airways resistance incrcased in two asthmatic subjects
following brief exercise and that functional residual capacity increased
in one subject at a time when airways resistance was high (Butler, Caro,

Alacalo and DuBois, 1960).



By now, the original observations of Pearson (1952) had been
confirmed using different methods for estimation of airways resistance.
Asthmatics appesared to be able to respond to exercise in two different
ways; by improving their lung function due to a fall in airways resistance
and an increase in FEVl and by furthering the obstruction and hoving a
consequent increase in airways resistance.

The first comprehensive explanation of these two opposing effects
of exercise in asthmatic subjects was detailed by Jones, Buston and
Wharton in 1962, who suggested that "the apparent lack of uniformity was
due to the choice of an unsuitable duration and level of exercise". They
studied the effect of brief and prolonged exercise on a group of asthmatic
children and showed clearly that exercise of short duration resulted in .
an increase in FEV following exercise whereas prolonged exercise
resulted in a traniient fall in FEV1 belaw the resting level. They also
investigated the effect of running exercise in a group of normal children
and demonstrated that there was no significant change in the post-exercise
FEVl as compared to the resting value in these subjects. They reported
that the increase in FEV1 following short ferm exercise in the asthmatic
subjects expressed as a percentage of the resting value, was greater in
those subjects with the lowest resting values. It was suggested that the
reason for the two opposing effects of exercise in the asthmatic subjects
was '"bronchodilatation or bronchoconstriction in bronchi which are already
in the state of constriction". This suggestion was supported by the
results of a study which demonstrated a diminished or absent response fo
exercise in asthmatic subjects following adminisiration of isoprenaline
sulphate. In addifion, it was shown that following exercise there was

no bronchodilation or bronchoconstriction of any significance in normal

subjects.



The value of exercise as a diagnostic aid and a useful method for
the assessment of drugs in asthmstic subjects was emphasized in a further
publication (Jones, Wharton and Buston, 1963) whichdso reviewed several
important points with regard to type of exercise used and method of
testing. PFirstly, it was commented thot the bicycle ergometer was an
unsatisfactory kind of exercise for use in testing asthmatic sub jects
because it gave variable and unpredictable results. Secondly, it was
stressed that frequent interruption of the exercise to make measurements
should be avoided because it could diminish the response to exercise.

Tollowing this report on the value of physical exercise in asséssing
the asthmatic child (Jones et al, 1963) other workers took up the sﬁbject
of exercise induced bronchoconstiriction (E.I.B.) and in 1966 several
important publications appeared.

Peak expiratory flow rate (PEFR) was used for the first time to
assess changes in airways resistance during exercise in a large group of
adult asthmatic and normal subjects. A study was made to investigate the
effect of progressive bicycle exercise among 101 asthmatic subjects. The
results showed that there was an increase in PEFR during exercise and
that the highest value was obtained during {the highest work load.
Following exercise of varying duration a typical asthmatic attack occurred
in fourteen of the subjects (Irnell and Swartling, 1966). This relatively
low incidence of bronchoconstriction following exercise in these asthmatic
subjects was undoubtedly due to the choice of exercise and confirmed the
previous suggestion that cycling was an unsatisfactory type of exercise
for inducing an attack of asthma (Jones et al, 1963).

At this time other forms of work were being use to study the effects

of exercise in normal and asthmatic subjects.



In an investigation of a group of normal and asthmatic adults,:éirways
Tesistance following stair climbing, was measured in several differeni
ways. These measurements included FEVl, airways resistance measured in
the body ﬁlethysmograph and distribution of inspired gas using the
ﬁethod of Comroe and Fowler (1951). The results in asthmatic subjects
were similar to those reported previously (Butler et al, 1960, and Jones
et al, 1962, 1963). However,; among the normal subjects although there
was no significant change in FEV1 following exercise there was 2 significant
increase in measurement of zirways resistance made in:the body plethysmograph.
This study included the first report on the effect of multiple exercise
tests in asthmatic subjects. In two out of four subjects who had

repeated exercise tests throughout a day, exercise was shown to have a

" diminishing effect onthe measurement of FEVl. This observation led to the

theory that post-exercise bronchoconsiriction may be caused by an enzyme
mediated "bronchoconstrictor substance". TIi% was‘postulated that ropeated
exercise resulted in less congtriction because stores of the mediating
enzyme were depleted throughout the day. In addition to the studies following
exercise, the effect of hypercapnic hyperventilation was observed in the
asthmatic patients. Though no fall in FEV1 was demonstrated following
this test, this observation did not confirmithe previous suggestion that
hyperventilation with hypocapnia might be the .cause for the observed
effects of cxercise (McNeill, Nairn, Millar and Ingram, 1966).

ByAthis time the need to pinpoint "the specific abnormslity of
function in the asthmatic ..... namely, a labile type of bronchoconstriction"
led to the introduction of the Lability Index by Jones (1966). Broncho-
constriction - fall in FHV. from the pre-exercise level - was measured

1

following exercise and maximum bronchodilatation - increase in FEV1 -
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was obtained by the administration of isoprenaline sulphate aerosol
followed by one mimute of exercise. The Lability Index was defined

as the sum of the fall in FEV, and rise in FEV, (in litres) below and
above resting values, expressed as a percentage of the predicted normal
value. It was reported that, with few excephions, the Lability Index
for normal children was less than 15% while nearly all asthmatic subjects
had a Lability Index greater than 20%. Duplicate determinations of the
Lability Index and estimation of the coefficient of variation between two
exercise tests demonstrated the reproducibility of the exercise test in
asthmatic subjects (Jones 1966).

By the late sixties attention had turned towards the measurement
of arterial blood gas fensions and blood lactate in the hope of elucidating
the mechanism of E.I.B.

The first report of arterial blood gas tensions in E.I.B. was made
by Rebuck and Read (1968). The results of messurements made by these
workers of lung volumes and arterial blood gas tensions prior to exercise
in a young asthmatic subject revealed that hyperinflation and carbon
dioxide retention was present. Following stairclimbing exercise in the
same subject arterial hypoxagmia occurred at a time when the airways
resistance was increased by the exercise. This led to the suggestion that
future investigations of E.I.B. should include measurements of iung
volumes and arterial blood gas tension in order to establish if such
a "common background of abnormality" was present in subjects who suffer
E.I.B. In addition to the investigation of exercise in this subject a
study was made of hyperventilation with and without carbon dioxide. A
fall in FEV‘1 occurred following hypocapnic hyperventilation but not

hypercapnic hyperventilation, but the authors were careful to note that
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this was not evidence for hypocapnia being a cause of bronchoconstrigtion
because carbon dioxide was a known non-specific bronchodilator.

After the suggestion that arterial blood gas tensions should be
included in the investigation of subjects who develop E.I.B. the results
of a study on three adult asthmatic subjects were published by Seaton,
Davies, Gaziano and Hughes (1969). Measurements of arterial blood gas
tensions and blood lactate were carried out before and after five to
eight minutes of running exercise. Although significant bronchoconstriction
occurred following the exercise there was no significant change in the
vaiues of arterial oxygen tension. These workers noted however, that a
severe‘metabolic acidosis was present in all subjects a2t a time when the
airways resistance was increased due fo exercise, and that this metabolic
acidosis was due %o increase in blood lactate. It was found that as the
acidosis improved the FEVi returned towards the normal resting value.
Following an injection of bicarbonate and adrenaline there was an immediate
reversal of the bronchospasm thot had failed to reverse with adrenaline
alone on a previous test. From this is was concluded that the metabolic
acidosis of exercise was capable of friggering the release of broncho-
constrictor substances snd bradykinin and SRS-A were suggested.

The observations of Seaton et al (1969) were confirmed in a further
publication on the subject of arterial oxygen tension and blood lactate
(Fisher, Holton, Buxton.and Nadel, 1970) and it appeared at the time that

lactate acidosis could not be excluded as a possible cause of E.I.B.
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REASONS FOR STUDYING THE PHYSIOLOGICAL ASPECTS

OF EXERCISE TNDUCED BRONCHOCONSTRICTION

At the beginning of 1970 the author became interested in the
physiologicel investigation of E.I.B. in asthmatic subjects. A review
of the literature at the time revealed that E.I.B. was a well recognised
problem in asthmatic subjects and indeed had been proposed as a suitfable
" model for investigating an attack of asthma (Fisher et al, 1970). Many
guggestions had been made as %o the cause of E.I.B. and the possible
direction of'future rgsearch into the subject.

It appesred that there were two major problems in understanding

the suggested mechanisms of E.I.B. The first problem wag to differentiate

the physiological changes which occur as a normal response to exercise and

the changes which may cause tﬁe post exercise bronchoconstriction in
asthmatic subjects. It has been suggested for example, that lactic acidosis
after exercise ig one possible cause for E.I.B. in asthmatic subjects.
However an increase in blood lactate may be expected during and after
exercise as a normal response to exercise. The actual level of lactate
will depend on many factors including the severity, type znd duration of
the exercise. |

It seemed likely that this problem of the normal physiological
response to exercise could be overcome if an investigation of the cardio-
pulmonary response to exercise could be made ih asthmatic subjects and
compared with normal subjects.

The second problem was the confusion between cause of broncho-
constriction and the subsequent effects of the increase in airways
resistance. For example it has been shown in animals thaf hypoxaemia

may cause a reflex bronchoconstriction (Nadel and Widdicombe, 1962)
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however results cf arterial oxygon tensions following exercise in

an asthmatic subject suggest that hypoxaemia ray occur as a result of

the bronchoconstriction induced by the exercise (Rebuck and Read, 1968).
It had been suggested previously that one form of exercise was

more likely to provoke bronchoconstriction than another, however, no

controlled studies had been carried out on the varying effects of

different forms of exercise in the same asthmatic subject. If it was irue

that one form of exercise was a more potent stimulus than another in

provoking an attack of E.I.B. then it might be possible to differentiate

between the cause and the effect of E.I.B. For this reason it was

decided to study several groups of asthmatic subjects during and

after various forms of exercise which involved different muscle groups
(i.e. arms and legs) and to compare in the same subject the cardio-
pulmonary response to these different forms of exercise, If the resﬁonsé
was not the same then it might be possible to determine the causes of

the bronchoconstriction that would be expected to occur .following some
forms of exercise. In addition to studying the response of ventilation,
hearf rate and airways resistance an investigation was also included

to study the effect of exercise on lung mechanics and arterial blood

gas tensions. This was prompited by the previous suggestion that *"a common
background of abnormality" in lung volumes and arterial blood gas tensions
may exist in asthmafic subjects (Rebuck and Read, 1968) and the more recent
suggestion that "oxygen transpori" may be a limiting factor during exercise
in asthmatic subjects who suffer from an increase in airways resistance
following exercise (Katz, Whipp, Heimlich and Wasserman, 1971). By
including the measuremenfs of arterial pH and blood lactate levels in

such an investigation it was hoped that a clearer understanding could be
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obtained concerning other suggested causes of E.I.B. such as acidemia,
lactic acidosis and hypocapnia.

In studying the effect of exercise on iung mechanics and blood
gas tensions it was thought that the results might provide further
evidence to confirm fthe usefulness of exercise-testing as a suitable
model for inducing an attack of asthma, and at the same time demonstrate
that the physiological abnormalities occurring in subjects who develop
E.I.B. are similar to those whibh occur during other forms of asthma,

The work described in this thesis was underfaken by the autho%
with help from clinical and technical colleagues. Care has been taken
only to include those investigations in which the author was chief
investigator. Various aspects of the work have already been publishéd
or are in press. Some of the publications are appended and reference is

given in the appendix to works in press at the present time.

Por convenience some Tables and A Figure containing individual
values have been placed in the Appendix. VWhen referred fo

in the text these Tables and this Figure are prefixed by the

letter A.
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DEFINITIONS AND NOTES ON SOME OF THE DIFFERENT METHODS OF

MEASURING ATIRWAYS RESISTANCE USED IN THE INVESTIGATION OF

THE FEFFECT OF EXERCISE IN NORMAL AND ASTHMATIC SUBJECTS

"the physician of the last century who asked a patient with respiratory
disease to whistle or blow a candle out was crudely assessing the
maximum respiratory velocities". (Donald 1953)

The Peak Expiratory Flow Rate (PEFR) is defined as that flow which a

subject can produce and sustain for 0.0l sec. PEFR is measured after

a maximal inspiration by a rapid, forced blasting expiration (Wright
and McKerrow, 1959). PEFR has been described as effort dependent (Fry
and Hyatt, 1960; Ritchie 1962) to depend on the pressure developed by
the thoracic musculature (Shepherd 1962) and the cooperation of the
subject in taking a full inspiration. When subjects are trained the
values for PEFR have been shown to be reproducible (Rosenblatt, Alkolay,
McCann and Stein, 1963), to correlate well with other measurements of
airways resistance (Rosenblatt et al, 1963; Shepherd 1962) and to be of
value in comparing an individuals performance over a period of time
(Higgins 1957).

In the present study the subjects were trained in the use of the
Peak Flow Meter and pneumotachograph and the within subject coefficient
of variation for multiple measurements of PEFR at rest has been shown to
be small in both normal and asthmatic subjects (Section 3).

During exercise the relatively simple manoeuvre involved in the
measurement of PEFR has been advantageous. It has been possible to
make frequent measurements of PEFR and to assess the degree of broncho-
dilation shown by an increase in PEFR and bronchoconsiriction shown by
a fall in PEFR which occurs in agsthmatic and normal subjects while

performing exercise.



 FIGURE 2-1

RELATIONSHIP OF SPIROMETRIC TESTS
TO THE FLOW-VOLUME CURVE
DESCRIBED BY FRY & HYATT 1960
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Forced Expiratory Volume at one second (FEN})_

FEV was first defined by Tiffeneau and Pinelli (1947) as the
volume eihaled in the first second of a complete forced expiration.
Essentially the FEV, "depends on the factors which determine (a)
maximum expiratory flow at a particular lung volume (lung recoil preséure
and the resistance of intrapulmonary airways) and (b) the change in
maximum expiratory flow with lung volume (which reflects change in
.recoil pressure with change in volume, i.e. pulmonary compliiance, and
the change in intrapulmonary resistance with change in lung volume)".
It is relatively independent of the resistance of the upper airways
(Pride 1971). In relation to the maximum expiratory élow volume curve
(Fry and Hyatt, 1960; Stein, Tanabe, Rege and Khan, 1966) FEV; overlaps
both the effort dependent and merhanical property dependent portions
of the curve (Fig. 2-1). Recently however it has been reportéd that there
is no significant difference between the mean and the maximum FEVl produced
with an effort greater than 75% of the maximum (Kemm and Kamburoff,
1970), and the elastic recoil of the lungs remains a more important
factor in determing the FEV, (Macklem and Mead, 1967).

Vital Capacity (VC) was originally defined as the volume of gas that can

be expelled by a maximal expiration follewing a maximal inspiration
(Hutchinson, 1846).

Vital capacity overlies the same portion of the maximum expiratory
flow~-volume curve as FEVi and is dependent on the force the respiratory
muscles can exert, on the compliance of fhe chest wall and on the

reiistance.of the airways.

Maximal Mid-Expiratory Flow Rate (MMEFR) is determined from the measurement

of the FVC. It is defined as the rate at which the middle half of the

FVC is exhaled (Leuallen and Fowler, 1955). Like the FEV, and FVC i
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is dependent on a maximal inspiration but as it registered in the mid-
portion of the maximum expiratory flow volume curve it is said to be
effort independent (Fry and Hyatt, 1960). The MMEFR has been described
as a sensiiive measurement in the early detection of airways disease
(Emirgil and Sobol, 1971; Pride 1971).

Specific Conductance (SGaw)

With the development of the whole body piethysmograph (DuBois,
Bothello and Comroe, 1956) it became possible to measure by a direct
method the resistance of the airways during quite bresthing and to
determine the thoracic gés volume at the same time. »SGaw is determined
by the measurement (during inspiration) of the airways resistance at
a flow rate of 0-0.5 L/sec. and the thoracic gas volume at which the
resistance is measured. SGaw is defined as the reciprocal of Raw per
unit of thoracic gas‘volume.

This method of measuring airways resistance has been reported to
be "more useful for detecting changes in the dimensions of large airways,
which contribute a large proportion of total airways resistance, than in
detecting changes in smaller airways, which contribute a small proportion

of the total airways resistance". (Pride 1971)
METHODS

In this section a general description of the methods used in the
present studies is given, any variations from these methods for
measurement of H.R., collection and analysis of mixed expired gas and
PEFR measurement will be referred to later in the relevant sections.

For convenience specific information regarding equipment has been
omitted in this section and will be found in the Appehdix under

Calibrations and Apparatus,
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FIGURE 2-2 '
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Exercise has become a common 'cinilenge' test for provoking an
attack of bronchospasm in asthmatic subjects. However no tests were
carried out without the agreement of a physician who was available
at all timca to attend to Fhe patients.

Display of Data

For the studies which included the combined measurements of
metabolic and ventilatory parameters as much of the data as possible
was taken on to permanent recordings.

An 8 channel ink jet chart record (Mingograf 81) was used to display
and record the data for the exercise studies (with the exception of
swimming). A typical example of a trace obtained during the last
minute »f exercise is given in Fig. 2-2. The deflections for the
Tissot and dry gas meters, PEFR, and FEV'1 were all known by previous
czlibration and details are given in the appendix.

For the simultaneous measurements of airways resistance and lung
volumes a 16 channel ultra violet recorder (Consolidated Electrodynamics)
was used.

Measurement of Heart Rate

In all the exercise tests the heart rate was measured electro-
cardiographically. In the laboratory this was achieved with a Picker-
Exal patient monitor and the trace was recorded on a Mingograf 8l ink
jet chart recorder (Fig. 2-2).

Three electrodes were placed on the body, one over the position
of the apex, a second below the right clavicle and a third on the
back over the left scapula. Care was taken to clean the skin well with‘
hibitane prior o placing the electrodes in position so that a clear

olectrocardiogram was obtained.

32
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FIGURE 2~3
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FIGURE 2-5

Y
(=]

1. Treadmill - 2. Tap & mouth piece 3. Valve box
4. Tissot 5. Gas meter 6. Gas analysers
7. E.C.G.

FIGURE SHOWING BREATHING CIRCUIT USED DURING THE
EXERCISE STUDIES IN THE LABORATORY
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During free range running and swimming exercise heart rate was
monitored with a Parks Flecironics radiotelemeter and a trace was
' obtained from the signal and recorded on a portable Sanborn eléctro-
cardiograph. During free range running and swimming exercise only two
electrodes were used. The electrodes were positioned on the back of
the body, one immediately above the spine of the scapula and the other
over the 12th rib position., The electrodes wers held in place with
waterproof adhesive tape. An example of an electrocardiegram obtained
during the swimming exercise is given in Fig. 2-3. During the free range
running exercise the subject carried the radio transmitter and aerial
on a belt (Fig. 2-4). During the swimming exercise for convenience, the

transmitter and aerial were attached to a pole carried by an observer.

COLLECTION AND ANALYSIS OF MIXED EXPIRED GAS

In the laboratory all mixed expired gas collections were made using

a Tissot spirometer (100 litres) while the subjects breathed through

a twq-wéy respiratory valve of low resistance and low dead space (53 mls.).

The respiratory valve was attached to a rotating disc which also housed

a pneumotachograph. A diagram of the breathing circuit is shown in

Fig. 2-5. Depending on the form of exercise being used, apparatus for

the exercise was placed in front of the respiratory valve and the subject

assumed either a sitting or standing position. When treadmill exercise

was used, the rotatry disc and breathing assembly were suspended by

rubber bands in order to allow free movement of the head during running.
Inspired air passed through.a dry gas meter (Parkinson Cowan CD. 4)

before reaching the subject. Prior to the collection, mixed expired gas

was flushed continuously through the Tissot spirometer and analysed for

002 and O2 using an infra red URAS-4 gas analyser for 002 and a Servomex

para magnetic analyser for 02.
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Collection of the mixed expired air was made when inspired ventilation
as displayed on the Mingograf 8l ink jet recorder (Fig. 2-2) and the
concentration of CO2 and O2 were steady. Unless otherwise stated
collections were made during the last minute of exercise. The gas
collection was analysed immediately., The gas analysers were calibrayed
with known gases (previously determined by the method of Scholander (1947))
at the end of each study.

BEnd tidal CO2 analysis was made during the period of the collection
by continuous sampling at the mouth. The sampled gas passed through
the analyser at a rate which allowed a 95% response time in 0.5 szc.

The setting of the flow rate of the gas analyser was important because
of the frequency of breathing during exercise. The normal sampling rate
was between 300-600 mls. per minute.

During free range running and swimming exercise (which were

performed out of the laboratory) the subjects breathed through a metal

two-way valve (P.K. Morgan) which had a dead space of 26 mls. and a
low resistance. For the collection of mixed expired gas a }arge bore
three-way tap was used to attach a neoprene metéorological balloon
(Beritex) of 100 litre capacity to the expiratory tube coming from
the breathing valve (Fig. 2-4).

A preliminary gas collection was made between the second and fourth
minutes of exercise and the bag was empiied and replaced on the three-
way tap while the subject continued to exercise. A second and final
collection was made during the last 1-1% minutes of exercise.

For the free range_iunning exercise the balloon and three-way
tap were supported on the back of the subject (Fig. 2-4) but during
swimming exercise both were attached to a pole which was carried by
an observer. Care was taken not to allow the balloon to get unduly

wet during swimming exercise. All the balloons were less than a month
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old and had been previously washed, dried and tested for leaks in the
laboratoxry.

After free range running exercise, analysis of the expired gas was
made in the same ﬁanner as that described above. The volume of the
expired gas was measured by emptying the balloon into the.Tissot
spirometer and recording the volume deflection on the Mingograf 8l.

Following swimming exercise samples of mixed expired gas were taken
into glass syringes (50 mls.). The gas was analysed in duplicate
using a micro Scholander Apparatus (which was set up at the pool side
to allow immediate analysis).

The volume of the expired gas collected was measured by passing the
gas through a dry gas meter and recording the deflection. The gas meter
had been calibrated by the makers (Parkinson Cowan) and checked in our
laboratory.

For calculation of the volume of expired gas allvwance was made
for the volume used for flushing the syringes and sample analysis. The
femparature of the mixed expired gas was noted.

Measurement of Peak Expiratory Flow Rate

The measurement of PEFR was carried out in two ways:
1. Using Wright Peak Flow Meters (a) Range 0-200 L/min.
(b) Range 50-1000 L/min.
2, Using Fleisch Pneumotachographs (a) No. 2 linear to 300 L/bin.
(b) No. 3 linear to 500 L/min.
Details of the characteristics of these insgtruments and the method of
calibration are given in the appendix.
Rest
In all euijects exercise was preceded by at least three measurementé
of PEFR, made by either one or both of the methods listed above. The

best value obtained at rest was that'used in the calculations to assess
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1,Cycle 2,Tap and mouth piece 3,Valve box

4, Pneumotachograph 5. Gas meter
6. Pressure transducer 7. Manometer (flow)

8.Integrator (volume) 9.E.C.G,

FIGURE SHOWING ROTARY VALVE WITH PNEUMOTACHDGRAPH
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the indices of bronchial lability. Details of the réproducibility of
multiple measurements of PEFR at rest in both asthmatic and normal
subjects are given in Section 4.

Ixercise

During exercise measurements of PEFR were made at fwo minute
intervals. With the exception of the free range running and swimming
exercise tests the subjects continued to exercise during the measurement
of PEFR. During treadmill running exercise when the Wright Peak Flow
Meter was sometimes used, the subject was asked to support himself
with one hanl on the treadmill railing (for about 15 sec.) and hold
the flow meter with the other, in this way he was able to make a maximum
effort while continuing to exercise. During free range running and
swimming exercise it was necessary for the subject to remove the mouth-
piece and two-way respiratory valve before blowing into the flow meter.
As the subjects had practised this manoeuvre several times at rest they
found ho difficulty in performing two pesk flows in 15 seconds, before
replacing the valve and continuing to exercise. In the swimming pool
the subject suprorted himself with one hand on the edge of the pool
(while performing the peak flow measurement) and was aided by a laboratory
swimmé¢r if he appeared to have any problems.

For PEFR measurements made with the pneumotachégraph, the pneumotacho-
graph was assembled on a rotary disc which also supported the respiratory
valve (Fig. 2-6). During steady state exercise it was possible to
measure the PEFR without unduly interrupting the exercise by rotating
the valve away from the subject and bringing the pneumotachograph in
front of the subject. Following exercise, measurements of PEFR were made
at 1 min., 3 mins., 5 mins., 10 mins. and 15 mins. but sometimes more

frequent measurements were made in the post exercise peried. After this
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time, two more measurements of PEFR were made following the administration
of 2 puffs of bronchodilator aerosol (salbutamol). The first of these
measurements were made affer the administration of the salbutamol and

a further minute of exercise (the same type as that being investigated

at the time) and a second measurement of PEFR was made 4 mins, later.

Measurement of FEVi

In some exercise studied (Section 5) FEV, was measured similtaneously
with PEFR using the Fleisch pneumotachograph and integrafing the flow
signal to obtain volume. The FE‘V1 was recorded on the Mingograf 81
together with the PEFR. A circuit diagram for the ﬁneumotachograph,

pressure transducer and integrator is given in Fig. 2-6.

CALCULATIONS

For convenience data was taken off the Mingograf records and
written on a standard exercise result sheet, These result sheets were
also used for the immediate record and calculation of data obtained
during free range running and swimming tests, when permanent fraces
of ventilation data were not available.
Examples of some of the equations used and the values derived
from the data are given in the following pages.
When arterial blood gas tensions were measured values for B.E.
and oxygen'saturation were determined from a Severinghaus ruler(Radiometer)
using the observed values for arterial pH, PCO2 and PO2 measured at

37°¢C.



Calculations used in the assessment of *he indices of bronchial lability

Indices used to measure the degree of bronchodilatation and
bronchoconstriction have been derived as follows:

a) the % Fa21l Index

Resting PEFR - Lowest PEFR '
Resting PEFR x 1007

vwhere the lowest PEFR was the lowest overall obtained whether during
exercise or in the 15-20 minutes after exercise.

b) the % Rise Index

Highest exercise PEFR - Resting PEFR
Resting PEFR ' x 1007

where the highest exercise PEFR was that obtained during the exercise.

c) the Exercise Lability Index (E.L.I.) (%)

Highest exercise PEFR - Lowest PEFR
Resting PR x 100%

where the highest PEFR was as in (b) above and the lowest PEFR as in
(a) above.
'd) the Jones Lability Index (J.L.T.) (%) (modified from the Lability

Index of Jones, 1966)

Highest PEFR - Lowest PEFR
Expected normal PEFR x 100%

where the highest PEFR was that obtained by any means, i.e; exercise or
the administration of salbutamol and brief exercise. The lowest PEFR
was that described in (a) above."

The expected normal peak flow rates used in the assessment of this
index in the present thesis were taken from the values of Godfrey,
Kamburoff and Nairn (1970).

Comments on use of the indices

The principal reason for choosing the above indices for the

assessment of bronchodilatation and bronchoconstriction is simplicity
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and the fact that these indices can easily be measured immediately

the test has been completed and before the subject has left the
laboratory. Values for PEFR measured at rest, during and after exercise
were entered on forms one of which is given as Fig. 2-7.

Bronchocongtriction has been defined in this thesis as a fall
in PEFR of 15% or more from the resting value.

The % Rise Index has been used to assess the degree of broncho-
dilation occurring due to exercise.

The Xercise and Jones Lability Indices have been uged in order to
have some objective measurement of the overall bronchial lability whether
it be due to bronchodilatation or bronchoconstriction.

The E.L.I. takes into account the resting value of PEFR of the subject
and this may be important in asthmatic subjects whose clinical condition
may vary from day to day, however it only measures the bronchial lability
due to exercise,

The J.L.I. on the contrary assesses the bronchial lability due to
exercise and bronchodilator therapy. As it is calculated in relation to
the expected normal value for PEFR it allows for comparison of bhronchial
lability in subjects of different heights and ages. It has the added
advantage of enagbling repeated measuremenfs for lability over a period of
time, to be easily compared in the same subject and this is especially

important in children in whom growth is occurring all the time.



CALCULATIONS used for the determination of airways resistance and

thoracic gas volume in the body plethysmograph

Airways Resistance (Raw): measured by the method of DuBois et al
(1956) was determined from the equation shown in Figure 2-8 , which
also gives an illustration of the trace obtained during quiet panting

with the shutter open and closed.

The original traces were recorded on an ultra violet multi channel

recorder (Consolidated Electrodynamics).

A value of 0.3 cms.H,0/1./sec. was deducted from the final
measurement of Paw to allow for the resistance of the mouth peice and
pneumotachograph.

Thoracic Gas Volume (Vig): measured by the method of DuBois et al.

(1956). TVtg was determined by the measurement of mouth and box pressure
while the subject was panting against a closed shutter.

The equation for the estimation of Vtg is derived from Boyleé Law
vhich postulates that the product of pressure and volume in a given mass
of gas is constant.

e
P x V = constant

Differentiating with respect to pressure

av _
P x s vV = 0
or Vtg = (PBAR - 47) x 1.36 x &I

where Vig is fthe initial volume of gas in the lungs in litres..
(PBAR - 47) x 1.36 is the barometric pressure corrected for partial
pressure of water'vapour ét 37° (em.H,0).

V is the change in box volume or lung gas volume measured plethysmo-

graphically.
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AP is the change in alveolar pressure, measured while panting against
a closed shutter. (since there is no flow (Pmouth = Palveolar)).

From the trace recorded during panting against a closed shutter

_ _Box pressure (FB) , Calibration of box pressure cm.H 0/cm deflection
Mouth pressure (Pm) “Calibration of mouth pressure cm.H20/om deflection

Body factor 1.
x 1

Vg

Details regarding the calculation of the body factor are given in the
appendix,

Aixrway conductanqg (Gaw) was calculated as the reciprocal of Raw,

Gaw = — 1. /sec. [em W, 0

2L
Raw
Conductance divided by the corresponding Vig is specific conductance.

*. Gaw S T |
SGaw = Tia cm.H20 sec



FIGURE 2-8
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EQUATIONS used in the calcultions

UNITS are given in the list of Abbreviations

VESTPD = VEATPS x STPD factor
v%m = VEATPS x BTPS factor

STPD and BTPS factors from Cotes (1968)

VT - Eypg
T
VD _ LPaCO2 - PE002) x (VI x 100) - valve box dead space
Paco,
_ FECO
Vveo, = 7002 * VEympp
V0, - Dsmp | (Fo, (100 - (FEO, + FECO,) - FEO,)
100 * FIN, * = 2 2/ = ¥
vCo
R = 229
VO,
FETCO
PETCO, = “Tg0 2 X (PBAR - 47)
a-A CO, mmHlg. = PaC0, - PETCO,
_ (FI0, x PBAR - 47) Paco,,
PAD, = “100 - TR ¢
A-a 0, mmHg. = PAO, - Pal

2 2 2
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STATISTICAL ANALYSIS

The statistical methods used in this thesis are those used in
standard practice for the estimation of S.D., S.E.M., correlation
coeffz;.cient and the coefficient of variation (Oldham, 1968; Moroney,
195L).

Data was analysed with the aid of an electronic computer (IBM 3600)
and a Cassio (500) desk top calculator. |

A paired t test was used to determine the significance of difference
between values of a measurement made in the same subject.

A value for t was also determined to assess the significance of the
correlation coefficients obtained from the regression analysis. 4 two
tailed test was applied to the value of t to estimate the probabilifty.
The degree of probability has been denoted as follows:

P> 0.05 not significant
0.01<4 P £0.05 * probably significant
0.001 £ P £0.01 ** gignificant
P£0.001 *#¥% highly signficant

An analysis of variance was used to deébermine if there was a significant
difference between the values obtaineci for a measurement made in various
groups of subjects.

The coefficient of variation was determined in order to assess the
reproducibility of a measurement made on several different occasions and

under the same conditiens in the one sﬁbject.

The coefficient of variation is given by Ovege;%.)i Yeom X 100% .
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REPRODUCIBILITY OF THE INDICES OF BRONCHIAL LABILITY

IN ASTHMATIC SUBJECTS

Introduction

There is little data available on the variation in the response
to exercise in asthmatic subjects over a period of time. Jones (1966)
reported a within subject coefficient of variation of 20% for the
Lability Index (based on the measurement of FEV,) on a group of 12
asthmatic children who each performed two running tests on a treadmill.

Although there ﬁave been no reports on the coefficient of variation
of the % Fall Index in asthmatic subjects performing several exercise
tests it has been possible to calculate such data from values available
in the literature (Pierson, Bierman and Stamm, 1969; Poppius, Muittari,
Kreus, Korhonen and Viljanen, 1970; Katz et al, 1971). Unfortunately
these results have only been obtained from exercise tests using progressive
or steady state bicycle exercise and the time interval between tests was
not given.

As it was known from preliminary investigations that the E.I.B. was
less marked and less reproducible with cycling exercise, it was decided
to investigate %ue variation in the results for the indices of broncho-
dilatation and bronchoconstrictien on running exercise which were
obtained at various intervals of time.

Collection of data

Values for the indices of bronchial lability were collected from
the results of repeated treadmill and free range running tests carried
out on a group of asthmatic children who had been regularly attending the

Out-patient Clinic of the Brompton Hospital.



Within subject variation(diffefént time'intervals)?or Bronchial

TABLE 2 - 1

lability indices measured during and after running exercise.

i
1

Comparison No. of No. of % Fall PEFR L, I. . L. I.
Sub jects runs Mean S5.D. C of V Mean 5.0. C of V Mean 5.0, C of V
Treadmill » .
Within 1 5 17 | 30.9 .6.5) 21,0 | 38.7 5.5 14,1} 44.5 7.4  17.5
week
1 manth 40 96 | 29.5 15.5| S2.6 | 37.8 13.3 35.2| 44.2 17.8  40.3
interval :
1 year 13 27 | 24.0 13.2| 55.0 | 33.5 9.2 27.5| 39.4 13.4 34,0
interval ;
Free Range
Run
Within 1 7 15 | 29.7 7.9| 26.6 | 35.1 5.9 16.8| 40.0 18.3  45.7
weak .
1 manth - o0 | 48.8 15.3 | 31.3 | s53.1 20.2  38.0] &1.0 18.3  30.0
interval '

|3
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All the exercise tests had'been pertormed for a period of at least
6 mins. at heart rates greater than 170 beats per minute. A Wright
Peak Flow Meter had been used to measure PEFR at rest, during and after
exercise and after the administration of salbutamol in the manner
described previously.

Statistical analysis of the collected data

A standard test for the estimation of the within subject coefficient
of variation (Oldham 1968) was used %o analyse the results obtained
from two running tests which had been carried out at intervals of one
week ¥ one day, one month ¥ one week and one year ¥ one month for each
subject.

Only the results of tests that had been performed without the prior
administration of drugs were used in the statistical analysis of the data.
It has been assumed that the coefficient of variation is the same ai
all levels % fall and lability.

Results of the gtatistical analysis

The results of within subject coefficient of variation of multiple
measurements of the indices of bronchial lability at verying time
irtexrvals are given in Table 2-1 for treadmill and free range running
exercise,

Values for the coefficient of variation for the % Fall Index increased
as'the interval of time between tests increased. Thus for two treadmill
tests performed withiﬁ one week the % Fall Index varied by only 21% while
the variation between two tests increased to over 50% when the time
interval befween the tests was greater than three weeks,

- The values for the Jones Lability Index (J.L.I.) and Exercise
Lability Index (E.L.I.) showed slightly less variation than the % Fall
Index and over a period of a year the variation in the J.L.I. between two

treadmill tests was 27.5%.



TABLE 2 - 2

Asthmatic sut jects within subject variation fdr oronchial lability

indices. Velues for coefficient of variation obtained from data
availables from other workers.
Buthors Type of Parameter Interval No. of No., of Mean 5.D. C of
Exercise Measured Between Sub jects Tests %
Tests
Jones (1966) Treadmill | Lability ? 12 24 56 11 20
Running B! 1ndex
tased on
FEVL
Pierson st al Bicycle % Fall ? 15 65 30 17 54
(1969) Ergometer FEV1
5'
! Poppius et al Bicycle % Fall ? 28 56 17,8 73.0 410
(1970) 6-8? FEFR é
. Exercise
Katz et al , - L
(1971) Progressivd % Fall ? 4 8 31.8 7.1 30.1
Bicycle PEFR
Exercise

€S
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Discussion

The wvalues obtained in the present study for coefficient of
variation of the % Fall Index between two running tests are lower than
those calculated from data available in the literature on the % Fall
in PEFR in asthmatic subjects following several bicycle tests. Table
2-2 (Poppius et al, 1970; Katz et al, 1971). Unfortunately the period
of time between tests was not reporfed and this makes comparison
difficult because of the greater variation with increasing time intexrvals
between repeated tests.

The relatively lower values for coefficient of variation and thus,
better reproducibility of the % Fall Index observed in the present
study, compared with other reports, may have been due to the choice of
the form of exercise. Only the results from repeated running tests have
been analysed here dué %o the low incidence of E.I.B. in our asthmatic
subjects attending the clinic and.who performed bicycle exercise (Silverman -
_personal commuhication). The observation that bicycle exercise is a less
potent and more variable stimulus for provoking an attack of bronchospasm
in asthmatic subjects (Anderson, Connolly and Godfrey, 1971) has also
been noted by others (Jones et al, 1963; Fitch and Morton, 1971) and the
coefficient of variation reported for repeated bicycle tests may be high
for this reason.

For the J.L.I. the values observed here for repeated running tests
carried out within a'week are similar to the.value reported by Jones
(1966) for +the Lability Index based én changes in the FEV, following
running exercise in a similar group of children.

From the results of the present study, it would appear that the
reproducibility of the % Fall Index, J.L.I. and E.L.I. is better when
treadmill exerciss is used compéred to free range running exercise.
Values for the coefficient of variation for the indices of bronchial lability
are lower for both forms of running exercise when repeated tests are

carried out within a short interval of time.



SECTION 3

CARDIOPULMONARY RESPONSE TO DIFFERENT FORMS OF

EXERCISE IN NORMAL AND ASTHMATIC SUBJECTS
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NORMAL _ SUBJECTS

Introduction

It has been known for some time thaf different types of exercise
do not always give the same ventilation, heart rate, respiratory exchange
ratio, and lactic acid production in normal subjects working at the same
oxygen consumption (Collett and Liljestrand, 1924; Astrand 1952; Bobbert
1960; Bevegard, Freyschuss and Strandell, 1966; Hermansen and Saltin,
1969; Anderson and Godfrey, 1971). In children there have been several
studies on the response to steady state and progressive bicycle exercise
(Gadhoke and Jones, 1969; Godfrey, Davies, Wozniak and Barnes, 1971;
Bar-Or, Shepherd and Allen, 1971; Macek and Vavra, 1971) and treadmill
exercise (Robinson 1938; Astrand 1952) but there are no reports on the
response to free range running in children.

Cardiovascular response to arm cranking exercise has been reported
but the exercise was carried out in the sitting and supine position
(Bevegard et al, 1966; Bobbert 1960). In the present study cardie-
pulmonary response to arm cranking exercise was investigated in normal,
adult subjects in the standing positisn.

PEFR has been observed in normal adults during and after progressive
bicycle exercise (Irnell and Swartling, 1966) but no data is available
in the literature for PEFR during and after other forms of exercise in‘
adults or in children.

The following study was designed to investigate the cardio-pulmonary
response to different forms of exercise and to determine the normal
range of bronchial lability as measured by changes in the PEFR during

and after exercise and bronchodilater aerosol in adults and children.



TABLE

3 -1

Distribution of normal children by age, height and wsight

treadmill exercise.

Distribution by Aqe

Age Group (years) 5.0
No. of Boys
No. of Girls 2

Distribution by Height

Height Group (cms.) 100
No. of Boys 1
No. of Girls - 1]

Distribution by Weight

Weight Group (kg.) 15.0

No. of Boys
No. of Girls 0

110

20,0
24.9

120

25.0
29.9

3
S

8.0

130

30.0
34.9

1
1

140

35.0
39.9

3
5

10.0

150

40.0

44,9

11.0

160

45,0
49,9

12.0

170

50.0
54,9

13.0

55,0
59.9

14,0

60.0
64.9

15,0

65.0
69.1

LS
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General note on normal subjects

The normal subjects who fook part in the exercise studies presented
here consisted of a group of volunteer children from the local schoo}s
ahd young adult staff members of the institute.

Parents of the children were asked for and gave their consent to the
exercise studies to be carried out.

Each subject was examined clinically before the tests by one of the
physicians in the department, no sign of asthma or other significant
disease was found.

As the majority of the subjects had taken part in previous exercise
tests in the laboratory they were familiar with the machinery and equipment
used. Some of the childreﬁ returned to the laboratory on several occasions
%o pexrform differentAtypes of exercise.

As the actual numbers of subjects involved in the separate studies
differed, the details of anthropometric data are given separately for

each group.

SUBJECTS _AND METHODS

Treadmill Exercise Normal Children

4 group of 40 children including 19 boys and 21 girls performed
treadmill exercise on two occasions. A summary of their physical
characteristics is given in Table 3-1.

A simple adjustable treadmill was used (Quinton, see Appéndix). A
preliminary running test was carried out on each child at a level
which would produce an H.R. g8reater than 170 beats per minute. Changes
in PEFR were recorded with a Wright Peak Flow Meter during and after

this exercise test but no bronchodilator aerosol was given after the exercise.



TABLZ 3 =2

Physical Characteristics on the 9 normal

children who performed fres range running

axercise.

Sex fige Height Weight

in in cms. in Kg.
Years

1 m 7 116.5 21.8

2 F 7 126 20.9

3 F 9 134.5 28

4 Il g 148 38

5 I 10 142 29.6

6 ; M 11 129.3 24.5

7 m 12 156 43.5

8 F 14 158.5 54

g M 14 163.2 47.8
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Following thepreliminary exercise and after a rest of at least
one hour, a second exercise test was performed at two selected work
loads. The two selected work loads represented approximately 50% and
80% of the child's physical working capacity (Robinson 1938). For both
work loads the treadmill speed was held constant for any one child and
the slope was varied. Details of the measurement of H.R., VE and the
collection and analysis of mixed expired gas have been described
previously in Section 2.

Expired gas was flushed through the Tissot spirometer and analysed
and CO0,. After a perivd of 10 minutes during which

2 2

time measurements were made at rest, exercise was commenced at the lower

continuously for O

work level. When H.R., VE and expired gas concentration were all steady
(after 2-3 minutes) collection.of the gas was made for at least 1 minute.
Immediately after the collection, the slope of the treadmill was doubled
and the second work load was performed without pause. Gas analysis from
the first work load was made during the first minute of the second work
load.

On a further occasion a second group of twenty normal children and

a group of eight young adults performed a simple treadmill exercise test

60

and PEFR was measured during, and after exercise and after the administratien

of bronchodilator in the manner previously described in Section 2.

Free Range Running, Normal Children

Nine children including 3 girls and 6 boys who had previously taken

part in the treadmill exercise study and a bicycle exercise study reported

from the sama laboratory (Godfrey et al, 1971) were tested during and
after free range running exercise. Their physical characteristics are

given in Table 3-2., FRach child ran for 6 minutes around the hospital
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grounGs. TFiFR was measured (Wright Peak Flow Meter) at rest, during
and after exercise and after the administration of bronchodilatox '
aerosol. Heart rate was recorded throughout the 6 minutes of exercise
and during the last minute of exercise mixed expired gas was collected
in ordexr to obtained values for VE and V02. A Parkes Electronic raéio
telemeter was used to monitor the H.R. and expired gas was collecteé

in a neoprene meteorological balloon. Details of the recording of the
H.R. in this mamner and. the collection and analysis of the mixed exﬁired
gas have been given in Sectioq 2.

Arm Cranking Exercise, Normal Adults

Thirteen adults including 7 women and 6 men of average height and
weight between the ages of 17 and 32 years were studied during progressive
and steady state arm cranking exercise in the standing position.

The progressive exercise test was carried out in oxrder to determine

the maximum working capacity for arm exercise in each subject. The
subject started arm cranking at an initial load of 10 W. and turned the
cranks at 60-80 R.P.M. After each minute the work load was increased

by a further 10 W. until the subject could no longer continue %o exercise.
The nexi day the subject returned to the laboratory and carried out a

steady state exercise test at two work loads, which represented 33% and

66% of the maximum work load achieved during progressive exerxcise.

The measurements made and the method in which the exercise was
carried out was identical to that described for the children performing
treadmill exercise.

Eight of the subjects returned o the laboratory on a third occasion
and performed a simple 6 minute steady state exercise test equivalent to
50-75% of their previously estimated maximum capacity. Heart rate during
this test was greater than 160 beats/min. in all the subjects. Measurements
of PEFR were made at reét and at 2 minute intervals during exercise and
after exercise for a period of 15 minutes and again after salbutamol and

exercise.
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Bicycle Ergrmeter Ixcrcise

A group of 8 young adults and a group of 9 normal children performed
a simple steady state bicycle exercise test. The work load was set so
that the H.R. was greater than 160 beats/hin. in the adults and 170
beats/min. in the children. TUsing a Wright Peak Flow Meter, PEFR was
measured at rest, during and after exercise and after bronchodilator
(salbutamol) and exercise in the manner described in Section 2.

Calculations.

Por the exercise studies in which mixed expired gas was collected
the calculation of V02, VCOz, R, VT, f and other measurements of cardio-
pulmonary response to exercise wore made in accordance with the standard
equations set oubd in Section 2.

Results obtained from the measurements of PEFR have been used o
calculate the indices of bronchial lability defined in Section 2.

The predicted values for PEFR which have been used in the follewing
analysis have been taken from Godfrey, Kamburoff and Nairn (1970) for

the children and Cotes (1968) for the adulis.
RESULTS

The ecardioc vascular response to the different forms of exercise
in the present group of normal subjects was similaxr to that previously
reported for other subjects (Robinson 1938; Astrand 1952; Bevegard et
al, 1966).
The level of V02 achieved during the steady state exercise was
similar for all forms of exexcise. Ventilation and H.R. were significantly

related to VO, and were of the same order of magnitude during each type

2
of exercise.
There was no significant difference in the values obtained for the

indices of bronchial lability between the different forms of exercise

and the values observed were similar in the children and the adults.
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TRBLE 3 - 3

Individual and m2an results for ventilation,
heart rata and yas exchange during the finpal
minute of Free Range Running Exercise in 9

normal children.

Subject | VE Vo VE/ R H.R.
Lol mig. va, beats/min.

1 34.6| 860 40,2 1.06 154
2 39.6| 865 45.9 1.00 164
3 35,2 | 1290 27.2 0.73 166
4 54.2 1 1910 28.5 0.93 172
5 37.2 | 1100 33.6 0.94 154
5 29.3 | 915 32.0 0.87 170
7 48.0 | 1845 26.0 0.80 178
8 49.7 | 2080 24.0 0.86 200
¢ 74.0 | 2445 30.4 0.92 201

ME AN 44.6 | 1480 31.9 0.90 173

S.E.M. 4.5 | 200 2.35 0.03 5.8
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TABLE 3 - 4

Arm exercise -~ Normal Sub jects

Regression Equations.

.2.

Y X B m SEY T n Significance
Vo, 07 WATTS 15.06 371.73 67.2 0.97 12 rat
vo, 8 WATTS 16.39 297.0 49.5 0.97 14 ot

b L ; c +4+

'cumav.mr:bf?, WNTTS 15-97 N7S 549-6 o' qg 26
VE a7 vo, 0.0%6 —4.62 2.61 0.9 12 it

2 vo, 0.038 -0.71 4.55 0.86 14 .
Combinad U02 0.03 3.6 4,42 0.89 26 o
HR O Vo, 0.07 46 .9 18.66 0.72 12 a4

Vo, 0.07 89.33 16.71 0.64 14 .

For symbols

see Abbieviations
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FIGURE 3-2
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FOR TREADMILL EXERCISE (SINGLE LINE). THE SHADED AREA

REPRESENTS + 1 S.E.NM. ABOUT THE REGRESSION LINE FOR
BICYCLE ERGOMETER EXERCISE.



FIGURE 3-3
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VENTILATION IN RELATION TO OXYGEN CONSUMPTION

IN NORMAL ADULT SUBJECTS DURING DIFFERENT

VE
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TABLE  3-5

ARM EXERCISE
NORMAL SUBJECTS.
MEAN VALUES FOR MEN AND WOMEN AT ONE THIRD AND
TUO THIRDS OF MAXIfUNM WORKING CAPACITY WITH ARMS,

WATTS VE Vo VE/ R PET k) f H.R.
L. 12 Vo, Co mls
- - _.mmﬁg
lst workload . . ' '
o7 ME AN 32 26 .1 851 30.6 1,08 37.4 | 1402 19 106
S.E .M. 0.6 1.04 21.6 ~0:9 0.02 0.5 121 1.8 7
n 6 6 6 6 6 6 6 6 6
@ MEAN | 19.6 21,1 627 34,0 1.06 33,7 1166 20.2 130
S.E .M. 1.3 0.75 23 1.7 0.04 0.6 190 2.7 5,1
n 7 7 7 7 7 7 7 7 7
2nd workload ) .
o ME AN 64 43,1 1336 32,2 1,13 36.6 1809 24,0 140.5
S.E .M. 1.3 2.15 34 1.0 0.02 0.9 116 1.6 8.4
n 6 6 6 6 6 6 6 6 6
@  MEAN 39,1 36.8 929 40.3 1,20 31,8 1351 29.8 157
S.E.NM, 2.6 14.0 58.4 2.3 0.06 0.8 152 3,5 7.0
n 7 7 7 7 7 7 7 7 7

For Symbols sée Abbreviations.

-

89
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Tor treadmill exercise the oppcriunity has been ftaken in the various

illustrations and tables to compare the results with those obtained
during steady state bicycle exercise in a similar group of children
studied six months previously in the same laboratory using the same
respiratory equipment and method of measurement (Godfrey et al, 197L1).

In the illustrations of the results for arm cranking exercise the

data reported by Hermansen ond Saltin (1969) for young adults performing
cycling ana treadmill rumning exercise have been illustrated, in order
to compare the normal response to arm and leg exercise.

Oxygen Consumpiion

For treadmill exercise V02 in relation 0 speed and slope of the
freadmill and weight of the subject was similar to that observed in other
normal childr~n rumning on a treadmill (Silverman and Anderson, 1972 b).

The V02 observed in the children during free range running exercise
(Table 3-3) was similar to that observed in subjects of the same weight
working at 80% of their working capacity on the treadmill.

For arm cranking cxercise the maximum load obtained during the
progressive eXercise varied between 90-12C W. for the men while the
women had a considerably lower makimum working capacity ranging from
40-70 W. Tor steady state arm cranking exercise VO2 was linearly related
to work and there was a small difference due to sex (Fig. 3-1, Table 3-4).
Ventilation

Ventilation was significantly related to V02 during all forms of

exercise (Figs. 3-2, 3-3, 3A-1). For the children size or sex did not
affect the VE in relation %o VO2 during freadmill rnning.

During free range running exercise VE was similar t0 that observed
in the children running on the treadmill at fhe same V02, with the

exception of the two smallest subjects in whom VE in relation to VO, was

2
nigher than that observed during treadmill rumning (Table 3-3).
For arm cranking exercise VB in relation to VO2 was higher in the

women compared to the men (Fig. 3-3, Table 3-5).°
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RELATIONSHIP BETWEEN PULSE (HEART RATE) AND LOG Vﬂz"
FOR BOYS.
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FIGURE 3-5

TIONSHIP BETWEEN PULSE (HEART RATE) AND LOG U02
FOR GIRLS.-
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TABLE 3 - 6

Regression equations for ventilation, 7Tidal Veoluie and heart

rate for treadmill exercise in normal children.

Y X ' B m S.E.Y. T n
VE U02 0.026 0.025 5.3 0,95 63
yT UD2 0.640 62.4 173 0.91 63
Treadmill Expected 0.667 47,9 17,0 0.50 63
Heart Bicycle
Rate Heart
Rate

For symbols see Abbreviations.

&L
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FIGURE 3-7 |

HEART RATE IN RELATION TO OXYGEN CONSUMPTION-
DURING EXERCISE IN NORMAL ADULT SUBJECTS
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FIGURE 3-8

R__BOYS R GIRLS
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RESPIRATORY EXCHANGE RATIC AT REST AND DURING
TREADMILL () AND BICYCLE EXERCISE (a) IN BOYS
AND GIRLS.



TABLE 3 - 7

Comparison of tha values for respiratory exchange ratio end tidal

.carondioxide and frequency of breathing obtained during

treadmill exercise in normal children and bicycle exercise.

L]

REST WORK I WORK 11
T B Jignificance T B Significance T B Significance
of of of
Differencs Dif ference Differance
R
Mean 0.98 0.97 NS 0.83 0.97 *x* 0.90 1.0 * % ¥
S.E.M. 0.12 0.02 0.02 0.01 0.01 0.01
n 36 90 32 106 33 101
PETCO2
Mean 28.5 33.4 **¥ 31.9 36.7 *x 31.3 32.7 NS
S.E.M. 0.8 1.09 0.77 0.56 0.7 0.8
n 39 26 39 26 37 26
f‘
Mean 26 .4 20.1 ** 39.3 32.9 *% 43,1 46.1 NS
S.E.NM. 1,53 1.3 1.8 2.1 2.1 2.2
n 36 26 36 26 33 26
For bicycle results _
R vales from Godfrey et al 1971 T = TFeadmill
PETCOD, and f veles from Taylor et al 1972. B = Bicycle Ergometsr

92
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Heart Rate

For treadmill exercise H.R. has been plotted against the logarithm

of VO2 to obtain + a linear relationship between H.R. and V0, Girls
had a higher H.R. than boys for the same V02 and heart rates were lower
in the taller children than in the smaller children working at the

same VO, (Figs. 3-4, 3~5). Values for H.R. have been compared with

an 'expected' value for H.R. from bicycle ergometer exercise (Fig. 3-6,
Table 3-6). This 'expected' value was predicted on the basis of Vo,
and height by using the multiple regression equation for ergometer
work (Godfrey et al, 1971). Heart rates were generally lower on the
treadmill than those expected from the bicycle ergometer exercise.

For free range running exercise the values obtained for H.R. in the

children were similar o those observed for treadmill runnirg when V02,
height and sex were taken into account.

For the adults performing avm cranking exercise H.R. was linearly

related to VO, in both the men and women (Fig. 3-7, Table 3-4). Women
showed a considerably higher H.R. than men at the same work load (Table 3-5).

Respiratory Exchange Ratio

During treadmill exercise the R rose from the first to the second

work level but at both work levels it was significanily lower than that
reported in a similar group of children working on a bicycle ergometer
(Fig. 3-8, Table 3-7). There was no significant difference in the values
for R between the boys and the girls during treadmill exercise.

For the free range running the values for R varied considerably though

the mean value for the group was similar to that obtained during the
second work load of the freadmill exercise. In the two smallest children

in the group values for R rose above 1.0 (Table 3-3).
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During arm exercise the values for R were grcater than 1.0 in

both the men and the women and values were higher than those seen in
the children performing exercise with the legs. Respiratory exchange

ratio increased with increasing work load (Table 3-5).

End Tidal PCO, (PETCO.)

Mean values for PETCO2 observed during treadmill exercise in the
normal children are given in Table 3-7. PETCO2 was lower at rest than
on exercise, and the difference was significant. The PETCO2 was similar
during both work loads, and there was no significant difference in the
values obtained during treadmill exercise and values observed during
the second work load oF bicycle exercise (Table 3=7).

The mean values for PET002 for men and women obtained during arm
cranking exercise are given in Table 3-5. The women had significantly

1ower values for PETCO, compared with men working at the same percentage

2

of their maximum working capacity.

Frequency of Breathing (f)

Mean values for f obtained at rest and during treadmill exercise
are given in Table 3-7. There was an increase in the frequency of
breathing from reét to exercise and an increase from the first to the
second work load the differences being significant. Compared with values
obtained for bicycle exercise on a similar gr&up of children, during the
first work load the f during treadmill exercise was significantly higher
than the bicycle exercise, but at the higher work loads there is no
significant difference for f beiween these two forms of exercise in normal
children. For arm cranking exercise there was no significant difference
between the values obtained for men and women at either level of work.

The results for the groups are given in Tablev3—5.



TABLE 3 - 8

Resting PEFR and indices of bronchial
lability measurec during and after
different forms of exercise in

normal children.

. Ergomseter | Treadmill Free Range Run
Mean  S.E.M. n | Mean  S.E.N. n Mean  S.E.M.

Rest as | i 96,7 8 60 94.3 2.5

i : ﬁ
%Igﬁéi 1.0 2.9 9 3.5 0.7 - 60 | 6.4 1.4
%I§§:§ - 11.6 4.1 g 8.2 0.7 60 | 9.0 2.0
E.L.I. ' 12.6 1.53 9 11.7 0.7 60 | 15.4 2.4

} . .
J.L.I. i 16.9 2.8 9 12.4 1.1 19 {14.1 1.9

62



TABLE 3 - 9

Resting PEFR and .ndices of bronchial lability measured during and

after different forms of exercise .in normal adults.

Ergometar

Treadmill

Arm Cranking

Mlean S.E.M.

n Mean S...m.

Mean S.E.M,

Rest as

% of predicted

% Fall Index

% Rise Index

E.L.T.

J.L.I.

94,2 4,2

3.1 0,8
“.5-'.2 1.5
8.3 0;9
8.4 3.3

8 94,9 5.3

8 3.4 1,05

93.9 3.7
3.6 1.0
0;9 1,4

12.6 1.6

12,7 1;8

08
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 FIGURE 3-9
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lUHD PERFORMED TREADMILL EXERCISE,
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Indices of Bronchial Lability

The mean values for the indices of bronchial lability and the
resting PEFR as a percentage of the expected value for the groups of
normal children and adults pexrforming different forms of exercise age
given in Tables 3-8, 3-9.

The mean resting values for PEFR prior to each form of exexrcise
were within normal limits in both the children and the adulis.

All the exercise tests showed that theré was some degree of bronchial
lability present in the groups of normal adults and children,

Though small differences occurred in the values of the indices
measured during and after the different forms of exercise these differences
were not significant, and there was no significant difference between
the resulis obiained for the normal children and the adults.

As the laxrgest group studied was that during and after treadmill
exercise a distribution graph for the % Fall Index in the group of 60
normal children is given in Fig. 3-9. In this particular group only
one subject Lad a % Fall Index greater than 15. In 16 of the subjects
exercise resulted in only a rise in PEFR in which case by definition

(see Section 2) the % Fall Index in these subjects was below zero Fig. 3-9.

DISCUSSION

METABOLIC STUDIES

It would appear from the results of the progressive excrcise test
that when exercising with the arms the maximum work load that can be
achieved in normal adults is only about 50% of that which can be obtained
during maximum progressive bicycle exercise with the legs (personal .
observation). This is most likely due to the smaller muscle groups

involved in arm cranking exercise.
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The linzar relationship obtained between VO2 and work rate for
steady state exercise with the arms has been observed before (Muller
1953) and is also found in bicycle exercise with the legs (Astrand
1952; Higgs, Clode, McHardy, Jones and Campbell, 1967; Hermansen and
Saltin, 1969). During arm exercise at work loads greater than 40 W.

V0, is higher than that obtained in leg exercise (Fig. 3-1). This is

2

in keeping with other workers who have found that in comparison with
cycling with the legs arm cranking energy expenditure is greater
(Collett and Liljestrand, 1924; Christensen and Hansen, 1938; Asmussen
and Nielson, 1947; Bobbert 1960).

Ventilation in relation to VO, observed in the 40 normal children

2
performing treadmill exercise was similar to that previously reported

in children (Robinson 1938; Astrand 1952) and adults exercising on a
treadmill (Hermansen and Saltin, 1969). There appears to be little
difference in the VE in response to free range rumning exercise compared
10 treadmill running'exercise in a group of normal chiléren working

at about 80% of their total working capacity. For moderate running
exercise VE in relation to V02 ig similar to that obkserved in children
exercising on a bicycle ergometer (Godfrey et al, 1971). When VO2 was
greater than 1.5 L/hin. the VE during treadmill and free range running
was slightly lower than that observed during cycling (Fig. 3-2). Similar
differences in VE between cycling and running exercise have been observed
in adults (Hermansen and Saltin, 1969) (Fig. 3-3).

Ventilation in relation to VO, during arm cranking exercise in the

2
standing position appears to be higher than that reported for bicycle
or treadmill exercise (Hermansen and Saltin, 1969; Tabakin, Hansom,

Merriam and Caldwell, 1964; Naimark, Wasserman and McIlroy, 1964).

Bobbert (1960) compared three forms of exercise in the same subjects



84

(cycling. cranking and walking) and nlso found a higher VE during arm
cranking than the other two forms of exercise, the values for VE in relation
to VO2 reported during arm excreise were similar to thoseobserved here.

The relatively greater VE during arm exercise remains unexplained.
Investigations have been made of arterial blood lactate concentration

during arm and leg exercise in the same subjects, but no relationship

was found between thé higher ventilatory rate observed during the arm

work (compared to the leg work) and the degree of anaerobic work (Bevegard
et al, 1966).

In the present study higher heart rates were observed in the smaller
children than the taller children working at tha same VOZ‘ Similarly
i% has been reported previously that during moderate work (walking on
a treadmill) <2t H.R. is higher in younger than older children (Robinson,
1938). The younger children have a relatively smaller sized heart and
thierefore must increase their H.R. in order to maintain the same cardiac
output as the older children.

During running exercise on the treadmill H.R. was lower than that
predicted for bicycle exercise at the same VOZ' Similar differences in
H.R. between running and cycling have been shown in young adults (Hermansen
and Saltin, 1969) (Fig. 3-7).

A linear relationship between H:R. and V02 during arm cranking
exercise has bcen shown by Boothby (1915) and Collett and Liljestrand (1924).
Heart rates have been reported during arm cranking exercise and are similar
~ to those observed here (Asmussen and Hemmingsen, 1958; Bobbert 1960). It
is interesting to note that Astrand (1952) reported a difference of 40
beats per minute in H,R., between men and women cycling at a V02 of 2.0
L/min. and in this study a difference of 43 beats/binute in H.R, was

observed between the sexes working with their arms at a VO, of 1.0 L/min.
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Hea;" rcatz’ in relation %o VO2 obser+vad in ihe young adults during arm
cranking exercise were higher than previously reported values in a
similar group of subjects working on a bic&cle or walking on a treadmill
(Collett and Liljestrsand,1¢24; Grimby 1962a, Tabakin et al, 1964; Naimark
et al, 1964; Hermansen and Saltin, 1969; Edwards, Jones, Oppenheimer,
Hughes and Knill Jones, 1969).

During arm cranking exercise in the erect position the stroke
volume n1as been observed to be lower compared with that found during
cycling exercise in the same subjects. This lower stroke volume is
accompanied by an increase in H.R. during work with the arms, so that
cardiac output remains the same when exercising with the legs or the
arms. The reason for the higher H,R. during arm work is unknown, but it
has been suge--. 24 that it could be related to the higher sympathetic
outflow and higher ventilation observed in this form of exercise (Bevegard
et al, 1966). It has also been suggested that the smaller stroke volume
may be due to the "smaller capacity of the venous pump in arm work as
compared to leg work" (Asmussen and Hemmingsen, 1958).

For the respiratory exchange ratio, values cobtained in the present

-

group of normal children were similar to those previously reporied for '
young boys performing moderate work on a treadmill (Robinson 1938) but
higher than those reported for adult subjects (Tabakin et al, 1964).

Respiratory exchange ratio was higher during arm cranking exercise
than running exercise and it was also higher than values reported for
cycling or walking (Bobbert 1960; Ndimark et al, 1964; Higas et al, 1967;
Godfrey et cl, 1971). .

The values obtained demonstrate that marked differences can occur
in the measurements of R between various forms of exercise tesis. These
differences may be due to differences in muscle mass involvemeni and

production of laatic acid during exercise. Arterial blood lactate



TABLE 3-10

Reported values in normal sub jécts for maximum % change in airways resistance (maasured by

different me thods) during and after various forms of exercise.

Source Rge Sex No Type of Dura~ Para ’ During exercise After Exercise
exercise tion meter l lean [Max Change iean Max 5.0. or
Mins. % (+ 1SD) Change Range
CAPEL & SMART Adults M + F 6 Step 5 FEV1 NO aIG\IFIC NT CHANGE
(1959)
ENGSTROM £T AL 7-15 M + F{ 13 Bicycle 12 Rp +3.7 (£1.07) -28.9 +8.3
(1960) o -
McNEILL ET AL Adults ? 10 Stair- 8t Raw - +74,7 +41,1
- (1966) climbing (25-156)
IRNELL & 18-46 M 25 Bicycle 6-18 PEFR +3.4 (+7.0) ~3.3 +5.7
SWARTLING (1966). 25-49 F 33 6~18 PEFR +7.8 (%5.9) -0.2 +7.0
HEIMLICH ET AL | Children M + F | 36 Treadmill FEVL | +5.0 (+4.7) -2.1 +3.0
(19656) Walk .
JONES (1966) Children| M 18 Running 8 FEV1 - -3.0 O0x -12
(LI= 8) g- -18
ZAID £T AL Adults m 6 Treadmill 6 FEV1 - 0 2- -5
(1968) : Walk )
KJELLMAN (1969) 8-12 i + F| 10 Bicycle 12-18 FEV1 - -0.,7 +3.9
PIERSON ET AL Children ? 4 Bicycle 5 FEVL - -0.8 +1,0- -2.0
(1959) _
JONES (1969) 20-35 24 ?Treadmill 8 FEVL - LI=12 - .
LEFCOE (1969) 20-23 M + F | 10 Bicycle 20 FEVL: +8.0 (+8.8) -1.56 +23,0
FISHER ET AL 17-27 [Ma+ F 4 Stair- 8" Raw - +11,0 | -6 - +27
Climbing
Bicycle Raw - 0 -25 - +14
LEFCOE €T AL Adult m Treadmill 8! MMEFR - -4.2% +4.3 )
(1971) Inon-smcking | .
| L1 = Lability Index of Jones (1966) o
(=)
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measurements have been reported and show tiat there is greater production
of lactic acid during arm cranking than cycling (Bevegard et al, 1966)
and more during cycling than running (Hermansen and Saltin, 1969).
Relativély larger muscle groups are involved in running than in cycling
and arm cranking exercise.

The lower valueS'observed here for PETCO2 at rest compared %o
exercise during treadmill exercise are in keeping with other reports
that values for PEICO, are higher during exercise (Matell 1963). The
lower values for PET002 observed in the women compared with the men
during arm cranking exercise are likely due to the lower work load
performed by the women compared with the men.

It appears that the frequency of breathing is higher during
treadmill exc.ocise than bicycle exercise when normal children are
working at 50% of their maxdmum working capacity. This difference
would also account for the lower values for PETCO2 observed during the
first work load of treadmill exercise compared with cycling exercise.

At the higher work load there was no significant difference in the values
for £ or PE‘I‘CO2 observed during treadmill running  compared with a

similar group of children cycling on a bicycle ergometer.,

The values: reported here for changes in PEFR during and after exercise

are similar %o those found for changes in FEV'l in normal children and
‘adults (Jones 1966; Heimlich, Strick and Busser, 1966; Kjellman 1969;
Lofcoe 1969; Pierson e} al, 1969). For comparison, changes in various
parameters of airways resistance following different forms of exercise
which have been reported in the literature for groups of normal subjects
are given in Table 3-10. The only values available in the literature

for changes in PEFR during and after exercise are those reported for

adults performing progressive bicycle exercise (Irnell and Swartling, 1966).
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In the present gtudy using PEFR, only small differences were found
for the values of the indices of bronchial 1ability between the different
forms of exercise. Similarly there were only small differences in ﬁhe
values for the indices obscrved for the children and adults. These
differences found between different forms of exercise and between adults
and children were not statistically significant.

Actual values obtained for the indices compare favoﬁrably with those
reported in the literature for changes in FEV1 during and after similar
forms of exercise.

Mean values for the % Fall Index following treadmill exercise in
the present study are the same as that for changes in FEV1 after running
exercise observed by Jones (1966). Values for the J.L.I. observed here
for children are slightly higher and for adults slightly lower when
compared with the values obtained for Lability Index based on the
measurement of FEV, (Jones 1966; Jones 1969).

For the group of 60 children performing exercise on the treadmill
no fall in PEFR was observed in 16 of the subjects during or after
exercise and similarly in some normal children exercise does not cause
any fall in FEV, following rumning exercise (Jones 1966) and walking
on a treadmill may not result in a fall in FEV1 in adults (Zaid, Beale
and Heimlich, 1968). For cycling exercise the % Fall in PEFR observed
in the adults and children in the present study is similar to the fall
observed in PEFR following progressive bicycle exercise (Irnell and
Swartling, 1966) and FENi after steady state bicycle exercise (Kjellman
1969; Lefcoe 1969, Pierson et al, 1969). The % Rise in PEFR appears to
be slightly higher during steady state bicycle exercise as performed here
compared with progressive bicycle exercise (Irnell and Swsartling, 1966).
There are no reported figures for the changes in fﬁFR or FEV1 during and
after arm cranking exercise. The values obtained in the normal adults for
the indices of bronchial lability following this form of exercise are no

different franthose observed for other types of exercise using the legs.



ASTHMATIC SURJECTS

Introduction

Since the work of Jones and his colleagues in 1962, exercise has
become a common "challenge" test for inducing bronchocomstriction in
asthmatic subjects.

Many different forms of exercise have been used and these include
running (Jones 1966), stairclimbing (McNeill et al, 1966; Fisher et al,
1970; Pavies 1968), cycling (Irnell and Swartling 1966, Kjellman 1969;
Pierson et al, 1969; Poppius et al, 1970; Kafz et al, 1971), walking
(Heimlich et al, 1966; Sly 1970; Zaid et al, 1968) and more recently
swimming (Fitch and Morton, 1971). No reports have been made regarding
exercise performed with small muscle groups such as used in arm cranking
exercise, or downhill rumning exercise which involves negative woxrk.

Cycling and swimming have been reporited to be poér methods for
inducing asthma by exercise (Jones et al, 1963; Beaudry, Wise and Seely,
1967; Fitch and Moxrton, 1971), and we have gained this impression ourselves
from the results of a large number of progressive bicycle tests carried
out on children atiending the out-patient clinic.

Other workers have continued to use bicycle exercise in asthmatic
subjects (Pierson et al, 1969; Poppius et al, 1970; Katz et al, 1971)
and have claimed that this exercise is effective in producing E.I.B.,
though their results show that less than 50% of their subjects developed
significant bronchoconstriction following this form of exercise. In
some studies using a motor driven treadmill, walking exercise as opposed
to rumning exexrcise has been used, and similarly in these studies only
50% of the subjects developed E,I.B. (Zaid et al, 1968; Sly 1970a;
Heimlich et al, 1966). Recently it has been shown that there is a
significant difference in the degree of bronchoconsfriction developed

after walking and running exercise at the same oxygen consumption, the



constriction being gréafer after running tisa walking on a treadmill
(silverman énd Anderson 1972 a).

Apart from the nature of the exercise it has been shown that
duration and inftensity of the exercise is also important (Jones et a?,
1963%; Silverman and Anderson, 1972 a).

These factors have been overlooked by many workers who have studied
asthmatic subjects after progressive work on a bicycle ergometer or
exercised subjects for less than the minimum time of 6-8 mimutes (Irmell
and Swartling, 1966; Katz et al, 1971; Chan-Yeung, Vyas and Grzbowski,
1971; Pierson et al, 1969). This may account for the differences in the
incidence and degree of bronchoconstriction reported after different forms
of exarcise but the problem still remains as to whethér these are just
random differences due to variations in methods and duration or intensity
of the exercise or whether in fact these are real differences due to the
natufe of the different forms of exercise.

There have been no published reports (with the exception of the
author, see Appendix) regarding differences in bronchoconstriction in
the same subject, following different forms of exercise, performed within
a short fime interval, at similar VO2, VE and H.R. However recent studies
have been published indicating that some variation in the degree and
incidence of E.I.B. can occur following various forms of exercise performed
at similar heart rates (Fitch and Moreton, 1971).

Many of the previous investigations in asthmatic subjects during
exercise have failed to include measurements of ventilatory parameters
other than those relating to airways resistance. Though differences in
changes of airways resistance have been noted between normal and asthmatic
subjects during and after exercise little mention has been made of the

cardiopulmonary response o exercise in asthmatic subjects compared



Figure:. 3 - 10

PAEDIATRIC LABORATORY

PRE-EXERCISE QUESTIONNAIRE
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with normal subjects. Some workers liave sl.wn the response to exercise
in asthmatic children to be normal (Bevegard, Eriksson, Graf-Lonnevig,
Kraepelein and Saltin, 1971; Engstrom et al, 1960; Katz et al, 1971)‘
or simnilar to normal childxen with a decreased working capacity
(Geubelle and Jovanovic, 1971). All these studies involved riding a
bicycle ergometer and there appear tp be no results (with the exception
of changes in airways resistance) of the response fo running, swimming
exercise or arm cranking exercise in asthmatic subjects. Similarly no
reported differences have been made on the effect of exsrcise between
asthmatic adults and asthmatic children.

The aims of the present study were 1o investigate asthmatic subjects
including children and adults during and after exercise in order to (1)
assess the cardiopulmonary response t§ various forms of exercise using
large and small muscle groups and involving varying components of positive
and negative work; (2) evaluate differences in response to exercise in
asthmaticchildren and adults; (3) compare the response of asthmatic
with normal subjects of a similar age and working under similar
conditions; (4) observe any significant variation in cardiopulmonary
response to different forms of exercise in asthmatic subjects; (5) evaluate
the effect of these different types of exercise on measurements of PEFR
made during and after exercise.

General note on Asthmatic Subjects

All asthmatic subjects who‘took part in gtudies which make up the
present study had asthma as defined by Scadding (1966) and were either
in-patients or out-patients of the Brompton Hospital during the period
from Januaxy 1970 to April 1972.

A history of exeréise tolerance was taken from each subject (see
Fig. 3-10) and all complained of "wheeziness" either during or following

gome form of exercise.



TABLE

Physical characteristics of.the asthmatic

children who performed bicycle ergometer

and running (treadmill and free range)

exercise,

GROUP A

Sub ject Sex Age in Height Weight
No. Years. im.ems. in"Kg.

1 F 8 124 24
2 il 8 129 23,6

3 m g 128 30
4 F 10 153 43.5
5 m 12 145 31.5

6 F 13 139 35
7 m 15 161 40,6
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A preliminary exercise test whicr tnok the form of rﬁﬁhing was
carried out to assess the degree of bronchocoﬁstriction that developed
after the exercise. |

A physician was present at all +times during the exercise tests
performed by the asthmatic subjects.

With the exception of corticosteroids all drugs were suspended
for a period of at least 6-8 hours prior to any exercise test.

As the results of several different exercise tests on these subjects
were to be compared an attempt was made to ensare that the clinical
condition as measured by the PEFR at rest was similar on the days of
study. It was also considered favourable if the subjects could be studied
during a symptom free interval though this was not always possible. I%
was possible however for all of the subjects to complete the exercise test
for the required length of time (6 minutes in children, 6-8 minutes in
adults).

As the reproducibility of the response to exercise testing in
asthmatic subjects has been shown to be less with increasing intervals
of time between repeated tests (see Section 2) it was neceésary when
different exercise tests were to be compared in the same subject, that
these tests be carried out within an interval of 7-14 days, or if possible
on consecutive days.

No subject performed more than one exercise test on any one day.

Exercise tests were carried out in both adults and children. TFor
clarity the subjects have been divided into groups according to the
different forms of exercise they each performed.

GROUP A: Bicycle, treadmill and free range running exercise

A group of 7 children were studied. FEach child performed three
exercise tesis, cycling, treadmill running, and free range running.

The physical characteristics of the subjects are given in Table 3-11.



TABLE 3 - 12

Physical'Characteristics of asthmatic children

who performed swimming and treadmill exercise,

GROUP B
Sub ject Sex Age. in Height Weight
No. Years in cms. in Kg.
1 F 9 129 .26 ;
2 F 9 144 40 .
3 m 9 145. 3a
4 F 10 127,5 24_
5 m 10 150 48,5
6 m 10 140.,5 33
7 M 11 140 31
8 F 11 160. 45
9 m 13 154.5 38
10 i 16 169 51
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TABLE 3 - 13

Physical characteristics of asthmatic adult
sub jects who performed bicycls ergometer and

treadmill exercise.

GROUP C
Sub ject Sex Age in Height Weight
No. Years im cms, in Kg.
1 F 25 174.,5 58,5
2 M 28 170 65
3 M 30 168 65
4 M 30 177 73
5 M 29 178 77
6 | 26 188 84
7 M 27 167 70
8 F 36 153 74
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TABLE 3 - 14

Physical characteristics of asthmatic adult
sub jects who performed arm cranking and

treadmill running exercise,.

GROUP D
Subjéc£ Sex Age in Height Weight
No. Years in cms. in Kg.,
1 F 25 155 4§
2 m 26 171 56
3 m 32 162 59
4 F 44 159:5 53

5 m 44 181 80

37
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GROUP B: Swimming, treadmill

Ten children who were 'untrained! bﬁt capable swimmers were studied
during steady state swimming and treadmill exercise. Four of the children
had been a part of Group A, but the swimming and ireadmill tests in which
they took part were performed a year after the other exercise studies.

The physical characteristics of the group are given in Table 3-12.

GROUP C: Bicycle, freadmill

Eight young adults including 2 women and 6 men were studied during
steady state bicycle and treadmill exercise. Their physical characteristics
are given in Table 3-13.

GROUP D: Arm cranking exercise, downhill running, uphill running,

combined downhill and arm cranking exercise

A group of 5 adults including 2 women and 3 men were studied.(Table 3-14).
Fach subject pertormed 4 exercise tesis in random order. The exercise was
performed under steady state conditions and included arm cranking, up and
downhill running and a combination of arm cranking and downhill running.

In addition to these groups some asthmatic adults performed free
range running exercise, and some asthmatic children ran downhill on a

treadmill and the results of these are included in the illustrations

of the values for the indices of bronchial lability.

METHODS

Measurements were made during exercise of VE, H.R. and PEFR, mixed
expired gas was collected during the las?® 1-1% mins. of exercise. Details
of the methods used for the measurements sade and the calculations are %o

be found in Section 2. End %idal PCO, and respiratory rate (f) were

2

monitored during all tests with the exception of free range running and

swimming exercise.
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Subjects performed the different forms of exercise in the following
mamnex:

L+ Exercise

a) seated on a cycle ergometer;

b) running uphill on a treadmill;

¢) running downhill on a treadmill;

d) unning free range in a corridor or around the hospital grounds.
(Fig. 2-4).

Arm Exercise

a) Arm cranking a cycle ergometer (Puch-Tinturi) (Fig. 3-11)

Combined Leg and Arm Exexrcise

a) treast stroke swimming
b) arm cranking and running downhill on the treadmill at the same time
(Fig. 3-12).

Wnen a group of subjects was to pexrform severai different forms of _
exercise the studies were carried out in random order and within two

weeks. An attempt was made to ensure that the intensity of work was

similar during each type of exercise, with the exception of downhill running

where this was not possible. During swimming and free range running as

the H.R. was recorded continuously subjects were encouraged to maintain

a speed which would produce a minimum H.R. of 165 beats per minute. In
some of the adults who performed cycling ahd treadmill exercise measurement
of mixed expired gas, H.R. and arterial blood measurements were made at

rest and after exercise as well as during exercise. Details of measurements
made at rest and affer exercise for véntilatory parameter§ and the results
of the arterial blood lactate and gas tensions are reported in Section 5.

Swimming exercise was carried out in an indoor swimming pool of the

Imperial College London. The pool temperature varied between 28° - 300 c

and the ambient temperature was 26°C. The pool contained 1-2 parts per
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ﬁillion of chlorine. Tests were carried out in the morning after a

1light breakfast. PEFR wag measured several times at rest when the subject
was in the water and when he was standing by the pool side. Temperafure
of the subject was measured orally before and after the exercise test.
When the subject left the water he was immediately dried and covered

with a blanket in order to keep warm.

For downhill running exercise the treadmill was set at a slope of

-10% by elevating the treadmill on a cylinder box (see Fig. 3-12).
The speed was varied for each subject but in most cases it was 3-3.5 m.p.h.

(5-6 ¥m/h).

For the combined arm and downhill exercise the treadmill was set

in the same fashion.as that for downhill running alone. A bicycle
ergometer was placed in front of the treadmill at shoulder height

(Fig. 3-12). This enabled the subject to run downhill at the same time

as cranking the bicycle with his arms at about 50 R.P.M. A mirrer placed
above the bicycle allowed the subject to see the dial and thus keep turning
the pedals at a constant speed. Tables were used to predict a suitable

VO, for bicycle and treadmill exercise (Godfrey et al, 1971; Hermansen

2
and Saltin, 19693 Givoni and Goldman, 1971; Silverman and Anderson,
1972b; Margaria 1968). For arm cranking exercise V02 was predicted from

the regression equation of V02 and work obtained from the results of

the normal adults.

RESULTS

RESPONSE TO EXFRCISE OF THE ASTHMATIC SUBJECTS

COMPARED WITH NORMAL SUBJECTS

Ventilation during exercise in asthmatic children

Ventilation was linearly related to VO, during all forms of exercise.

2

Values obtained have been compared to values for normal children during
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FIGURE 3-13

VENTILATION IN RELATION TO
- OXYGEN CONSUMPTION IN ASTHMATIC
CHILDREN PERFORMING DIFFERENT
TYPES OF EXERCISE
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FIGURE 3-14

VENTILATION IN RELATION TO OXYGEN
CONSUMPTION IN ADULT ASTHMATICS
PERFORMING BICYCLE & RUNNING EXERCISE
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FIGURE 3-15

VENTILATION IN RELATION TO OXYGEN
CONSUMPTION IN ADULT ASTHMATIC
SUBJECTS PERFORMING ARM EXERCISE
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FIGURE 3-16

HEART RATE IN RELATION TO OXYGEN
CONSUMPTION IN ADULT ASTHMATICS
PERFORMING BICYCLE & RUNNING EXERCISE
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FIGURE 3-17

HEART RATE IN RELATION TO OXYGEN
CONSUMPTION IN ADULT ASTHMATICS
PERFORMING ARM EXERCISES
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bicycle and treadmill exercise énd these are shown in Fig. 3-13. Thq
values observed in the asthmatic subject during exercise were similag
to those observed in normal children working at a similar V02, and tﬁus
the ventilatory equivalent was the same in both normal subjects and
asthmatic subjects.

Ventilation during exercise in asthmatic adults

There was a considerable variation in VE in relation o V02 in
the adult asthmatics when values obtained during the same forms of
exercise were compared, Ventilation tended to be higher during uphill
and flat free range running in the asthmatic subjects when compared to
the predicted values for normal subjects working at the same V02.
In fact all but four subjects had an increase in VE of more than 1 SEY
above the normal regression line (Fig. 3-14) (Hermansen and Saltin, 1969).
During bicycle exercise in 5 of the 8 adult subjects, VE was within
normal limits and during arm cranking exercise VE was similar to that
observed in the normal subjects (Fig. 3-15).

Heart rate during exercise in the asthmatic children

When size, sex and V’O2 were taken into account the asthmatic children
responded to bicycle and running exercise with similarhheart rates as
those pieviously observed in the normal children. There are no reports
in the literature for heart rate in relation to V02 for 'untrained'
child swimmers, but the heart rates observed for V02 were similar to that
expected for the other forms of exercise.

In the adulis during cycling and running exercise, heart rates were
generally higher than those observed in 'untrained' normal adult subjects
working at the same V02 (Fag. 3-16). For arm cranking exercise heart
rates were the same as those observed in the normal subjects previously

reported here (Fig. 3-17). For downhill exercise heart rates were lower
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FIGURE 3-18:

MEAN VALUES * 1 S.E.M. FOR:
RESPIRATORY EXCHANGE RATIO DURING DIFFERENT
FORMS OF EXERCISE IN ASTHMATIC CHILDREN & ADULTS
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FIGURE 3-19

MEAN VALUES * 1S8.E.M. FOR:
FREQUENCY OF BREATHING DURING DIFFERENT FORMS
OF EXERCISE IN ASTHMATIC ADULTS & CHILDREN
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but in relation to VO2 they were the same as those that have been
reported in normal subjects performing eccentric or negative work
(Kamon 1970). Heart rates were higher in the women thanin the men
working at the same VO2 and the differences are in keeping with
previously reported values (Astrand 1952).

Respiratory exchange ratio during exercise in children

Mean values obtained for R during different forms of exercise are
illustrated in Fig. 3-18. There was no significant difference in the
mean values obtained for R between the asthmatic and normal children:
during both bicycle and treadmill exercise, There was however a significant
difference (0.005%P» 0.001) in the R values between the asthmatic and
normal children during free range running. The values in the asthmatic
children were lower than those obtained in the group of normal children.

For cycling exercise, values for R in adult asthmatics were similar
to those reported for normal subjects (BEdwards et al, 1969; Naimark et
al, 1964; Zeidifard, personal communication) but during running the
values were higher than.those reported in normal subjects (Tabakin et
al, 1964). For the arm cranking exercise there was no significant
difference between the values observed in the asthmatic adult subjects
and those reported previously for the normal subjects.

Respiratory exchange ratio was highest during arm cranking exercise,
the difference being significant compared o the other forms of exercise.
Similar differences have been reported between these different forms of
exercise in normal subjects kBobbert 1960).

Frequency of breathing

Mean values for f during different forms of exercise in asthmatic
children and adults are illustrated in Fig. 3-19. For the children

there was no significant difference in the f compared to normal subjects
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. FIGURE 3-20

MEAN VALUES * 1S.E.M. FOR:
END TIDAL CARBONDIOXIDE TENSION DURING DIFFERENT
FORMS OF EXERCISE IN ASTHMATIC CHILDREN & ADULTS
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for either the cycling or rumning exercise. However in the adults

the f was significantly higher (P & .00l) than that observed in adult
subjects during cycling exercise (Zeidifard, personal communication) and
similarly the f was significantly higher (P ¢ .001) in the adult asthmatic
subjucts during arm exercise compared to the normal values for adults
noted previously (Table 3-5).

End tidal PCO, (PET0021

Mean values for PETCO, during different forms of exercise in

2
asthmatic children and adults are illustrated in Fig. 3-20. The only
values available for PET002 in the asthmatic children are those obtained
during cycling and treadmill running exercise, these values were not
significantly different {o values that have been reported previously for
normal children running on the treadmill or those observed for normal
children cycling at similar V02 (Téylor, Wozniak, Silverman and Anderson,

1972). Values for PETCO, for the asthmatic adults observed during running

2
exercise are similar to those published for normal adults (Hanson; Tabakin
and Levy, 1967) but for bicycle exercise there was a significant difference
(P ¢ .001) between values obuained in the asthmatic adults and those
observed in normal adult subjects (Zeidifard, personal communiéation).

For arm cranking exercise, PETCO2 in the male asthmatics was similar %o-
the normal subjects but in the 2 female subjects the values were lower

than those observed in the normal females.

Resting peak expiratory flow rate as a % of predicted normal

The predicted normal values for PEFR in children were taken from
the data of Godfrey et al (1970) and for adults from the data of Cotes
(1968).

The mean resting values 11 s.E.M. for PEFR as a % of the predicted

normal value for the various groups of subjects who performed different
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MEAN VALUES * 1S.E.M. FOR:
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MEAN VALUES * 1 S.E.M. FOR:
EXERCISE LABILITY INDEX MEASURED FOR DIFFERENT
FORMS OF EXERCISE IN ASTHMATIC CHILDREN & ADULTS
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FIGURE 3-24

MEAN VALUES * 1S.E.M. FOR:
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forms of exercise are illustrated in Fig. 3-21. Mean values observed
for resting PEFR were all below 90% of the predicted normal with the
exception of the group of children who performed swimming exercise.
The LoWest mean value (73.8% % 9.8%) was observed in the group of
adults who perforﬁed treadmill exercise. |

I2 the four forms of exercise performed by teth the adults and
children values for the mean resting PEFR as a percentage of predicted
normal wefe lower in the adults compared with the children but the
differences were not significant (Fig. 3-21).

Indices of bronchial lability

With the ekception of swimming all the forms eof exercise resulted
in abnormal values for the indices of bronchial lability in the groups
of asthmatic subjects.

Mean values for the indices of bronchial lability together with the
percentage of subjects developing bronchoconstriction (% Fall in PEFR
greater than 15) and an abnormal J.L.I. (greater than 24%) following the
different forms of exercise are given in Table 3~15. Mean values for
the % Fall Index, E.L.I. and J.L.I. for asthmatic children and adults
during different forms of exercise are illustrated in Figs. 3-22, 3-23
and 3-24.

Bronchodilatation due to.exercise (as shown by an increase in PEFR) was

gealesr when @scercis€ was
performed on a bicycle ergometer whether the work was carried out

with the arms or the legs. In each form of exercise using an ergometer

the mean % Rise in PEFR was greater than 33.5% above the reéting value.
Running uphill with heart rates above 160 beats per minute caused

an increase in PEFR in all subjects above the normal expected % Rise from

rest. Running on the flat or downhill the mean % Rise in PEFR was much

less and only 7 out of 19 subjects had a value for % Rise greater than



RSTHMATIC SUBJECTS

TABLE 3 -~ 15

Mean.values for indices of bromchial lability and percentage of sub jects

having a fall in PEFR greater than 15% or a J.L.I. greater than 22%.
C = children A = Adults.
TREADNMILL FREE RANGE | BICYCLE ~ARM | Arm + . :
i ; | Crarking|Downhill DOWNHILL SWIMMING
C C A A A A C i C
% Rise : |
Mean . 19.0 28.6 i 15 13.3 15.7 36.1 33.5 34.2 6.5 13.6 5.4
a S.E.M. 5.0 4.7 1 9.2 4.1 6.3 10.5 12.7 20.9 6.1 4.9 2.5
; n ; 17 8 o 3 7 8 5 5 5 10
i % Fall i : ,
i Mean ; 31.4 42 C41.7 63 18,4 28.5 39.4 31.8 18.2 21.2 14.5
| S.E.M. | 3.3 3 i 6.6 2.0 . 4.7 7.0 G.5 13.4 4.6 8.4 3.4
: n ' 17 3 .7 3 L7 8 5 5 5 10
! |
L ELLLWI. ; |
i Mean | 47.8 68.9 54 .7 76 34.2 67.7 72.9 65.9 24,8 34.8 20,6
S.E.M. | 6.0 7. 4.4 2.2 4.6 10.9 10.3 20 10.6 6.2 2.6
n 17 8 7 3 7 8 5 5 5 10
J.L.I. :
a Fean 42.4 53.6 48.3 61 ;32 47.2 45.4 45.5 6 28.8 22.4
‘ S.E.M. 4.1 g 5.5 10.1 4.9 8.9 5.1 10.8 2 6.5 3.2
n 17 8 P 3 b7 8 5 5 5 10
k !
% subjects . . y
with fall 93¢ 90% } 6 0% 100% 80% 55% 40%
15% : .
% subjects , i i
},mith J?L.I 93% i 100% 80% 100% 80% 37.5% 20%
22%

1481
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the wean % Rise £1%D. observed in normal subjects (Tables 3-8, 3-9).

For swimming exercise the characteristic rise in PEFR noted during other
forms of exercise with the arns did not occur and for the group of
children only 2 out of 10 had a rise in PEFR greater than 15% of their
resting value (Tables 3-15, 3A-1).

Bronchoconstriction was greatest following running uphill on a treadmill

at heart rates above 160 beats per minute or during free range running,
9% of all the subjects developed a fall in PEFR greater than 154 after
these two forms of running exercise (Tables 3-15, 3A-2, 3A-3).

Arm exercise was shown {0 be a potent stimulus for provoking an
attack of E.I.B. in the adult subjects and all had percentage falls in
PEFR significantly greater than that previously observed in the group ef
young adult normal subjects (Table 3A-4). Cycling exercise was less
potent than running in causing E.I1.B. in either the adult or child
asthmatics but 60% of the subjects did have a fall in PEFR greater than
15¢% from the restiné value: following this form of exercise (Table 3-15).

For downhill running bronchoconstriction occurred in 3 out.of 5
subjects (Table 3A-4) hut the mean % Fall in PEFR was lower than that
observed in the other forms of exercise with the exception of swimming
exercise, when a fall in PEFR above 15% only occurred in 40% of the
subjects (Table 3-15). Normal subjects have been sho&n to have no decrease

in FEVl following swimming exercise (Fitoh and Morton, 1971).

COMPARISON OF THE DIFFERENT FORM3S OF

EXERCISE IN ASTHMATIC SUBJECTS

GROUP A

Bicycle, Treadmill and Free Range Running Exercise

In the group of 7 asthmatic children the cardiopulmonary response

during exercise was normal and the results were similar to those given



TABLE 3 - 16

GROUP A

Mean velues for resting PEFR, Indices of Bronchial lability and

metabolic measurements made during the last minutaz of exercise in 7 asthmatic children.

Bicycle Ergometer | Treadmill Free Range Significance of
(8) (T) (F) difference between
Mean S.E.M. n Mlean S.E.M. n Mean S.E.NM. n { B&T B & F T & F
Resting PEFR % Pred. [ 86.5 7 83.7 8 7 83.5 10 7 NS NS NS
% Rise 15.7 . 7 19.6 8 7 15 9 7 NS NS NS
% Fall: 18.4 . 7 27.4 5.3 7 41,7 6. 7 * ** NS
E.L.L- 34.2 7 | 42.8 & 7 | 54.7 4. 7| ok NS
J.L.I. 32.0 4. 7 | 41.5 5.6 7 | 48.3 5.5 7 * *ox NS
Vo2 1315 205 7 1357 232 7 12B1 137 7 NS NS NS
VE £5.5 8.2 7 41,4 7 7 3B8.8 3 7 NS NS NS
H.R. 176 5 7 178 4.6 7 186 7 NS NS NS
f 44,2 2.8 7 41 2.4 7 - - - NS - -
R 0.94 .03 7 0.86 0.02 7 0.80 .017 7 * ** *
PETCO2 29.1 1 7 30.0 1.6 7 - - - NS C - -

€et



eavrl®»>r in this seciion. Individual results for measurements made
durin” exercise are given in Table 3A-5. For the three forms of
exercise there was no signifi-ant difference in the VE, V02, H.R.,

or in f and PETCO, between cycling and treadmill running exercise

2
(Table 3-16). There was a significant difference in the R values for
the three forms of exercise.. The R was highest during the bicycle
exercise and lowest for the free range running (Table 3-16).

Resting PEFR and Indices of Bronchial Lability

There was no significant difference in {the mean resting value for
PEFR as a percentage of predicted prior to the three forms of exercise
(Table 3-16).

Bronchoconstriction occurred in 5 of the subjects follawing
treadmill exercise, 6 following free range running and 4 following
bicycle exercise (Table 3A-2). There was a significant ‘difference
between cycling and running exercise for all three indices used to
assess the bronchial lability (Table 3-16).

All but one subject had a greater percentage fall in PEFR following
{readmill exercise compared to bicycle exercise, the difference in
percentage fall between these two forms of exercise in this one subject
was only 1% (Table 3A-2). Im no subject did bicycle exercise induce
rore bronchoconstriction than running exercise (treadmill and free -
range). Free range running produced the greatest degree of broncho-
constriction in 5 out of the 7 subjects, and in the other 2 subjecis the
% Fall in PEFR was considerable following both forms of running exercise.
For the group however there was no significant difference between the
treadmill and the free range running for any of the lability indices

(Table 3-16).



' FIGURE 3.25

PEAK EXPIRATORY FLOW RATE DURING AND AFTER
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TABLE 3 -~ 17

Mean values for resting PEFR, Indices of bronchial lability and

metabolic measurements made during the last minute of exercise
I'd
in asthmatic children.,

Group B
‘ Swimming Treadmill Significance aof
e (s) (T) difference
between
Mesn S.E .M. n. Mean S.E .M, n S &T
—
Rest % pred. . -|92.3 7.2 10 82.5 6.2 10 NS
% rise 5.4 2.5 . 10 18.5 6.3 10 e
%.Fall 14.5 3.4 10 34,2 4.3 10 * k¥
E.L.I. 20.6 2.6 10 51.3 8.2 10 ‘ *
J.L.I. 22.4 3.2 10 43,0 6.0 10 XX ®
Vo2 1354 165 10 - - - -
VE 42 .4 4,1 10 - - - -
HR 176 3 10 176 3 10 ' NS
R l-DO 0002 lO - - - —-—

a1
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A typical record showing bronchoconstriciion induced by the three
forms of exercise and by swimming exercise (performed at a later #ime)
is given in Fig. 3-25 for subject No. 7. It can be seen that the free
range run (the corridor) produced more constriction than the treadmill,
while the ergometer produced very liftle. In this subject resting
levels of PEFR were all within 1 S.D. of his expected normal value of
435 L/ﬁin. and constriction began in the last 2 minutes of exercise
reaching a maximum value from 3-5 minutes affer stopping exercise.

. Bronchodilator was only given in order {5 measure the J.L.I. as the
bronchocondtriction in these children was spontaneously reversible and
normal resting values are reached within 20-25 minutes after stopping
exercise.

GROUP B

Swimming and Treadmill Running Exercise

As the 10 asthmatic children who took part in the swimming exercise
performed only a simple treadmill exercise in the laboratory, comparison
of the work intensity can only be direcﬁly related to the heart rate,
however the V02 during the {readmill exercise was predicted from the
normal tables relating work (spced and slope) and body weight to VO2
(silverman and Anderson, 1972b).

There was no significant difference between the heart rates observed
in the group during swimming and running (Table 3-17). V0,, measured
during swimming was similar %o that for the treadmill based on predicted
values (see above). The response of VE and H.R. in relation to V02
was gimilar during swimming as that observed during runmning and cycling
exercise performed by Group A (which included 4 of the subjects who
performed the swimming exercise). Individual results for VE, V02 and
H.R. during swimming exercise are given in Table 3A-6. There was a

small fall in the oral temperature affer swimming exercise in 9 of the

10 subjects, the mean fall was 0.3°C.
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Resting PEFR and Indices of Bronchial Lability

Mean values for resting PEFR were within normal limits at rest
prior to both exercise tests (Table 3-17) though one subject had airways
obstruction at rest prior to swimming exercise.

For the swimming exercise there was no significant difference
in the wvalues for the resting PEFR measured in and out of the water.
Those values for resting PEFR used in the calculations of the indices
were measured out of the water.

During exerﬁise the‘% Rise in PEFR was significantly less during
swimming than running exercise (P < .00l), and only 2 subjects had a
rise in PEFR of greater than 8% during swimming exercise (Table 3A-1).

Following swimming exercise bronchoconstriction occurred in only
4 of the 10 subjecis, but all developed consiriction following treadmill
runming. The difference in % Fall for the two forms of exercise was
highly significant (P < .001). Similarly it appeared that the
lability was much less for the swimming exercise than the running and
there was a significant difference in the J.L.I. between these two
forms of exercise, the lability being greater following the running
exercise,

The values for PEFR for one subject during and after exercise are
illustrated in Fig. 3-25. Though there was a year interval between the
swimming snd the other forms of exercise illustrated, the VE, VO2 and
H.R. were similar in this éubjectfbr all the types of exercise shown.,

GROUP C

Bicycle and Treadmill Bxercise
The response to exercise in these 8 adult asthmatic subjects
compared with normal subjects was similar to that described earlier

in this section. Ventilation in relation to V02 was within normal



TABLE 3 - 18
GROUR C
Mean values for resting PEFR, Indices of Bronchial
Lability and metabolic measurements made during.the

last minute of exercise in asthmatic adults.

between Bicycle and
Treadmill Exercise

NS
NS
NS
* ¥k
NS
NS
NS
NS
NS
NS

NS
*H*

Bicycule Ergometer Treadmiil Significance of DiFFerénce
“Mean [S.E.M.] n ~NMean [S.E.M.T n
Resting PEFR - 416 54 8 410 36 8
Rest % of Predicted 73.8 9.2 8 72.7 6.1 8
%.Rise 36.1 10.5 8 28.6 4.7 8
% Fall 28.5 7.0 8 42,9 8.2 8
E.L.I. 67.7 10.9 8 68.9 7.7 8
fJ.L.I. 47.2 9 8 53.6 S 8
V02 1851 218 8 2082 306 8
VE 62.4 4.9 8 60 6.5 8
HR 161 8 172 3 8
f 37 8 32 3 8
R . 0.9 0.04 8 0.97 0.04 8
PETCD 29.2 3.3 7 35.8 2.6 7

z {
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limits in 5 subjects during bicycle exzxwcise and 4 subjects during
treadmill rumming exercise. Heart rate was increased above the normnl
range in all but oﬁe subject during both forms of exercise.

Though the VE and f were higher during bicycle exercise in 5 of
the 8 subjects there was no significant difference between bicycle
and treadmiil exercise for VE, VOZ’ H.R., f or R. The only parameter
that showed a significant difference (P € .001) between the two forms
of exercise was PETCO2 which was lower during bicycle exercise by a
mean of 6 mmHg. in the T subjects in whom it was successfully measured
during both tests (Table 3-18).

Resting PEFR and Indices of Bronchial Lability

The mean values for the resting PEFR as a percentage of predicted
normal value was below the normal range prior to both forms of exercise
(Table 3-18). During exercise there was an increase in the PEFR in all
subjects and the maximum mean value obtained during exercise was 95.6%
SEM 9.7 of the normal predicted value for bicycle exercise and 93.0%

SEM 7.6 for treadmill exercise. The mean rise in PEFR was greater during
bicycle exercise but the difference was not significant. Bronchoconstriction
occurred in 5 subjecks after bicycle exercise and in all subjecté after
tresdmill exercise. In all cases the % Fall in PEFR was greater following
treadmill exercise, and the difference was significant (P ¢{ .00L).

There was also a significant difference in the minimum value for PEFR
following the two forms of exercise and it was lowest affer treadmill
exercise (Table 3A-3). Because of the relatively greater increase in
PEFR during cycling exercise, there was no significant difference in

the two forms of exercise with respect to the E.L.I. and J.L.I. The

mean value for the E.L.I. was greater than the mean valuve for J.L.I. for
both forms of exercise, and this is due to the resting PEFR being lower

than the predicted normal value.



TABLE 3 ~ 189

Mean results for 5 adult asthmatics (Group D)

performing different forms of exercise.

Arm Cranking Arm Cranking ' Uphill Downhill
and Running Running
Downhill :
Running
m SE m SE m SE m SE
Rest % Predicted 6.7 7. 80.4 12,2 73.8 10 75,3 10,7
% rise 33.5  12.7 34,2 21 22.7 6 13.6 4.9
% fall 39.4 6.5 31.8 13.4 29.7 3 21,2 8.4
E.L.I. 72.9 10.3 65.9 20 48.4 1.5 34.8 6.2
J.L.I. 45,4 5.1 45,5 10.8 40.7 4,6 28.8 6.5
UDQ- 1494 137 1669 85 1552 105 881 90
VE 50.6 6.1 59,2 2.6 40.8 3.2 27.1 5.7
HR 169 9.7 180 5. 153 4.3 125 10
f 43.1 5.6 37.5. 3.6 27 4.0 23,5 4,4
R 1.11 0.04 1.07 0.03 0.95 0.04 0.89 0.1
PETCO2 28.2 1.7 30.7 1,5 37.7 1.7 35.8 1.6

TE€R



TABLE 3 - 20
GROUP D

Table t¢iowing the significence of difference in resting PEFR, Indices

of Broncaial Lability and Metabolic Measurements during the last minute

of exercise in adult asthmatics performing different forms of exerciss,

Domnﬁill

Arm Arm Arm Downhill Uphill
Vs Vs Vs + Arm vs + Arm vs Vs
Downhill Uphill Downhill Uphill Downhill Downhill
+ arm
Resting PEFR ' NS NS NS NS
% Predicted NS NS :
% Rise NS NS NS NS NS NS
% Fall NS NS * NS NS NS
E.L.I. NS NS * NS NS *
J.L.I. NS NS NS NS NS NS
- 5 * %% NS * ¥ % »*
3g2 xg ﬁ o NS * R *
HR NS *3 *HR * kK * %% NS
£ NS * * % * % % * R NS
R NS o * * it NS NS
PETCO2 NS * * ** * *

'3 )
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GROUP D

Arm Cranking, Uphill Treadmill Rurning, Downhill Treadmill Running,

Combined arm Cranking and Downhill Running

The response to these forms of exercise in these 5 adult asthmatic
subjects was similar to that described in the general result section.

Due to the nature of the exercise it was not possible to match the VE,
VO2 and H.R. for downhill running with the exercise performed using

the afms alone or combined arm and leg exercisé or the uphill running.
Thus the values for VE and V'O2 are significantly different from the
values obtained during the other forms of exercise. The level of VO2
reéuired for uwphill rurnning in order to match the VO2 for arm work
resulted in a lower heart rate for the uphill running that would normally
be accepted for studies using exercise as the provoking test for an
asthmatic attack (Table 3-19).

With the exception of downhill rurning there was no significant
difference in the VO2 between the different forms of exercise. For arm
and combined leg and arm exercise there was also no significant difference
in VE, H.R., R, f or PETCOz. For uwphill exercise the H.R., R, and f were
all significantly lower and the PETCO2 higher than the exercise with
the arms alone or in combination with downhill running (Table 3-20).

Thus is Group D VO, wes the only parameter that was able to be

2

matched in the three of the four types of exercise.

Resting PEFR and the Indices of Bronchial Lability

Mean values for the resting PEFR as a percentage of predicted normal
value and the mean values for the indices of bronchial lability observed
for the four different forms of exercise are given in Table 3-19. Individual
results for the indices of bronchial lability are given in the Appendix as

Table 3A-4.
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e mean resting PEFR as a perceaiage of predicted was lower than
normal prior to all the forms of exsrcisc, but there was no significant
difference bctween the mean resting values (% predicted) obtained befbre
each test (Table 3-20).

Broachodilatation as measured by an increase in the value for PEFR
occurred during all forms of exercise, the % Rise was not as great dufing
downh:ll running as during the other forms of exercise but because of
individual variation (Table 3A-4) a paired t test showed that there was
no signiricunt diffcrence in the values for % Rise obtained during the
different forms of exercise (Table 3-20).

Bronchoconstriction occurred in all subjects following arm exercise
alone and uphill exercise (Table 3A-4) though the degree of broncho-
constriction following uphill exercise was not as great as would normally
be expected following this form of exercise (Thb;e 3-19) and this can
be explained by the lower H.R. during this form of exercise in this
group of subjects,

For downhill running and combined downhill running end arm cranking
post exercise constriction occurred in three out of the five subjects.
The mean % Fall in PEFR was much lower for the downhill running compared
with the combined arm and leg exercise (Table 3-19) but the diffurence
was not significant (Table 3-20).

The degree of bronchoconstriction and bronchial lability was greatest
following exercise with the arms alone and the mean % Fall in PEFR was
39.4% and the J.L.I. 45.4%.

There was no significani diffeience between the values for the
indices of bronchial lability observed during arm cranking exercise and

uphill or combined downhill and arm exercise. There was however a significant
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" FIGURE 3-26

PEAK EXPIRATORY FLOW RATE DURING AND AFTER DIFFERENT
FORMS OF EXERCISE IN ONE ASTHMATIC ADULT.

Subject No. 4 Group D
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difference for the % Fall in PEFR and the E.L.I. for arm exercise
compared with downhill rumming alecne (Table 3-20).
Actual values obtained for PEFR during all the four types of
exercise are given in Fig. 3-26 for Subject No. 4 and show the characteristic.

rise of PEFR during exercise and the fall in PEFR following exercise.
DISCUSSION

From the results of the present study it appears that asthmatic
children respond to different forms of exercise with normal values for
VE in relation o VOZ’ E.R. £ and PETCO2 and only during free range
running are the values for R significantly different to normal subjects.
This normal response in asthmatic children is in keeping with previous
reports by other workers who have studied asthmatic children eithér
dufing‘progressive or steady state bicycle exercise (Engstrom et al,
1960; Beaudry et al, 1967; Katz et al, 1971; Bevegard et al, 1971; and
Geubelle and Jovanovic, 1971). This normal response o exercise in
asthmatic children is in contrast to the response to some forms of
exercise in the adult asthmetics who have in general higher VE, H.R., f
and R during running exercise compared to normal subjects working at the
Same VOZ' Some of the differences in the response between adults and
children may have resulted from the selectlion of the subjects. All
the asthmatic adults were consciously aware of experiencing wheeziness
on exerfion and for this reason may have réstricted their normal physical
activity. The children were in regular attendance at the out-patient
clinic, none was severe enough to miss school and all performed regular

exercise either at home or at school. The fact that the adult asthmatics
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responded to arm exercise in the same .i>nner as the normal subjects may

be l:cause this is an uncommoﬁ er21ise. Both the normal and asthmatié

subjects were 'untrained' and this may account for some of the increase

in VE and H.R. in relation %o V02 in arm cranking exercise compared with
running exercise.

The difference in the response to exercise between the asthmntic
children and adults could not have been due to a fixed element of airways
obstruction. In the adult asthmatics the PEFR during exercise rose %o
within normal predicted limits. However it is possible that over the
years changes have occurred in the lung funciion of these older subjects
and that these changes become magnified on exercise. It has been reported
that VE, H.R. is increased in asthmatic children receiving steroid therapy
compared to ncrral children and similar differences have been ohserved
.here between the adult asthmatic and normals (Vavra, Marek and Spicak,
1959),

The incidence and degree of bronchoconsiriction and increase of bronchial
lability observed in the asthmetic subjects studied here following bicycle
exercise is similar to that obscrved before (Irnell and Swartling, 1966;
Pierson et al, 1969; Poppius et al, 1970; Katz et al, 1971; Bevegard et
al, 1971). For ireadmill running the degree and incidence of the broncho-
coustriction was the same as that reported by Jones (1966) and similar

to that recently published (Fitch and Mortonm, 1971).

For swimming exercise the incidence of bronchocongtriction observed
here (40%) was lower than the 57% reported by Fitch and Morton (1971) who
measured FEVl in 40 asthmatic subjccts following swimming exercise (at
similar but somewhat lower heart rates as those observed here)., These
workers also noted a greater % Fall iﬁ.FEVi in their subjects (mean 19.4%)

than found here for PEFR (14.%%). The reason for this may have been the
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difference in the style of swimming that was used, breast-stroke was
performed in this study while crawl siroke was used by their group.

The relatively greater number of strokes per minute in crawl swimming
compared to breast-stroke swimming may account for some of the
difference in the degree of constriction noted by these workers compared
with the present study.

Tor the indices of bronchial lability in general i{ appeared thai
the adults of this series responded to sny form of exercise with
greater % Rise in PEFR, during exercise and a greater % Fall in PEFR
after exercise compared with the children (Table 3-15). The greafer rise
in PEFR can be accounted for by the relatively lower resting PEFR prior
{0 exercise observed in the adulis comﬁared with the children. The
greater % Fall following exercise may in fact be due to the selection of
these adult subjects. Their interest in performing the tests being
all the greater hecause of persistent symptoms of exercise induced
bronchospasm.

By studying the various groups of asthmatic subjects during several
forms of exercise, performed at similar VE, VO2 and H.R., within short
intervals of time, many of the problems of variability previously
observed between different forms of exercise tests have been overcome.

In fact tﬂe results of the group studies have definitely confirmed
the clinical impression that running is a greater stimulus for the
development of post exercise bronchoconstriction than is cycling or swimming’
in asthmatic subjects performing these different forms of exercise. The
differences which occurred for the % Fall between these different forms
of exercise was greater than the variation that could be expected to occur

between repeated tests of the same exercise (Section 2),
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FIGURE 3-27

% FALL INDEX IN RELATION TO RESPIRATORY EXCHANGE RATIO
DURING TREADMILL (a), BICYCLE (@) & FREE RANGE RUNNING
EXERCISE (m) IN ASTHMATIC ADULTS & CHILDREN
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Work with -small mugecle groups such as the axms.énd downhill running
(a* high heart rates) is also able to produce E.I.B. in asthmatic subjects
and this has not been reported previously. The difference in the degree
of bronchoconstriction observed between cycling and rumning, and swimming
and running was not due o differences in duration or work load siﬁoe
within each group all the subjects exercisedwith similaf VO2 and fox
the same length of time. |

For cycling and rumning exercise there did appear to be some
difference in the wvalues observed fozﬁElﬂgEg=¥alues were higher during
cycling than running exercise., In fact fo e fwo fo:ms of exercise
there appeared to be a definite relationshii‘getween the value of R
obtained during exercise and the % Fall in PEFR affer exercise for
all but 3 of *he 13 subjects (Fig. 3-27).The lower the R the greater the
% Fall of PEFR regardless of the type of running exercise (i.e. treadmill
o frée range) and similarly in the group of children performing swimming
exercise the R was higher than that observed in the children running or
cycling (Table 3-18). However severe bronchoconstriction occurred in the
group of subjecla jerforming arm cranking exercise when values for R were
high and in the same group of subjects the values for R during downhill
running were low and bronchoconstriction was less than during arm dxercise,
though the level of work was not the same.

Since the values for R most likely reflect the degree of anaerobic
work and thus the levelof blood lactate and acid base balance an
investigation into these parameters was made and is reported in Section
5. However it may be anticipated from the above remarks that lactate
levels were unlikely to have been very important as the cause of the post
exercise constriction. That bronchoconstriction occurred to a greater

- degree during uphill, flat running and arm or arm and downhill running
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exercise, may in part be explained Ey the greater level of neural
activity during these forms of exercise as compared with cycling
and swimming.

During running uphill there is é considerable component of negative
or’eccentric work. Negative work is performed whenh energy is absorbed
by muscles as they ave being stretched during exercise. During running,
energy is released as the centre of gravity of the body falls at the end
of each step., Some of this kinetic energy is absorbed by the leg muscles
in landing. Since the mechaﬁical efficiency of negative work is higher
than positive work (Kamon, 1970; Margaria, 1968; Abbot and Bigland, 1953)
the muscles of our subjects were actually involved in more physical work

for the same VO, during running as compared to cycling.

2
The fact that walking does not produce bronchoconstriction in some

subjects who develop marked constriction running at .the same V02
(Silverman and Anderson, 1972a) yet downhill rumning (negative work) was
able to produce bronchoconstriction would seem to agree with this theory.
It is also possible that differences may occur due to the difference
in bhody vibration between cycling, swimming and running exercise. If
body vibration was the sole cause of the E.I.B.. one would have expected
less constriction during arm exercise and a greater amount of constriction
during downhill running when the level of vibration would have been similar
to the uphill running.w Whole, body vibration has been known to cause
“bfoqghQCQQSirictibn"iﬁﬁoﬁé asthmatic subject (Altounyan, personal
communicétion) but this problem has yet to be investigated fully. The

fact that work with the arms alone or arms and legs did produce constriction

in all subjects, and a greater fall in PEFR (at the same V0,) as uphill
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running, would appear to be contrary to the theories that differences
in acid base balance,anaerobic work as reflected in the respirstory
exchange ratio, or whole body vibration (wiich would only occur during
arm and running downhill exercise and not arm cranking alone) are
responsible for the differences in the degree of post exercise broncho-
spasm, observed during various forms of exercise.

The similarity however between these forms of exercise is that the
arms are used in all cases but obviously to a lesser extent du:ing running
exercise. Though the swimming exercise also involved work with the arms,
breast-stroke waé used and the arm movemeni would not have been as much
as the other forms of exercise especially the arm cranking when the
speed was 50 R.P.M.

Movement of the arms involves movement of the chest wall. In fact
it was suggested by Rebuck and Read in 1968 that mechanical or reflex
mechanisms relating to movements of the lung or bronchial walls may be
a possible mechanism in E.I.B. It has been shown that bronchoconstrictor~
like substances are released when isolated lungs are subjected to gentle
stroking (Palmer, Piper and Vane, 1970). Perhaps a certain amount of work
and movement of the chest wall are required for the development of
gignificant bronchoconstriction. Other possible mechanisms relating

to the different foxms of exercise are discussed in Section 5.
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SECTION 4

CHANGES IN LUNG VOLUMES AND AIRWAYS RESISTANCE IN

NORMAL AND ASTHMATIC SUBJECTS FOLLOWING RUNNING EXFERCISE
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INTRODUCTION

Normal Subjects

In normal subjects, observations have been made on the effect of
muscuiar activity on lung volumes and airways resistance since the beginning
af this century. Vital capacity has been shown to be unchanged followiné
runing exercise (Levine and Wilson, 1919; Lefcoe, Carter, Paul and
Ahmad, 1971) or to be slightly decreased (Bohr 1907; Iglauer and Altscule,
1938; Capel and Smart, 1959). Similarly FEVi has been measured following
exercise and reported not to change significantly (Zaid, et al, 1968;

Lefcoe et al, 1971) or to decrease by a small amount (Jones 1966;
Hemlich et al, 1966).

A significant fall in MMEFR from the resting value has been reco;ded
following exercise in a group of normal subjects which included smokers
and non-smokers., These subjects showed no significant change in FEVi
or FVC during the same test (Lefcoe et al, 1971). Observations have been
made of PEFR after bicycle exercise in adults (Irnell and Swartling, 1966)
and affer running and cycling exercise in children (Anderson et al, 1971,
see Appendix and Section 3) and small falls in PEFR have been recorded
in both aduits and children. Airways resistance measured in a body
plethysmograph has been shown to increase in adults following stair
climbing (McNeill et al, 1966; Fisher et al, 1970) but in normal children
total pulmonary resistance has been shown to fall follewing bicycle
exercise (Engstrom et al, 1960).

In normal subjects it would appear that following éxercise, airways
resistance may increase, decrease or be unchanged depending on the method
of measurement used in the investigation, and the reproducibility of

multiple measurements of the same parameter,
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In the following study simulianeous measurements have been made of
lung volumes and sirways resistance in normal subjects. This was carried
out in order to determine (1) the variability of multiple measurements of
airways resistance and lung volumes at rest; (2) the differences which may
occur when airways resistance is measured at the same time by several A
different methods; (3) if changes (greater than would be expected due to
normal variation) occur in lung volumes after exercise in normal subjects.

Asthmatic Subjects

In asthmatic sﬁbjects during symptoﬁatic and asymptomatic inftervals
it has been known for some time that abnormalities of lung volume may
be present, and these may include an increase in FRC (Beale, Fowler and
Comroe, 1952; Engstrom,l964) or an increase of TLC up to 80% above the
predicted normal value (Woolcock and Read, 1966). A loss of elastic
recoil in the lungs has been demonstrated in asthmatic patients with
increased FRC due to prolonged airway obstruction (Gold, Kaufman and Nadel,
1967) small increases may occur in static compliance when TLC is raised
following an acute attack of asthma (Woolcock - personal communication)
or static compliance may remain unchanged (Tattersfield, Pride, Freedman -
personal communication).

There are few reports referring to acute changes in lung wvolumes in
asthmatic subjects. Butler et al (1960) showed an increase in FRC in
two asthmatic adults following exercise at a time when there was an
increase in airways resistance, they made no comment as to the mechanism
of this observed increase in FRC. More recently acute changes in FRC and
TLC have been shown in asthmatic subjects following inhalatioﬁ of metha-
choline (Cade, Woolcock, Rebuck and Pain, 1971).

Since the work of Jones et al (1962) many studies have been‘carried

out to investigate the effect of exercise on airways resistance in



TABLE 4 - 1

Physical Characteristics of

normal subjects.

i Sex Age in Height Ueight
i Years in cms. in Kgs.
1 M 11 145 40,2
2 i M 12 151 33.1
3 m 12 140 33,9
4 m 12 144.5 38.2
5 F 12 151 39,2
6 F 12 146 44
7 F 12 156 .5 62.
8 F 13 159. 51.5
9 m 13 166 .5 58.5
10 F 13 165.5 62.
11 m 14 156.2 42.7
12 m 14 168. 56.9
1% il 15 158.5 42,9
14 M 15 161.5 46.9
15 m 15 167.5 49.8
16 F 15 166.4 52.5
17 F 15 164 . 54.8
18 i 15 175.5 61.7
19 M 15 168.5 62.1
20 F 15 158 68
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TABLE 4 -2

ANTHROPOMETRIC DATA

ASTHMATIC SUBJECTS

Patient Sex Age Height Weight
Years cms Kg
1 m 9 131 32.5
2 F 10 157 44
3 F 12 144 37
4 F 14 156 58
5 F 20 152 65
6 m 29 183 66
7 M 47 167 74

AN
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asthmatic subjects. These studies have usually been confined to the
measurement of a single parameter such as FEVi, PEFR, MVMEFR, Raw or total
pulmonary resistance (Engstrom et al, 1960; Jones 1966; Irnell and
Swartling, 1966; Lefcoe et al, 1971). Running exercise has been shown to
be an effective stimulus in causing an éncrease in girvays ;esistance'in
asthmatiz subjects (Jones et al, 1963; Anderson et al, 1971, see appendix
and Section 3) and this form of exercise has been used in the following
investigation.

The aim of the present study was to investigate the effect of exercise
on airways resistance measuréd by different methods and to determine
if acute lung volume changes occur in asthmatic subjects at a time when

an attack of asthma has been induced by exercise.

SUBJECTS

The physical characteristics of the subjects who took part in this
study are given in Tables 4-1 and 4-2. All the normal subjects studied
were children, the asthmatic subjects included 4 children and 3 adults.

The asthmatic subjects were all known to develop bronchoconstriction
following exercise, 5 of them had been tested in the laboratory on a
previous occasion and the remaining 2 subjects had clear histories of
exercise induced bronchospasm. Three of the asthmatic subjects were
receiving cortico steroids at the time of study but no bronchodilator was

taken by any asthmatic subject during the 12 hours before testing.
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METHODS

Measurements of Raw, Vig, IC, FEV,, FVC and PEFR were made with -
.the subjects seated in a constant volume plethysmograph (660 litres).
The subject breathed quietly trrough a pneumotachograph which was
attached to a solenoid valve with a shutter mechanism. A recording

was made of tidal breathing before the subject was asked to pant gently
and shallowly. Using the method of DuBois et al (1956) Raw was measured
during inspiration between flow rates of 0-0.5 L/sec. The shutter was
then closed and Vig was measured as the subject made gentle panting
movements against the shutter (see Fig. 4-1). From Vig the subject
inspired maximally to TLC and then expired with maximum effort until
expiration was complete, This enabled the FEVl, FVC and thus the RV to
be determined. The difference in end expired volume between quiet breathing
and panting was measured and subtracted from Vig in order to obtain the
FRC.

Changes in mouth and box pressure were made with Mercury manometers
(A1000, A30) and flow was measured with a Fleisch pneumotachograph (Type 2;
which had a linear calibration up to 300 L/min. A correction factor was
applied from a calibration graph for flows gréater than this. For details
of calibrations of the apparatus see Appendix.

Integration of the flow signal (P.K. Morgan Integrator) allowed direc™
recording of volumes on an ultra violet 16 channel recorder and a plateau
determined that full inspiratory and expiratory manoeuvres had been
achieved. Measurements were made within 45 seconds of the subject entering
" the plethysmograph both before and after exercise on eaéh occasion, and

when spontaneous changes in plethysmograph pressure were negligible.



TABLE 4 - 3

c

Mean velues faor lung volumes and airways resistance as a % of

predictzd value, and maximum 7 change fram rest after running

gxercise in normal children.

% Predicted

Maximum % change from rest

Normal I _after exercise .

Mean S.t.h. n [iean S.E.m. n
PEFR 90.8 6.3 9 -4.9 1.5 9
FEUl 85.4 4.6 10 -6.1 1.7 10
MEFR 118.5 5.2 9 -13.7 1.7 9
S3auw 114 12.6 10 -35.4 4,7 10
FVC 30. 3.1 10 ~6.9 2.0 10
FRC 126.2 5.5 10 +11.5 5.2 10
TLC 93.0 9 +4 .6 2.1 9

Predicted values from Weng & Levison 1969.

187



152

After mach measurement the box was opened to minimise the effects of
temperature and humidity in causing a drift in box pressure. After
several practice tries the measurements were repeated ftwo or three times
at rest in both the asthmatic and normal subjects. These multiple
measurements made at rest allcwad an analysis of the reproducibility of
the lung volumes and aizways resistance to be made and to determine the
within subject coefficient of variation for each parameter. Following
the assessment of resting values, 14 of the normal children and all tﬁe
asthmatic subjects exercised by running for a period of 6-8 minutes on
a treadmill (all normal and 5 asthmatic subjects) or in a corridor (2
asthmatic subjects) at speeds which produced a minimum heart rate of
170 beaﬁs/hinute in any subject. Immediately after exercise the subject
returned to the body plethysmograph and repeated measurements of iung
volumes and airway resistance were made after exercise at short intervals
for 7 minutes and for longer intervals for a total of 25 minutes in the
asthmatic subjects and 15 minutes in the normal subjects.

Calculations were made in accsrdance with the equations given in
Section 2 and MMEFR was determined by the method of Leuallen and Fowler
(1955). Normal predicted values for the children have been taken from
the studies of Weng and Levision (1969) and for the adults from Cotes

(1968), #oldman and Becklade (1959), Birath, Kjellner and Sandqvist (1963).

RESULTS NORMAL SUBJECTS

Resting Values

Mean values for lung volumes and airways resistance as a percentage
of the predicted normal values are given in Table 4-3. The value at
rest for the FRC was 126% of the predicted normal value, mean values at

rest for the other parameters measured were between 90-100% of normal.
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FIG. 422

CHANGES IN AIRWAYS RESISTANCE IN NORMAL CHILDREN

Normal Subjects

FOLLOWING EXERCISE.
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THE MAXIMUM VALUE FOR THE STANDARD ERROR OF MEAN WAS AS
FOLLOWS : PEFR S.E.M. 5.5% FEV, s.E.M. = 3,0%
MMEFR S.E.M. 4.9% SGaw S.E.M. = 7.8%
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FIG. 4-3

CHANGES IN LUNG VOLUMES IN NORMAL CHILDREN
FOLLOWING EXERCISE.

Normal Subjects
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TABLE 4 -~ 4

Normal subjects:within subject variation for

measurements of lung volumes and airways

resistance at rest.
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No. Degress of] 5.0, Coefficient
Sub jects Freedom variation
PEFR 17 19 14,7 | 4.1%
FEV1 18 21 0.12 4.3%
MIME FR 18 19 21.6 8.3%
SGaw 15 16 0.024 12.0%
FuUC 18 21 0.19 6.6%
TLC 18 19 0.20 4,8%
FRC 18 19 0.30 11.7%
Ry 18 19 0.26 22%
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Duplicate measurements of lung volumes and airways resistance
were made at rest in 20 children and a summary of the statistical analysis
made %o determipe the coefficient of variation within a subject for eaéh
parameter is shown in Table 4-4.

Tor the lung volumes least variatfion was observed for FVC and TLC,
the coefficient of variation being less than T%. For FRC and RV the
coafficient of variation was 11.7% and 21.3% respectively. There was
less than 5% variation in duplicate measurements of PEFR and FEV, at pest
but MMEFR and SGaw were not as reproducible with the values for the
coefficient of variation of 8.3% and 12% respectively.

After Exercise

None of the normal subjects developed bronchoconstriction as defined
by a fall in PEFR greater than 15% following exercise. The results for

the normal subjects have been expressed in two ways:

1, Mean maximum % change from rest for increase in lung volumes and airways
resistance is given in Table 4-3. All subjects had a fall in MMEFR
and SGaw following exercise while only some had a fall in values for
PEFR, FEVi and FVC. For TLC the maximum percentage increase from rest
was small 4.6% S.E.M. 2.1 and the mean maximum percentage increase
in FRC was 11.%% S.E.M. 5.2.
There was no overall correlation between the percentage change that
occurred in PEFR following exercise and percentage change occurring

in the other measurements of airways resistance.

2. Pattern of change in lung volumes and airways resistance in the 15
minutes following exercise.
The mean values for the group of subjects who had measurements of
percentage change from rest made at varying time infervals affer exercise

are given in Table 4A-1l, and illustrated in Figs. 4-2, 4-3. There were



TABLE 4 - 5

fleen valuazs fcr lung volumes and airways resistance as percentage of

predicted normal values, and the maximum

after exercise

in 4 asthmatic children

percentage change from rest
and 3 asthmatic adults,

Rest After Exsrcise
% Predicted ‘Maximum Change (%)

Mean S.E.M. n Mean S5.E.M. n
PEFR 67,0 6.7 7 -53.0 470 7
FEV1 8470 8.7 7 -55.4 4,3 7
MYEF R 55.7 7.7 7 -68.5 3,25 7
SGaw 101.7 18.8 7 -76.9 4.3 7
FvC 90,5 475 7 -4970 6.2 7
FRC 148.8 17.4 7 +5275 473 7
RV 164.0 4.5 7 +l74;0? 50.3 7
TLC 110.2 5.7 7 +22.5 4,6 7

For origin of predicted normal values see Text,

LGT
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smill and irregular changes in the values for PEFR and FEVi but

the values for the group didrot vary by more than 6,5% from the
resting value. There was however a greater mean change for the
MMEFR and SGaw and this occurred 5 minutes affer the cessation of
exercise,

The »attern of change for the TLC, FVC and FRC following exercise
show=d less than a 6% variation from rest and the greatest change
for FRC and FVC for the group occurred in the first minute after
exercise.

When a statistical analysis was made of the values at the various
time intervals after exercise, there was no significant correlafion
between the percentage change in PEFR and the percentage change in
each of the other parameters of lung volumes and airways resistance,
either for the individual subjects or for the group and this is likely

due to the random variation that occurs in the measurements.

RESULTS ASTHMATIC SUBJECTS

Resting Values

Por measurements made at rest, mean results as a percentage of
predicted normal value are shown in Table 4—5 and individual results
in Table 4A-2. Actual values obtained at rest for lung volumes and
airways resistance are given in Table 44-3.

Total lung capacity was within normal limits (80-120%) in 6 out of
the 7 subjects at rest however, there was an increase in the resting
value of FRC in 5 subjects and one of the children had an FRC 212% of
the predicted normal value (Table 4A-2). Forced vital capacity was
within normal limits in 5 subjecfs and FEV, in 6 subjects but there was

a reduction in the PEFR and MMEFR as a pexcentage of predicted normal in
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TABLE 4 -~ 6

Within subject coefficient of variation -for
multiple measursment of lung volumes and
airvays resistance made at rest in 7
asthmatic subjects.

No, of Degrees of 5.0. o Coefficient
Sub jects Freedom of
Variation
TLC 7 11 0,25 ‘ 5,0%
FRC 7 g 0.3 o 10.2%
RV 7 11 0.3 16 ,4%
FUC 7 11 . 0.23 7.7%

L PEFR 7 11 29 11,2%
MVEFR 7 11 43 .8 36.3%
SGauw 7 11 .038 18.4%
FEV, 1 i o 1bs 1.3 %




two of %he three adults and in two of *he children the values for SGaw
were above the prodicted normal value (Table 44-2).

Each of the parameters of lung volumes and airways resistance was
measured several times at rest, the values for the within subject
coefficient of variation for thase measurements are given in Table 4-6.

The .reatest variation at rcst occurred in the measurement of MMEFR
which was assessed from the FVC and is theoretically effort independent
(see earlier notes). The least variation between several measurements
at rest was for TLC, FEVl and FVC, duplicate or triplicate values being
within 8% of one another in an individual. Residual volume was less
reproducible, thewithin subject variation was 16% and for PEFR it was
11% (Table 4-6).

After Exercise

Mean results for the maximum percentage change in lung volumes and
airways resistance are given in Table 4~5 and individual values in Table
4A-4. Actual values for these parameters at the time of greatest change
are given in Table 4A-5. \ |

The changes in PEFR, FEV.,, MMEFR and SGaw demonstrate that a
considerable degree of bronchoconsiriction occurred following exercise.
All subjects had a change of a l;ast 61.5% from the resting value in one
or more of the parameters of airways resistance (Table 4A-4). As no
measurements were made during exercise the values recorded are simply
expressed as maximum percentage change after exercise.

There was an increase in TLC, FRC and RV following exercise in all
subjects. The greatest increase was in the RV, the mean maximum increase
being 174% S.E.M. 50%. This increase in RV and the increase in FRC (in
all subjects) and TLC (in 6 suﬁjects) was greater than would be expected

from normal variation in duplicate measurements at rest, Four of the
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TABLE 4 - 7

Mean values for lung volumss and airways resistance at rest and at

time of maximum change after exercise in 7 asthmatic subjects.

TLC | FRC FuC RV FEV, PEFR MME FR SGauw

Resting values

Nean 4,97 3.07 %.05 1.85 2.33 271 112 0.21

S.E.M. 0.56 0.38 0.55 0.39 0.38 5.6 15 0.03

n 7 7 7 7 7 7 7 6
Post-exercise

values

Mean 6.01 4,69 1,43 4,26 0.98 115 38 0.05

S.E.0m. 0.69 0.43 0.18 0.68 0,12 16 0.01

n 7 7 7 7 7 7 6
Significance of %% * % * * % * % * % *% * ¥

Dif ference

191
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TABLE 4 - 8

Group results for correlation of % change in PEFR with % change of

measurements of lung volumes and airways resistance following

gxercise in 4 asthmatic children and 3 asthmatic adults.

FEUl MYEFR SGauw - FVC FRC RV TLC
n 50 50 50 50 50 50 50
Correlation | g4 gg 0.57 0.48 0.66 0.25 | 0.52 .14
Cosfficient
Signif\icance ¥* 3 * I % X 3* ¥ % *H¥ NS * NS

£97
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stbjerts had an increase in TLC of 28% or more above the resting value,
three of these were children (Table 4A-4).

There was a significant difference (paired.t test) between the
resting value and the maximum change that occurred after exercise for
all the parameters méasured (Table 4-7).

The pattern of change in lung volumes and airways resistance following
exercise in.subject No. 2 is illustrated in Fig. 4-4. This patfern of
bronchoconstriction, shown by an increase in airways resistance measured
by the fall in PEFR, FEV,, MMEFR and SGaw together with an increase in
FRC, occurred in all 7 subjects. The fime of onset of the bronchoconstricti:on
varied between 1 minute and 12 minutes affer the cessation of exercise and
lasted a minimum period of 15 minutes. In this group of asthmatics there
appeared to bhe no difference hetween the adults and children in the
severity, fime of onset or time of peak bronchoconstriction. In the three
adults bronchoconstriction was prolonged and required treatment with a
bronchodilator aerosol because of persistent distressing dyspnoea. In
the four children the recovery was spontaneous.

At least 6 determinations of each parameter of airways resisfance
and lung volumes were made in the 25 minutes following exercise. A
statistical analysis was carried out on these measurements in order o
see if there was a gignificant ctrrelation in the percentage change from
rest of PEFR and the percentage change from iest in other measurements of
airways resistance or in the percentage change of lung volumes., The
results for the group analysis are given in Table 4-8 and for the
individual subjects in Table 4A-6. TFor the grcup there was a highly
significant correlation in fthe percentage change from rest between PEFR
and each of the following: FEVl, MMETR, SGaw, FVC and RV. There was no
significant correlation in fthe percentage fall in PEFR and the percentage

increase in TLC and FRC (Table 4-8).
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Results for the individual sub:i--is were variable though 5 of the 7
sutjects had sigrificant correlation between values for percentage change
in PEFR and at least two of the three other measurements for airways

resistance (Tablc 4A-6).

DISCUSSION

Normal Supjects

Mean v lnes observed at rest are in keeping with other reported values
for normal children (Weng and Levison, 1969; Hellieson, Cook, Friedlander
and Agashon, 1958).

Variation in duplicate measurements at rest for lung volumes, PEFR
and MMEFR are similar to those obtained by other workers (Engstrom,
Karlbe:sg and Swarts, 1962; Shepherd 1962; Lloyd and Wright, 1963).

The gres*er variation observed in the measurements of SGaw -bs: likely to
be due to the variation that occurs in the measurement of Raw (Butler

et al, 1960). The greater value for the coefficient of variation of

RV compared with other measurements of lung volumes is likely due to the
fact that it is determined by the measurement of TLC and VC and thus will
be dependent on the variation of these two volumes. 1In the present study
the percentage fall for PEFR was similar to the percenfage fall index
previously reported for children following treadmill exercise and has
been discussed in Section 3.

The small percentage fall in FEVi observed here is in keeping with
other values reported (Jones 1966) but the mean percentage fall in FVC
is greater than that reported in noxmal adult.: subjects following running
or step exercise (Iglaeur and Altschule, 1938; Capel and Smart, 1959).
The relatively greater percentage fall in MMEFR compared with the

percentage falls in PEFR, FVC and FEV1 is in keeping with a recent
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publication which has reported mean “alls of 14% in MMEFR in a group of
subjects who had no change in FEVl or FVC following the same exercise test
(Lefcoe et al, 1971). This implies that MMEFR is probably the most
sengitive simple test of forced expiration in detecting small changes
in airway calibre and recently it has been reported to be of great
value in the assessment of early changes in chronic airways obstruction
(Emirgil and Sobol, 1971, Pride 1971). The percentage fall in MMEFR
observed in this study was greater than that which might be expected
to occur due to variation in duplicate measﬁrements (see Table 4-4).
An under-estimation of MMEFR could have occurred if a maximal inspiratior
had not been taken, however as the measurement of TLC is also determined
by the inspiratory capacity and did not change significantly after
exercise (Fig. 4-3, Table 4—3) the decrease in MMEFR was real and noﬁ
due to limited inspiration.

Following exercise the greatest chénge occurred in the values of
SGaw and it would appear from the results of this study that this
measurement (not dependent on a forced expiration) is the best for
detecting changes in airways resistance in normal subjeéts. This is
in keeping with previous suggestions that FEV1 may be insufficiently
gensitive to detect minor changes in airways calibre in normal subjects
following exercise and that determination of airways resistance by the
direct method using a body plethysmograph may reveal some changes in
bronchial tone (McNeill et al, 1966). McNeill et al (1966) reported
an increase in Raw (mean 75% S.D. 41) in a group of 10 normal adults
following stair climbing exercise and in thepresent study a mean increase
in Raw of %5% (S.D. 26.3) has been observed. Betause of small thanges in
lung-voiumes SGaw has been used in the illustrations here to express changes
in airways resistance measured by the plethysmographic method. The increase
in Raw or decrease in SGaw observed in the normal subjects following

exercise remains unexplained.
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Transient inercases in Raw have “cen shown following deep inspiration
in some normal subjects but the Raw returned to the normal pre-inspiratory
level after a period of one minute (Lloyd 1963). In this study measurements
of Raw were made before the forced manoeuvres and at least two minutes
elapsed betweeﬁ repeated measurements in the post exercise period.

The pattern of change in MMEFR, FEVi and FVC following exercise has
been recorded recently in a group of adulis and is similar %o that shown
here for children (Lefcoe et al, 1971). For the group of subjects;
when felating the changes in the parameters of airways resistance to time,
the lowest mean values for PEFR, FVC, FEV,, MMEFR and SGaw occurred at
5 minutesafter the cessation of exercise. At this time the subjects had
completely recovered from any post exercise dyspnoea and it is unlikely
that changes in effort dependent-parameters were due to a lack of co-
operation or tiredness. The small increase in FRC following exercise
may have been due to variation in the measurement of FRC however the'change-
were similar to that repcrted in adult subjects following cycling exercise
by Kagawa and Kerr (1970) and may raflect:a temporarily higher level of
expiratory reserve volume in normal subjechs following exercise.

The absence of a significant correlation between the percentage
changes in PEFR and other measurements of airways resistance is likely
due to random differences in the time at which changes occurred and in
the fact that there were only small changes in the PEFR following exercise

Asthmatic Subjects

At rest

The increase in FRC observed in 5 of the subjects at rest is
consistent with reports that even during symptom free intervals asthmatic
subjects can have an increase in FRC above normal values (Beale et al,
1952; Engstrom 1960; Woolcock and Read, 1965). This increase in FRC
may be temporary but some workers have shown that hyperinflation (increase

in FRC) may be present for many years in subjects who have repeated
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asthmatic attacks {Ingstrcem 1964). ™z effect of the increase in FRC
will be to lower the airways resistance (as measured by the body
plethysmograph technique) as Raw has been shown to diminish with
inereasing lung -rolumss (Briscoe and DuBois, 1958). However persistent
hypecinflation has been shown to diminish elastic recoil (Gold et al,
1967) and thus measurements such as FEV1 which depend on this (Pride
1971) may be decreased. It is interesting to note that a normal SGaw
was present at rest in those subjects who had hyperinflation at rest
(with the exception of subject No. 5) and was diminished in subject

No. 7 whose FRC was within normal limits at rest. The fact that the
resting values for SGaw were normal in 5 subjects, 4 of whom had a
diminished MMEFR at rest is simply a reflection of the dif ferent methods
of measuring airways resistance, i.e. SGaw is dependent on measurement
of inspiratory airways resistance during a quiet panting manoeuvre, and
is influenced by the dimensions of .the extrathoracic airways while MMEFR
is measured from a forced expiration and is thought to be more dependent
on the properties of the smaller airways (Pride 1971).

Although there was greater'variation in the dvplicate measurements
made at rest by comparison with the normal subjects, the changes that
occurred in all the parameters following exercise were significantly
greater than could be accounted for by spontaneous variation at rest.
Engstrom and Karlberg (1962) also found a greater coefficient of
variation in asthmatic subjects compared with normal in duplicate
measurements of vital capacity and FEVl, suggesting a greater instability
in asthmatic children. Their values obtained for the coefficient of
variation for duplicate measurements of FRC by the helium dilution method
in healthy children was about half that observed here in the asthmatic
subjects in the body plethysmograph. Some of the difference may have

been due to the greater number of subjects studied by these workers.



TABLE 4-9
Reported values ir asthmatic subjects for maximum % change in lung volums and airways

resistance (measurad by different methods) during and after various forms of exercise.

Sourcsa

sU8JzCcTs |

Duration i

i
Para-

{

Type of i No. in During After-Exercise
Age Sex No, Exercise { Mins., NMeter Statistics|{ Exercise{ MMean Max SD or
' +I 5.D.! % change Range
{ }
ENGSTRON ET AL | 7-15 Wi+ F 10 Bicycle 12 Rp 1 +8.2 +136% | -
(1950) 9 -15(+5.3) . -26% | 5
BUTLER £T AL Adult ? 1 ? ? FRC - +40% -
(1961)
JONES (1966) 16-15 M+F 74 Running Up to 8 FEV1 Gp.I 10 o ~14(L1=24) LI=18B-28
| Gp II 53 - ~44(L1I=61) L1=234~86
Gp III 11 - -20(LI=37) L1=22-57
IRNELL & hdult i 39 Progressive 6-18 PEFR 5 +31(1303 -13 21
SWARTLING (1985) F 62 (Bicycle Ex. 6-18 PEFR S +36 (£37 -14 25
HEIMLICH €T AL | Children ? 29 Treadmill 9 FEV1 - +9(+9) -25 17
(1966) ; Walk
MeNEILL ET AL Adult M+ F 10 Stair- 8 FEV1 10 - -57.6 14.8(33-75%
(1966); 5 |Climbing Raw 5 - +279.5  |134(118-47
ZAID ET ik Thdult M Treadmill 8 FEV1 - -24 -
(1968) Walk .
KIJELLMAN (1959) | 7-13 M+ F 12 |Bicycle 12-18 FEVL 4 - -7.0 19(+3 - -52)
PIERSON ET AL 9-17 M+F 25 |Bicycle 5 FEV1 18 - - - 27 13
(1969) 310 177.6
FISHER ET(AL ) ? % 4 | Stair & Raw 8 - * (152-600)
1870 Climbing . _
sLY (1970) 5-16 | M+l 116 (Treadmill 8 PEFR | 116 58 ) +10 | 47,.-10 -
a1k . 41 +15 .
¢ - 13
POPPIUS ET AL | 15-39 | MaF 52 |Bicycle Up to 24 | PEFR 22
(1970) :
. . - -31.8 17.5(22.2¢
KnTZ ET nL(1971): 11-16 M+F 12 i{Bicycle 6 PEFR 6 )
| |
! ‘




FITCH & MORTON
(1971)

TN

10-51

M+F

40

Bicycle
Running
Swimming

8
8
8

FEV1
FEV1
FEV1

40
40
40

-29
~-33
-19

LI

= Lability Index of Jones (1966)

DLT
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After oxercise

Changss occurring in airways resistance in the asthmatic subjects
following exercise were sevefe, all subjects showed a considerablé
increase in airways resistance above their resting values. Similar
changes have been reported in asthmatic subjects following exercise
(McNeill et al, 1966; Jones 1966; Fisher et al, 1970; Sly 1970 b,

Lefcoe et al, 1971), and the values obtained here are equal to or greater
than ‘%those reported. 4 summary of changes in airwaysvresistance and
lung volumes shown by previocus workers is given in Table 449.

The reason for the poor correlation between changes in PEFR and
other parameters of airways resistance in subjects Nos. 4 and 5 (Table
4A-6) is not élear and it can only be suggested that the presence of
airways obstruction at rest as measured by lower than normal values for
PEFR, FEV1 and MMEFR may have affected the correlation. In the other
5 subjécts and in the group there was a highly significant correlation
for the percentage change in PEFR and other measurements of airways
resistance which are less dependent of effort (see Section 2). This
would agpear to confirm the usefulness of the simple measurement of
PEFR (in the majority of patients) in assessing rapid changes in airways
resistance which occur in asthmatic subjects following exercise.

A detailed study of changes in TLC and FRC following exercise has
not previously been described. Butler et al (1960) observed an increase
in FRC in two asthmatic subjects (mean + 23.5%) they studied but Rebuck
and Read (1968) found no increase in FRC in a young asthmatic girl who
developed severe bronchoconstriction following stair climbing exercise,
though the volumes were measured by helium dilution which does not
measure the volume in non communicating airways or alveoli (Woolcock,
Rebuck, Cade and Read, 1971).

The mechanism by which the FRC and RV increase during airways
obstruction has been described previously (Woolcock and Read, 1965).

As airways resistance during expiration is usually higher than inspiration
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in pstients with an attacik of asthma *the rate of breathing becomes
importani. If the time allowed for an expiration is diminished in
relation %o inspiration, expiration %o the original level of FRC

will not be completed. This process will be continued and the FRC
will increase with time. This increase may compensate for some
increase in airways resistance. In the present study there was an
elevation of FRC above the resting values in all subjects at a time
when airways resistance had increased and bronchoconstriction was
rresent. During the recovery from bronchoconstriction the FRC returned
to within 20% of its resting value in 5 subjects. Acute increase in
FRC has been reporfed in subjects in whom an attack of asthma was
provoked by the administration of methacholine, As in the present
study the FRC in these subjects returned towards the resting value over
a short period of time (Cade et al, 1971).

There is no report in the literature of values for TLC following
exercise in asthmatic subjects. In the present study TLC was observed
to increase in all subjects and 4 of the subjects had increases greater
than 268% above the resting values. These ciianges are far greater than
would be expected from the normal variation in repeated measurements
(Table 4-6).

The technique used for measuring TLC in the asthmatic subjects was
the same as that used for the normal subjects. There was no significant
change in the values for TLC after exercise in the normal subjects hence
the difference in the response to exercise of the TLC in the asthmatic
subjects could not simply have been due to an artefact of measurement.
The increase in TLC of 26% or more in the 4 asthmatic subjects was observed
on at least 3 occasions following exercise at times when effects of increased
temperature and humidity were minimal. Values for TLC returned to within

14% or less of the resting value by the end of 25 minutes affer exercise.
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ine mechanism by which the TLC can change acutely is not known.

Cade et al (1971) reported an increase in TLC of 14% in one asthmatic
subject 2 minutes after the inhalation of methacholine. They were not
able to follew the . :nges after this time as the bronchoconstriction
had tc be reversed with isopre:aline aerssol. They did suggest however
that the increase in TLC indicates a rapid change in-the pressure volume
characteristics of the lungs. Gold et al (1967) found no change in
elasiic recoil characteristics of the lung following acute bronchospasm
induced by 0.03% histamine phosphate aerosol in 4 asthmatic subjects,
They also found no change in elastic recoil following acute hyper-
inflation (induced by negative pressure) in a healthy subject. In the
asthmatic subjects they suggested that failure %o find a loss in elastic
recoil following histamine inhalation may have been related to the maximum
inspiration that preceded the measurement of the recoil curves, thus
dimirishing the amouni of conmstriction previously observed (Nadel and
Tierney, 1961). |

Pressure volume characteristics of the lungs have recently been
measured in 8 asthmatic suhjects during an atiack of bronchoconstriction
provoked by exercise (Tattersfield, Pride and Freedman, personal
communication).

Fullowing exercise in their study an increase in TLC above the
resting value was observed in 4 of the 8 subjects. The volumes of th?se
increases ranged from 0.5 L - 2.0 L. reﬁresenting an increase of 7-30%
of the resting value. The rise in TLC occurred at the same time as there
was an increase in the airways resistance as measured.by a fall in FEVl
below the resting value. In their 4 subjects who had an increase in TLC
the static expiratory pressure volume curve of the lungs was shifted to
a higher lung volume but there was little change in the slope of the curve
so that values for static compliance were similar at rest and during

bronchoconstriction.
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"It is not known exactly what mechanism limits TLC in either
asthmatic or normal subjects. It has been suggested that the limit
to lung inflation is set by a reflex inhibition of inspiration mediated
through the expiratory muscles rather than by some 1limit i the mechanical
deformation of the chest wall and lungs (Mead, Milic~Emili and Turner,
1963; Campbell 1958). It has also been proposed that when hyperinflation
is present in asthmatic subjects the new equilibrium position of the FRO
may modify the‘point at which the inhibitory reflexes act t9 limit the
TLC (Woolcock and Read, 1966). Total lurig capacity has been defined as
"the volume of gas in the chest at the limit of inspiration when the surc
of the elastic recoils of the lung and of the thoragic cage is egual and
opposite %o the maximum inspiratory effort" (Cotes 1968). Thus the TLC
is limited %o the volume at which the pressure generated by the respiratory
muscles intersects the pressure volume curve of the lung and chest wall.

In the study of Tattersfield, Pride and Freedman (1972) which showed
similar changes in TLC as that observed in some of the asthmatics in the
present study, the explanation for the increase in lung volume with a shif
in the pressure volume curve withcut a change in thé slope cannot simply
be due to the addition of more lung units as this would have caused a
change in the compliance by steepening the slope. It is passible that
alterations occur in the elastic characteristics of the lung tissue, such
changes have been observed in dogs which were subjected to expiratory
obstruction for a numher of days and in which increases in TLC and compliz -
occurred (Buhain, Brody, Fisher and DuBois, 1970), this is known as stresc
relaxation.

It is also possible that in the lungs there are units with high

opening and closing pressures and during an attack. of E.I.B. (when VE
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and fjmay be increased) large swings in transpulmonary pressure may occur
so that during inspirétion the opening pressureof such units may be
exceeded and would open. During expiration as the pressure falls these
units would close and trap gas. During measurement of pressure volume
curves, gas in these closed units would not be at atmospheric pressure as
the rest of the lung and the measured pressure would not be representative

of the whole lung. The %trapped gas however would be included in the

determination of TLC.
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SECTION 5

METABOLIC AND VENTILATORY CHANGES DURING AND

AFTER CYCLING AND RUNNING EXERCISE IN

ADULT ASTHMATIC SUBJECTS
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INTRODUCTION

Investigations of arterial blood gas tensions in asthmatic subjects
during and after bicycle ergometer exercise have shown that during
exercise the arterial PO, does not change (vavra et al, 1969) or may
rise (Katz et al, 1971). After different forms of exercise including
stair climbing, cycling and running arterial P02 has been reported to’
fall below the pre-exercise value (Rebuck and Read, 1968; Seaton,
Davies, Gaziano and Hughes, 1969; Chang Yeung et al, 1971; Vassallo,

Gee and Domm, 1972) or remain unchaﬁged (Pisher et al, 1971).

Arterial PCO2 has been shown to remain within normal limits during
cycling exercise in asthmatic cgildren and after exercise in both
asthmatic children and adults (Vavra et al, 1969; Vassallo et al, 1972;
Beaudry et al, 1967, Fisher et al, 1970; Katz et al, 1971; Simonsson,
Skoogh, Ekstrom-Jodal, 1972).

Arterial pH has been reported to fall in asthmatic children during
cycling exercise below values observed in normal subjects (Vavra et al,
1969) and similarly low values for arterial pH have been shown following
cycling and running exercise in adult asthmatic subjects who develop
E.I.B. (Seaton et al, 1969; Fisher et al, 1970; Chan-Yeung et al, 1971;
Vassallo et al, 1972, Silverman, Anderson and Walker, 1972, Simonsson
et al, 1972). |

Compared with normal subjects some severe asthmatic children have
been reported to have an abnormal increase in arterial blood lactate
during bicycle ergometer exercise (Vavra et al, 1969;‘Bevegard et al,
1971) and after cycling and running exercise high lactate levels have
been observed in adult subject: who have an increase in airways resistance
following exercise (Seaton et al, 1969; Fisher et al, 19713 Chan-Yeung

et al, 1971; Silverman et al, 1972).
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An increase in arteriei-alveolar O2 (a-A 02) gradient has been
demonstrated during bicycle ergometer exercisg in asthmatic children
who developed E.I.B. following exercise (Katz et al, 1971). From
+the results of tbese and zany other investigations, suggestions have
been made as to the possible zouse of E.ILB. in asthmatic subjects.
Such suggestions have included the increase minute ventilation of
exercise (Irnell and Swartling, 1966; Rebuck and Read, 1968;

Ferguson, Addington and Gaensler, 1959; Stanescu and Teculescu,; 1970;
Chan-Yeung e% al, 1971), hypocapnia (Ferguson et al, 1969, Fisher et

al, 1970; Stanescu and Teculescu, 1970), acidemia (Seaton et al, 1969;
Vassallo et al, 1972), lactic acidosis (Seaton et al, 1969; Fisher et al
1970; Herxheimer 1972).

In Section 3 investigations have shown that bronchoconstriction isc
greater following treadmill exercise than bicycle exercise in asthmatic
subjects, while there was no significant difference in VE, V02, or H.R.
during these two forms of exercise performed in the same subject, the:e
were significant differences in R and PETCOZ, which may have reflected
differences in the degree of anaerobic work and arterial blood gas
tensions.

The aim of the present study was to investigate in a group of
asthmatic subjects, arterial blood éas tensions, pH and arterial blood
lactate at rest, during and after bicycle and treadmill exercise, and
to follow simultaneouslyithe changes in airways resistance as measured
by the PEFR and FEVl. The study was carried out in this marmer in oraer
to determine if metabolic and ventilatory changes which occurred during
these two forms of exercise, were in any way related to the degree of
hronchoconstriction provoked by the exercise, and to see if any of the
previous suggestions of the underlying causes of E.I.B. were in fact

supported by such an investigation.
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SUBJECTS AND METHODS

The asthmatic subjects were five volunteers including 4 men and
1 woman. Their physical characteristics are given in Table 3-13 as
Subjects 1-5. Each subject excrcised on two occasions on separate
Adays, once by running on a treadmill and once c¢cycling on a bicycle
ergometer. Measurements of arterial blood gas tensions, pH and
arterial blood lactate were made at rest, during 6-8 minutes of exercise,
and at varying intervals for up to 50 minutes after exercise. |

Full details of the experimental precedure were given to each
subject and consent was obtained in writing prior %o each test. The
patient arrived in the laboratory after a light luncheon. When lyihg‘
comfortably on a couch, a flexible plastic cannula (Medicut) was placed
in the left or right brachial artery under local anaesthesia by a
physician who remained with the patient all the time during the study,
When the cannula was in place the subject was seated on the bicycle |
ergometer or asked to stand on the treadmill.

Heart rate was continuously recorded. After a suitable pexiod of
rest (usually 20-3%0 minutes) a collection of mixed expired gas was made
and PETCO2 monitored over a period of 3-4 minutes in the manner previousl:r
described in Section 2. During this time 4 mls. of blood were collected
in a 5 ml. heparinised plastic syringe. Some of the blood (2 ml.) was
pipetted into 0.6 M perchloric acid (2 ml.) and later lactate levels were
measured utilising a nicotinamide dinucleotide-lactate dehydrogenase
system. These measurements were carried out spectrophotometrically

(Unicam Spectrophotometer S.P. with Guildford attachments).
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Gas tensions and pH were measurcd »n the remainder of the blood
within one minute of the collection. This analysis was made on an
Eischweiler micro-electrodz apparatus which has been shown to have a
high degree of accuracy and reproducibility for PCOZ, P02 and pH

measurements (see Appendix).

At 2 minute intervals during exercise and at increasing intervals

after exercise, simultaneous collections of mixed.expired gas and
arterial blood were made over a period of at least one minute. The
mixed expired gas was immediately analysed by the method previously
described in Section 2,

PEFR and FEV1 (4 subjects) were measured at the end of each gas
collection the highest of three values being used in the analysis of
the »esults. All data was displayed on an ink jet chart recorder
(Mingograf 8L (see Fig. 2-6).

Values for normal subjects were taken from Grimby 1962 a and b

(VE, £, VD/VT); Matell 1963 (PaO,, PaC0,); Naimark et al, 1964 (pH);

Jones, McHardy, Naimark and Campbell, 1966 (VD); Wasserman, VanKessel

and Burton, 1967 (La); Cotes 1968 (PEFR); Hermansen and Saltin, 1969

(La); Whipp and Wasserman, 1969 (POZ)'

RESULTS

PEFR and FiV.

1
There was a highly significant relationship between the wvalues

- obtained for PEFR and FEVl measured at varying intervals during and

after exercise. (Fig. 5-1). In 4 of the 5 subjects in whom FEV, was

measured simultaneously with PEFR the correlation coefficients for the

values of PEFR and FEVl were greater than 0.96 in the 8 exercise tests

performed by these subjects (Nos. 2-5).
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TABLE 5 - 1

flean values for resting PEﬁR, maximum PEFR measured during exercise,

and the indices of bronchial lability in 5 adult asthmatic subjects.

Max. PEFR

. Resting , .
Rg;?;ng PEFR % During %pg;;e %pgiél E.L.I. J.L.I.
Predicted Exercise
B T B T B T B T B T B T B T

Mean 433 4172 7.5 72.1 540 520 3B.4 28,3 31.0 41.01}87.8 65.5 48,1 51,5
S.E.M. 79 56 13,3 10.0 86 57 17.2 4,3 10.8 10,1 }13.0 6.0 .8 11.0
n 5 5 5 5 5 5 5 5 5 5 5 5 5 5
p NS NS NS NS ** NS NS

B

= Bicycle ergometer

T = Treadmill

E8T



Mean values for measurements of axygen consumption, ventilation,
heart rate, respiratory exchange ratio, frequency of breathing
and end tical

minute of

TABLE 5 - 2

CO0, tension made at rest and during the last

2

exercise in 5 adult asthmatic subjects.

VE V02 H.R. R PETCD2
L mls.
B T 2] T B T 8 T B T T
Pre-Exercise
-Mean 10,1 9.4 289 272189.2 95.4 {0.81 0.81 }13.8 15.1 |{31.2 30.4
S.E.M. 1.4 1.1 23 29 3.7 8.5 }]0.04 0.04 2.0 2.3 1.5 0.5
n 5 5 5 ' 5 5 5 5 5 5 5 5 5
p N.S. N.S. N.S. N.5. N.S. N.S
During
Exercise
Mean 63.1 56.5 11940 1928 170 175 0.97 1.00 75.0 28¢0 {31.8 37.9
S.E .. 6.0 3.7 211 146 12 10 0.04 0.04 3.7 2.5 3.1 3.05
n 5 5 5 5 5 5 5 5 5 5 5 5
p N.S. N-.S N.S N.S. * wEE

B - Bicycle ergometer

T = Treadmill

FST
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As all the subjecta had measurements made of PEFR the indices
of bronchial lability have been determined using the values for PEFR
and not FEVl. Changes in the values of PEFR during and after exercise
are illustrated in Fig. 5-2. Mean values for the PEFR as a percentage
of predicted wormal and the changes osccurring during and after both forms
of exercise are given in Table 5-1. The results were similar to those
found for the group of adult subjects porfoiming cycling and treadmill
running exercise in Section 3, wbich included these 5 subjects.(see
Table 3A-~3 subjects 1-5). |

In all subjents PEFR rose significantly during both forms of

186

exercise, the mcan percentage rise in PEFR was higher during bicycle exercise

compared with the treadmill but the difference was not significant
. (Table 5-1).

Bronchoconstriction occurred following treadmill exercise in all
subjects but only 3 oul of the 5 subjects had a fall in PEFR greater
than 15% following bicycle exerciso (Table 3A-3).

VE, VO2 and H.R.

VE was gonorally greater during bicycle exercise compared to
‘treadmill exercise (Table 5A-1) but the difference was not significant
(Table 5~2). VE returned to normal resting level at a similar rate
after both forms of exercise though one subject had a VE 15-20% higher
following bicycle exercise than following treadmill exercise.

VO2 and H.R. were not significantly different during the twe
forms of exercise (Table 5-2) and after exercise the recovery time was
similar for both types of exercise. VE and H.R. during and after
exercise are illustrated for subject No. 2 in Fig. 5-3 and other subjects

showed a similar pattern of recovery of VE and H.R. following exercise.



TABLE 5 - 3

Mean vezlues for arterial blood gas tensions, pH, base excess, lactate

and arturial-alveoclar gradients for 0O

2 2?7

and CO

last minute of exercise in 5 adult asthmatic subjects.

at rest and during the

- , Alveolar- Arterial-
Pre-txercise z;gg gagDE | pH B.E. EL?L Arterial Alveolar
S m=q 0-mmHq COommHg
B T B T B T B T B T B T B T
fMlean 94,8 92.4 32,3 34.0 7.42 7.43 | -2.4 -1.,98 0.97 0.56 14.6 15.8 .5
S.E.MN, 7.6 1.9 1.7 2.1 0.01 0.01 1.2 1.0 0.2 0.1 6.2 2.9 .
n 5 5 5 5 5 5 5 5 5 5 5 5 5 5
p N.S. N.S N.S N.S. ¥ N.S. N.S.
During
Exercise
fMean 8.0 91.5 32.0 37.3 7.31 7.31 -9.3 -6.9 7.9 . i8.2 20.8 (-1.8 -4.2
S.E.M. 5.3 7.0 2,0 3.4 0.02 0.03 1.8 1.9 1.1 . 4.8 4.8 1.7 3.2
n 5 5 5 5 5 5 5 5 5 5 5 5 5 5
p N.S. * N.S. * *xE N.S. N.S.

B =

Bicycle Ergometer

T = Treadmill

L8T
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TABLE 5 -~ 4

Mean values for arterial blood gas tensions pH, lactate, alveolar-

arterial 0, gradient ana physiological dead space,

5 adult asthmatic sub jects.

after exercise in

Lowest Lowest Highest Lowest Highest Highest Highest
Pal, paCo, PaCO, pH La mBq/L A-al,mmHg UD mls.
B T B T B T B T 8 T B T B T
fiean 6.2 175.8 28.6 34.4 | 34.1 41.0 7.28 7.34 8.4 4.7 33.4 35.6 382 360
S.E.M. 5.5 4.6 1.5 2.7 1.5 4.3 0.03 0.03 1.3 1.5 4.1 3.6 81 70
n 5 5 5 5 5 5 5 5 5 5 5 5 5 5
B = Bicycle ergometer T = Treadmill

68T
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Arterial P02
Resting values for arterial PO, were within normal limits and
hypoxaemia was not present (Tables5-3, 5A-2). Four of the five
subjects demonstrated an increase in arterial PO2 during exercise which
was follewed by a fall after exercise to values lewer than the pre-
exercise level (Fig. 5-4, Table 5A-3). There was 1o significant
difference between the two forms of exercise in the rise or the fall
in arferial PO, dﬁring and after exercise (Tables 5-3, 5-4). One
subject (no. 4) had a fall in arterial PO, during beth forms of exercise
with a subsequent return towards his normal resting level follewing

exercise,

Arterial P002

There was no significant difference in the resting values for
arterial P002 prior to each exercise test (Table 5-3), but the actual
values for the arterial PCO, were lower than those seen in normal
subjects at rest (Table 5A-2). During exercise the arterial PCO2
was variable but during the last minute of exercise it was lewer for
the bicycle exercise than the treadmill exercise and the difference
- was just significant (Table 5-3, Fig. 5-5).- Follewing bicycle exercise
the arterial P002 rese and the values were similar to thoée observed at
rest, Following treadmill exercise however arterial PCO2 rose above
the pre-exercise level in all subjects, though only 2 subjects increased
their arterial PCO
C0,, retention (Table 5A-3, Fig. 5-5).

2
End tidal PCOG,(PETCOZ) Arterial-alveolar PCO, gradient

191

2 above 44 mmHg. and only one subject developed significant

PETCO2 was significantly lower during bicycle exercise than treadmill

exercise (Table 5-2). The differences in arterial-alveolar PCO, were
variable during both forms of exercise and in one subject (No. 5) the
observed difference in arterial to alveolar PCO2 was much greater than

that observed in normal subjects during exercise (Table 5A-2).
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TABLE 5 - 5

Regression equations for change in base excess with

change in arterial blood lactate.

Dégrees
X Y B m SEY r t of
Freedom
During A a AB.E. 1.07 .09 1.34 Q.86 9.7 35
Exercise
After Ala AB.E. .99 0.80 1.29 1.95 19.6 45
Exercise
Combine 3 Ala AB.E. 1.01 .51 1.32 0.93 22.1 82

For symbols see Section 2.

€61
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Alveolar-arferial PO2 gradient

At rest the values for alveolar-arterial PO2 varied, the gradient
was normal in one subject, lower than normal in two subjects and
moderately raised in two subjects (Table 5A-1). During exercise the
gradient increased above the resting level in all subjects but remained
within normal limits (Table 5A-2). Following exercise the alveolar-
arterial PO2 gradient continued fo increase (Table 5A—3). The mean
values for the gradienfs during and after exercise were not significantly
different for the two forms of exercise (Tables 5-3, 5-4).

Arterial pH, Arterial Lactate and Base Excess (B.E.)

A typicai example of changes occurring in arterial pH and arterial
lactate during and afternexercise is illustrated in Fig. 5-3. There was
a fall in pH during bicycle and ireadmill exercise but the decrease was
similar Guring both forms of exercise (Table 5-3). Following exercise
the pH continued to fall in all subjecis and it was significantly lowex
following bicycle exercise. The arterial pH gradually returned towaxrds
the normal resting value during the 30 minutes aftér exercise.,

During exercise there was a rise in arterial lactafe and a fall in
B.E. These changes were significantly different during the two forms of
exercise, with arterial lactate higher and B.E. lower during bicycle
ergometer exercise (Table 5-3). Following the bicycle exercise the arte:ial
lactate confinued to rise in 4 of the 5 subjects but after freadmill
exercise only one subject had a greater arterial lactate level than that
observed during exercise (Table 5A-3).

There was a highly significant relationship between the changes in
arterial lactate and changes in B.E. from the pre-exercise value during
and after both forms of exercise and the regression line for all the resul+

is illustrated in Fig. 5~6, the regression equations are given in Table 5-%,



Individu il and mean valuee for

from the 3Johr equaticn at rest,

Co

o during the last minute

TABLE S5 - 6

pl.ysiclogical dead space as calculated

and from the B8ohr equation and end-tidal

of exercise in 5 adult asthmatics.

UD mls VD mls VD mls VD mls VD mls
Rest Exercise Predicted* Predictad* Exercise
(Bohr) (8ohr) Upper Limit Lowst Limit (PETCO?2)
8 T 8 T 8 T 8 T B T
1 110 139 341 578 307 326 181 192 214 66
y; 93 219 500 338 486 432 281 251 477 523
3 224 1€3 110 411 345 431 202 251 255 372
4 439 371 395 145 397 388 231 227 348 350
5 124 103 58 0 420 423 244 246 293 356
Mean 198 193 336 368 391 400 228 233 257 333
SE 64 38 82 88 30.8 20 17.3 11,2 29.8 74.0
n 5 5 4 4 5 5 5 5 5 5
p NS NS NS NS *

3

8 = Bicycle ergometer

* predicted valuss from Jones

T = Treadmill

et al 1966,

S6T
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Physiological Dead Space (VD), and Dead Space Tidal Volume Ratios (VD/VT)

VD was within normal limits =t rest in four subjects, it was raised
above the normal predicted value in Subject No. 4‘(Table 5-6, Fig. 5-7).
During exercise the results for VD were variable. Compsred with a normal
group of subjects performing exercise under similar laboratory conditions
(Jones, et al, 1966) the VD increased above the upper limit of predicted
normal (given by the equation VD = 160 mls. + 0,117 VT) in Subject 1
during treadmill exercise and Subject 2 during cycling exercise. VD
remained within normal limits during the other exercise tests in these
two subjects but in the other three subjects values for VD were lower
than the predicted lower limit (VD = 100 mls. + 0.065 VT) during at least
one form of exercise. One subject (No. 5) had a mixed expired PCO2
marginally higher than arterial PCO2 during at least one collection during
both forms of exercise, thus giving a negative value for VD. Following
exercise VD increased to values above the predicted normal and in Subjectg
2 ané‘4 values for VD #eééhed SOO%Iaﬁd 200%'6f the predicted normal -
values respectiveiy (Table SA-B).- |

N VD/VT ratios weré near the‘upper limit-of‘normal (35%5Abeforé
exérciée. During exercisg the ratio fell in gll éubjeqts reaching va}ueé
which were below the accepted limit of ﬁormai (10%) durihg at leﬁst one
form of exefcise.invall but subject No. 4; ?blloﬁing”exgrcise; Gb/VT

ratios rose o values equal tp or above the initial value (Fig. 5-8).
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During exercise in the present group of asthmatic subjects there was
a fall in airways resistance as measured by an increase in PEFR, in
general this rise in PEFR was accompanied by an increase in arterial 02
tension above the resting value most likely due %o beltor distribtution of
ventilation and perfusion ratios in the lungs. Following exercise there
was an ircrease in airways resistance as measured by a fall in PEFR
below the resting value, this was accompanied in genexal by a fall in
arterial O, tension below the rest¥ing value and an increase in VD/VT
ratios equal to or above those observed prior fo exercise. Only one
subject developed a significant degree of alveolar hypoventilation
following exercise. The results for VE, V02, H.R., PETCOz, R, and the
indices of bronchial 1lability were similar to those described foxr <he
larger group of adult asthmatic subjechis and have been discussed in
greater detail in Section 3.

The rise in artferial PO, seen during both forms of exercise was of
similar magnitude to that observed in asthmatic children during progressive
bicycle exercise (Katz et al, 1971), but exceeded the rise in arterial PO2
reported in normal subjects during exercise (Naimark et al, 1964; Whipp
and Wasserman, 1969). This improvement in arterial P02 is analagous to
that which occurs during exercise in subjects with chronic bronchitis
or chronic obstructive airways disease (Jones 19663 Cohn and Donoso, 1967),
and might be expected to result from better distribution of ventilation
and perfusion ratios in the lungs during exercise (West and Dollery,
1960). TFollowing exercise as bronchoconstriction developed 4 subjects
had a fall in arterial PO, (Fig. 5-4). Similar falls in arterial PO, have

been reported in asthmatic subjects following exercise (Rebuck and Read,
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1968; Seaton et al, 1969, Chan-Yeung et al, 1971; Simonsson et al, 1972)
but it is not observed in normal subjects (Matell 1963; Suskind, Bruce,
McDowell, Yu and Lovejoy, 1950). The fall in P02 following exercise in
these subjects is most likely a consequence of the uneven ventilation
from increased airways obstruction as suggested by others (Chan-Yeung
et al, 1971).

Subject No. 4 differed from the other subjects in that his arterial
POJ fell during both forms of exercise. During bicycle exercise his
erierial P02 fell by 21 mmHg. at a time when his PEFR had risen 70% above
the resting value. Following exercise the arterial PO2 returned to the
initial value which was within normal limits and the PEFR did not fall
more thar 229 following either form of exercise though airways obstruction
was present at rest. In spite of the increase in airways obstruction at
rest, this subject must have compensated for the uneven distribution of
ventilation. During exercise unequal changes in bronchomotor and vasomotor
tone may have causeda disturbance in the ventilation perfusion ratios so
that there was a fall in arterial P02 tension. Such changes in arte;ial
PO2 have been reported in some subjects with chronic airways obstruction
during stair climbing exercise (Cohn and Donoso, 1967) wnd hypoxaemia has
also been reported following isoprenaline inhalation and infusion‘(Field
1967; Palmer and Diament, 1967).

Since only one subject had an arterial PO2 lower than normal during
exercise it did not appear that toxygen transport! was limited in these
subjects as has been previously suggested for asthmatic subjects developing
post exercise bronchospasm (Katz et al, 1971).

The higher blood lactate levels observed during bicycle exercise
compared with treadmill exercise are consistent with reports in normal
luntrained! subjects (Wasserman et al, 1967; Hermansen and Saltin, 1969),

and most likely are the reason that higher values for respiratory exchange
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" FIGURE 5-9
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ratios have been observed during cycling than running. However the actual
values for arterial blood lactate during cycling in this group of asthmatie
subjects were higher than those reported for normal subjects working at
the same VO,, in fact Subject No. 2 (Fig. 5-3) had lactate values equi-
valent o that observed at maximal working capacity in normal subjecté
{Astrand 1952) and similarly high values have been obtained in other
asthmatic subjects following cycling exercise (Chan-Yeung et al, 1971;
Firher et al, 1970). Hyperventilation is knewn to increase arterial blood
lactate but the changes are smaller than would account for differences
between the asthmatic and normal subjects (Edwards and Clode, 1970).
Because high blood lactates have shown to be associated with an increase
in airways resistance it has been suggested thnt lactic acidosis is the
cause of the consiriction that follows exercise in asthﬁatic subjects
(Seaton et al, 19é9; Herxheimer 1972). However in the present study the
lactate levels were higher during and after bicycle exercise yet the
percentage fall in PEFR was greater following treadmill exercise. In
fact two subjects with high blood lactate levels had a percentage fall
in PEFR after exercise of less than 15% from the resting value and one
subject whose arterial blood lactate level was within the lower limit of
normal during and after exercise had a fall in PEFR greater than 40%
(rige 5-9).

Thus the suggestion that lactic acidosis may be responsible for E.ILB.
does not appear to be supported by observations in the present study.
A significant relationship between changes in vlood lactate and bicarbonate
or CO2 combining capacity of the bloodhas previously been observed in .
asthmatic and normal subjecks during exercise (Turrell and Robinson,

1942; Visser, Kreukniet and Maas, 1964). However it is apparent from the



rresent study that the relationship between arterial blood lactate and
B.E. is constant even for up to 30 .ainutes following exercise. The
correlation coefficient between changes from resting value of lactate

and B.E. was such that it would he possible to predict the change in
arterial blood lactate during and after exercise by using the change in
values for B.E. derived from measurements of P002 and pH in arterial blood,

With the exception of subject No. 5 values for arterial pH during
both forms of exercise were lower than those observed in normal subjeéts
working at similar levels (Naimark et al, 1964) but similar to those
previously noted in adthmatic subjects during exercise (Vavra et al, 1969).
Following exercise the values for pH were similar to those reported in
adult asthmatic subjects who developed E.I.B. (Seaton et al, 1969;
Chan-Yeung et al, 1971, Vassallo et al, 1972).

The all in pH may have resulted from the lactic acidosis, the
relatively lower arterial PCO2 during cycling exercise could have
compensated for the difference in lactate so that the arterial pH was
the same during both forms of cxercise.

Metabolic acidosis follcwing exercise has been thought to induce
bronchoconstriction either by causing the release of bronchoconstrictor
substances or blocking the natural bronchodilating mechanism (Seaton et
al, 1959; Vassallo et al, 1972). However acidosis has been observed in
asthmatic children during and after exercise, when the exercise was not
of sufficient intensity to cause E.I.B. (Beoudry et al, 1967; Vavra ef
al, 1969). Though acidosis as a factor in causing E.I.B. cannot be ruled
out it is unlikely that it is the sole cause since the decrease in pH in
the present study was similar for each subject during both forms of
exercise, yet constriction was greater foliowing treadmill exercise
(Fig. 5-9). Further evidence for acidosis not being a sole cause of
E.I.B. is that a lower pH persisted for a longer time following bicycle

exercise than treadmill exercise (Fig. 5-3).



204

Arfterial PCO

2

The lower arterial PCO, observed during cycling exercise was in

2

keeping with the lower PETCO, observed earlier in the asthmatic subjects

2
during cycling compared with treadmill exercise, and can be explained by
the relative hyperventilation observed during bicycle ergometer exercise.

The lower than normal arterial PCO2 observed in 3 subjects during
bicycle exercise and 2 subjects during treadmill exercise may be explained
by the higher VE observed in these subjects compsred with normal subjects.
Increase in minute ventilation due to exercise and hypocapnia have been
suggested as possible causes for the increased airways resistance after
exercise in asthmatic subjects (Herxheimer 1946; Irnell and Swartling,
1966; Rebuck and Read, 1968; Ferguson et al, 1969; Stanescu and |
Teculescu, 1970; Fisher at al, 1970; Chan-Yeung et al, 1971) and normal
subjects have been shown %o have an increasedairways resistance following.
hyperventilation when sevére hypocapnia was present (Newhouse, Becklake,
Macklem and McGregor, 1964; Sterling, 1968).

In the present group of asthmatic subjects performing exercise,
the ventilation was generally greater during bicycle exercise and the
arterial and end tidal PCO2 were lower (Table 5A-1) compred with treadmill
exercise, though the percentage fall in PEFR was considerably greater
after treadmill exercise. Thus moderate hyperventilation and hypocapnia
to a level of 27 mmHg. dces not appear to correlate with the degree of
bronchoconstriction observed after exercise in this group of subjects
(Fig. 5-9).

Following exercise arterial P002 was higher than the values
observed at rest and in one subject alveolar hypoventilation occurred.
This was at a time when the PEFR had fallen %o a value of 25% of the

predicted normal, Carbon dioxide retention has been reported by other
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workers who studied asthmatic subjects following exercise (Sironason
et al, 1972). This alveolar hypoventilation may be due to mechanical

limitaticn of breathing during E.I.B.

End tidai to-arterial P002 gradient
Though the mean values for arterial PCO2 and PETCO2 were similar
there were individual variations in the differences for end tidal-
arterial PCO2 gradients and in some cases the values for this gradient
(Table 5A-2) were greater than those observed in normal subjects working
at the same oxygen consumption (Matell 1963; Jones et al, 1966). The
end tidal—arterial PCO2 gradient which develops during exercise in no?mal
subjects is related to the level of work and the frequency of breathing
and has been expressed by Jones et al (1966) as PETCO

~PaC0, = 0.004VCO,~

2 2
0.134 £ + 0.75 mmHg. Thus the end tidal arterial difference increases
with increasing CO2 production and is reduced by increased frequency of

breathing. The noxmal end tidal arbterial PCO, gradient is said %o be due

2
to the variations in the time constants for emptying alveoll in the
lungs (Galdston and Wollack, 1947; Suskind et al, 1952; Matell 1963;
Jones et al, 1966). It has also been reported that in normal subjects
the end tidal-arterial PCO2 gradient may be increased during exercise
in the presence of an expiratory airways obstruction (Hanson, Tabakin
and Levy, 1967). In subject No. 5 during the last minute of treadmill
exercise the end $idal PCO2 exceeded the arterial PCO2 by 9.4 mmHg,

a gradient 4 mmHg. higher than would be predicted from the VCO, and f.

2
Such values may have been expected %o occur in fthe presence of expiratory
airways obstruction but the PEFR and FEVl measured at this time were

normal. It appears that in this subject there could have been a greater

than normal variation in the rates of empiying of the alveoll of an

under-estimation of the arterial P002 (discussed later).
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- Ventilation and Perfusigg
Physiological deadnépgce calculated from the Bohr equation using

the measured values for arf;fial PCO2 were variable in this group of
subjects during exercise. In sutject No. 5, values for mixed expired

PCO2 were obsexrved to be higher than arterial PCOz.on several occasions

thus giving negative values for VD during both forms of exercise. (Fig. 5-7).
These observations could notv be accounted for by technical errors as the
arterial blood gas collected over the same period of time as the mixed
expired gas. Similar values were obtained for VD during exercise in this
subject on a third ané separate exercise test carried out six weeks later.
Negative values for VD have been observed proeviously in normal subjects.
Beaudry et al (1967) reported ore subject with a VD of -13 mls. during
exercise but did not discuss the finding. Mixed expired PCO2 has bee#
found %o be higher than arterial P002 in 86 out of 223 measurements made

on normal subjscts under hyperbaric and normal pressure conditions (Sglzano,
Bell, Weglicki and Saltzman, 1967). It was suggested that the differences
may bhave been due to the phasic changes in the arterial P002 not revealed
by intermittent sampling, or that CO2 may be secreted in the lung.
Respiratcry fluctuations in alveolar PCO2 have been invcstigated and ?eported
to be about 2 mmHg. during the respiratory cycle at rest (DuBois, Britt

and Fenn, 1952), it is possible that these variations may increase on
exercise. In the present study if PETCO2 as an estimate for alveolar PCO2
was used instead of arterial‘Pcoz in the calculations of VD, values for

VD close to or above those which would be predicted were obtained (Table
5-6). Negative values were obtained when the end-tidal arierial PCO
gradient was greater than that normally obsexved and it has been previously
considered that there was an under-estimation of the arterial PCOz. Such

an un@er-estimation of arterial PCO2 couid have occurred if the body



temperature during exercise was higher than the temperature at which the
blocd was analysed (3700). Although body temperature was not measured,
blood temperature of the subject wounld have had to have been 4100 to

cause an under-estimation of these proportions (Kelman and Nunn, 1966).
This is unlikely as it has been shewn that there is no significant increase
in oesophagenl temperature in the first 6-8 minutes of exercise (Saltin
and Hermansen, 1966).

It has been noted in normal sthjects that at equilibrium during the
platean rebreathing procedure, gas PCO, (end tidal PCOz) is higher than
that found in the blood leaving the lungs during the platean. This has
been described as the 'downstream effect' (Jones, Campbell, Edwards and
Wilkoff, 1969). It is possible that similar blood gas differences occurred
on exurcise in the presence of a high end tidal-arterial PCO2 gradient
vto gsuch a degree that the arterial PCO2 was less than the mixed expired
PCOz. However further investigation is needed to elucidate the prob}em of

accurate measurement of VD in asthmatic subjects.
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GENERAL COMMENTS

In studying the response to differeng; forms of exercise in
asthmatic subjects some interesting physiological abnormalities have
been noted.  Some of these abnormalities have been observed before
and include the notahle decrease in airways resistance which occurs
during exercise aﬁd the increase in airways resistance which occurs
following exercise. These acute qhanges in airways resistance have no%
been noted in normal subjects. Such changes that occur in the airways
resistance of asthmatic subjects during and after exercise are relevant
to the understanding thai "transient or widely variable narrowing of
airways is the functional disorder which defines asthma". I% would thus
appear that exercise testing is a suitable model for investigating the
changes taking place in asthmatic subjects during an attack of asthma,

Though the resulis of previous investigations by some other workers
have shown that the incidence of E.I.B. in asthmatic subjects riay be no
more than 50% following bicycle exercise the explanation is found in the
variation in response to different forms of exercise. The resulis
presented in this thesis show that while some form of exercise is capable
of provoking an attack of asthma in 90% of asthmatic subjects, there is
a definite difference in the degree of bronchoconstriction provoked by
different forms of exercise.

Running exercise is a more potent stimulus than is cycling or
swimming in provoking an attack of E.I.B. and these differences cannot
be explained simply on the basis of work load as the exercise tests were
performed at siﬁilar VE, V02 and H.R. It also appears that work with
small muscle groups such as occurs during =2xrm exercise and exexcise
with a large component of eccentric work (downhill running) is also
capable of proviking bronchoconstriction in asthmatic subjects following

exercise.
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“The'explaﬁatiqn for the varying responsefto diffefént forms 9f
exercise is unclear but there remains several possibilities which mus¥
be considered further. These include the differences during varying
types of exercise in the general 1evellof neural activity, the vibration
of the body, the movement of the chest wall and the metabolic and
ventilatory response o exercise.

In addition to the observations in changes oceurring in airways
resistance following different forms of exerciée in'asthma%ic subjects,
new ohservations have been made on the physioclogical consequences of -
the ircreased airways resistance due {o exercise. These include the
acute changes in lung volumes which accompany the increase in airways
resistance following exercise and the changes in arterial blood gas
tensions, pH and lactate occurring during and after exercise in asthmétic
subjects. |

The results of these investigations have indicated that the
bronchoconstriction observed following exercise is not due to a single
factor such as hyperventilation, hypocapnia, acidemia or lactic acidosis
which‘have been suggested by other workers.

The observations that acute increase in RV, FRC and TLC occur
in asthmatic but not normal subjecis following running exercise implies
that the increase in airways resistance is also accompanied by changes in
the mechanical properties of the lungs. Such changes in mechanical
properties of the lung could include changas in the elarstic characteristics
of the lung tissue similar.to those observed in asthmatic subjects after
prolonged airways obsiruction.

A further important physiological response to exercise in asthmatic

subjects is noted in the change in arterial oxygen tension during and
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after exercise., In general the decrease in airways resistance during
exercise is zccompanied by an increase in arterial oxygen tension. 'This
is most likely a reflection of the more equal distribution of blood

and gas in the alveoli of the lurgs resulting from an increase in blood
flow and a lowering of airways resistance during exercise. It implies
that in these subjects the inequality of ventilation and perfusion
observed at rest is potentially reversible on exercise and that
excessive and permanent lung fissue damaée has not occurred. The fall
in arterial oxygen tension seen after exercise is more likely the result
of incquality of ventilation due to airway obétruction and hyperinflation
(increase in FRC).

In addition to the inequality of ventilation the increase in
physiological dead space noted in some asthmatic patients indicates that
an inequality of pulmonary blood flow may also occur following exercise.
This may be due to local changes in vasomotor tone of the pulmonary
vasculature as a result of the acid base changes occurring due'to the

metabolites of exercise or substances released due to bronchoconstriction.

\



211

BIBLIOGRAPHY




212

Abbott, B.C., Bigland, B, and Ritchie, J.M. (1952) The physiological
cost of negative work. J. Physiol., 117, 380-390.

Adems, Francis (1856) The Extant Works of Areteus, The Cappadocian.
Edited and translated by Francis Adams, Sydenham Society, London,
1856. '

inderson, S.D. and Godfrey, S. (1971) Cardio-respiratory response to
treadmill exercise in normal children. Clin. Sci., 40, 433-442.

Anderson, S.D., Commolly, N.M. and Godfrey, S. (1971) Comparison of
bronchcconstriction induced by cycling and ruming. Thorax, 26,

396-401,

Asmussen, E. and Nielsen, M. (1947) The regulation of the body temperature
during work performed with the arms and with the legs. Acta
Physiol. Scand., 14, 373-382.

Asmussen, E. and Hemmingsen, I. (1958) Determination of maximum working
capacity at different ages in work with the legs or with the arms.
Scand. Ju Clinn Lab. InVeS't., _]:9’ 67_710

Astrand, P-O. (1952) Experimental Studies of Physical Working Capacity.
in Relation to Sex and Age. E. Munksgaard, Copenhagen 1952.

Bubain; W.J., Brody, J.S., Fisher, A.B. and DuBois, 4.B. (1970) Effect
of experimental airway obstruction on mechanical properties of the
lung and chest wall, Fed. Proc., 29, 593.

Bar-Or, O., Shepherd, R.J. and Allen C.L. (1971) Cardiac output of
10-13% year old boys and girls during submaximal exercise.
Je Appl- Physiol-, _}9_, 219—223-

Beale, H.D., Fowler, W.S. and Ccmroe, J.H. (1952) Pulmonary function
in 20 asthmatic patients in the symptom free interval. J. Allergy,

gz, 1.

Beaudry, P.H., Wise, M.B. and Seely, J.E. (1967) Respiratory gas exchange
at rest and during exercise in normal and asthmatic children.
Am. Rev. resp. Dis., 95, 248-254.

Bevegard, S., Freyschuss, U. and Strandell, T. (1966) Circulatoxry
adaption to arm and leg exercise in supine and sitting position.
JQ Applb PhySiOl., _2_1_’ 37-46.

Bevegard, S., Eriksson, B.0., Graff-Lonnevig, V., Kraepelein, S. and
Saltin, B. (1971) Circulatory and respiratory dimensions and
functional capacity in boys aged 8-13 years.with bronchial asthma.
Acta Paed. Scan. Suppl., 217, 86-89.

Birath, G., Kjellner, I. and Sandqvist, L. (1963) Spirometric studies
in normal subjects and ventilatory capacity tests in adults.
Acta Med. Scand., 173, 193.



213

Bobbert, A.C. (1960) Physiological comparison of three types of ergometry.
J. Appl. Physiol., 15, 1007-1014.

Bohr, C. (1907) Die funktionellen Anderungen in der Mittellage und
Vitalkapazitat der lungen. Deutsches Arch, f. klin. Med., 88,

385-434.

Boothby, W. (1915) A determination of the circulation rate in man at
rest and at work. Am. J. Physiol., 37, 383-4l7.

Briscoe, W.A., and DuBois, A.B. (1958) The relationship between airway
resistance, airway conductance and lung volume in subjects of
different age and body size. J. Clin. Invest., 37, 1279-1285.

Butler, J., Caro, C., Alcala, R. and DuBois, A.B. (1960) Physiological
factors affecting airways resistance in normal subjecis and in
patients with obstructive respirstory disease. J. Clin. Investi.,

39, 584-591.

Cade, J.F., Woolcock, A.J., Rebuck, A.S. and Pain, M.C.F. (1971)
Lung mechanics during provodations of asthma. Clin., Sei., 40, 38l.

Capel, L.H. and Smart, J. (1959, The forced expiratory volume after
exercise, forced inspiration and the ¥alsalva and Muller manoeuvres.
Thorax, 14, 161-165.

Campbell, E.J.M. (1958) The Respiratory Muscles. Lloyde-Iuke, London.

Chan-Yeung, M.M.W., Vyas, M.N. and Grzybowski, S. (1971) Exercise
induced asthma. Am. Rev. resp. Dis., 104, 915-923.

Christensen, E.H. and Hansen, 0. (1938) Respiratorischen Quotient und

O2 Aufnahme. Skand. Arch. Physiol., 81, 180-189.

Cohn, J.E. and Donoeo, H.D. (1967) Exercise and intrapulmonary ventilation
perfusion relationships in chronic obsiructive airways disease,
Am. Rev. resp. Dis., 95, 1015-1025.

Collett, M.E. and Liljestrand, G. (1924) The minute volume of the heart
in man during some different types of exercise., Skand. Arch. Physiol.,

45, 29-42.

Comroe, J.H. and Fowler, W.S. (1951) Detection of uneven ventilation
during a single breath of 02. Am, J, ned., 10, 408-413.

Cotes, J.E. (1968) Lung Function. 2nd Edition Blackwell Scientific
Publications, Oxford. p. 377, 38l.

Cullen, William (1784) First Lines of the I.-uiceu’ Physic. 4th Edition
Volume 5, Edinburgh.



214

Davies, S.E. (1968) The effect of disodium cromoglycate on exercise-
induced asthma, Brit. med. J., 3, 593-594.

Donald, K.W. (1953) The definition and assessment of respiratory functlon.
Brlt med Jn 9 1 415 4226

DuBois, A.B., Britt, A.G. and Fenn, W.0. (1952) Alveolar €O, during
the respiratory cycle. J. Appl. Physiol., 4, 535-548.

DuBois, A .B., Bothello, S.Y. and Comroe, J.H., Jr. (1956) A new method
for measuring airway resistance in man using a body plethysmograph:
values in normal subjects a2nd in patients with respirstory disease.
J. Clin. Invest., 35, 329.

Durnin, J.V. and Taylor, A. (1960) Replicability of measurements of
density of the human body as determined by underwater weighing.
J. Appl. Physiol., 15, 142-144.

Edwards, R.H.T., Jones, N.L., Oppenheimexr, E.A.,, Hughes, R.L. and
Knell-Jones, R.P. (1969) Interrelation of responses during
progressive exercise in trained and untrained subjects. Quaxt. J.

Exp. Phys., 54, 394-403.

Edwards, R.H.T. and Clode, M. (1970) The effect of hyperventilation of
the lactic acidemia of muscular exercise. Clin, Seci., 38, 269-276.

Emirgil, C. and Sobol, B. (1971) Long term course of chronic obs%ructive
pulmonary disease; a new view of the mode of functional deterioration.
fmer. J, Med., 57, 504-512.

Engstrom, I., Karlberg, P., Kraepelien, S. and Wengler, G. (1960)
Respiratory studies in children VIII. Acta Paed., 49.

Engstrom, I., Karlberg, P. and Swarts, C.L. (1962) Respiratory studies
in children IX. Relationships between mechanical properties of the
lungs, lung volumes and ventilatory capacity in healthy chlldren
7-15 years of age. Acta Paed., 51, 68-80.

Engstrom, I. and Karlburg, P. (1962) Respiratory studies in chidren X.
Lung volumes in relation to ventilatory capacity and mechanical
properties of the lungs in symptom free asthmatic children,

Acta Paed., 51, 529-543.

Engstrom, I. (1964) Respiratory studies in children XI. Mechanics
of breathing, lung volumes and ventilaiory capacity in asthmatic
children from attack %o symptom free status. Acta Paed., Supp. 155.

Ferguson, A., Addington, W.W. and Gaensler,; E.A. (1969) Dyspnoea and
bronchospasm from inappropriate post exsrcise hyperventilation.,

Field, G.B. (1967) The effects of posture, oxygen, isoproterenol and
atropine on ventilation-perfusion relationships in the lung in
asthma. Clin,., Sei., 32, 279-288.



" 215

Fisher, H.K., Holton; P., Buxton, R.S%.J. and Nadel, J.A. (1970)
Mcchanism of exercise-induced bronchoconstriction. Am. Rev.
resp. Dis., 101, 885-896.

Fitch, K.D. and Morton, A.R. (1971) Specificity of exercise in exercise-
indU.Ce(J asthma . BI‘i'tI * med . J. y A, 577-581 .

Floyer, Sir John (1717) A Treatise of the Asthma. 2nd Edition,
London.

Fry, D.l.. and Hyatt, R.E. (1960) Pulmonary mechanics: a unified
analysis of the relationship between pressure, volume and gas
flow in the lungs of normal and diseased human subjects. Am,
J. Med., 29, 672.

Gadhoke, S. and Jones, N,L. (1969) The responses to exercise in boys aged
9-15. (Clin, Sci., 37, 789-801.

Galdston, M. and Wollack, A.C. (1947) Oxygen and carbon dioxide tensions
of alveolar air and arterial blood in healthy young adults at rest
and after exercise.  Am. J. Physiol., 151, 276-28l.

Geubelle, F. and Jovanovie, M. (1971) Specific Factors Limiting Exercise
in Children with Respirstory Disease. Abstracts of Symposium on
Respiratory Adaptation to Exercise In Diseases of the Respiratory
System, Goteborg.

Givoni, B. and Goldman, R.F. (1971) Predicting metabolic energy cos*.
J. Appl. Physiol., 30, 429-433.

Godfrey, S., Davies, C.T.M., Wozniak, E. and Barnes, C.A. (1971) Cardio
respiratory response to exercise in normal children. (Clin, Sci.,

40, 419-431.

Godfrey, S., Kamburoff, P.L. and Nairn, J.R. (1970) Spirometry, lung
volunes and airway resistance in normal children aged 5-18 years.
Brit. J. Dis. Chest, 64, 15-24.

Godfrey, S. (1971) The Study of the Physiological Responses to Excrcise.
M.D. thesis, University of London.

Gold, W.M., Kaufman, H.S., and Nadel, J.i. (1967) Elastic recoil of
the lungs in chronic asthmatic patlep+s before and after therapy.
J« Appl. Physiol., 23, 433.

Goldman, A.I. and Becklake, M.R. (1959) Respiratory function tests.
Normal values at medium altitudes and the prediction of normal
results. Amer. Rev, resp. Dis., 79, 45|.

Grimby, G. (1962a) Respiration in exercise. Med. Sci. Sports, 1, 9-14.

Grimby, G. (1962b) Exercise in man during pyrogen induced fevex.
Scand. J. Clin. Lab. Invest., 14, Suppl. 67, 1-112.



216

Guyatt, A.R. and Alpers, J.H. (1968) Factors affcéting airways
conductance; a study of 752 working men. J. Appl. Physiol.,
24, 310-316.

Hanson, J.S., Tabakin, B.S. and Levy, A.M. (1967) Exercise arterial blood
gas and end-tidal gas changes during acute airway obstruction.
Resp. Physiol., 3, 64-77.

Heimlich, E.M., Strick, L. and Busscr, R.J. (1966) An exercise response
test in childhood asthma. J. Allergy, 37, 103.

Helleison, P.J., Cook, C.D., Friedlander, L. and Agathon, S. (1958)
Studies of respiratory physiology in children I. Mechanics of
respiration and lung volumes in 85 normal children 5-17 years
of age. Pediatries, 22, 80.

Hermansen, L. and Saltin, B. (1969) Oxygen upteke during maximal treadmill
end bicycle exercise. J. Appl. Physiol., 26, 31-37.

Herxheimer, H. (1946) Hyperventilation asthma. Lancet, i, 83-87.
Herxheimer, H. (1972) Excrcise asthma. Lancet, i, 436-437.

Higgins, I.T.T. (1957) Respiratory symptoms, bronchitis and ventilatory
capacity in random sample of an agriculture population. Brit. med,
J., 2, 1198.

Higgs, B.B., Clode, M., McHardy, G.J.R., Jones, N.L. and Campbell, E.J.M.
(1967) Changes in ventilation, gas exchange and circulation during
exercise in normal subjects. Clin. Sci., 32, 329-337.

Hutchinson, J. (1846) On the capacity of the lungs, and cn the respirstory
movements with the-view-of establishing a precise and-easy-method of —
detecting disease by the spirometer. Lancet, i, 630-632.

Irnell, L. and Swartling, S. (1966) Maximal expiratory flow at rest and
during muscular work in patients with bronchial asthma. Scand.J.
RQSP. DiSa, 4 ] 103"113. :

Iglauer, A. and Altschule, M.D. (1938) Bffect of excrtion on vital
capacity of normal subjects. Proc. Soc. Exp. Biol. Med., 39, 512-513.

Jones, N.L. (1966) Pulmonary gas exchanée during exercise in patients
with chronic airway obstruction. Clin. Sei., 31, 39-50.

Jones, N.L., Campbell, E.J.M., Edwards, R.H.T. and Wilkoff, W.G. (1969)
Alveolar to blood PCO2 difference during rebreathing in exercise.
J- Applo PhyBiOl., .2.:{., 356-3600

Jones, R.S., Buston, M.H. and Wharton, M.J. (1962) The effect of exercise
on ventilatory function in the child with asthma. Brit. J. Dis.
Chest, 56, 76-86.

Jones, R.S., Wharton, M.J. and Buston, M.H. (1963) Place of physical
exercise and bronchodilator drugs in the assessment of the asthmatic
child. Arch. Dis. Child., 38, 972-975.



217

Jones, N.L., McHardy, G.J.R., Naimark, A, and Campbell, E.J.M. (1966)
Physiological dead space and alveolar arterial gas pressure differences
during exercise. Clin. Sei., 31, 19-29.

Jones, R.S. (1966) Assessment of respiratory function in the asthmatic
child. Brit. med. J., 2, 972-975.

Jones, R.H.T. and Jones, R.S. (1966) Ventilatory capacity in young
adults with a history of asthma in childhood. Brit. med. J.,

2y 976-978.

Jones, R.S. (1969) Mechanism of bronchial constriction in asthma.
Arch, Dis. Child., 44, 780.

Kagawa, J., and Kerr, H.D. (1970) Effects of brief graded exercise on
SGaw in normal subjects. J. Appl. Physiol., 28, 138.

Kamon, E. (1970) Negative and positive work in climbing a treadmill.
J. Appl. Physiol., _2_2, 1"'50

Katz, R.M., Whipp, B.J., Heimlich, E.M. and Wasserman, K. (1971)
Exercise-induced bronchospasm, ventilation and blood gases in
asthmatic children. J. Allexgy, 47, 148-158.

Kamburoff, P.L. (1969) The work done by the human lung in overcoming
airway resistance in health and disease. Ph.D. thesis, University
of London.

Kelman, G.R. and Numn, J.F. (1966) Nomograms for correction of blood
POZ’ PCO,, pH and base excess for time and temperature. J. Appl.
Ph§fsio., <21, 1484-1490.

Kemm, J.R. and Kamburoff, P.L. (1970) Effort and the forced expiratory
volume in one second (FEVl) Clin. Sci., 39, 747-755.

Kjellman, B. (1969) Ventilatory capacity and efficiency afier exercise
in healthy and asthmatic children. Scand. J. Resp. lis., 50, 4l.

 Laemnec, R.T.H. (1834) A Treatise on Diseases of the Chest and on Mediate
Auscultation. 4th Edition, translated by John Forbes.

Lefcoe, N.M., Carter, R. Paul and Ahmad, D. (1971) Post exercise
bronchoconstriction in normal subjects and asthmatics. Amer. Rev.

Resp. Dis., 104, 562-567.

Levine, S.A. and Wilson, F.N. (1919) Obsertsations on the vital capacity of
the lungs in cases of 'irritable heart'. Heart, 7, 53-61.

Leuallen, E.C. and Fowler, W.5. (1955) Haximal Mid-Expiratory Flow.
Amer. Rev. Tuberc., 72, 783-800. ’

Lloyd, T.C. and Wright, G.W. (1963) &valustion of methods used in
detecting changes of airways resistance in man. Amer. Rev. resp.

Dis., 87, 529-537.

Lloyd, T.C. (196%) Bronchoconstriction in Man following single deep
inspiration. J. Appl, Physiol., 18, 114-116.



218

Lefcoe, N.M. (1969) The time course of maximum ventilatory performance
‘during and after moderately heavy exercise., Clin. Sci., 36, 47-52.

Macek, M. and Vavra, J. (197]1) Cardiopulmonary and metabolic.changes
during exercise in children 6-14 years old. J. Appl. Physiol.,
30, 200-204.

Macklem, P.T. and Mead, J. (1967) Resistance of the central and peri-
pheral airways measured by a relrograde catheter. J. Appl. Physiol.,
22,  395-401. :

Matell, G. (1953) Time ccurses of change in ventilation and arterial gas
tensions in man induced by moderate exercise. Acta Phys. Scand.,
58, Suppl. 206, 1-53.

Margaria, R. (1968) Positive and negative work performances and their
efficiences in human locomotion. Int. Z. Angew Phys. Arb., 25, 339-35l.

McIlroy, M.B. and Marshall, R. (1956) The mechanical properties of the
lungs in asthma. Clin. Sci., 15, 345-351.

McNeill, R.S., Nairn, J.R., Miller, J.S. and Ingram, C.G. (1966)
Exercise-induced asthma. Quart. J. Med., 35, 55-57.

Mead, J., Milic-Emili, J. and Turner, J.M. (1963) Factors limiting the
depth of a maximal inspiration in human subjects. J. Appl. Physiol,,
18, 295.

Moroney, M.J. (1951) Facts from Figures. Pelican Publications-

Muller, E.A. (1953) Die Armdurchbluting nach Arbeit der Unterarmuskelan
Arbeitphysiologie, 15, 134-138.

Nadel, J.A. and Tierney, D. (1961) Effect of a previous deep inspiration
on airway resistance in man. J. Appl. Physiol., 16, T17-719.

Nadel, J.A. and Widdicombe, J. (1963) Effect of changes in blood gas
tensions and carotid sinus pressure on tracheal volume and total
lung resistance to air flow. J. Physiol. London, 163, 13-33,

Naimark, A., Wasserman, K. and McIlroy, M.B. (1964) Continuous measurement
of ventilatory exchange ratio during exercise. J. Appl. Physiol.,

19, 644-652.

Newhouse, M.T., Becklake, M.R., Macklem, P.T. and McGregor, M. (1964)
Bffect of alterations in end tidal 002 tension on flow resistance.

J. Appl. Physiol., 19, 745-749.

Oldham, P.D. (1968) Measurement in Medicine. The English Universities
Press Ltd., p. 75.



219

Palmer, M.i., Piper, P.J. and Vane, J.R. (1970) The release of rabbit
aorta contracting substance (RCS) from chopped lung and its
antagonism by anti-inflammatory drugs. Brit. J. Pharm., 40,
581--582.

Palmer, K.¥.V. and Diament, M.L. (1967) Effect of aerosol isoprenaline
on blood-gas tensions in severe bronchial asthma. The Lancet, ii,
12%2-1233,

Pearson, R. Bruce (1952) Abstract. Acta Allerg., 5, 310.

Pierson, W.E., Biermar; C.W. and Stamm, S.J. (1969) Cycloergometer-
induced bronchospasm. J. Allergy, 43, 136-144.

Poppius, H., Muitarri, A., Kreus, K.E., Korhonein, 0. and Viljanen, A.
(1970) Exercise asthma and disodium cromoglycate. Brit. med. J.,
4, 337-339.

Pride, N.B. (1971) The assessment of airflow obstruction. Brit. J. Dis.
Chest, 65, 135-169.

Rebuck, A.S. and Read, J. (1968) Exercise-induced asthma. The Lan¢et,
2y 429-431.

Reisscisen, F.D. (1808) TUeber den Bau der Lungende fabrica pulmonum
commentatio. Berlin

Ritchie, B. (1962) A comparison of forced expiratory volume an: peak
flow in clinical practice. Lancet, 2, 271-273.

Rosenblatt, G., Alkolay, I., McCann, P.0. and Stein, M. (1963) The
correlation of peak flow rate with maximal expiratory flow rate.
One second forced expiratory volume and maximal breathing capacity.
Am. Rev. Resp. Dis., 87, 589-59l.

Robinson, S. (1938) Experimental studies of physical fitness in relation
to age. Arbeitsphysiologie, 10, 251-323.

Salter, Henry Hyde (1868) On Asthma. 2nd edition, John Churchiil & Sons,
London.

Saltin, B. and Hermansen, L. (1966) @sophageal, rectal and muscle
temperature during exercise. J. Appl. Physiol., 21, 1757-1762.

Salzano, J.V., Bell, N.H., Weglicki, W.B. and Saltzman, H.A. (1967)
Metabolic respiratory and hemodynamic responses to exercise at
increased oxygen pressure, Proceedings of the 3rd Symposium on
Underwater Physiology. ed. by C.J. Lambertson, p. 351l-359.

Scadding, J.G. (1966) Patterns of respiratory insufficiency. Lencet, 1,
701-705.



220

Stanescu, D.C. and Teculescu, D.B. (1970) Fxercise snd cough induced
asthma. Respiration, 27, 377-383,

Sterling, G.M. (1968) The mechanism of bronchoconsiriction due to
hypocapnia in man, Clin. Sei., 34, 277-285.

Scholander, P.F. (1947) Analysor for accurate estimation of respiratory
gases in one half cubic centimetre samples. J. Biol. Chem., 167,

235,

Seaton, A., Davies, G., Gaziamo, D. and Hughes, R.0. (1969) Exercise-
induced asthma., Brit. med. J., 3, 556-558.

Shephard, R.J. (1962) Some observations on peak expiratory flow.
Thorax, 17, 39-48.

Silverman, M. Anderson, S.D. and Walker, S.R. (1972) Metabolic changes
preceding exercise-induced bronchoconstriction. Brit. med. J.,
.]_..’ 207"‘209 .

Silverman, M. and Anderson, S.D. (1972a) The standardisation of exercise
tests in asthmatic children. Arch. Dis. Child. (in press)

Silvexman, M, and Anderson, S.D. (1972b) The metabolic cost of freadmill
exercise in children. 1In preparation

Simmonsson, B.G., Skoogh, B.E., Ekstrom-Jodal, B. (1972) Exercise induced
airways constriction. Thorax, 27, 169-180.

Sly, R.M. (19702) Bxercise-relatfied changes in airway obstruction; frequency
and clinical correlates in asthmatic children. Ann. Allergy, 28, 1.

Sly, R.M. (1970b) Evaluation of disodium cromoglycate in asthmatic
children. Ann. Allergy, 28, 299-306.

Stein, M. Tanabe, G., Rege, V. and Khan, M. (1966) Evaluation «f spiro-
mefiric methods used to assess abnormalities in airway reSLdtance.
Amer. Rev. resp. Dis., 93, 257-263.

Suskind, M., Bruce, R.A., McDowell, M.E., Yu, P.N.G. and Lovejoy, F.W.
(1950) Normal variations in end +idal air and arterial blood carbon
dioxide and oxygen tensions during moderate cxercise. J. Appl.
Physiol., 3, 282-290.

Tabakin, B.S., Hanson, J.S., Merriam, T.W. and Caldwell, E.J. (1964)
Hemodynamic response of normal men to graded treadmill exercise.
J. Appl. PhySiOl., 12’ 457—464-

Taylor, M.H., Wozniak, E., Silverman, M. and Anderson, S.D. (1972)
The effect of growih on the cardio pulmonary response to exercise
in normal children. A longitudinal study. In preparation.

Thorowgood, John C. (1973) Notes on Aqihma. 2nd Edition, J. and A.
Chuxrchill, London.

Tiffeneau, R., and Pinelli, A. (1947) Air circulant et air captif
dans 1l'exploration de la fonction ventilatrice pulmonaire,
Paris Medical, 133, 624-628,



221

Turrel, E.S. and Robinson, S. (1942) The acid-base equilibrium of the
blood in exercise. Am. J. Physiol., 137, T42-T745.

Vassallo, C.L., Gee, J.B.L. and Domm, B.M. (1972) ZExercise induced
asthma. Am. Rev, resp. Dis., 105, 42-49.

Vavra, J., Macek, M. and Spicak, V. (1969) ILa capacite de trgvail chez
les enfants asthmatiques. ILa Revue de Pediatrie, 1, 3-7.

Visser, F., Kreuknier, J. and Maas, A.H.J. (1964) Increase of whole blood
lactatic acid concentration during exercise as predicted from pH
and PCO2 determinations. Pflugers Archives, 281, 300-304.

waddel, J.A., Emerson, P.A. and Gunstone, R.F. (1967) Hypoxia in bronchial
asthma. Brit. med. J., 2, 402-404.

Wasserman, K., Van Kessel, A.L. and Burton, G. (1967) Interaction of
physiological mechanisms during exercise. J. Appl. Physiol., 22, 71-85.

Weng, T.R., and Levison, H. (1969) Standards of pulmonary functlon in
children. Amer. Rev. resp. Dis., 91, 77.

West, J.B. and Dollery, C.T. (1960) Distribution of blood flow and
ventilation perfusion ratio in lungs, measured with radiocactive 002.
Jo Appl- Physiol-, lé’ 405—410-

Whipp, B.J. and Wasserman, K. (1969) Alveolar-arterial gas tension
differences during graded exercise. J. Appl. Physiol., 27, 3617365.

Willis, Thomas (1679) Pharmaceutica Rationales. Part 2. Dring, Harper
and Leigh, London.

Woolcock, A.J., and Bead, J. (1965) Improvement in bronchial asthma not
reflected in forced expiratory volume, The Lancet, 2, 1323,

Woolcock, A.J. and Read, J. (1966) ILung volumes in exacerbations of asthma.
Am, J. Med-’ £, 259—273. )

Woolcock, A.J., Rebuck, A.S., Cade, J.F. and Read, J. (1971) Lung volume
changes in asthma measured concurrently by two methods. Am. Rov.

resp. Dis., 104, 703-709.

Wright, B.M. and McKerrow, C.B. (1959) Maximum forced expiratory flow
rate as a measure of ventiiatory capacity. Brit. med. J., 2, 1041-1047.

7aid. %., Beall, G. and Heimlich, E.M. (1968) Bronchial response to
exercise following  -adrenergic blockade. J. Allergy, 42, 177-18l.



222

APPENDIX

TABLES AND FIGURES
APPARATUS AND CALIBRATIONS

PUBLICATIONS



TABLE 34 - 1

GROUP B
Indivicual results for some of the indices of bronchial lability
measured during and after swimming and treadmill exercise in

asthmatic children.

SYIMMING EXERCISE TREADWMILL EXERCISE
Sub jact % Rise % Fall E.L.I. J.L.I. % Fall J.L.I,
No. (%) (%) (%)
1 0 39.5 39.5 48,0 63.0 B8l.0
2 18.9 18.9 20.6 : 18.0 26.0
3 5.0 10.8 16.8 15,0 50,0 48.0
4 0 18.0 18.0 30.0 27.0 54.0
5 4.5 18.8 23.3 20.0 16.0 24.0
6 21.5 K 21.5 18,5 19.4 31,3
7 17.0 10.6 27.6 20.3 30.0 23.0
8 2.6 14,4 17.0 15,4 47.5 46 .0
g 1.0 10.0 11.0 21.4 43,0 42.0
10 7.8 4,2 12.0 14.8 20.0 30.0
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TABLE 3A - 2

Results for thes indices of brec-ochial lability in the 7 esthmatic children
(GROUP A) who performed, bicycle ergometer, treadmill and free range
running exercise.

JONES LABILITY EXERCISE LABILITY PERCENT FALL
Sub ject INDEX (%) INDEX (%) INDEX (%)
No. Bicycle Treadmill Free Bicycle Treadmiil rree Bicyele Treadmill Free
Erg. Run Erg. Run Erg. Run
1 44,5 58.0 58.5 37.0 46,0 50,0 26.0 28.0 50,0
2 £17.0 47.5 30,0 26 .5 38.5 45.0 12,0 40.0 30,0
3 48,0 56.0 34.5 53.0 68.0 72.0 0 8.4 12,0
4 13.0 15,0 46.0 16 .4 24 .0 52,0 . 8.0 11.0 47,5
5 37.0 42.0 40,0 44,0 57.0 40.0 37.0 43,0 34,0
6 33.0 31.0 69.0 36,0 25.0 57.0 24,0 23.0 56.0
7 22.0 41.5 60.0 26.5 41.5 67.0 22,2 39.0 63.0
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TABLE 3A - 3

GROUP C

Individual and mean values fof PEFR at rest during and after exercise, and the indices of

bronchial lability measured in 8 asthmatic adults performing Bicycle ergometsr exercise = B,
| and Treadmill exercise = T. ‘
! Subject PEFR! Resting PEFR Max . % Rise Min.PEFR % Fall E.L.I. J.L.I.
1/min{  PEFR % o hEFR PEFR after PEFR
. _ Prad, axazggse eggﬁégge exercise
Pred.,l: B T B T B T B T B T B T g T B T
1 490 475 460 96.8 94.0 565 560 18.9 21.7 110 120 68.5 77.0 95.7 86.0} 93.0 90.0
2 590 450 335 76.1 56.9 575 445 27.7 32.8 415 240 12.2 22,5 39.9 55,5} 33.6 38.0
3 575 395 450 68.8 78.0 505 600 27.8 33.3 305 285 22.7 37.5 53.1 71.0] 34.8 56.0
4 620 175 245 29.7 41.5 355 340 103 38.7 185 195 11.0 22.4 104 61.0} 29.0 24.H
5 615 670 6F8 {106.0 90.0 700 655 4.5 15.3 390 300 41.5 47.0 46.2 54.1| 50.3 49.8
. 6 686 535 480 78.6 70.5 781 710 46.0 48.0 438 360 18,0 25.0 64.0 73.01} 50.5 52.d
7 615 270 420 44,0 68.8 329 460 22.0 7.0 230 282 14,8 33.0 37.0 40.0) 14.0 28.0
B8 395 360 125 91.1 82.0 500 437 39.0 32,0 216 69 40.0 79.0 79.0 111 72.0 91.5
Mean 572 416 410 73.8 72.7 538 526 36.1 28.6 286 231 28,5 42.9 67.7 68,91} 47.2 53.@
S.E.MM. 31.6 54 36 9.2 6.1 55 44 10.5 4.7 42 34.5 7.0 8.2 10.9 .7.7 8.9 9.d
p - NS NS NS NS * ** NS NS
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Individual values for the indices of lability

TABLE 34 - 4

for different forms of exercise in 5

asthmatic adults

226

GROUP D
Type of Exercise % Rise % Fall E.L.I. L.I.
PEFR PEFR
Uphill Treadmill
Sub jects 1 11,7 39.7 51.4 51.4
2 10.0 32.9 42,9 40.5
3 42.8 26.2 69.0 24.7
4 23.0 25,6 48.6 47.5
5 26,3 24,2 50.5 39.6
Downhill Treadmill
Subjects 1 3.0 45.4 48.4 48,4
2 12.7 36.3 49.0 40,5
3 28.5 7.0 35.6 18,6
4 3.7 15.9 19,5 20.0
5 20.0 2.0 22,0 16.5
Arm Cranking
Sub jects 1 25.9 61.0 86.9 57.0
2 12.0 37.0 49,0 42.5
3 83.3 22,4 105.7 46.9
4 26.3 31.6 - 57:.9 27.4
5 20.0 45,2 65.2 52.8
Downhill + Arm Cranking
Sub jects 1 11.2 78.8 90.0 78.5
2 11.1 0 11.1 11.1
3 117.5 10,0 127.5 46 .9
4 11.6 25.6 37.2 40.0
5 19.7 44 .7 64.4 51.2




GROUP A TABLE 3A - &

Indivicual values for oxygen consumption, ventilation, heart rate and

respiratory exchange ratio for 7 asthmatic children during the last

minute of exercise..

Sub ject Vo, mls/min : VE L/min H.R. beéts/min~ R

No. B T F__ B T F B T F B " F

1 B64 663 1130 28,2 20.2 33.8 176 173 1358 0.98 0.87 0.76
2 513 782 766 20.8 24.1 27.0° 124 155. 189 0.88 0.76 0.76
3 1085 1600. 1030 33.4 32.0 31,3 188 177, 175 0.89 0.84  0.78
4 1370 1443 1553 46,9 45.4 42.9 172 180 196 0.89 0.91 0.79
5 1300 1190 1346 42.0 37.8 42.8 180 187 180 0.86 0.86 0.89
6 2141 2232 1261 82.9 67.5 48 .6 18l 183 - 194 1.01 0.86 0.78
7 1994 211t 1885 64.7 63.2 45.7 190 193 198 1,07 0,95 0.83
B = Bicycle Ergometer Exercise T = Treadmill Exercise F = Free Range Exercise
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TABLE 3A - 6
GROUP B

Individual and mean values for 10 asthmatic

subjects, during swimming exercise.

Sub ject | o-°k3nee s VE  VE/y,  Heart R
(metres) mls/min 1/min 2 Rate
1 63 876 35.9 41.0 174 1.00
2 148 1390 42.8 30.8 163 0.94
3 136 1015 30.4 30.0 180 1.0l
4 75 645 19.3 29.9 182 0.88
5 111 1562 49.4 31.6 192 1.05
6 150 1370 51.4 37.5 184 1.11
7 104 1270 42.0 33.1 180 1.16
8 185 1585 53.4 33.7 164 0.93
9 150 1255 35.0 27.9 180 1.0
10 150 2580 65.0 25.2 165 1.00
Mean 127 1354 42.4 32.07 176.4 1.00
S.E.M. 12 165 4.1 1.44 3.05 0.02
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TABLE 4A - 1

Mean values for lung volumes and airways resistance

measured after axercise, expressed as a percentage

of the pre-exercise value in a group of normal

schoolchildren
TIME POST EXERCISE
1 3 51 10° 15"
TLC
Mean 100.3 99.3 99.3 99.5 100.,3
S.E.M. 2.6 2.75 2.5 1.7 1.6
n | 9 9 9 9 9
:
FRC |
Mean . 105.2  104.7 99.8 100.3 102.0
S.E.M. 5.7 5.4 4.9 2.7 7.2
n 9 9 9 9 9 !
FUC %
Mean 97.2 96 .4 94.4 97.7 99.5
S.E.M. 1.8 2.4 2.2 1.5 1.4
n 10 10 10 10 10
FEV1
Mean 99.3 96.5 96.5 102.5 102.0
S.E.M. 1.4 1.6 2.1 1.8 3.0
n 10 10 10 10 10
PEFR
Mean 103.7 105.3 104.0 106.7 10l.2
5.E .M. 3.0 4.5 4.2 3.9 5.5
n 9 9 9 9 9
MMEF R . |
Mean - 93.7 92.5 90.3 94,2 95.0
SlElm. :3'7 4.9 l.g 2.2 3‘2
n 9 9 9 9 9 |
SGauw ?
Mean 71.6 71.8 71.3 77.9 82.7 !
5.E.0M. 4.5 6.2 4.4 5.8 7.8 |
n 10 10 10 10 10
J




TABLE 4A - 2

Resting values as % of predicted normal value for lung volumes and

airways rasistance in 4 asthmatic children (Nos. 1-4) and 3
asthmatic adults (Nos. 5-7). '

Sun ject ; e | FRC . FUC R FEV, |  PEFR WYEFR | .SGaw
O. : !

1 109.4 176 115.5 85 104 96.1 65.0 105

2 137.3 212 88.3 310 89.1 64,2 59.5 105.5

3 113.3 121 110.8 120 90.0 73.3 80.0 142

4 100.9 161 74.5 184 92,4 73.4 53,1 181

5 120 187.5 49.0 276 34.4 38.3 16.0 35.6

6 95 98,9 110.0 53.8 97.4 69.8 61.5 90,0

7 96 .7 92.8 84.6 120 80.8 53.13 63.5 53.0
Mean 110.2 149.8 90.3 164 84.0 67.0 55,7 101.7
5.E.N. 5.7 17.4 4.5 36 .6 8.7 6.7 7.7 18.8

For source of predicted values sees text.
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TABLE 4A - 3

Restinc values for lung volumes and airways resistance in 4 asthmatic
- shildren (Nos. 1-4) and 3 asthmatic adults (Nos. 5-7).

Sub ject TLC FRC FUC RV FEV

1 PEFR MMEFR SGaw
No.
1 2.73 1.85 2.31 0.42 1.79 250 91 0.20
2 5.90 3.94 2.96 2.94 2.49 257 134 0.19
3 1,72 1.72 2.66 1.08 2.16 242 140 0.21
4 4,34 2.90 2.46 1.84 2.08 280 117 0.40
5 5.24 4,20 1.56 3.26 0.97 140 32 0.13
6 7.22 ~ 3.90 6.09 1,13 4,27 440 146 0.22
7 5.58 2.97 3.33 2.24 2.52 288 128 0.15
Mean 4,97 3.07 3.05 1.85 2.33 271.0 112.5  0.21
S.E .M. 0.56 0.38 0.55 0.39 0.38 33.6 15.0 0.03
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Indivicial values for the maximum % change im airways resistance

TABLE 4A - 4

and lung volumes following running exercise in 4 asthmatic
children (Nos.l-4) and 3 asthmatic adulfs:{Nos. 5-7).

Subject | PEFR | FEV, . WNEFR | SGa Ty¢ | FRC RV TLC
No. t
1 _54.0 -56.0 | -61.5 | -56.3 »~3§4T7+34;9 +394,0 | +29,7
2 _32.2 | -44.6 | -68.0 | -84.0D -27 | +62.4 +94,0 +33.0
3 -48.5 | -45.6 .| ~69.0 | -67.0 ~44 | +46.6 +93.8 + 3.5
4 -ss,b 43,2 | -55.5 | -85.8 ~38 | +44.0 +98.1 +28.8
5 57.0 | -57.9° | -68.0 | -87.4 64 ! +52.1 +98.7 +34.3
6 _55.0 | -73.3 | -74.0 | -77.6 -72 | +63.5 +387 .0 | +9.8
7 66.5 | -66.0 | -82.5 | -80.0 F61.5 § +64.1 +103%,0 | +18.0
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Individual anid mean values for lung volumes and airways resistance

TABLE 4A - 5

at time of maximal chinge after running exercise in 4 asthmatic children (Nos.1-4)

and 3 asthmatic acults (Nos.5-7).

5ub£zct TLC FI:C FUC RV FEV, PEFR MME FR SGaw
1 3.55 2.00 1.39 1.88 0.79 115 36 .0.087

2 7.85 6.40 2.15 5,58 1.38 175 43 0.031

3 3.87 2.52 1.47 2.09 1.20 125 43 0.070

4 5.59 3.75 1.52 3.52 1.18 120 52 0.060

5 7.02 6.39 0.56 6.47 0.41 60 10 0.017

6 7.94 6.38 1.66 5.50 1.14 200 38 0.049
6.58 4,87 1.30 4,54 0.86 100 23 0.030

fean 6.06 4.68 1.43 4,22 0.94 128 35 0.05
5.E.M. 0.68 0.6.8 0.18 0.67 0.12 17.6 5.3 0.01
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TABLE 4A - 6

Indivicual rcusults for corralation of % change in PEFR with % change
of mezsurcments of lung volumes and airways resistance following
exercise in 4 asthmatic children (1-4) and 3 asthmatic adults (5-7)

Sub ject No. FEV, MYEFR SGaw FyVC TLC FRC RY
8) 1z 0.76 0.60 0.71 0.79 0.60 0.11 0.30

(n= p * NS * * NS NS NS
2 r 0.86 0.83 0.76 0.62 0.54 0.67 0.61

(n=8) P * * * NS NS NS NS
(n=6) 3 r 0.94 0.89 0.97 0.75 0.67 0.72 0;82

= * ¥ * % * %% * NS NS
P .

(n=7) 4 T .14 0.41 0.54 0.20 0.20 0.23 0.89
n= *%
p NS NS NS NS NS NS

‘ 5 1 3.30 0.78 0.55 0.24 0.05 0.04 0.11
(n=7) P NS NS NS NS NS NS NS
| 6 r 0.98 0.93 0.94 6.88 0.86 0.88 0.89
(n=7) P * %t *H % * %3 * ¥ * % *% * %
7 T 0.93 0.91 0.84 0.88 0.08 0.16 0.76
(n=7) P * e H * kK ** * % NS NS *
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TABLE 5A -1

Individual values for vgntilation, oxygen consumption, heart rate,
respiratory exchange ratio, frequency of breathing and end tidal
C02 in 5 asthmatic adults performing Bicycle (B) and

Treadmill (T) exercise.

During VE Vo2 HR R PETCO2

Exercise 8 T B T B T B T 8 T B8 T
1 60.5 50.5 1440 1428 185 183 .00 0.91 48 36 26.1 29.6
2 82.0 69.8 1748 1797 172 168 11 1.08 39 30 23.1 32.2
3 46.7 48.8 1677 2162 152 165 .01 0.94 29 21 39.0 44;5
4 5.2 55.0 2227 2240 165 171 .86 1.03 28 28 37.0 44,3
5 70.3 58.,E 2224 2250l 175 187 .90 1.09 32 26 33.8 38.9
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TAGLE BA -~

o
o~

Individural values for arterial blood gas tensions, pH, base excess,

lactate

ind arteriolar-alveolar gradients for O

o and E02

at rest and

durinc the last minute of exerecise, in adult asthmatiec sub jects.

Pre- Palsy PaC0Osy La Alveolar- Arterial-
Exercise mmHg mmHg pH 8.E. mEq/L Arterial Alveolar
DzmmHg ’EDmeHg
8 T 8 T 8 T 8 T 8 T 8 T 8 T
1 74.0 86.0 32.3 37.5 7.42 7.41 ~-2.2 -0.8 0.60 0.23 30,0 9.0 -2.2 7.4
2 103.0 98.0 32.9 30.5 7.42 7.40 -3.0 -4.8 1.63 0.89 2,0 18.0 1.5 -0.2
3 107.0 93.0 3as.0 40,5 7.4 7.44 o 0 0.68 0.59 1.0 9.0 4.8 13,3
4 111.0 92.0 28.0 31.3 7.44 7.46 -2,5 -0.5 1.29 0,72 12.0 21.0 4.8 2.7
5 79.0 83.0 30.5 30.5 7.40 7,42 -4.,6 -3.,8 0.76 0.35 28.0 22.0 -1,5% -0.7
During
Exercise
1 gs5.0 73.0 30.0 40.0 7.35 7.35 -8.0 -3.5 7.8l 3.76 34.0 34.0 4,0 10.4
-2 115.0 114.0 27.2 29.1 7.2%3 7.25 |-16,0 -14.0 {11.70 9.2 7.0 9.0 -5.,1 3,1
3 103.0 91.0 35,0 44.5 | 7.35 7.32 -5.5 ~3.5 6.97 4.08 13,0 11.0 -4.0 0.8
4 94,5 81.0 38.0 43,5 7.26 7.26 {-10.0 =-7.5 7.91 4.76 13.0 27.0 1.0 -0.8
5 92.0 98.0 30,0 29.5 7.37 7.38 -7.0 -6.0 5.03 2.42 24,0 23.0 -3.8 =9.4
8 = 8icycle ergometer T = Treadmill

9€¢



THBLE SA -~ 3
Individual values for arterial blood gas tensions, pH, lactate,
alveol ir-arterial 02 gradient and physiological dead spacs

after exercise in 5 adult asthmatic subjects.

Subject | Lowest Louest Highest Highest | Louwest Highest Highest ”
No. Pal, PaCo, PaCO,, A-a DO mmHg PH LamEq/1 UD mls"
5 T 8 T B T B T B T B T B T,
1 66 69 31 44 37 56 46 33 7.28 7.31| 7.24 3.26 238 423
2 78 73 25  29.9 30 35 26.5 38 7.17 7.24]13.40 10.36 636 593
3 75 70 33 36.5 38 45 31 37 7.33 7.41] 7.50 3.60 193 180
4 56 94 27 31.d 31.5 37 24 24 7.28 7.34| B.26 4.31 492 321
5 66 73 27 31.4 34 32 39.5 46 7.36 7.411 5.37 2.08 353 285
B = Bicycle ergometer T = Treadmill
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. FIGURE 3A-1
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VENTILATION IN RELATION TO

OXYGEN CONSUMPTION DURING
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APPLRATUS AND CALIBRATIONS

The methods of measurement used in the studies which make up the
present thesis are all based on established techniques and every effort
has been made to carry out the measurements and calibrations of the
equipment in the mannér described by the original authors (Scholander
1947; DuBois et al, 1956; Wright and McKerrow, 1959; Kamburoff 1969;
Godfrey 1971).

Resistance of the breathing ciicuit \

The breathing circuit used in the present studies (in the 1abo¥atory)
was the same as that previousiy described by Godfrey (1971) and is
illustrated in Figure 2-5. The internal bore of all the tubing and taps
ex¥cluding the mouth piece was 3.8l cms. The resistance of the inspired
and expired circuits had been determined separately using a vacuum
cleaner, a calibrated rotameter (Rotameter MFG. Ltd., U.K.) and a simple
water manometer. The resistance was measured at two flow rates (200 1./bin.
and 400 1./ﬁin.). The inspirétory resistance at the lower flow rate
was 0.39 cm.H,0/1./sec, and 1.06 cm.H,0/1./sec. at the higher flow
rate. For the expiratory circuit the resistance was 0.82 cm.H,0/1. /sec.
at a flow rate of 200 1./min., and 1.60 cm.H,0/1./sec. at 400 1./min.

Mingograf 8l Recorder

This ink jet 8 channel chart recorder was used for the display
of data see Figure 2-2. The freguency response of the Mingograf has
been shown to be adequate for the measurements made.

Analysis of gas mixtures

Gas mixtures containing 002, 02 and N2 were made up o the
. approximately required concentrat:ons in 10 and 60 cuft., cylinders by

Hilger.and.Watts Co. (Rank Precision Ltd.). The range of gas concentrations
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used were for CO, 27%-12% and for O, 4%-21%. These concentrations were
suitable for calibrating the blood gas electrodes (Eschweiler) and
the gas analysers (URAS-4 and Servomex).

In the Paediatric Labocratory the concentrations of the 002 and
O2 in the gas mixtures was gccurately determined using a Scholander
micro analysis apparatus by the method originally descxribed by Scholander
(1947).

Multiple determinations of each of the gas mixtures were made and
it was required that 2 analysis agree to within t 0.015% for each gas
in the miztuve.

CO, analyser URAS-4 (Hartman and Braun)

A rapid infra red gas analyser was used for the analysis of 002
in the mixed expired and end tidal gas. The meter deflection signal was
fed through an output into the Mingograf 81 ink jet chart recorder, so
that direct reading calibration of the meter was not required. As there
is no cross sensitivity for water vapour in the URAS-4 analyser it was
possible to use dry gas calibration, 2 gas concentrations of approximately
% and 5% CO, (accurately analysed as above) and room air were used fo
determine a calibration graph.

The URAS-4 is fitted with a front panel adjustable flow meter,
Because of the gfeater rate of breathing during exercise the flow théough
the meter was adjusted to allow a 95% response time in 0.5 sec. Care
was taken o use the same diameter and length of tubing (to the meteﬁ)
for she analysis of the end tidal and mixed expired gas as for the
calibrating gases so that the flow rate remained the same during the
three analyses. The actual flow was measured by attaching the tubing to

the URAS-4 to a low resistance spirometer and measuring the volume

displacement over a given time. The flow rate was usually 600 mls./bin.
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for a 95% response time of 0.5 sec. through the length of tulinz used.
The gas which was tfaken through the snalyser was refurned 4o the Tissot
spirometer during the gas collection.

As end tidal gss was maousured during the last minute of the gas
collection a small dilution of the mixed expired gas occurred due to
the air taken in by the pump during inspiration. For a gas collection
of 40 1./min. and an FECO, of 3.5% this caused an underestimation of
the mixed expired CO2 concentration of 0.028%.

Analysis of O2

Servomex OA 150 paramagnetic analyser was used o measure the

" concentration of mixed expired 02. Mixed expired gas pasgsed through the
URAS~4 into a drying tube containing silica gel and then into the
Servomex. After the analysis the gas was returned to the Tissot
spirometer.

The Sc1vomex analyser was used with a circuit for zero suppression
so that the signal display on one chamnel of the Mingograf recorder
extended of the range 14-22% (i.e. 6 cms. = &% 0, on the recorder). The
response time of the Servomex was of the order of 15-20 secs. for 95%
deflection, for the particular flow rate used and this was allowed for
when reading the recordings.

Tissot spirometsr

A Tissot spirometer of 100 1. capacity was used for the collection
of mixed expired gas., The spirometer had an internal fan which allowed
£ uaelorm gas concentration under the bell. The spindle of the Tissot
was provided with a potentiometer and a gear wheel system so that one
full sweep of the pen on the Mingoéraf recoider represented 4.785 1. (Fig.
2-2). The spirometer was calibrated by water displacement and it was

then used to check the calibration of the dry gas meter.
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Dry Gas Meter (Parkinson Cowan C.D.4)

The dry gas meter was used in the laboratory for the measurement
of the inspired ventilation and at the swimming pool for the measurement
of expired ventilation. In the laboratory the gas meter was provided
with a potentiomefer and one channel sweep on the Mingograf recorder
was equal to 10 1, For the analysis of the expired volume at the pool
side the meter was read directly after being recenfiy calibrated by
the makers and checked in the laboratory against the Tissot.

Bicycle Brgometer manufactured by Lode Holland

This bicycle ergometer works on an electrical brake system and
the amount of work performed in overcoming the resistance is the same
when the pedals are turned at rates between 40-80 R.P.M. In most studies
the subjects were asked o keep the meter steady so as to pedal at 60
R.P.M.

The work being performed was measured in Watts (W) and the work
load could be varied accurately in 5 W steps from 0-400 W. The calibration
of the bicycle was carried out by the makers and was checked during the
reriod of study by the suppliers. It was possible to check the calibration
in the laboratory in an indirect .fashion by noting the VO2 at various
wbrk loads (VO2 is linearly related to the amount of work performed)%
This bicycle ergometer was used for the studies on normal subjects agd
for the asthmatic subjects with exception of arm cranking exercise in
the asthmatic subject when an additional bicycle was employed (see b;low).

Bicycls Ergometer (Puch-Tinturi) (Fig., 3-11)

This bicycle ergometer is a simple and less sophisticated ergometer
compared with the Lode. Work is performed by overcoming a mechanical
resistance and is measured in Kilopond meters. QCalibration of the bicycle

was carried out at Chelsea Technical College.
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Treadmill (Quirion) Type 14-44A

Speed range 0.7-4.2 m.p.h. Grade 0-20%.

The speed of the treadmill measured in m.p.h. is sensed by a
temperature compensated DC tashometer mounted on the output shaft of
the polydrive unif. The meter is calibrated directly and the exact
calibration can be adjusted by a potentiometer mounted on the rear of
the meter. The treadmill calibration was checked 4 times over the
period of two years by having subjects of wvarying weight run and
counting the revolutions of the belt over the period of 2 min. TFor a
speed of 2 m,p.h. the belt turns at 22 R.P.M. and the formula given

by the makers is:

5280 x m.p.h.
Belt length in feet

Revolutions per min. =

and allows the treadmill to be checked at wvarious speeds.

Provided the all nylon belt was pretensioned 1% of its slack
length and the subject did not hold on to the hand rail the speed of the
treadmill remained constant at the meter reading during uphill running.

The elevation of the treadmill was controlled by an electrical
motor and could be varied from 0-20%. TFor downhill running the treédmill
was placed on a wooden cylinder box (Fig. 3—22), the downhill incline
was equivalent to a slope of -10% and was determined from a plumbob
attached to the front of the ftreadmill. During the downhill running

there was some variation in the speed due to the weight of the subject.

(a) Type No, 2 linear to 300 L/min.
(b) Type No. 3 linear to 500 L/min.

Type No. 2 pneumotachograph was used for the measurement of PEFR

Fleisch Pneumotachographs

in the studies in Section 4. Type No. 3 was used in all the other
measurements of PEFR (except in those studies in which the Wright Peak

Flow meter was used). The calibration of the pneumotachographs was
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determined by passing air (by way of a vacuum cleaner) through a rotameter
(previously calibrated) and then through the pneumotachograph.and
recoxding the signal on the Mingograf 8l.

Graphs were drawn plotting the rate of air flow through the
pneumotachograph and the deflection in cms. of the gignal recoided on
the Mingograf (see Fig. A-1).

Wright Peak Flow Meter (Air-Med)

The Wright Peak Flow Metercused in the measurement of PEFR in the
present studies were regularly calibrated by the makers (Air-Med) in
the manner described by Wright and McKerrow (1958).

In the laboratory a further check was made of the accuracy of the
flow meters. This was carried out by placing the flow meter (large
or small type, see section 2) in series with the Fleisch pneumotachograph
(Type No. 3 linear to 500 L/hin.). A‘normal subject performed a series
of blows fo cover the range 50-200 L/min. and 50-700 L/min., The flow
rate was simultaneously recorded through the pneumotachograph (and
displayed on the Mingograf 81) and the flow meter. A graph was drawn
of the values read fromthe flow meter and the pneumotachograph (Fig.
A-2). If there was a discrepancy between the prneunmotachograph reading
and the flow meter reading of greater‘thén 107 the flow meter was
returned to the makers for recalibration.

Measurement of Airways Resistance and Thoracic Gas Volume using a Body

Plethysmograph

The body plethysmograph used in the present study was similar to
that used by DuBois and co workers (1956) and Kamburoff (1969). It is
illustrated in Fig. 4-1. The box was made of wood and had an internal
gas volume of 660 1. A transparent perspex window was included in the

front panel. One side of the box was able to be detached completely,
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when in position the seal with the box was made with lever clips and
was made airtight with a sponge rubber gasket around the periphery.

The seat inside the box ook the form of a solid bench occupying the
whole width of the box. An opening (approx. 1.5 inches) was provided
in the box for rapid equilibration of the hox pressure with the outside
air, Openiﬁg and closing was carried out by the aid of an external
foot switch operated by the observer.

Mouth pressure was measured with a mercury manometer (A 1000) which
was positioned outside the hox. Calibration for the mouth pressure
transducer was carried out using a simple U tube water manometexr (Range
0-10 cms.). Box pressure was measured with a mercury mahometer (a 36)
and also placed outside the box (Fig. 4-1). The box pressure was
calibrated dynamically by means of a reciprocating pump, connected to the
plethysmograrh., The pump (volume 50 mls.) had a metal bellows and a
simple electrical circuit allowed the freguency of the pump to he varied.
Increasing the frequency of the pump beyond panting frequencies did not
alter the magnitude of the box pressure signal. The box pressure
calibration was carried out in an empty box and to account for voluﬁe
displacement of hox air by each subject a correction factor was applied
%o the box calibration. This correction factor was worked out by dividing
the body weight by the average body density taken as 1.07 (Durnin ana
Taylor, 1960) to obtain body volume. By subtracting the body volume
from the box volume and dividing by the box volume, the so called body
factor was obtained. The body factor which was normally in the range of

0.91-0,96 (30-60 Kg body weight) was multiplied by the calibration of the

box pressure in order to obtain the true calibration for hox pressure.



Flow was measured through a Fleisch pneumotachograph Type No. 2
previously described and a mercury manometer (A 100). The flow signal
was integrated and volume was recorded simultaneously with flow.
Volume calibration was carried out using a 4 1. perspex volume syringe,
known volumes of air were passed through the pneumotachograph and
integrated, the signal was recorded.

All the measurements, i.e. box pressure, mouth pressure, flow
and volume were recorded on an ultraviolet recorder (16 channel)
(Consolidated Electrodynamics) so that permanent recordingsof the
measurements and the calibrations allowed precise calculations %o be
made after ths tests.

Eschweiler micro electrodes manufactured by Eschweiler & Co. Kiel,

West Germany and supplied by Vitalograph U.K. Lid.

Measurements of arferial blood P02, PCO2 and pH were performed
using the Eschweiler micro electrodes at a temperature of 5700.
Calibration of the P02 and PC02 electrodes was carried out using
the gas mixtures previously analysed on the micro Scholander apparatus.
Two gas concentrations were used for oxygen and carbon dioxide., One
gas mixture contained approximately 9% 002 and 4% O2 and the other
4% O, and 1% O, An additional cylinder containing 100% N, was
also used in the calibration of the PO2 elactrodes.

Tonometry was carried out prior to each series of tests and after

each change of the electrode membranes. Repeated estimations of PCO2
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in tonometered blood resulted in a mean reading of 30.36 mmHg. S.E.M. 0.17

n = 10, for a gas concentration of 30.5 mmHg. For repeated measurement
of PO2 in tonometered blood the mean value for PO2 was 95.47 mmHg.

S.E.M. 0.25 n = 7 for a gas concentration of 95.8 mmHg. These values



for PO, were obtained after prior adjustment of the Eschweiler

2
to compensate for the difference in P02 readings between gas and
blood (normally 3-4 mmHg. higher for the gas than blood).

Calibration of the pH electrode was made using the standard
buffers (7.38, 6.84) provided by Radiometer.

No correction factors were applied for time or tempefature;

The analysis of the arterial blood was made within one minute of the
collection and the temperature of the gas electrode was set at 3700
(allowing for a small gradiént from the water bath to the fip of the
electrode). As the volume of blood collected in each sample was
approximately 5 mls. and 3 mls. was available for gas analysis it was
possible when %ime permitted to carry out repeated estimations during
the studies on the arterial blood. The variation between repeated
measurements for the PCO,, was 0.2 mmHg. and for PO, 0.5 mmuHg. The
first values obtained were those used in the calculations of the VD

and arterial alveolar PO2 and‘PCOz grédients. The difference in values
obtained from an error (between duplicate samples) of these proportions
would be very small, and for the purposes of these studies have been
neglected.

The response time of the P02 and PCO2 eiectrodes vary according
to the membrane used. In the present electrode system using a rapid P02
membrane the response time was in the order of 30-45 secs. The P002
electrode had somewhat a slower response time and was of the order of

% min. Care was taken to always read the values for POZ’ P002 and

pH in the same order and at the same time after delivery of the sample.
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Comparison of bronchoconstriction induced by
cycling and running

SANDRA D. ANDERSON, NICOLA M. CONNOLLY,
and S. GODFREY!

Institute of Discases of the Chest, Fulham Road, London S.W.3

Bicycle ergometer, treadmill, and free range running exercise have been used to induce broncho-
constriction in 10 asthmatic subjects who were relatively well and free from symptoms at the time
of study. Comparisons have been made with normal subjects under similar laboratory conditions.
Bronchoconstriction was measured by peak expiratory flow rate before, during, and after each
test. Ventilation, pulse rate, and gas exchange were also measured. The work involved in the
different types of exercise was matched to produce similar ventilation and pulse rates for any
one subject.

Exercise-induced bronchoconstriction was significantly less on the bicycle ergometer than on
running (treadmill or free range). The normal subjects showed less than one quarter the bronchial
lability of the asthmatic subjects in any one test. All subjects had lower respiratory exchange
ratios during running compared with cycling and this appeared to correlate with the bronchial
lability in the asthmatics, who also had rather higher pulse rates during running. Running involves
a proportion of high-efficiency negative work which might partly account for the observed
differences.

It is now well established that exercise may induce SUBJECTS AND METHODS

bronchoconstriction in asthmatic subjects (Jones,

Buston, and Wharton, 1962). However, little Studies were made on 10 patients, three adults and

attempt has been made to standardize the nature
or quantity of exercise in the various studies.
Although the test originally developed by Jones
et al. (1962) involved free range running, exercise-
induced bronchoconstriction has been reported
following stair climbing (Davies, 1968), and
clinical experience suggests that swimming, tennis,
and other forms of exercise may also provoke
bronchoconstriction. Paradoxically cycling has
been stated to be a poor method of inducing
bronchoconstriction (Jones, Wharton, and Buston,
1963 ; Beaudry, Wise, and Seely, 1967) and we
certainly obtained this impression ourselves.
Comparisons between different types of exercise
are complicated by such factors as the difficulty
in matching work and the different environments
encountered in free running, stair climbing, and
ergometer exercise in the laboratory. We there-
fore compared different types of exercise in
asthmatic subjects under controlled conditions.

'Correspondence to Dr. 8. Godirey

seven children, all of whom had uncomplicated
bronchial asthma according to the definition of
Scadding (1966). Their physical characteristics are
given in Table 1. All tests were made while the sub-
jects were relatively well and not during acute attacks
of asthma. In four subjects all tests were completed
in three consecutive days and in the remainder the

TABLE 1

BASIC DATA AND RESTING PEAK EXPIRATORY FLOW
RATES IN 10 ASTHMATIC PATIENTS

. Resting PEF? (%, Expected)
Subject | Sex ‘(A%g }{gln%lt %
y Ergometer Treadmill Free Range

1 F 8 124 97- 829 102:0
2 M 8 129 654 80-7 45-0
3 9 128 69-2 690 48-0
4 F 10 153 81-1 72:9 87-8
5 M 12 145 80-1 580 92-5
6 F 13 139 90-6 123-0 112-0
7 M 15 161 119-5 100-0 97-5
8 M 26 188 78:6 70-5 87-5
9 M 27 167 44-0 68-8 52:4
10 F 36 153 91-1 822 102-5

*The PEF is expressed as a percentage of the expected value and the
resting value before each type of exercise test is given.
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tests were completed over a period of a few weeks,
but care was taken that the patient’s clinical condi-
tion was similar on each occasion. No patient was
receiving corticosteroids at the time of study and none
had received any sympathomimetic or other drug for
at least 24 hours before the test. In addition some
observations were made on six boys and five girls
aged 7 to 14 years who were normal children from
local schools, entirely free from asthma or other
significant disease.

Each test consisted of steady state exercise for 6
minutes except for two tests in two adults which
lasted 8 minutes. Exercise was performed in each of
three ways in random order by each subject—

(a) seated on a cycle ergometer in the Iaboratory

(b) running on a treadmill in the laboratory

(c) free range running in a corridor for the
children and around the hospital grounds for
the adults.

Peak expiratory flow (PEF) was measured before
and at 2-minute intervals during exercise and then for
15 minutes after stopping. The PEF was measured
with a pneumotachograph (Fleisch No. 4) on the
ergometer and treadmill and by a Wright peak flow
meter which was calibrated against the pneumotacho-
graph for the free range running. Pulse rate was
recorded throughout electrocardiographically, being
transmitted by a radiotelemeter (Parks Electronics)
during free range running. The subjects all breathed
through a respiratory valve of low resistance and
dead space, and expired gas was continuously flushed
through the circuit. Over the last minute of exercise,
a gas collection was made in a Tissot spirometer for
ergometer and treadmill exercise and in a light
meteorological balloon carried on the back during
free range running. Expired gas was analysed by the
standard methods previously reported from this
laboratory (Godfrey and Davies, 1970). End tidal
Pco, was monitored during ergometer and treadmill
exercise with an infrared CO, analyser but this was
impractical during free range running.

An attempt was made to ensure that the rate of
working was similar in each type of test by adjusting
the work load or speed of running to produce similar
ventilation and pulse rates for any one subject.

All ventilations are expressed at B.T.P.S. and all
oxygen consumptions at S.T.P.D.

CALCULATION OF INDICES Exercise-induced broncho-
constriction was expressed for each test in three
ways:
(a) the Jones lability index (Jones and Jones, 1966)
is given by:
Highest PEF—Lowest PEF o
Expected normal PEF x 100 (%)

where the highest PEF was that obtained by any
means (including the administration of a broncho-
dilator after completion of the test) and the lowest
PEF was the lowest overall obtained whether during
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exercise or in the 15 minutes afterwards ;
(b) the exercise lability index given by:
Highest exercise PEF—Lowest PEF o
Resting PEF * 100 (A’,),.m.

where the highest exercise PEF was that obtained
during exercise and the lowest was as in (a) above.
When the subject’s resting PEF was close to his ex-
pected PEF, the Jones lability index and exercise
lability index are virtually identical, but this is not
necessarily so in other circumstances ;

(c) the percent fall index which is the simplest
index given by:

Resting PEF—Lowest!PEF 0
Resting PEF %100 (%)

where the lowest PEF was as in (a) above. Normal
values for PEF were taken from our own studies
in this laboratory (Godfrey, Kamburoff, and Nairn,
1970).

RESULTS
A typical record showing bronchoconstriction
induced by the three different types of exercise
is given in Fig. 1 for subject 7. It can be seen

Subject No, 7

ergometer

5

______

Peck flow {l./min)

exercise

bronchodilator
rest

O214b680RMKIBEBDZ
Time (min)

FIG. 1. Response to three types of exercise in one subject.

that the free range (corridor) running produced
more constriction than the treadmill, while the
ergometer produced very little. The resting levels
of PEF in this subject were all within 1 S.D. of
his expected normal value of 435 I./minute, Con-
striction began during the last 2 minutes of ergo-
meter or corridor exercise and reached its maxi-
mum from 3 to 5 minutes after stopping.

This difference in the degree of bronchocon-
striction was observed in all but two of the
patients, free range running being the most effec-
tive and ergometer exercise the least effective
method of causing the bronchoconstriction. The
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TABLE I1
INDIVIDUAL RESULTS FOR ASTHMATIC SUBJECTS
Sublect Jones Lability Index (%) Exercise Lability Index (%) Fall Index (%)
)
C; . . R
Ergg:;]:ter Treadmill  Free Run Erggg:ter Treadmill  Free Run Ergoy:;]:ter Treadmill  Free Run

1 44-5 58-0 58-5 370 46-0 500 260 280 50-0
2 170 47-5 300 265 385 45-0 120 40:0 300
3 48-0 560 34-5 530 68-0 72:0 0-0 84 12-0
4 13-0 150 46-0 164 24-0 52:0 8-0 11-0 47-5
5 370 42:0 40-0 44-0 570 40-0 370 43-0 340
6 330 310 69-0 360 250 570 240 230 56-0
7 222 41-5 60-0 26'5 41-5 670 22-2 390 63-0
8 50-5 52-0 69:0 640 730 790 18:0 250 61-0
9 14-8 280 41-0 370 40-0 780 14-8 33-0 61-0

10 720 91-5 735 79-0 111-0 72:0 40-0 790 67-0

Each method of calculating bronchial lability as described in the text has been used for each type of exercise.

individual results for the three indices are given
in Table II and the group results in Fig. 2 which
includes the available results for normal subjects.
With all three indices the differences between
types of exercise in the asthmatic subjects were
highly significant. Using the paired ¢ test for exer-
cise-induced bronchoconstriction on the ergo-
meter and free running the probability of the
differences being due to chance was less than
0:005. Likewise all the three indices were signifi-
cantly different (P<<0-01) for bronchoconstriction

Asthmatics| [Normals
lerqometer L]
treadmill A A
ree run v v
70 - f

o] [
1! |

2
o 404
3 }
3 30-
&
20 t
3 .
o4 % 5 i
i3
o} -
Jones exercise percent
lability index lability index fall index

FIG. 2. Bronchial lability in different types of exercise in
asthmatic and normal subjects. The derivation of the indices
of lability is described in the text. The normal group
included the nine subjects described in Table IV and two
others who did not have gas collections: lability was not
studied during ergometer exercise. The points represent the
means for each group and the limits indicate one standard
error.

induced by the bicycle ergometer compared with
the treadmill. The differences between the tread-
mill and free range running were not significant
for the Jones or exercise lability indices, but the
percent fall index was significantly different
(P<<0-01). This implies that free range running
produces a greater fall from the resting level than
the treadmill, but the rise during or after exercise
is more variable. :

The matching of work and ventilation and the
mean values for lability in the three types of
exercise are shown in Table III. Since the subjects
varied considerably in size the individual results
showed considerable scatter, but since each sub-
ject served as his own control, the mean values
for the group could be compared and a paired
¢t test used to assess significance. In fact the only
significant difference in all the data shown in
Table III besides the lability indices discussed
above was for respiratory exchange ratio (R) com-
paring the ergometer test to either the treadmill
or free range running. Comparable results in the
group of normal subjects are given in Table IV,
There was very little bronchial lability and it was
less than one quarter of that seen in the asth-
matics by whatever index it was assessed. It was
not studied on the ergometer in this group. On
the basis of the oXygen consumption the level of
work performed in the corridor (which produced
the highest lability) was similar in the normals
compared to the asthmatics but it was rather
lower on the treadmill. There were no significant
differences in end-tidal Pco, between normals and
asthmatics. Pulse rates could be compared only
by predictions based on height and oxygen con-
sumption (Godirey, Davies, Wozniak, and Barnes,
in preparation) since the normals and asthmatics
were not exactly matched for size and work. This
showed that whereas there was no difference in
pulse rates in relation to the type of exercise in
asthmatics, they were significantly higher on the
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TABLE III
GROUP RESULTS FOR ASTHMATIC SUBJECTS
Ergometer Treadmill Free Run
Mean S.E.M. n Mean S.E.M. n Mean S.E.M. n
Jones lability index 361 5-90 10 46:2 66 10 52-1 50 10
Exercise lability index 419 5-96 10 524 83 10 61-2 45 10
Percent fal(index 202 3.90 10 329 63 10 48-1 56 10
Vo, 1470 224 10 1636 310 10 1669 276 10
VE 503 66 10 487 76 10 49-1 62 10
VE/Vo. 362 40 10 308 10 10 307 14 10
PETCO: 28-0 2.1 10 290 16 10 -~ - -
R 0-96 0-035 10 0-88 0-025 10 0-84 0-027 10
Pulse rate 64 70 10 175 3-0 10 180 4.0 10
Palse % expected 96-3 31 10 101-5 41 10 98.7 36 10

The bronchial lability indices are given above and the ventilation, pulse rate, and gas exchange are given below,

Bulse has also been expressed

as a percentage of the expected value based on Vo,, height, and sex for ergometer exercise. (VO,=o0xygen consumption, VE=minute ventilation,

PETcos =end-tidal PCO,—not obtained during free range running)

TABLE 1V
GROUP RESULTS FOR NORMAL SUBJECTS
Ergometer Treadmill Free Run

Mean S.E.M. n Mean S.E.M. n Mean S.E.M, n
Jones lability index 9-4 1-3 9 14-1 19 9
Exercise lability index 11-0 1'5 9 154 2:4 9
Percent fall index 51 19 9 6-4 1-4 9
Vo, 1034 132 9 1205 166 9 1478 200 9
Ve 35-1 30 9 376 398 9 44-6 45 9
VE/Vo, 356 2-1 9 328 268 9 319 2:4 9
PETco; 30-3 1-6 8 30-3 2-1 9 — - -
R 1-10 0-017 7 0-91 0016 9 0-90 0-030 9
Pulse rate 182 60 9 1755 40 9 173 50 9
Pulse %, expected 106'5 2:46 9 101 3-03 9 90-3 23 9

Results as in Table 111 but bronchial lability was not measured during ergometer exercise in these subjects.

ergometer compared with free running or the
treadmill in normals.

DISCUSSION

This study has positively confirmed the clinical
impression that running causes greater broncho-
constriction than cycling in asthmatic subjects.

Studies of this kind, by the very nature of
asthma, are difficult to standardize. We attempted
to avoid the natural variation in the disease by
studying patients either over a very short space
of time or while they were in similar clinical
states. The difference in lability for the various
types of exercise was not related to the resting
PEF and was consistent despite the random order
of the tests. This makes it highly unlikely that
the differences were due to variations in the
patient’s condition.

Most asthmatic patients are sensitive to house
dust and many also complain that cold provokes
bronchospasm (Hsieh, Frayser, and Ross, 1968).
Running in the corridor or in the open air could

2G

have exposed our patients to such factors, but
the difference between cycling and running was
almost as great when the running was performed
on a treadmill. This apparatus was physically
substituted for the ergometer and the identical
respiratory circuit was used in the laboratory and
hence environmental factors were largely
excluded. Differences between treadmill and free
range running were small as measured by the
Jomes and exercise labilities.

No real quantitative data are available on the
exercise needed to provoke bronchoconstriction.
However, Beaudry et al. (1967) did not obtain
bronchoconstriction with ergometer exercise in
children at oxygen consumptions of the order of
600 ml/minute. Irnell and Swartling (1966) did
obtain exercise-induced bronchoconstriction with
ergometer exercise in adults, but they used pro-
gressively hard levels of exercise for a maximum
of 18 minutes, the last load (300 kpm/min) being
equivalent to an oxygen consumption of 2,100
ml/minute. Even so, it is possible to calculate the
mean exercise lability index from their data which
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was approximately 259 for the whole series and
409, for their more severely affected group. These
figures are not unlike our ergometer results and
certainly show less lability than our treadmill or
free running studies. These facts suggest that
absolute work load (or duration) may be import-
ant for the production of bronchoconstriction on
the ergometer but this does not account for the
differences in our study between types of exercise.

The only differences we noted in the para-
meters measured, besides PEF, was a lower
respiratory exchange ratio (R) in the running com-
pared with the ergometer. Indeed there seemed
to be a direct relationship between the fall of
PEF (% fall index) and the R (Fig. 3) for all but
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¥IG. 3. Relationship between the percentage fall in peak
expiratory flow rate and the respiratory exchange ratio
(R) of exercise. The symbols are the same as those in
Figures 1 and 2.

one subject who showed the opposite effect. It
even appeared that the R was more important
than whether the running was treadmill or free
range. We noted that our normal subjects had
lower R values during running compared with
cycling and similarly low R values can be calcu-
lated for normal adults on a treadmill (Hanson,
Tabakin, and Levy, 1967) compared with an ergo-
meter (Naimark, Wasserman, and Mcllroy, 1964).
In fact our asthmatic patients had lower R values
than the normals for comparable types of exer-
cise. Their changes in R may reflect changes in
blood lactate and acid-base balance but this needs
considerable clarification because of the conflict-
ing published results. Thus Beaudry et al. (1967)
reported base deficits of the order of —8 mEq/l.

Sandra D. Anderson, Nicola M. Connolly, and S. Godfrey

with arterial Pco, values of 32 mmHg, represent-
ing severe metabolic (?lactic) acidosis during ergo-
meter exercise, without obtaining bronchocon-
striction. On the other hand, Seaton, Davies,
Gaziano, and Hughes (1969) reported similar
levels of acidosis with high measured lactates
after free range running which did result in
bronchoconstriction. The two studies suggest that
it is the nature of the exercise rather than the
level of acidosis or lactate which causes broncho-
constriction. We are planning to study these
variables in relation to the type of exercise
because the data suggest that acidosis associated
with a low R (Fig. 3) is more likely than anything
else to cause bronchoconstriction.

Many other factors which could have accounted
for differences in bronchoconstriction produced
by unquantitated cycling or running have been
excluded by the design of the present study. These
include end tidal Pco, and total minute ventila-
tion which was virtually identical in running and
cycling. Thus bronchoconstriction provoked by
hypocapnic hyperventilation (Crompton, 1968)
was not responsible for our observed differences.
We may postulate that some other, as yet
unknown, factor is operating more during running
than cycling. One possibility is that the general
level of neural activity is greater during running
and here one may note that there is a consider-
able component of negative or eccentric work in
running but not cycling. Negative work is per-
formed when energy is absorbed by muscles as
they are stretched during contraction. During
running, energy is released as the centre of gravity
of the body falls at the end of each step. Some
of this kinetic energy is absorbed by leg muscles
in landing. Since the mechanijcal efficiency for
negative work is much higher than for positive
work (Kamon, 1970) the muscles of our subjects
were actually involved in more physical work for
the same oxygen consumption during running
compared with cycling.

We must conclude that as yet we have found
no definite explanation for the greater ability of
running to cause bronchoconstriction compared
with cycling, but some obvious possibilities have
been excluded and others suggested by the present
study.
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SUMMARY

1. Studies have been made of the response to running on a treadmill in forty boys
and girls aged 5-15 years.

2. Each child was studied at two consecutive levels of steady-state work represent-
ing about 50% and 80°% of his physical working capacity. Cardiac output was
measured by the Indirect (CO,) Fick method.

3. The cardiac and ventilatory responses to exercise were similar to those seen
during cycling on an ergometer except that the heart rate and the respiratory ex-
change ratio were a little lower. Stroke volume was the same.

4, The responses of children to running and cycling are discussed and the similarity
to the responses of adults is noted.

It has been shown that it is quite possible to study the cardio-respiratory response to exercise
in normal children, including the measurement of cardiac output by the Indirect (CO,) Fick
method (Gadhoke & Jones, 1969; Godfrey & Davies, 1970). It has also been shown that such
tests might be of use in the assessment of sick children (Godfrey, 1970a; Godfrey & Mearns,
1971). All these studies involved cycling on an ergometer. Some children prefer to exercise by
running rather than cycling, especially the younger ones. Certain differences have been reported
in adults between cycling and running (Hermansen, Ekblom & Saltin, 1970).

It was therefore decided to study a group of boys and girls during running on a treadmill
by using similar methods to those used during cycling,

SUBJECTS AND METHODS

Studies were made on nineteen boys and twenty-one girls aged 5-15 years, whose physical
characteristics are given in Table 1. The children were volunteers from local schools and many
were familiar with the equipment from a previous study. Each child was examined clinically
before exercise and no evidence of disease was found.

Correspondence: Dr S. Godfrey, Institute of Diseases of the Chest, Fulham Road, London, S.W.3.
433
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A simple adjustable treadmill (Quinton Instruments) was used for the studies, Before the
main exercise study was performed a preliminary exercise test was carried out on each child
to obtain data on the appropriate speeds and slopes of the treadmill. These were so arranged
that two work levels were selected for each child, the lower resulting in a heart rate of approx.
150 beats/min and the higher in a heart rate of 170 beats/min. These heart rates were selected

TasBLE 1. Distribution of subjects by age, height and weight

Age group (years)

50- 60- 70- 80 90 100- 11-0- 120-- 130~ 14:0- 150-
50 69 79 89 99 109 119 129 139 149 159

No. of boys 2 0 1 2 2 3 1 2 1 3 2
No. of girls 2 2 3 0 2 2 2 2 2 2 2

Height group (cm)

100~ 110- 120~ 130~ 140~ 150- 160- 170-
109 119 129 139 149 159 169 179

No. of boys 1 1

2 3 3 4 2 3
No. of girls 0 3 4 3 6

2 3 0

Weight group (kg)

15-0- 200- 25-0- 300- 350~ 40-0- 450~ 500- 550- 60-0- 650-
199 249 299 349 399 449 499 549 599 649 699

No.ofboys 1 2 3 1 3 3 2 1 2 1 0
No.ofgils 0 4 5 1 5 1 1 2 1 0 1

because they occur at work loads of approx. 50% and 809, of the child’s physical working
capacity (Godfrey, Davies, Wozniak & Barnes, 1971). The treadmill speed was held constant
for any one child and the slope was varied.

After a rest of at least 1 h a steady-state exercise test was performed in which each child
was studied at rest and at two selected work loads. Expired gas was flushed through a large
Tissot spirometer and analysed continuously for O, and CO,. When pulse, ventilation and
expired gas concentration were all steady (after 2-3 min), a collection of expired gas was made
in the spirometer over at least 1 min and analysed immediately.

The mixed venous Pco, (P¥co,) was estimated by a rebreathing method (Jones, Campbell,
McHardy, Higgs & Clode, 1967) by using the correction method of Denison, Edwards, Jones
& Pope (1969) if a plateau was not obtained first time. The ‘downstream’ correction (Jones
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et al., 1967) was not applied. After rebreathing the slope of the treadmill was doubled and the
next work load was performed without pause.

Full details of these methods have been reported elsewhere (Godfrey & Davies, 1970;
Godfrey et al., 1971).

CALCULATIONS

The digital computer program of Godfrey (1970b) was used to calculate the results.

The cardiac output was determined by using the arterial Pco, implied by assuming a
normal dead space, the values of which were based on weight and tidal volume (Godfrey et al.,
1971). As resting studies were generally unreliable in children the results given are those
concerned with work unless otherwise stated.

The opportunity has been taken in the various illustrations and tables to compare the
present results with those for bicycle exercise in children (Godfrey et al., 1971).

RESULTS

Individual results have been deposited as Clinical Science Table 40/2 with the Librarian of the
Royal Society of Medicine, London, W.1. These results are summarized in Tables 2 and 3.
The important individual findings are presented in Figs. 1-7.

80 SEr=53

60

40

Ventilation (L/min)

20

] 1 | |
o] o5 -0 -5 2.0 25
Oxygen consumption (L/min)

Fic. 1. Relationship between ventilation and oxygen consumption (Fo;) for treadmill exercise

( ). The shaded area represents +1 SEY about the regression line for bicycle ergometer
exercise.

As shown in Fig. 1, ventilation (VE) was significantly related to oxygen consumption but
showed no significant size or sex difference over the work range. Tidal volume (VT) was
significantly related to oxygen consumption but showed no significant size or sex difference.
Cardiac output (Q) was significantly related to oxygen consumption with no sex difference.
There was a small but significant effect due to height (Fig. 2).
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In Figs. 3 and 4, heart rate (pulse) has been plotted against the logarithm of oxygen con-
sumption for boys and for girls. Girls had a higher heart rate than boys for the same oxygen
20 - SE¥= 0-90

Cardiac output (L/min)
3 o

4]

] 1 ! ] ]
o 0-5 -0 -5 2:0 2-5

Oxygen consumption (L/min)
Fic. 2. Relationship between cardiac output and Vo,. The effect of height is shown in the tread-

mill (lines). The shaded area represents +1 SEY about the regression line for bicycle ergometer
exercise.
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zzor Y
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@ S s/ 4 .7
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/oo /
140 |- /9, /S 0 sy A
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Oxygen consumption (L/min)
Fic. 3. Relationship between pulse rate and log V0, for boys. Symbols represent values obtained
in the present study. ~———, Regression lines in relation to height obtained for exercise on the
bicycle ergometer. Height range (cm): A, 95-109; 0, 110-124; 0, 125-139; &, 140-154; O, 155-
169; A, 170-185.

consumption; heart rate decreases with increasing height. Stroke volume (SV) was significantly
correlated with Fo,. Girls, however, did appear to have a lower stroke volume than boys at
higher work levels.



437

Values for heart rate and stroke volume have been compared with an ‘expected’ value for
heart rate and stroke volume (Figs. 5 and 6, Table 2). This ‘expected’ value was predicted on

Height (cm) 1z 132 147 IEZ I/TT

Treadmill exercise in children
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F1G. 4. Relationship between pulse rate and log Vo, for girls as in Fig. 3. Hexght range (cm): @,
110-124; o, 125-139; m, 140-154; O, 155-169,

TaBLE 2. Regression equations for results

Y X, 1 ‘B 1 X, 2 B. 2 M SEY r n
Ve Vo, 0-026 — — 0-025 53 095 63
VT Vo, 0-640 — — 62:38 17229 091 63
Q Vo, 0-0053 Height 0030 —1-005 090 09 54
sV Vo, 0-033 — — 18-21 1296 081 56
Boys Pyco, Vo, 0-006 — — 54-9 359 0468 26
Girls Pvco; Vo. 00116 — —_— 45-8 499 077 29
Treadmill pulse 'Expected
bicycle 0-667 — — 479 170 049 63
pulse
Treadmill stroke volume Expected
bicycle 1-16 — — —106 107 086 54
stroke
volume

* Y = dependent variable, X; and X. = independent variables, By and B, = regression coefficients
of X; and X, respectively, M = constant term, SEY = standard error of the estimate of ¥ about
the line, r = correlation coefficient. The units for the parameters are as follows: height (cm), Vo,
(ml/min), V& (I/min), V1 (ml), SV (ml), Pvco, (mmHg), O (I/min). All equations contained in this
table were significant (P < 0-05).

the basis of oxygen consumption and height by using the multiple-regression equation for
ergometer work. Heart rates were generally lower on the treadmill than those expected for
the ergometer. Stroke volume tended to be nearly the same in both types of exercise.
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Mixed venous Pco, (P¥co,) was significantly related to V0, and showed some relatively
minor sex differences. Results for respiratory exchange ratio and arterial Pco, are summarized
in Table 3 and illustrated in Fig. 7. Respiration exchange ratio (R) was higher at the resting

Treadmill pulse (beats/min)

-

1 1 1 J

!
140 160 180 200 22G
Expected bicycle pulse (beats /min)

Fic. 5. Regression line (——) showing relationship of observed treadmill pulse rate and ‘expected’
bicycle pulse rate for boys and girls combined. The line of identity is shown as the broken line.

M, Boys; O, girls.

Treadmill stroke volume (ml)

15O~

125

100~

~
o
1

(4]
o
T

i 1 I 1 ]

25 50 75 100 125 150

Expected ergometer stroke volume {ml)

Fic. 6. Regression line (——) showing relationship of observed treadmill stroke volume and
‘expected’ bicycle ergometer stroke volume for boys and girls combined. Line of identity is shown
as the broken line. W, Boys; O, girls.



TaABLE 3. Comparison of parameters of respiratory exchange ratio and arterial Pco, at rest, 50%; and 80% of maximum working

capacity for treadmill and bicycle exercise

Rest Work 1 Work 2
Significance Significance Significance
Treadmill Bicycle of Treadmill Bicycle of Treadmill Bicycle of
difference difference difference
R .
Boys Mean 099 0-97 0-84 0-97 091 1-08
SEM 0-03 002 P<0-05 . 0-01 0-01 P<0-0005 0-01 0-01 P<0-0005
n 18 45 14 54 16 52
Girls Mean 097 0-96 0-82 0-96 0-89 1-07
SEM 004 0-:02 P<005 0-02 0-01 P<0-0005 0-01 0-01 P<0-0005
n 18 45 18 52 17 49
Pa,co,
Boys Mean 286 33-6 337 374 331 350
SEM 1-08 070 P<0-0005 0-80 0-50 P<0-0005 0-74 050 0:05>P>0-01
n 18 36 18 48 13 42
Girls Mean 296 321 322 35-8 321 33-9
SEM 090 090 005>P>001 130 0-70 0-05>P>0-01 124 070 P<005
n 18 32 14 46 16 33

SEM = Standard error of mean; # == no. of subjects; P = probability.
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work level than the first work load, the difference being significant. There was an increase
from the first work level to the second. There was no significant sex difference at rest or either
work level. Arterial PCO, (Pa,c0,) was calculated from the Bohr equation assuming a normal
dead space and correcting for instrument dead space. It was low at rest and showed a significant
rise between rest and the first work level, but it did not change significantly between the first
and second work level.

o9 |- 5 §

08

Rest  Work| Wark2 " Rest  Work| Work 2
40 (D) .

35 |- I o }

Pa,C0O,

25 Rest Work |  Work2 Rest Work |  Work2

F1G. 7. (a) Respiratory exchange ratio and (b) arterial Pco, at rest, 503/ and 80% of maximum
working capacity. Values shown represent mean +SEM. Treadmill results: @, boys, 0, girls. For
comparison bicycle ergometer results: 4, boys, A, girls.

DISCUSSION

The results of this study on forty children with a treadmill showed that their responses were
similar to those of a larger group of children studied on a bicycle ergometer (Godfrey et al.,
1971). There was no difference in ventilation with respect to oxygen consumption (Fig. 1).
Cardiac output was rather lower on the treadmill at higher work loads compared with ergo-
meter exercise and there was also a small size effect not seen on the ergometer (Fig. 2).

In a study of adults Hermansen et al. (1970) noted that heart rate was relatively lower
during uphill running compared with cycling at submaximal oxygen uptakes. They also noted
that cardiac output was similar in both forms of exercise and consequently the stroke volume
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was larger on treadmill exercise (though the difference in stroke volume was only 5%). Our
results agree with theirs but the two studies in children were not performed on identical
groups and this may account for the small differences in cardiac output and stroke volume.

There was a very significant difference in the respiratory exchange ratio (R) between tread-
mill and ergometer studies (Table 3, Fig. 7). It was higher during cycling despite alveolar
hyperventilation which occurred during running (lower Pa,c0,). These findings suggest a
higher lactate production during cycling, which was also noted by Hermansen et al. (1970).
The alveolar hyperventilation on running may occur because the actual tension in muscles
and joints causes greater neural drive. This is due to a component of ‘negative work’ which
occurs on treadmill exercise. This ‘negative work’ has a high mechanical efficiency (Kamon,
1970), which would not be reflected in the oxygen consumption. Values of respiratory exchange
ratio in adults exercising on a bicycle ergometer and treadmill have been reported (Naimark,
Wasserman & Mcllroy, 1964; Tabakin, Hanson, Merriam & Caldwell, 1964; Damato,
Galante & Smith, 1966; Higgs, Clode, McHardy, Jones & Campbell, 1967) and show differ-
ences on the two forms of exercise similar to those reported here.

The present treadmill study has confirmed the findings of the ergometer study, namely that
children respond to exercise in a similar way to adults, and also that differences between.
running and cycling in adults are reflected in the responses of children.
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