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ABSTRACT 

1. 	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 physiological aspects of the effect of exercise on the cardio-

pulmonary system in asthmatic subjects and compared this response with 

that found in normal subjects. 

2.. 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 period of five to ten 

minutes. 

3. By serial studies using different forms of exercise it has been shown 

that running is a more potent stimulus in provoking an attack of asthma 

than cycling or swimming exercise performed by the same subject at the 

same oxygen consumption. The possible reasons for these differences are 

discussed. 

4. The effect of running exercise on lung volumes has been investigated 

in normal and asthmatic subjects. The results have shown that in 

asthmatic subjects during an attack of bronchoconstriction provoked by 

exercise, there are abnormal increases in residual volume and functional 

residual 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 minutes. 

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

and after exercise has shown that in general asthmatics have a rise in 
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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. In some asthmatic 

subjects a severe metabolic acidosis occurs after exercise. 

6. 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 BRONCHO CONSTRI CTI ON 



ABBREVIATIONS  

1 = litres, kg. = kilograms, cm. = centimetres, ml. = millilitre, 

mmHg. = millimetres of mercury, hr. = hours, min. = minutes, 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. 

STPD = standard temperature and pressure of dry gas. 

PBAR = barometric pressure mmHg. 

mEq. = milliequivalent. 

Pheli = peak expiratory flow rate 1/min. 

VC 	= vital cappcity 1. 

FVC 	= forced vital capacity 1. 

TLC 	= total lung capacity 1. 

FRC 	= functional residual capacity 1. 

RV 	= residual volume 1. 

FEV 	= forced expiratory volume in one second 1. 

MME FR = maximum mid-expiratory flow rate 1/Min. 

Raw = airways resistance cm.H20/l./sec. 

SGaw = specific airways conductance cm.H20
-1 sec.-1 

✓tg = thoracic gas volume 1. 

VE 	= minute ventilation 1. BTPS 

• frequency of breathing/Min. 

✓T 	= tidal volume ml. B'i'id 

V02 	
= oxygen consumption ml./min. STPD 

VCO2 
= carbon dioxide production ml./min. STPD 

R 	= respiratory exchange ratio = 1/CO2/V02 
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FECO2 	= expired CO2 concentration % 

FE02 	= expired 02 concentration 

FIN2 	= inspired nitrogen concentration % 

PETCO2 = end-tidal CO2 mmHg. 

PaCO2 	= arterial CO2 mmHg. 

PACO2 	= alveolar CO2 mmHg. 

Pa02 	= arterial 02 mmHg. 

PAO2 	= alveolar 02 mmHg. 

FAO2 	= alveolar 02 concentration d / - 

B.E. 	= base excess mEq./1. 

La. 	. arterial blood lactate mEq./l. 

VD 	= physiological dead space mis. 

VD/VT 	= physiological dead space tidal volume ratio 

J.L.I. = Jones Lability Index 

E.L.I. = Exercise Lability Index 

E.I.B. = Exercise Induced Bronchoconstriction 

S.D. 	= standard deviation 

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

S.E.Y. = S.E. of estimate of Y about regressiOn line 

dependent variable 

X 	= 	independent variable 

• regression coefficient 

• intercept on Y axis 

correlation coefficient 

number of subjects 

• significance level 
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INTRODUCTION 

The association between asthma and exercise was first described 

by Arateus of Cappodocia who lived circa 81-138 A.D. In his early 

writings on respiratory disorders he stated that "if from running, 

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 to 

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 prevents the dilation of the bronchiae 

necessary to a free and full inspiration but gives also a rigidity which 

prevents a full and free expiration" and "like many other convulsive and 

spasmodic affections, is readily excited by a turgescence of the blood 

or other cause of unusual fullness and distention of the vessels of the 

lungs". Cullen also made the observation 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 

exercises which involved the arms were the least agreeable to asthmatics 

(Floyer, 1710). 
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177.  
G. W. S., in., tet. 11. 
A thin, high-shoul-

dered, round-backed 
boy. 

"Lessons." 

178.  
G. S., m., let. 60. 
No asthmatic 

physique. 
sdical. 

179.  
E. 8, f., Let. 22. 

Well formed, and not 
thin. 

Gentlewoman. 

180.  
Alice S., f., eat. 21. 

Nothing particular. 
Gentlewoman. 

181.  
JaliaS., f., m., et. 30. 

slightly dusky. 
No Occupation. 

182.  
William 8., in., mt. 55. 
Rather stout, healthy 

looking. 
Literary Agent of 

Newspapers. 

East Grin-
stead to .8 ; 
since chiefly 
at Brighton. 
This summer 
wandering. 

Always in St. 
Giles' parish.  
Never had a 
severe attack 
in the wan- 
try- 

Asthma first 
at Soarbro'. 
Locality no 
difference. 

A valley near 
Chepstow. 
Always bad 
there. De-
von, Corn-
wall,and else-
where free. 

Four years at 
Brick-lane, 

where the 
asthma has 
come on. 

London, south 
side. Better 
at Hastings. 

a Tooth rash on 
the head (?) 
Emotion, cold, 

going in open 
air, food late, 
wet weather. 

a Apparently 
spontaneous. 

p Excitement, 
over-exertion, 
easterly wind, 
fog, smoke, 
sleep afterfood. 

a Whooping 
cough at 15, 
no doubt. 
Laughing, ex-

ertion, smoke, 
damp, a fit of 
coughing. 

a Protracted 
cold on the 
cheat. 

p Damp, cold 
taking, food 
late, walking 
fast, close 
rooms. 

a Cold on the 
cheat. 
Hurrying,over 

exertion, a fog-
gy day, smoke,  
cold air. 

a Unknown, 
thinks inheri-
ted. 

p Exertion, and 
exertion alone; 
never when 
still. 

Formerly lon-
ger, now a 
week. 

No periodicity 

According to 
weather. No 
periodicity. 

At first 2 mhs. 
then 1,—fort 
night, week, 
2 days. 

Every night, 
5 hours after 
being in bed. 

No rule. 

Generally 
on going 
to bed. 

Evening. 
Never 
awoke at 
night. 

No time. 
Depend-
ing on 
Cause, 

4 or 5 A.M. 

4 i tit. 

No rule. 
When 
exerting 
himself. 

Unusual ex-
citement, 
sneezing,and 
redness of 
eyelids. 

None. 

Irritation in 
the throat, 
and a ten-
dency to 
cough. 

Headache, 
languor, and 
depression. 

Emphysema 
and thick-
ening of 
bronchial 
tubes. 

No other lung 
disease; good 
respiration. 
No dry or 
moist sounds. 

Lungs per-
fectly sound, 
hardly a 
trace ofmoist 
sound. 

Spits abun-
dantly. Em-
physema in 
both apices. 
No basal cre-
pitation. 

Emphysema 
at front 
bases. Bron-
chial sounds 
everywhere. 

• 

Consumption on 
mother's side. 
No inheritance 
of asthma. 

A little excitable. 
Flatulent. 

Fatherhad asthma. 

Five paternal 
aunts died of con-
sumption, 2 ma-
ternal aunts and 
mother bron-
chia°. 

Not inherited. 
Nothing particu-
1 a r . All her 
family with 
slight tendency 
to colds on the 
chest. 

Apprehensive. No 
other disease. 

Father died at 58 
of bronchitis. 

Not nervous or 
dyspeptic. 

Mother bronchia°. 

Emetics of great service. Com-
pressed air bath no good. 

Stramonium and tobacco re-
lieve. Other remedies not 
tried. 

Effect of remedies not known, 

Hot spirit relieves in ten mi-
nutes; turpentine externally; 
ether, •datura Willa, and 
emetios relieve slightly ; nitre-
paper, coffee, and tobacoo no 
good. 

Chloroform, nitre-paper, and 
opium did good for a time; 
chloric ether, chloroform, 
stramonium, nitre-paper, and 
iodide of potassium none. 

No remedies seem to have been 
tried. 

24 yrs. 

54 
yrs. 

17 
yrs. 

16 
yrs. 

26 
yrs. 

40 
yrs 

84 
years. 

6 
years. 

6 
years. 

5 
years. 

4 or 6 
years. 

15 
years. 

None. 

None. 

TABLE 171 
Froin HENRY HYDE SALTER 1868 

"ON ASTHMA" 



13 

Although it was generally agreed by Willis, Floyer and Cullen that 

spasm was due to contraction of the bronchi, it was not until the 

early part of the 19th Century that the existence of muscular fibres 

in the bronchi was demonstrated. 

In 1804 the Berlin. Akademie der Naturwissenschaften offered a prize 

for the best essay on the structure and function of the lungs.. This 

distinction was won by Francis Reisseissen and in 1808 he published 

his work 'Ueber den Bau Lunge& in which he described the existence 

of a "set of completely circular fibres around the bronchial ramifications 

beginning at the point where the cartilagenous circle terminate". Ldennec 

confirmed these observations in 1834 and further suggested "the spasmodic 

contraction of these fibres may be carried the length of the obstructing 

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 precipitating factor in asthmatic attacks. Of 

the 223 recorded cases, 54 patients 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 n'te that 

exercise was the cause of asthma in one young child. 

Despite obvious awareness of the effects of violent exercise in 

asthmatic patients, physicians of the time generally agreed that some form 

of exercise was necessary in the treatment of asthma. Horseback riding 

and walking were frequently/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. It may now be suggested that 

these patients were in fact benefiting from. the bronchodilatation which 

occurs &ring exercise. 

After this time it appears that the problem of exercise and the 

asthmatic was forgotten until the middle of 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 field of asthma research 

began to use these new techniques to determine the incidence and cause 

of exercise-induced bronchoconstriction (E.I.B.) 

Herxheimer (1946) was the first investigator to quantify 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 cycling. In 

another patient short runs of two minutes provoked attack of asthma 

two to five minutes after the run but the episode lasted only two to 

three minutes. 

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

but there was an increase in the minute volume 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 vital 

capacity fell from 3.14 L. to 1.72 L. and ephedrine had to be given 

to abolish the attack. 

The effect of carbon dioxide inhalation was also investigated by 

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 hypocapniaws 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 overbreqthing - 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 to the beginning of 

objective measurement on the effect of exercise in asthmatic subjects, 

the conclusion reached about the cause of post-exercise bronchoconstriction 

is now doubtful. 

Following Herxheimer's study a report (Pearson, 1952) was made which 

suggested that after exercise in asthmatic subjects two opposing factors 

might occur either independently of consecutively "the one causing 

improvement and 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 after 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 and two-second vital capacity. Similar observations confirming 

these suggestions were recorded in a later report 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 to make detailed measurements following exercise 

in asthridatic 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 subjects 

and a decrease in pulmonary flow resistance in eight, the other subjects 

showing indefinite changesi 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 (FEV1) following exercise in a group of adult 

subjects some of them with asthma who had obstructive airways disease. 

It was found that there was a mean increase in FEV1 of 24% 
of the resting 

value after exercise in these subjects while another group of patients 

either with heart disease or other types of lung disease showed no 

significant change in FEV1  after exercise. The important observation was 

made that the combination of exercise and adrenaline inhalation was more 

effective in increasing the FEV1  in patients with obstructive lung disease 



than the use of either exercise or adrenaline alone. It was concluded 

from these and other studies that the "increase in inspiratory rate and 

an increase in lung bloodi volume" due to exercise may be responsible 

for a fall in airways resistance and thus an increase .in the FEV1. 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 alve9li "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 exercise would make the lungs more "turgid" 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 the 

lungs during exercise which caused the difficulty of breathing following 

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

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

the lungs in asthmatic subjects had given rise 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 to determine 

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

was found that airways resistance increased 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). 

17 
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By now, the original observations of Pearson (1952) had been 

confirmed using different methods for estimation of airways resistance. 

Asthmatics appeared 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 FEV1 and by furthering the obstruction and heving 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 
1 

resulted in a transient fall in FEV1  below the 

investigated the effect of running exercise in 

and demonstrated that there was no significant 

FEV1 
as compared to the resting value in these 

that the increase in FEV1 following short term 

prolonged exercise 

resting level. They also 

a group of normal children 

change in the post-exercise 

subjects. They reported 

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 to 

exercise in asthmatic subjects following administration of isoprenaline 

sulphate. In addition, it was shown that following exercise there was 

no bronchodilation or bronchoconstriction of any significance in normal 

subjects. 
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The value of exercise as a diagnostic aid and a useful method for 

the ,Issessment of drugs in asthmatic subjects was emphasized in a further 

publication (Jones, Wharton and Buston, 1963) which also reviewed several 

important points with regard to type of exercise used and method of 

testing. Firstly, it was commented that the bicycle ergometer was an 

unsatisfactory kind of exercise for use in testing asthmatic subjects 

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. 

Following this report on the value of physical exercise in assessing 

the asthmatic child (Jones et al, 1963) other workers took up the subject 

of exercise induced bronchoconstriction (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. 
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In an investigation of a group of normal and asthmatic adults,:airways 

resistance following stair climbing, was measured in several differen:ii 

ways. These measurements included FEV1, airways resistance measured in 

the body plethysmograph and distribution of inspired gas using the 

method 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 exorcise there was a significant 

increase in measurement of airways 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 onihe measurement of FEV1. This observation led to the 

theory that post-exercise bronchoconstriction may be caused by an enzyme 

mediated "bronchoconstrictor substance". It was postulated that repeated 

exercise resulted in less constriction 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 confirm the previous suggestion that 

hyperventilation with hypocapnia might be the cause for the observed 

effects of exercise (McNeill, Nairn, Millar and Ingram, 1966). 

By this time the need to pinpoint "the specific abnormality 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 FEV1 
from the pre-exercise level - was measured 

following exercise and maximum bronchodilatation - increase in FEV1  - 



was obtained by the administration of isoprenaline sulphate aerosol 

followed by one minute of exercise. The Lability Index was defined 

as the sum of the fall in FEV
1  and rise in FEV1 (in litres) below and 

above resting values, expressed as a percentage of the predicted normal 

value. It was reported thai, with few exceptions, the Lability Index 

for normal children was less than 1 % 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 tensions 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 measurements 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 hypoxaemia 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 lung 

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 FEV1 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 bronchoconstriction 

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, Gazieno 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 

values of arterial oxygen tension. These workers noted however, that a 

severe metabolic acidosis was present in all subjects at a time when the 

airways resistance was increased due to exercise, and that this metabolic 

acidosis was due to increase in blood lactate. It was found that as the 

acidosis improved the FEV1  returned towards the normal resting value. 

Following an injection of bicarbonate and adrenaline there was an immediate 

reversal of the bronchospasm thnt 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 triggering the release of broncho-

constrictor substances and 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. 



REASONS FOR STUDYING THE PHYSIOLOGICAL ASPECTS  

OF EXERCISE INDUCED BRONCHOCONSTRICTION  

At the beginning of 1970 the author became interested in the 

physiological 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 suitahle 

model for investigating an attack of asthma (Fisher et al, 1970). Many 

suggestions had been made as to the cause.of E.I.B. and the possible 

direction of future research into the subject. 

It appeared that there were two major problems in understanding 

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

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

the changes which may cause the post exercise bronchoconstriction in 

asthmatic subjects. It has been suggested for example, that lactic acidosis 

after exercise is 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 and 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 in 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 that hypoxaemia 

may cause a reflex bronchoconstriction (Nadel and Widdicombe, 1962) 
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however results cf arterial oxygen 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 true 

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 response 

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, 

heart 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 prompted by the previous suggestion that "a common 

background of abnormality" in lung volumes and arterial blood gas tensions 

may exist in asthmatic subjects (Rebuck and Read, 1968) and the more recent 

suggestion that "oxygen transport" 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 measurements of arterial pH and blood lactate levels in 

such an investigation it was hoped that a clearer understanding could be 



obtained concerning other suggested causes of E.I.B. such as acidemia, 

lactic acidosis and hypocapnia. 

In studying the effect of exercise on lung mechanics and blood 

gas tensions it was thought that the results might provide further 

evidence to confirm the 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 which occur during other forms of asthma. 

The work described in this thesis was undertaken by the author 

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 published 

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. 

For convenience some Tables and A Figure containing individual 

values have been placed in the Appendix. When referred to 

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

letter A. 
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DEFINITIONS 

METHODS OF MEASURIMENT 

CALCULATIONS 

STATISTICAL ANALYSIS 

REPRODUCIBILITY OF THE INDICES OF BRONCHIAL LABILITY 
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DEFINITIONS AND NOTES ON SOME OF THE DIFFERENT METHODS OF  

MEASURING AIRWAYS RESISTANCE USED IN THE INVESTIGATION OF  

THE .hi.bECT 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 (PEER) is defined as that flow which a 

subject can produce and sustain for 0.01 sec. Pkibli is measured after 

a maximal inspiration by a rapid, forced blasting expiration (Wright 

and McKerrow, 1959). PELEE( 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 PEER 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 PEnt 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 PEER and to assess the degree of broncho-

dilation shown by an increase in PEER and bronchoconstriction shown by 

a fall in PEFR which-occurs in asthmatic and normal subjects while 

performing exercise. 
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Forced Expiratory Volume at one second (FEV1I 

FEV was first defined by Tiffeneau and Pinelli (1947) as the 
1 

volume exhaled in the first second of a complete forced expiration. 

Essentially the FEV1  "depends on the factors which determine (a) 

maximum expiratory flow at a particular lung volume (lung recoil pressure 

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 compliance, 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 flow volume curve 

(Fry and Hyatt, 1960; Stein, Tanabe, Rege and Khan, 1966) FEV1  overlaps 

both the effort dependent and m5zhanical property dependent portions 

of the curve (Fig. 2-1). Recently however it has been reported that there 

is no significant difference between the mean and the maximum FEV1 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 FEV1  (Macklem and Mead, 1967). 

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

be expelled by a maximal expiration following a maximal inspiration 

(Hutchinson, 1846). 

Vital capacity overlies the same portion of the maximum expiratory 

flow-volume curve as FEV1 and is dependent on the force the respiratory 

muscles can exert, on the compliance of the 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 FEV1  and FVC it 
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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 (FTy and Hyatt, 1960). The MMEFR has been described 

as a sensi4ive measurement in the early detection of airways disease 

(Emirgil and Sobol, 1971; Pride 1971). 

Specific Conductance (SGaw) 

With the development of the whole body plethysmograph (DuBois, 

Bothello and Comroe, 1956) it became possible to measure by a direct 

method the resistance of the airways during quite breathing and to 

determine the thoracic gas 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 

PEER 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 Appendix under 

Calibrations and Apparatus. 
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Exercise has becomes a common '&:-2-,:lenge' 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 time,1 to attend to the 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 (Minsograf 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 zlf exercise is given in Fig. 2-2. The deflections for the 

Tissot and dry gas meters, Raki, and FEV1  were all known by previous 

calibration 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 81 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 to placing the electrodes in position so that a clear 

electrocardiogram was obtained. 
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Photograph showing the breathing circuit for the 

collection of mixed expired gas and telemeter for 

the measurement of heart rate used during free 

range running and swimming. 
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4. Tissot 	5. Gas meter 	6. Gas analysers 
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FIGURE SHOWING BREATHING CIRCUIT USED DURING THE 
EXERCISE STUDIES IN THE LAB ORATORY 
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During free range running and swimming exercise heart rate was 

monitored with a Parks Electronics radio-telemeter and a trace was 

obtained from the signal and recorded on a portable Sanborn electro-

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 were held in place with 

waterproof adhesive tape. An example of an electrocardiogram 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 two-way respiratory valve of low resistance and low dead space (53 mis.). 

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 

CO2  and 02  using an infra red URAS-4 gas analyser for CO2  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 81 ink jet recorder (Fig. 2-2) and the 

concentration of CO2 and 02 
were steady. Unless otherwise stated 

collections were made during the last minute of exercise. The gas 

collection was analysed immediately. The gas analysers were calibrated 

with known gases (previously determined by the method of Scholander (1947)) 

at the end of each study. 

End 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 sec. 

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 large bore 

three-way tap was used to attach a neoprene meteorological 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 emptied and replaced on the three- 

way tap while the subject continued to exercise. A second and final 

collection was made during the last 1-li minutes of exercise. 

For the free range running 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 



old and had been previously washed, dried and tested for leaks in the 

laboratory. 

After free range running exercise, analysis of the expired gas was 

made in the same manner 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 81. 

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 allowance was made 

for the volume used for flushing the syringes and sample analysis. The 

temperature 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/min. 

(b) No. 3 linear to 500 L/min. 

Details of the characteristics of these instruments and the method of 

calibration are given in the appendix. 

Rest 

In all su7ojects exercise was preceded by at least three measurements 

of REM, 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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the indices of bronchial lability. Details of the reproducibility of 

multiple measurements of PEFR at rest in both asthmatic and normal 

subjects are given in Section 4. 

Exercise  

During exercise measurements of PEFR were made at two 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 han3 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 no difficulty in performing two peak flows in 15 seconds, before 

replacing the valve and continuing to exercise. In the swimming pool 

the subject supported himself with one hand on the edge of the pool 

(while performing the peak flow measurement) and was aided by a laboratory 

swimmer if he appeared to have any problems. 

For PEFR measurements made with the pneumotachograph, 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 PEER 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 period. After this 
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time, two more measurements of 	were made following the administration 

of 2 puffs of bronchodilator aerpsol (salbutamol). The first of these 

measurements were made after 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 Rhin?. was made 4 mins. later. 

Measurement of FEV1 

In some exercise studied (Section 5) FEV1 was measured simultaneously 

with PEFR using the Fleisch pneumotachograph and integrating the flow 

signal to obtain volume. The FEV1  was recorded on the Mingograf 81 

together with the PEFR. A circuit diagram for the pneumotachograph, 

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 traces 

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 P02  measured at 

37°C. 



Calculations used in the assessment of the indices of bronchial lability 

Indices used to measure the degree of bronchodilatation and 

bronchoconstriction have been derived as follows: 

a) the % Fn.11 Index 

Resting PEnt - Lowest Ph.Pit 
Resting PEFR 

x 100% 

where 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  x loog,  Resting PEER 

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

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

Highest exercise PEKE( - Lowest PEFR 
Resting PEFR 

where the highest PEER was as in (b) above and the lowest PEFR as in 

(a) above. 

d) the Jones Lability Index (J.L.m.) (%) (modified from the Lability 

Index of Jones, 1966) 

Highest PEER - Lowest P. FR 
Expected normal PhYtt 

where the highest PEFR was that obtained by any means, i.e. exercise or 

the administration of salbutamol and brief exercise. The lowest PEett 

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. 

Bronchoconstriction has been defined in this thesis as a fall 

in PEFR of 15f or more from the resting value. 

The % Rise Index has been used to assess the degree of broncho-

dilation occurring due to exercise. 

The L'xercise and Jones Lability Indices have been used 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 PEM 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 bronchial 

lability in subjects of different heights and ages. It has the added 

advantage of enabling repeated measurements 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.H20/1./sec. was deducted from the final 

measurement of Raw to allow for the resistance of the mouth peice and 

pneumotachograph. 

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

(1956). Vtg 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 Boyles Law 

which postulates that the product of pressure and volume in a given mass 

of gas is constant. 

i.e. 

P x V = constant 

Differentiating with respect to pressure 

P x dV + V = 0 

or Vtg = (PBAR - 47) x 1.36 x g 

where Vtg is the 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 at 37°  (cm.H20). 

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

graphically. 
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1 1./sec. ic.r4 1420 Gaw = Raw 

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 

Vtg 	Box pressure (PB)  x  Calibration of box pressure cm.H20/cm deflection 
Mouth pressure (Pm) Calibration of mouth pressure cm.H20/cm deflection 

Body factor 1. 
1 

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

appendix. 

Airway conductanle (Gaw) was calculated as the reciprocal of Raw. 
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Conductance divided by the corresponding Vtg is specific conductance. 

Gaw 
SGaw = Vtg cm.H20
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EQUATIONS used in the calcultions 

ulam are given in the list of Abbreviations 

VESTED 	= VE:ATps x STE!) factor 

VEBTPS 	= VEI1Tps  x BTPS factor 

STPD and BTPS factors from Cotes (1968) 

VE• 	BTPS  
f 

(FaCO2  - PECO2) x (VT x 100) - valve box dead space 

PaCO2 

FECO2 x VEL • 100 	STPD 

= 
0ST0 R 
PD PIO x 	T42 x (100 - (FE02  + FECO2) FE°2) 1 2 

R VCO2 V02 

FETCO2 x (PBAR - 47) PETCO2 100 

a-A CO2  mmHg. = PaCO2  - PETCO2  

PAO2 	
(FI02  x PBAR - 47) 	PaCO2 

.100 

A-a 02  mmHg. = PAO2 - Pa02 
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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 

coefficient and the coefficient of variation (Oldham, 1968; Moroney, 

1951). 

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. A two 

tailed test was applied to the value of t to estimate the probability. 

The degree of probability has been denoted as follows: 

P > 0.05 	not significant 

0.0113  <0.05 * probably significant 

0.0014.1,4(0.01 ** significant 

P40.001 	i(** highly signficant 

An analysis of variance was used to determine if there was a significant 

difference between the values obtained 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 conditions in the one subject. 

The coefficient of variation is given by 	
S.D.  x 100. Overall Mean 

49 



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 FE:V.1) on a group of 12 

asthmatic children who each performed two running tests on a treadmill. 

Although there have 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 the variation in the results for the indices of broncho- 

dilatation and bronchoconstrictipn 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. 
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TABLE 2 - 1 

Within subject variation(diffetent time'intervals)for 	Bronchial 

lability indices measured during and after running exercise. 

Comparison No. 	of 
Subjects 

No. 	of 
runs 

% Fall 
Mean 	S.D. 

PEER 
C of V mean 

3. 	L. 	I. 
S.D. C of V Mean 

E. 	L. 	I. 
S.D. C of V 

Treadmill 

Within 1 
week 

1 month 
interval 

1 year 
interval 

5 

40 

13 

17 

96 

27 

30.9 

29.5 

24.0 

• 

:6'..5 

15.5 

13.2 

• 

21.0 

52.6 

55.0 

38.7 

37.8 

33.5 

5.5 

13.3 

9.2 

14.1 

35.2 

27.5 

44.5 

44.2 

39.4 

7.4 

17.8 

• 

13.4 

17.5 

40.3 

34.0 

Free Range 
Run 

Within 1 
week 

1 month 
Iinterval 

7 

9 

15 

20 

29.7 

48.9 

7.9 

15.3 

26.6 

31.3 

35.1 

53.1 

5.9 

20.2 

16.8 

38.0 

40.0 

61.0 

18.3 

18.3 

45.7 

30.0 



All the exercise tests had been performed 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 to 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 at 

all levels % fall and lability. 

Results of the statistical analysis  

The results of within subject coefficient of variation of multiple 

measurements of the indices of bronchial lability at varying time 

intervals 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 within one week the % Fall Index varied by only 21% while 

the variation between two tests increased to over 50% when the time 

interval between 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%. 
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TABLE 2 - 2 

Asthmatic sutjects within subject variation for pronchial lability 

indices. VElues for coefficient of variation obtained from data 

available from other workers. 

Authors 	Typo of 
Exercise 

Parameter 
Neasured 

Interval 
Between 
Tests 

No. 	of 
Subjects 

No. 	of 
Tests 

mean S.D. 'C 	of 	U 
Z. 

'Jones 	(1966) 	Treadmill 
Running 	8' 

Lability 
index 
based on 

? 12 24 56 11 20.  

FEU1 

Pierson et al 	Bicycle % Fall ? 15 65 30 17 54 
(1969) 	Ergometer FEU1 

5' 

Poppius et al 	Bicycle % Fall ? 28 56 17.8 73.0 410 
(1970) 	6-8' IEFR 

Exercise 
• 

Katz at. al 
(1971) 	Progressive a  Fall ? 4 8 31.8 7.1 30.1 

Bicycle PEER 
Exercise 
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Discussion  

The values 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 PEER 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 reported and this makes comparison 

difficult because of the greater variation with increasing time intervals 

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 due to the low incidence of E.I.B. in our asthmatic 

subjects attending the clinic and who performed bicycle exercise (Silverman 

personal communication). 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 on changes in the FEV1  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 exercise is used compared 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 DIF.b ERENT FORMS OF 

EXERCISE IN NORMAL AND ASTHMATIC SUBJECTS 
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NORMAL SUBJECTS  

Introduction 

It has been known for some time that 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 cardio-

pulmonary response to arm cranking exercise was investigated in normal, 

adult subjects in the standing positilin. 

PEM 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 PEA/ during 

and after exercise and bronchodilator aerosol in adults and children. 
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TABLE 3 - 1 

Distribution of normal children by age, height and weight 

treadmill exercise. 

Distribution by Age  

Age Group (years) 	5,0 	6.0 	7.0 	8.0 	9.0 	10.0 	11.0 	12.0 	13.0 	14.0 	15.0 

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 

Distribution by Height 

Height Group 	(cms.) 100 110 120 130 140 150 160 170 

No. 	of Boys 1 1 2 3 3 4 2 3 

No. 	of Girls 0 3 4 3 2 6 3 0 

Distribution by Weight 

Weight Group (kg.) 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0 

19,9 24.9 29.9 34.9 39.9 44.9 49.9 54.9 59.9 64.9 69.1 

No. of Boys 1 2 3 1 3 3 2 1 2 1 

No. of Girls 0 4 5 1 5 1 1 2 1 1 
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General note on normal subjects  

The normal subjects who took part in the exercise studies presented 

here consisted of a group of volunteer children from the local schools 

and 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 children returned to the laboratory on several occasions 

to perform different types 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  

A 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 Appendix). A 

preliminary running test was carried out on each child at a level 

which would produce an H.R. greater than 170 beats per minute. Changes  

in Plitil were recorded with a Wright Peak Flow Meter during and after 

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



TAE T. 3 —2 

Physical Characteristics on the 9 normal 

children who performed free rangse running 

exercise. 

. 

Sex Age 
in 
Years 

Height 
in cms. 

Weight 
in Kg. 

1 II 7 116.5 21.8 

2 F 7 126 20.9 

3 F 9 134.5 28 

4 M 9 148 38 

5 m 10 142 29.6 

6 m 11 129.3 24.5 

7 m 12 156 43.5 

8 F 14 158.5 54 

9 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 

80g 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 Tlushed through the Tissot spirometer and analysed 

continuously for 02  and CO2. After a peribd of 10 minutes during which 

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

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 

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

of bronohodilator 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 same. laboratory (Godfrey et al, 1971) were tested during and 

after free range running exercise. Their physical characteristics are 

given in Table 3-2. Each child ran for 6 minutes around the hospital 
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grounds. FEFR was measured (Wright Peak Flow Meter) at rest, during 

and after exercise and after the administration of bronchodilator 

aerosol. Heart rate was recorded throughout the 6 minutes of exercise 

and during the last minute of exercise mixed expired gas was collected 

in order to obtained values for VE and V02. 
A Parkes Electronic radio 

telemeter was used to monitor the H.R. and expired gas was collected 

in a neoprene meteorological balloon. Details of the recording of the 

H.R. in this manner anQ the collection and analysis of the mixed expired 

gas have been given in Section 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 order 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 to exercise. 

The next 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 exercise. 

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 to 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 rest and at 2 minute intervals during exercise and 

after exercise for a period of 15 minutes and again after salbutamol and 

exercise. 



Bicycle Ergnteter Exercise  

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/Min. in the adults and 170 

beats/min. in the children. Using 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.  

For the exercise studies in which mixed expired gas was collected 

the calculation of V02'  VCO2, 
R, VT, f and other measurements of cardio-

pulmonary response to exercise wv're made in accordance with the standard 

equations set out .j.n Section 2. 

Results obtained from the measurements of adii have been used to 

calculate the indices of bronchial lability defined in Section 2. 

The predicted values for PEFR which have been used in the following 

analysis have been taken from Godfrey, Kamburoff and Nairn (1970) for 

the children and Cotes (1968) for the adults. 

RESULTS  

The cardioc vascular response to the different forms of exercise 

in the present group of normal subjects was similar 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 exercise. Ventilation and H.R. were significantly 

related to V02 
and were of the same order of magnitude during each type 

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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TABLE 3 - 3 

Individual and mean results for ventilation, 

heart rate and yas exchange during the final 

minute of Free Range Running Exercise in 9 

normal children. 

Subject VEL.  V02  
mis. 

VE/vo  
2 

R H.R. 
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 1910 28.5 0.93 172 

5 37.2 1100 33.6 0.94 154 

6 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 

C' 74.0 2445 30.4 0.92 201 

MEAN 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 Subjocts 

Regression Equations. 

Y X B M SEY r n Significance 

V02 	
0,: 

 WATTS 15.06 371.3 67.2 0.97 12 +++ 

V02 	41 WATTS 16.39 297.0 49.5 0.97 14 4.4.4. 

,+++ 

Cz.)Paa,N-b 	.(4,„7- WParS I S' • a1 31-i.5 51,6 O' X18 2.G 

VE 	le 

7' 

V02 
V02 

0.036 

0.038 

-4.62 

-0.71 

2.61 

4.55 

0.96 

0.86 

12 

14 

++4,  

+++ 

Combined V02 
0.03 3.6 4.42 0.89 26 -I.++ 

HR 	e V02 
0.07 46.9 18.66 0.72' 12 +4- 

Y' 
V02 0.07 89.33 16.71 0.64 14 + 

. . 

For symbols see AbbIeviations 
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TABLE 3-5 . -  

ARM EXERCISE 
NORMAL SUBJECTS. 

MEIN VALUES FOR MEN AND WOMEN AT ONE THIRD AND 
TWO THIRDS OF MAXIfflUM WORKING CAPACITY WITH ARMS. 

WATTS 
• 

V0
2 

mis 

VE/ 
VO2 

R PET 
CO„, 
mmNg 

VT 
mis 

f H.R. 

1st workload 

0'1 	MEAN 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 

.Y7 	MEAN 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 

51.2 	
MEAN 39.1 36.8 929 40.3 1.20 31.8 1331 29.8 157 

S.E.M. 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 Symbol& see Abbreviations. 
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For treadmill exercise the opportunity has been taken 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, 1971). 

In the illustrations of the results for arm cranking exercise the 

data reported by Hermansen and Saltin (1969) for young adults performing 

cycling ano treadmill running exercise have been illustrated, in order 

to compare the normal response to arm and leg exercise. 

Oxygen Consumption  

For treadmill exercise V02 in relation to speed and slope of the 

treadmill and weight of the subject was similar to that observed in other 

normal child= running 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 exercise the maximum load obtained during the 

progressive exercise varied between 90-12C W. for the men while the 

women had a considerably lower maximum working capacity ranging from 

40-70 W. For steady state arm cranking exercise V02 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 to V02 during treadmill running. 

During free range running exercise VE was similar to that observed 

in the children running on the treadmill at the same V02, with the 

exception of the two smallest subjects in whom VE in relation to V02  was 

higher than that observed during treadmill running (Table 3-3). 

For arm cranking exercise VE in relation to V0
2 was higher in the 

women compared to the men (Fig. 3-3, Table 3-5)• 
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BOYS 
Height range 	(Height ems.) 117 	132 	147 	162 177 

/ / / / 
A 95 - 109cms. 
•110 - 124 ” 	 / a / 	/ 
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A 

SYMBOLS REPRESENT VALUES OBTAINED IN THE PRESENT STUDY. 

THE INTERRUPTED LINES REPRESENT THE REGRESSION LINES 'IN 

RELATION TO HEIGHT OBTAINED ON THE BICYCLE ERGOMETER. 

. (GODFREY ET AL 1971) 
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TABLE 3 -6 

Regression equations for ventilation. Tidal Voluma and heart 

rate for treadmill exercise in normal children. 

Y X 	 B M S.E.Y. r n 

VE V02 0.026 0.025 5.3 0.95 63 

VT V02 
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. 
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TABLE 3 - 7 

Comparison of the values for respiratory exchange ratio end tidal 

.cail)ondioxide and frequency of breathing obtained during 

treadmill exercise in normal children and bicycle exercise. 

REST WORK 	I WORK II 

T B Significance 
of 

Difference 

T B Significance 
of 

Difference 

T B Significance 
of 

Difference 

R . 

Mean 0:98 0.97 NS 0.83 0.97 *** 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 *** 31.3 32.7 NS 
S.E.M. 0.8 1.09 0.77 0.56 0.7 0.8 
n 

f 

39 26 39 26 37 26 

Mean 26.4 20.1 ** 39.3 32.9 ** 43.1 46.1 NS 
S.E.M. 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 
PETCO2 

and f vales from Taylor et al 1972. 
T = Treadmill 
B = Bicycle Ergometer 
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Heart Rate  

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

of V02  to obtain a linear relationship between H.R. and V02. 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 V02 (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 V02  

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 to those observed for treadmill running when V02, 

height and sex were taken into account. 

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

related to V0
2 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 significantly 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 treadmill 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 greater 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 PCO2  (PETCO21 

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 oCT bicycle exercise (Table 3,7). 

The mean values for PETCO2 for men and women obtained during arm 

cranking exercise are given in Table 3-5. The women had significantly 

lower values for PETCO2 
compared with men working at the same percentage 

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 rest 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 group 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 between 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 Table 3-5. 



TABLE 3 - 8 

Restjng PEFR and indices of bronchial 

lability measured during and after 

different forms of exercise in 

normal children. 

Ergometer Treadmill Free Range Run 

Mean S.E.M. n 	Mean , S.EAl. n mean S.E.M. n 

Rest as 
% predicted 103 5.1 4 	96.7 1.8 60 94.3 2.5 9 

% Fall 	1.0 2.96 9 3.5 0.7 60 6.4 1.4 9 
Index 

% Rise 11.6 4.1 9 8.2 0.7 60 9.0 2.0 9 
Index 

E.L.I. 12.6 1.53 9 11.7 0.7 60 15.4 2.4 9 

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



TABLE 3 - 9 

Resting PEER and Indices of bronchial lability measured during and 

after different forms of exercise.in  normal adults. 

Ergometer Treadmill Arm Cranking 

Mean 	S.E.M. n mean 	S.E.M. n mean S.E.M. n 

Rest as 
of predicted 

94.2 4.2 8 94.9 5.3 8 93.9 3.7 8 

% Fall Index 3,1 0,8 8 3.4 1.05 8 3.6 1.0 8 

% Rise Index -5...2 1.5 8 7.5 1.9 8 0.9 1.4 8 

E.L.I. 8.3 0.9 8 10.9 1.3 8 12.6 1.6 8 

J.L.I. 8.4 3.3 8 10.2 1.1 8 12.7 1.8 8 
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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 performing different forms of exercise are 

given in Tables 3-8, 3-9. 

The mean resting values for PEFR prior to each form of exercise 

were within normal limits in both the children and the adults. 

All the exercise tests showed that there 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 results obtained for the normal children and the adults. 

As the largest 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 had 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  

EMBOLIC STUDIES  

It would appear from the results of the progressive exercise 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. 



The lirear relationship obtained between V02  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. 

V02 is higher than that obtained in leg exercise (Fig. 3-1). This is 

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 V02 
observed in the 40 normal children 

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 running exercise compared 

to treadmill running exercise in a group of normal children working 

at about 800 of their total working capacity. For moderate running 

exercise VE in relation to V02 
is similar to that observed in children 

exercising on a bicycle ergometer (Godfrey et al, 1971). When V02  was 

greater than 1.5 L/min. 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 V02 
during arm cranking exercise in the 

standing position appears to be higher than that reported for bicycle 

or treadmill exercise (Hermansen and Saltin, 1969; Tabakin, Hanson, 

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

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

83 
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(cycling, r,-finking and walking) and also f6and a higher VE during arm 

cranking than the other two forms of exercise, the values for VE in relation 

to V02 reported during arm e=rcise were similar to those observed here. 

The relatively greater VE flaring 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 the higher ventilatory rate observed during the arm 

work (eompa/ed 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 the same V02. Similarly 

it has been reported previously that during moderate work (walking on 

a treadmill) 	H.R. is higher in younger than older children (Robinson, 

1938). The younger children have a relatively smaller sized heart and 

therefore 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 V02. 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 been shown by Boothby (1915) and Collett and Liljestrand (1924). 

Heart rates have been reported duzing 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/minute in H.R. was 

observed between the sexes working with their arms at a V02  of 1.0 L/min. 
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Heorqi 2at: in relation to AT02 obser7ad in 	
young adults during arm 

cranking exercise were higher than previously reported values in a 

similar group of subjects working on a bicycle or walking on a treadmill 

(Collett and Liljestrand,124; 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 has 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 sugg-.. .3d 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 obtained in the present 

group of normal children were similar to those previously reported 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; Higgs' 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 tests. These 

differences may be due to differences in muscle mass involvement and 

production of lactic acid during exercise. Arterial blood lactate 



TABLE 3-10 

Reported values in normal subjects for maximum % change in airways resistance (measured by 

different methods) during and after various forms of exercise. 

Source Age SE X No Type of 
exercise 

Dura- 
tion 
Mins. 

Para 
meter 

During exercise 
Mean Max Change 

o 	(+ 	15D) 

After Exercise 
Mean Max 	S.D. 	or 
Change 	Range 

FCAPEL & SMART 
(1959) 

ENGSTROM ET AL 
(1960) 

McNEILL ET AL 
(1966) 

IRNELL & 
SWARTLING 	(1066). 

HEIMLICH ET AL 
(1966) 

JONES 	(1966) 

ZAID ET AL 
(1960 

KJELLMAN 	(1969) 

PIERSON ET AL 
(1939) 

JONES 	(1969) 

LEFCOE 	(1969) 

FISHER ET AL 

LEFCOE ET AL 
(1971) 

Adults 

7-15 

Adults 

18-46 
25-49 

Children 

Children 

Adults 

8-12 

Children 

20-35 

20-23 

17-27 

Adult 
non-smc'<ing 

M + F 

m + F 

? 

M 
F 

ill 	+ 	F 

M 

M 

M + F 

? 

M + F 

fyi 4. 	F 

III 

6 

13 

10 

25 
33 

36 

18 

6 

10 

4 

24 

10 

4 

8 

8 

Step 

Bicycle 

Stair- 
climbing 

Bicycle 

Treadmill 
Walk 

Running 

Treadmill 
Walk 

Bicycle 

Bicycle 

?Treadmill 

Bicycle 

Stair- 
Climbing 
Bicycle 

Treadmill 

5 

12 

8' 

6-18 
6-18 

9 

B 

6 

12-18 

5 

8 

20 

8 • 

6' 

8' 

-'  

FEV1 

Rp 

Raw 

PEFR 
PEFR 

FEV1 

FEU1 

FEV1 

FEU1 

FEU1 

FEU1 

FEV1 

Raw 

Raw 

MMEFR 

	

+3.7 	(+1.07) 

	

+3.4 	(+7.0) 

	

+7.8 	(75.9) 

	

+5.0 	(+4.7) 

• - 

- 

- 

- 

- 

	

+8.0 	(+8.8) 

- 

- 

- 

NO SIGNIFICANT 

-28.9 

+74.7 

-3.3 
-0.2 

-2.1 

-3.0 
(LI=B) 

0 
. 

-0.7 

-0;8 

LI7-12 

-1.6 

+11.0 

0 

-4.2% 

CHANGE 

+8.3 

+41.1 
(25-156) 

+5.7 
+7.0 

+3.0 

0;.! 	-12 
0- -18 

+2- -5 

.+3.9 	. 

+1.0- -2.0 

- 

+23,0 

-6 	- +27 

-25 - +14 

+4.3 

LI = Lability Index of ones (1965 
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measurements have been reported and show that 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). 

Relatively larger muscle groups are involved in running than in cycling 

and arm cranking exercise. 

The lower values observed here for PETCO2 at rest compared to 

exercise during treadmill exercise are in keeping with other reports 

that values for PETCO2 are higher during exercise (Matell 1963). The 

lower values for PETCO2 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 	than bicycle exercise when normal children are 

working at 50% of their maximum 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 f or PETCO2  observed during treadmill running compared with a 

similar group of children cycling on a bicycle ergometer. 

The values= reported here for changes in PEER during and after exercise 

are similar to those found for changes in FEV1  in normal children and 

adults (Jones 1966; Heimlich, Strick and Busser, 1966; Kjellman 1969; 

Lofcoe 1969; Pierson et 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 study using PEFR, only small differences were found 

for the values of the indices of bronchial lability between the different 

forms of exercise. Similarly there were only small differences in the 

values for the indices observed 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 favourably 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 FEV1 (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 FEV1  following running exercise (Jones 1966) and walking 

on a treadmill may not result in a fall in FEV1  in adults (laid, Beale 

and Heimlich, 1968). For cycling exercise the % Fall in PEER observed 

in the adults and children in the present study is similar to the fall 

observed in PEER following progressive bicycle exercise (Irnell and 

Swartling, 1966) and FEV1  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 Sdartling, 1966). 

There are no reported figures for the changes in PhbE 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 

differentiYamthose observed for other types of exercise using the legs. 
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ASTHMATIC SUBJECT 

Introduction  

Since the work of Jones and his colleagues in 1962, exercise has 

become a common "challenge" test for inducing bronchoconstriction 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; Davies 1968), cycling (Irnell and Swartling 1966, Kjellman 1969; 

Pierson et al, 1969; Poppius et al, 1970; Katz 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 running exercise which involves negative work. 

Cycling and swimming have been reported to be poor methods for 

inducing asthma by exercise (Jones et al, 1963; Beaudry, Wise and Seely, 

1967; Fitch and Morton, 1971), and we have gained this impression ourselves 

from the results of a large number of progressive bicycle tests carried 

out on children attending 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 bronchocorstriction following this form of exercise. In 

some studies using a motor driven treadmill, walking exercise as opposed 

to running exercise 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 bronchoconstriction developed 

after walking and running exercise at the same oxygen consumption, the 
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constriction being greater after running tl.‘an walking on a treadmill 

(Silverman and Anderson 1972 a). 

Apart from the nature of the exercise it has been shown that 

duration and intensity of the exercise is also important (Jones et al, 

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 minutes (Irnell 

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 exercise but the problem still remains as to whether 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 

nature 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 time interval, at similar V02' 
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 to exercise in asthmatic subjects compared 
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PAEDIATRIC 	LABORATORY 

PRE-EXERCISE QUESTIONNAIRE  

NAME : 

SEX : 

AGE : 

DATE : 

HOSP. NO. : 

YES 
1. Is asthma seasonal? 	 

NO 

2. Is 'YES', is it worse in SPRING 

SUMMER 

AUTUMN 

WINTER 

Tick 

3. Does patient wheeze more or less 
continuously throughout the year? YES [NO 

4. How long since last attack? 	 1 WEEK 

1 MONTH 

3 MONTHS 

6 MONTHS 

1 YEAR 

5. In past week has exercise made 	YES 
patient wheezy? 

NO 

7. If 'YES', what type of exercise 	WALKING 
makes patient wheezy? 	

RUNNING 

CYCLING 

SWIMMING 

FOOTBALL 

TENNIS 

Other (Name) 

8. How is patient's condition today? 	NORMAL 

SLIGHT WHEEZE 

MODERATE WHEEZE 

BAD WHEEZE 

SEVERE WHEEZE 
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with normal subjects. Some workers hive slwn 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 similar to normal children with a decreased working capacity 

(Geubelle and Jovanovic, 1971). All these studies involved riding a 

bicycle ergometer and there appear to be no results (with the exception 

of changes in airways resistance) of the response to running, swimming 

exercise or arm cranking exercise in asthmatic subjects. Similarly no 

reported differences have been made on the effect of exercise between 

asthmatic adults and asthmatic children. 

The aims of the present study were to investigate asthmatic subjects 

including children and adults during and after exercise in order to (1) 

assess the cardiopulmonary response to 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 studies which make up the 

present study had asthma as defined by Scadding (1966) and were either 

in-patients or out-patients of the prompton Hospital during the period 

from January 1970 to April 1972. 

A history of exercise tolerance was taken from each subject (see 

Fig. 3-10) and all complained of "wheeziness" either during or following 

some form of exercise. 



TABLE 3 - 11 

Physical characteristics of the asthmatic 

children who performed bicycle ergometer 

and running (treadmill and free range) 

exercise. 

GROUP A 

Sub jact 
No. 

Sex Age in 
Years. 

Height 
irc,cms. 

Weight 

1 F 8 124 24.  

2 m 8 129 23.6 

3 M 9 128 30 

4 F 10 153 43.5 

S M 12 145 31.5 

6 F 13 139 35 

7 M 15 161 40.6 
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A preliminary exercise test whicIt-  took the form of running was 

carried out to assess the degree of bronchoconstriction 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 PEER 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. It 

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 necessary 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. For 

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. Each child performed three 

exercise tests, 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 	8:  

Subject 
No. 

Sex Age. in 
Years 

Height 
in ems. 

Weight 
in Kg, 

1 F 9 129 '26 

2 F 9 144 40 

3 M 9 145 30 

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 M 16 169 51 
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TABLE 3 - 13 

Physical characteristics of astl-imatic adult 

subjects who performed bicycle ergometer and 

treadmill exercise. 

GROUP C 

96 

Subject 	Sex Height 	Weight in Age 
No. Years inncms. 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 M 26 188 84 

7 M 27 167 70 

8 F 36 153 74 



TABLE 3 - 14 

Physical characteristics of asthmatic adult 

subjects who performed arm cranking and 

treadmill running exercise. 

GROUP D 

Subject 
No. 

Sex Age in 
Years 

Height 
in cms. 

Weight 
in Kg, 

1 F 23 155 49 

2 M 26 171 56 

3 M 32 162 59 

4 F 44 159.5 53 

5 M 44 181 80 
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GROUP B: Swimming, treadmill  

Ten children who were 'untrained11-Jut 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 treadmill 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, treadmill  

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). 

Each subject performed 4 exercise tests 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 PEER, mixed 

expired gas was collected during the last 1-12 mins. of exercise. Details 

of the methods used for the measurements aade and the ca1culations are to 

be found in Section 2. End tidal PCO2 
and respiratory rate (f) were 

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

swimming exercise. 
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FIGURE 3-11 

PHOTOGRAPH OF BICYCLE ERGOMETER AND ROTARY VALVE ASSEMBLY USED IN 
THE INVESTIGATION OF ARM EXERCISE IN THE ASTHMATIC SUBJECTS. 



PHOTOGRAPH OF THE EXERCISE EQUIPMENT USED IN THE INVESTIGATION 

OF ARM AND LEG EXERCISE . 

`FIGURE 3-12 
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Subjects performed the different forms of exercise in the following 

manner: 

IA_;;; Exercise  

a) seated on a cycle ergometer; 

b) running uphill on a treadmill; 

c) running downhill on a treadmill; 

d) sunning 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 Exercise  

a) breast stroke swimming 

b) arm cranking and running downhill on the treadmill at the same time 

(Fig. 3-12). 

When a group of subjects was to perform several 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 and 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 after exercise for ventilatory parameters 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°  - 30
o 
C 

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

light breakfast. PEFR wao measured several times at rest when the subject 

was in the water and when he was standing by the pool side. Temperature 

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 Km/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 mirror 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 

V02 for bicycle and treadmill exercise (Godfrey et al, 1971; Hermansen 

and Saltin, 1969; Gi.voni 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 EXERCISE OF THE ASTHMATIC SUBJECTS  

COMPARED WITH NORMAL SUBJECTS  

Ventilation during exercise in asthmatic children  

Ventilation was linearly related to V02  during all forms of exercise. 

Values obtained have been compared to values for normal children during 



• Free range run 
o Bicycle 
• Treadmill 
o Swimming 
A Downhill running 

Legend for: Figure 3-13 
Figure 3-14 
Figure 3-16 
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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 and these are shown in Fig. 3-13. The 

values observed in the asthmatic subject during exercise were similar 

to those observed in normal children working at a similar V02, and thus 

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 to 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 V02  were taken into account the asthmatic children 

responded to bicycle and running exercise with similar heart rates as 

those previously observed in the normal children. There are no reports 

it the literature for heart rate in relation to V0
2 for 'untrained' 

child swimmers, but the heart rates observed for V02 were similar to that 

expected for the other forms of exercise. 

In the adults during cycling and running exercise, heart rates were 

generally higher than those observed in 'untrained' normal adult subjects 

working at the same V02  (Fig. 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 



A CHILDREN 	A ADULTS 
T = Uphill treadmill B = Bicycle 	F = Free range 

running 	 ergometer 	running 
S = Swimming 	A = Arm 	DA = Downhill 
D = Downhill running 	cranking 	running +  arm cranking 

Legend for: Figure 3-18 
Figure 3-19 
Figure 3-20 
Figure 3-21 
Figure 3-22 
Figure 3-23 
Figure 3-24 
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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 ± 1 S. E . M. FOR : 
FREQUENCY OF BREATHING DURING DIFFERENT FORMS 

OF EXERCISE IN ASTHMATIC ADULTS & CHILDREN 
•E  50 

bn 40 

2  30 

° 20 

$) 10 cr 

T 	B 	A 	DA 

112 

0 

I 

I 



113 

but in relation to V02 
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 thalin the men 

working at the same V02  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)13)04001) 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 (Edwards 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 to the other forms of exercise. 

Similar differences have been reported between these different forms of 

exercise in normal subjects (Bobbert 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 



FIGURE 3-20 

MEAN VALUES ± 1 S. 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 running exercise. However in the adults 

the f was significantly higher (P ‹.001) 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 

subjects during arm exercise compared to the normal values for adults 

noted previously (Table 3-5). 

End tidal PCO2_(PETCO21 

Mean values for PETCO2 during different forms of exercise in 

asthmatic children and adults are illustrated in Fig. 3-20. The only 

values available for PETCO2 in the asthmatic children are those obtained 

during cycling and treadmill running exercise, these values were not 

significantly different to values that have been reported previously for 

normal children running on the treadmill or those observed for normal 

children cycling at similar V02  (Taylor, Wozniak, Silverman and Anderson, 

1972). Values for PETCO2  for the asthmatic adults observed during running 

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 obiained in the asthmatic adults and those 

observed in normal adult subjects (Zeidifard, personal communication). 

For arm cranking exercise, PETCO2  in the male asthmatics was similar to-

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 PEER 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 ± 1 S.E.M. for PE.b.H. as a % of the predicted 

normal value for the various groups of subjects who performed different 
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FIGURE 3-21 

MEAN VALUES ± 1 S. E . M. FOR: 
PEAK EXPIRATORY FLOW RATE AS % PREDICTED PRIOR 

TO EXERCISE IN ASTHMATIC ADULTS & CHILDREN 
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FIGURE 3-22 

MEAN VALUES ± 1 S. E . M. FOR: 
% FALL FROM REST OF PEFR FOLLOWING DIFFERENT 

FORMS OF EXERCISE IN ASTHMATIC CHILDREN & ADULTS 
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FIGURE 3-23 

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 ± 1 S. E. M. FOR: 
JONES LABILITY INDEX MEASURED FOR DIFFERENT 

FORMS OF EXERCISE IN ASTHMATIC CHILDREN & ADULTS 
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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 (73.0 ± 9.0) was observed in the group of 

adults who performed treadmill exercise. 

In the four forms of exercise performed by both the adults and 

children values for the mean resting PEFR as a percentage of predicted 

normal were lower in the adults compared with the children but the 

differences were not significant (Fig. 3-21). 

Indices of bronchial lability  

With the exception of swimming all the forms of 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. ancl 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 
angaiesi- When 

'(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 resting value. 

Running uphill with heart rates above 160 beats per minute caused 

an increase in PEFii. 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 



TABLE 3 - 15 

ASTHMATIC SUBJECTS 

Mean.values for indices of bronchial lability and percentage of subjects 

having a fall in PEER greater than 15% or a J.L.I. greater than 22%. 

C = children 	A = Adults. 

TREADMILL FREE RANGE BICYCLE ARM 
Cranking 

Arm + 
,Downhill 

DOWNHILL SWIMMING 

1---- 
C A 	j C 	A C A A A C A 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 

S.E.M. 	5.0 4.7 	' 9.2 	4.1 6.3 10.5 12.7 20.9 6.1 4.9 2.5 

n 	17 8 7 	3 7 8 5 5 4 5 10 

/ 0  ' 	Fall 
Mean 	31.4 42.9 41.7 	63 18.4 28.5 39.4 31.8 18.2 21.2 14.5 

S.E.M. 	3.3 3.2 6.6 	2.0 4.7 7.0 6.5 13.4 4.6 8.4 3.4 

. 	n 	17 3 7 	T- 7 8 5 5 4 5 10 

E.L.I. 
Mean 	i 	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 7.7 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 4 5 10 

J.L.I. 
Mean 42.4 53.6 48.3 	61 32 47.2 45.4 45,5 20.6 28.8 22.4 

S.E.M. 4.1 9 5.5 	10.1 4.9 8.9 5.1 10.8 2.2 6.5 3.2 

n 17 8  7 	3 7 8 5 5 3 5 10 

with fall 
% subjects  

93% 1 	90% 60% 100% 80% 55% 40% 

15% 
% subjects 
with J.L.I 	93% 100% 

i 
1 	80% 100% 80% 37.5% 20% 

22% 
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the r-ean % Rise -±1S.D.observed in normal subjects (Tables 3-8, 3-9). 

For swimming exercise the characteristic rise in Phett 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, 

90% of all the subjects developed a fall in Pali greater than 1 °after 

these two forms of running exercise (Tables 3-15, 3A-2, 3A-3). 

Arm exercise was shown to be a potent stimulus for provoking an 

attack of E.I.B. in the adult subjects and all had percentage falls in 

alba significantly greater than that previously observed in the group of 

young adult normal subjects (Table 3A-4). Cycling exercise was less 

potent than running in causing E.I.B. in either the adult or child 

asthmatics but 60% of the subjects did have a fall in PEFR greater than 

15% from the resting 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 shown to have no decrease 

in FEV1 following swimming exercise (Fitch and Morton, 1971). 

COMPARISON OF Itib DIFF 

 

FORMS OF DI' DI 

 

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 PEER, Indices of Bronchial lability and 

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

Bicycle Ergometer 
(a) 

Treadmill 
(r) 

Free Range 
(F) 

Significance of 
difference between 

2 &T 	B&F 	T& F Mean S.E.M. n mean S.E.M. n mean S.E.M. n 

Resting PEFR % Pred. 86.5 7 7 83.7 8 7 83.5 10 7 NS NS NS 

% Rise 15.7 6.3 7 19.6 8 7 15 9 7 NS NS NS 

% Fall 18.4 4.7 7 27.4 5.3 7 41.7 6.6 7 * ** NS 

E.L.L. 34.2 4.6 7 42.8 6 7 54.7 4.4 7 * *** NS 

J.L.I. 32.0 4.6 7 41.5 5.6 7 48.3 5.5 7 * ** NS 

UO2 1315 205 7 1357 232 7 1281 137 7 NS NS NS 

VE 45.5 8.2 7 41.4 7 7 38.8 3 7 NS NS NS 

H.R. 176 5 7 178 4.6 7 186 4 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 - - 
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earlj.,,,r in this section. Individual resulte for measurements made 

duriri7 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 PETCO2 between cycling and treadmill running exercise 

(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 

PEbR as a percentage of predicted prior to the three forms of exercise 

(Table 3-16). 

Bronchoconstriction occurred in 5 of the subjects following 

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 

treadmill 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). In no subject did bicycle exercise induce 

more 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 subjects 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). 
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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 

in asthmatic children. 

Group B 

. Swimming 
(s) 

Treadmill 
(T) 

Significance of 
difference 

between 
S & T Mean S.E.M. n Mean S.E.M. n 

. . . 

Rest % pred. 	, 92.3 7.2 10 82.5 6.2 10 NS 

% rise 5.4 2.5 . 	10 18.5 6.3 10 .*** 

% Eall 14.5 3.4 10 34.2 4.3 10 *** 

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 *** 

V02 1354 165 10 - - - - 

VE 42.4 4.1 10 - - - - 

HR 176 3 10 176 3 10 NS 

R 1.00 0.02 10 - - - - 
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A 6ypical record showing bronchoconstriction induced by the three 

forms of exercise and by swimming exercise (performed at a later time) 

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 little. In this subject resting 

levels of PEFR were all within 1 S.D. of his expected normal value of 

435 L/Min• and constriction began in the last 2 minutes of exercise 

reaching a maximum value from 3-5 minutes after stopping exercise. 

Bronchodilator was only given in order to 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 directly related to the heart rate, 

however the V02 
during the treadmill exercise was predicted from the 

normal tables relating work (speed and slope) and body weight to V02  

(Silverman and Anderson, 1972b). 

There was no significant difference between the heart rates observed 

in the group during swimming and running (Table 3-17). V02  measured 

during swimming was similar to that for the treadmill based on predicted 

values (see above). The response of VE and H.R. in relation to V02  

was similar during swimming as that observed during running 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 after swimming exercise in 9 of the 

10 subjects, the mean fall was 0.300. 
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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 values 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 exercise the Rise in Plini was significantly less during 

swimming than running exercise (P <:.001), 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 subjects, but all developed constriction following treadmill 

running. 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 and the other forms of exercise illustrated, the VE, V02  and 

H.R. were similar in this subject for all the types of exercise shown. 

GROUP C  

Bicycle and Treadmill Exercise  

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 V0
2 was within normal 



TABLE 3 - 18 

GROUP C 

mean values for resting PEFR, Indices of Bronchial 

Lability and metabolic measurements made during the 

last minute of exercise in asthmatic adults. 

Bicycle Ergometer Treadmill Significance of Difference 
between Bicycle and 
Treadmill Exercise 

mean 	IS.E.M. n Kean p.E.M.1 n 

Resting 	PEFR • 416 	54 8 410 36 8 NS 

Rest ) of Predicted 73.8 	9.2 8 72.7 6.1 8 NS 

%.Rise 36.1 	10.5 8 28.6 4.7 B NS 

% Fall 28.5 	7.0 8 42.9 8.2 8 *** 

E.L.I. 67.7 	10.9 8 68.9 7.7 8 NS 

J.L.I. 47.2 	9 8 53.6 9 8 NS 

V02 
1851 	218 El 2092 306 8 NS 

VE 62.4 	4.9 8 60 6.5 8 NS 

HR 161 	6 8 172 3 8 NS 

f 37 	3 8 32 3 8 NS 

R 0.99 	0.04 6 0.97 0.04 8 NS 

PET CO2 
29.2 	3.3 7 35.8 2.6 7 *** 
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limits in 5 subjects during bicycle exercise and 4 subjects during 

treadmill running exercise. Heart rate was increased above the normpl 

range in all but one 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 treadmill exercise for VE, V02' 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 7 subjects in whom it was successfully measured 

during both tests (Table 3-18). 

Resting Phioli 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 Pit 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. 

SEM 7.6 for treadmill exercise. The mean rise in PEFR was greater during 

bicycle exercise but the difference was not significant. Bronch000nstriction 

occurred in 5 subjects after bicycle exercise and in all subjects after 

treadmill exercise. In all cases the % Fall in PEFR was greater following 

treadmill exercise, and the difference was significant (P ‹ .001). 

There was also a significant difference in the minimum value for Phdit 

following the two forms of exercise and it was lowest after 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 value 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 - 19 

Mean results for 5 adult asthmatics (Group D) 

performing different forms of exercise. 

Arm Cranking Arm Cranking 
and 

Downhill 
Running 

Uphill 
Running 

Downhill 
Running 

M SE M 	SE M SE Pll SE 

Rest % Predicted 713.7 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 

Q.L.I. 45.4 5.1 45.5 10.8 40.7 4.6 28.8 6.5 

V02 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 



TABLE 3 - 20 

GROUP D 

Table Elowing the significance of difference in resting PEER, Indices 

of Bronc,lial Lability and Metabolic Measurements during the last minute 

of exercise in adult asthmatics performing different forms of exercise. 

	

Arm 	Arm 	Arm 	Downhill 	Downhill 	Uphill 

	

vs 	vs 	vs 	+ Arm vs 	+ Arm vs 	vs 
Downhill 	Uphill 	Downhill 	Uphill 	:' Downhill 	Downhill 
+ arm 

Resting PEFR 	NS 
gn Predicted 

Rise NS 
c/o Fall 	NS 
E.L.I. 	NS 
J.L.I. 	NS 

V02 	NS 
VE 	NS 
HR 	NS 
f 	 NS 
R 	NS 
PETCO2 	NS 

NS 	NS 	NS 	NS 

NS 	NS 	NS 	NS 
NS 	* 	NS 	NS 
NS 	* 	NS 	NS 
NS 	NS 	NS 	NS 

NS 	*** 	NS 	*** 
* *** 	NS 	*** 
** 	*** 	*** 	*** 
* ** 	*** 	*** 

** 	* 	** 	NS 
* * 	** 	* 

NS 

NS 
NS 
* 
NS 

* 

NS 
NS 
NS 
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GROUP D 

Arm Cranking, Uphill Treadmill Running, 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, 

V02 and H.R. for downhill running with the exercise performed using 

the arms alone or combined arm and leg exercise or the uphill running. 

Thus the values for VE and V02 are significantly different from the 

values obtained during the other forms of exercise. The level of V0
2 

required for uphill running in order to match the V02  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 running there was no significant 

difference in the V0
2 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 PETCO2. For uphill 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 V02 was the only parameter that was able to be 

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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Lie mean resting 	as a percelf:7age of predicted was lower than 

normal prior to all the forms of c7.erciso, but there was no significant 

difference between the mean resting values (% predicted) obtained before 

each test (Table 3-20). 

Bronahodilatation as measured by an increase in the value for PEFR 

occurred during all forms of exercise, the % Rise was not as great during 

downhill 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 signiff_c,Int difference 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 (Table 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 and 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 diffuxence 

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. 45.4f. 

'There was no significant difference 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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difference for the % Fall in PEFR and the E.L.I. for arm exercise 

compared with downhill running alone (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 PEER 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 to V02' • • 
H R f 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 either 

during 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 to exercise in 

asthmatic children is in contrast to the response to some forms of 

exercise in the adult asthmatics who have in general higher VE, H.R., f 

and R during running exercise compared to normal subjects working at the 

same V02. 
Some of the differences in the response between adults and 

children may have resulted from the selection of the subjects. All 

the asthmatic adults were consciously aware of experiencing wheeziness 

on exertion and for this reason may have restricted 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 



137 

responded to arm exercise in the same Wanner as the normal subjects may 

be ;„:cause this is an uncommon e.7.ci -ise. Both the normal and asthmatic 

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

in VE and H.R. in relation to V02 
in arm cranking exercise compared with 

running exercise. 

The difference in the response to exercise between the asthmatic 

childran and adults could not have been due to a fixed element of airways 

obstruction. In the adult asthmatics the Fii during exercise rose to 

within normal predicted limits. However it is possible that over the 

years changes have occurred in the lung function of these older subjects 

and that these changes become magnified on exercise. It has been reported 

that 7E, H.R. is increased in asthmaticchildren receiving steroid therapy 

compared to nc.l. al children and similar differences have been observed 

here between the adult asthmatic and normals (VaIcra, Macek and Spicak, 

1969). 

The incidence and degree of bronchoconstriction and increase of bronchial 

lability observed in the asthmatic subjects studied here following bicycle 

exercise is similar to that observed before (Irnell and Swartling, 1966; 

Pierson et al, 1969; Poppius et al, 1970; Katz et al, 1971; Bevegard et 

al, 1971). For trsadmill running the degree and incidence of the broncho-

colistriction was the same as that reported by Jones (1966) and similar 

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

For swimming exercise the incidence of bronchoconstriction observed 

here (40%) was lower than the 57% reported by Fitch and Morton (1971) who 

measured FEV1 
 in 40 asthmatic subjects following swimming exercise (at 

similar but somewhat lower heart rates as those observed here). These 

workers also noted a greater % Fall in FEV1  in their subjects (mean 19.4%) 

than found here for PEFR (14.50. 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 stroke 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. 

For the indices of bronchial lability in general it appeared that 

the adults of this series responded to any form of exercise with 

greater % Rise in PEett, during exercise and a greater % Fall in nett 

after exercise compared with the children (Table 3-15). The greater rise 

in PEFR can be accounted for by the relatively lower resting PEFR prior 

to exercise observed in the adults compared 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 because of persistent symptoms of exercise induced 

bronchospasm. 

By studying the various groups of asthmatic subjects during several 

forms of exercise, performed at similar VE, V02  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 the 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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Work with small muscle groups such as the arms and downhill running 

(at 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 running, and swimming 

and running was not due to differences in duration or work load since 

within each group all the subjects exercisedwith similar V02  and for 

the same length of time. 

For cycling and running exercise there did appear to be some 

difference in the values observed for R, an clues were higher during 

cycling than running exercise. In fact f e two forms of exercise 

there appeared to be a definite relationship between the value of R 

obtained during exercise and the % Fall in PEFR after exercise for 

all but 3 of '71-12 13 subjects (Fig. 3-27).The lower the R the greater the 

% Fall of PEnt regardless of the type of running exercise (i.e. treadmill 

or free 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 subjecto,:erforming 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 levelofblood 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 by the greater level of neural 

activity during these forms of exercise as compared with cycling 

and swimming. 

During running uphill there is a considerable component of negative 

or eccentric work. Negative work is performed when energy is absorbed 

by muscles as they are 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 mechanical 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 V0
2 during running as compared to cycling. 

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 running (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 body 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... Whole, body vibration has been known to cause 

bronchccorls±rj.gtion 4.7r•iorie 'asthmatic subject (Altounyan, personal 

communication) 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 Pleti (at the same V0
2) 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 respiratory 

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 during running 

exercise. Though the swimming exercise also involved work with the arms, 

breast-stroke was used and the arm movement 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 

significant bronchoconstriction. Other possible mechanisms relating 

to the different forms 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 EXERCISE  
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INTRODUCTION 

Normal Subjects  

In normal subjects, observations have been made on the effect of 

muscular activity on lung volumes and airways resistance since the beginning 

of this century. Vital capacity has been shown to be unchanged following 

running exercise (Levine and Wilson, 1919; Lefcoe, Carter, Paul and 

Ahmed, 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 recorded 

following exercise in a group of normal subjects which included smokers 

and non-smokers. These subjects showed no significant change in FEV1  

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 after 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 adults 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 following bicycle 

exercise (Engstrom et al, 1960). 

In normal subjects it would appear that following exercise, 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 simultaneous measurements have been made of 

lung volumes and airways 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 

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 subjects during symptomatic and asymptomatic intervals 

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.1964) 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 volumes 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 inhalation 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 
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TABLE 4 - 1 

Physical Characteristics of 

normal subjects. 

Sex Age in 
Years 

Height 
in cms. 

Weight 
in Kgs. 

1 	M 11 145 40.2 

2 	M 12 151 33.1 

3 	m 12 140 33.9 

4 	ill 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 

IU F 13 165.5 62. 
11 m 14 156.2 42.7 
12 M 14 168. 56.9 

13" M 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 rn 15 175.5 61.7 

19 M 15 168.5 62.1 

20 F 15 158 68 



TABLE 4 -2 

ANTHROPOMETRIC DATA 

ASTHMATIC SUBJECTS  

Patient 	Sex Age 
Years 

Height 
cms 

Weight 
Kg 

1 9 131 32.5 

2 10 157 44 

3 12 144 37 

4 14 156 58 

5 20 152 65 

6 29 183 66 

7 47 167 74 
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asthmatic subjects. These studies have usually been confined to the 

measurement of a single parameter such as FEV1, PEFR, MMEFR, 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 increase in airways resistance in 

asthmati3 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 measured 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. 



FIGURE 4-1 
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METHODS  

Measurements of Raw, Vtg, IC, FEV1, FVC and PEFR were made with 

the subjects seated in a constant volume plethysmograph (660 litres). 

The subject breathed quietly *trough 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 Vtg was measured as the subject made gentle panting 

movements against the shutter (see Fig. 4-1). From Vtg the subject 

inspired maximally to TLC and then expired with maximum effort until 

expiration was complete. This enabled the FEV1, FVC and thus the RV to 

be determined. The difference in end expired volume between quiet breathing 

and panting was measured and subtracted from Vtg 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 greater than this. For details 

of calibrations of the apparatus see Appendix. 

Integration of the flow signal (P.K. Morgan Integrator) allowed direo.  

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 each occasion, and 

when spontaneous changes in plethysmograph pressure were negligible. 



TABLE 4 - 3 

Mean vElues for.  lung volumes and airways resistance as a % of 

predict3d value, and maximum ;."., change from rest after running 

exercise in normal children. 

% Predicted 
Normal 

Maximum 
after 

% change from 
exercise 

S.E.M. 

rest 

Mean S.E.M. n Mean 

PEFR 90.8 6.3 9 -4.9 1.5 9 

FEV
1 

95.4 4.6 10 -6.1 1.7 10 

MMEFR 118.5 5.2 9 -13.7 1.7 9 

Saw 114 12.6 10 -35.4 4.7 10 

FVC 30. 3.1 10 -6.9 2.0 10 

F1C 126.2 5.5 10 +11.5 5.2 10 

TLC 93.0 4.5 9 +4.6 2.1 9 

Predicted values from Weng & Levison 1969. 
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After each 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 two or three times 

at rest in both the asthmatic and normal subjects. These multiple 

measurements made at rest allowed an analysis of the reproducibility of 

the lung volumes and airways 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 the 

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 beats/minute in any subject. Immediately after exercise the subject 

returned to the body plethysmograph and repeated measurements of lung 

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 acalrdance 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),Goldman 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 12 0 f the predicted normal value, mean values at 

rest for the other parameters measured were between 90-100% of normal. 
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TABLE 4 - 4 

Normal subjects:within subject variation for 

measurements of lung volumes and airways 

resistance at rest. 

No. 
Subjects 

Degrees ofS.D. 
Freedom 

Coefficient 
•Variation 

PEFR 17 19 14.7 4.1% 

FEV1 18 21 0.12 4.3% 

MMEFR 18 19 21.6 	. 8.3% 

SGaw 15 16 0.024 12.0% 

FVC 18 21 0.19 6.6% 

TLC 18 19 0.20 4.8% 

FRC 18 19 0.30 11.7% 

RV 18 19 0.26 22% 
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Dupl-cate measurements of lung volumes and airways resistance 

were made at rest in 20 children and a summary of the statistical analysis 

made to determine the coefficient of variation within a subject for each 

parameter is shown in Table 4-4. 

For the lung volumes least variation was observed for FVC and TLC, 

the coefficient of variation being less than 7%. For FRC and RV the 

coefficient of variation was 11.7% and 21.3% respectively. There was 

less than % variation in duplicate measurements of PEFR and FEV1  at rest 

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 

PEVR, FEV1  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 11.5% S.E.M. 5.2. 

There was no overall correlation between the percentage change that 

occurred in PEnt 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 intervals after exercise 

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



TABLE 4 - 5 

Mean values fir lung volumes and airways resistance as percentage of 

predicted normal values, and the maximum percentage change from rest 

after exercise in 4 asthmatic children and 3 asthmatic adults. 

Rest Aftor Exercise 

% Predicted Maximum Change(%) 

Mean S.E.M. n Mean S.E.M. n 

PEFR 67.0 6.7 7 -53.0 4.0 7 

FEV1 B4.0 8.7 7 -55.4 4.3 7 

MMEFR 55.7 7.7 7 -68.5 3.25 7 

SGaw 101.7 18.8 7 -76.9 4.3 7 

FVC 90.3 4.5 7 -49.0 6.2 7 

FRC 149.8 17.4 7 +52.5 4.3 7 

RU 164.0 4.5 7 4.174.0 . 	50.3 7 

TLC 110.2 5.7 7 +22.5 4.6 7 

For origin of predicted normal values see Text. 
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sm111 and irregular changes in the values for PEFR and FEV1  but 

the values for the group did not vary by more than 6.5% from the 

resting value. There was however a greater mean change for the 

MNEFR and SGaw and this occurred 5 minutes after the cessation of 

exercise. 

The slattern of change for the TLC, FVC and FRC following exercise 

showed 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 correlation 

between the percentage change in Phlit 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  

For 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 4A-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 subjects and FEV1  in 6 subjects but there was 

a reduction in the Phad and MMEFR as a percentage of predicted normal in 
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TABLE 4 - 6 

Within subject coefficient of variation• -for 

multiple measurement of lung volumes and 

airways resistance made at rest in 7 

asthmatic subjects. 

No. 	of 
Subjects 

Degrees of 
Freedom 

S.D. Coefficient 
of 

Variation 

TLC 	7 11 0.25 5.0% 

FRC 	7 9 0.3 10.2% 

RV 	7 11 0.3 16.4% 

FVC 	7 11 0.23 7.7% 

PER. 7 11 29 11.2% 
, 

MEER 	7 11 43.8 36.3% 

SGaw 	7 11 .038 18.4% 
FEV, 	1 H O. I bS" 1.314 
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two o± he three ad-alts and in two of the children the values for SGaw 

were above the predicted normal value (Table 4A-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 these measurements are given in Table 4-6. 

The .neatest variation at rest 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, FEV1 and evc, 
duplicate or triplicate values being 

within 8% of one another in an individual. Residual volume was less 

reproducible, thevithin subject variation was 16% and for PEnt 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 PEER, FEV1,-MMEFR and SGaw demonstrate that a 

considerable degree of bronchoconstriction occurred following exercise. 
• 

All subjects had a change of a least 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 subjects) was greater than would be expected 

from normal variation in duplicate measurements at rest. Four of the 



TABLE 4 - 7 

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

time if maximum change after exercise, in 7 asthmatic subjects. 

TLC FRC FUC RU FEU
1 

PEFR MMEFR SGaw 

Resting values 

Mean 4.97 3.07 3.05 1.85 2.33 271 112 0.21 

S.E.M. 0.56 0.38 0.55 0.39 0.38 33.6 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.M. 0.69 0.43 0.18 0.68 0.12 16 5 0.01 

n 7 7 7 7 7 7 7 6 

Significance of ** ** 	1 	* 
** ** ** ** ** 

Difference I 
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TABLE 4 - 8 

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

measurements of lung volumes and airways resistance following 

exercise in 4 asthmatic children and 3 asthmatic adults. 

FEV1 MMEFR SGaw FVC FRC RU TLC 

n 50 50 50 50 50 50 50 

Correlation 0.48 0.25 
Coefficient 

0.68 0.57 0.66 0.52 0.14 

Significance *** *** *** *** NS ***  NS 
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subjectts had an increase in TLC of 2&;7.0 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 measured (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 pattern of 

bronchoconstriction, shown by an increase in airways resistance measured 

by the fall in PEFR, FEV1, NMEFR and SGaw together with an increase in 

FRC, occurred in all 7 subjects. The time of onset of the bronchoconstrict%an 

varied between 1 minute and 12 minutes after the cessation of exercise and 

lasted a minimum period of 15 minutes. In this group of asthmatics there 

appeared to be no difference between the adults and children in the 

severity, time of onset or time of peak bronchoconstriction. In the three 

adults bronchoconstriction was prolonged and required treatment with a 

bronchodilator aerosol because of persistent distessing dyspnoea. In 

the four children the recovery was spontaneous. 

At least 6 determinations of each parameter of airways resistance 

and lung volumes were made in the 25 minutes following exercise. A 

statistical analysis was carried out on these measurements in order to 

see if there was a significant cGrrelation in the percentage change from 

rest of PEFR and the percentage change from rest 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. For the group there was a highly 

significant correlation in the percentage change from rest between PEFR 

and each of the following: FEV1, NMEFR, SGaw, FVC and RV. There was no 

significant correlation in the percentage fall in PEFR and the percentage 

increase in TLC and FRC (Table 4-8). 
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Results for the individual sub:, 	were variable though 5 of the 7 

subjects had significant correlation between values for percentage change 

in PEFR and at least two of the three other measurements for airways 

resistance (Table 4A-6). 

DISCUSSION 

Normal Suojects 

Mean v i'ies observed at rest are in keeping with other reported values 

for normal children (Weng and Levison, 1969; Hellieson, Cook, Friedlander 

and Agaflhon, 1958). 

Variation in duplicate measurements at rest for lung volumes, Ebni 

and DINEFR are similar to those obtained by other workers (Engstrom, 

Karlb ,61 and Swarts, 1962; Shepherd 1962; Lloyd and Wright, 1963). 

The greater variation observed in the measurements of SGaw Is, likely to 

13,3 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. In the present study 

the percentage fall for PEFR was similar to the percentage fall index 

previously reported for children following treadmill exercise and has 

been discussed in Section 3. 

The small percentage fall in FEV1  observed here is in keeping with 

other values reported (Jones 1966) but the mean percentage fall in FVC 

is greater than that reported in normal adult, subjects following running 

or step exercise (Iglaeur and Altschule, 1938; Capel and Smart, 1959). 

The relatively greater percentage fall in ?WEER compared with the 

percentage falls in PEFE, FVC and FEV1  is in keeping with a recent 
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publication which has reported mean ':7.2.1s of 10 in MMEFR in a group of 

subjects who had no change in FEV, or FVC following the same exercise test 

(Lefcoe et al, 1971). This implies that MMEFR is probably the most 

sensitive 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 MM1FR 

observed in this study was greater than that which might be expected 

to occur due to variation in duplicate measurements (see Table 4-4). 

An under-estimation of EMEFR could have occurred if a maximal inspiratio: 

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 NMEFR was real and not 

due to limited inspiration. 

Following exercise the greatest change 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 subjects. This is 

in keeping with previous suggestions that FEVi may be insufficiently 

sensitive 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 35/, (S.D. 26.3) has been observed. Because of small bhan8es in 

lung_volumes 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 increases in Raw have '-een shown following deep inspiration 

in some normal snbjects 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 between 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 adults and is similar to that shown 

here for children (Lefcoe et al, 1971). For the group of subjects, 

when relating the changes in the parameters of airways resistance to time, 

the lowest mean values for RR, FVC, FEV1, MMEFR and SGaw occurred at 

5 minutes after 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 reported in adult subjects following cycling exercise 

by Kagawa and Kerr (1970) and mayraflect:a temporarily higher level of 

expiratory reserve volume in normal subjects 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 ',Engstrom 1964). nild 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 

increasing lung 7olumss (Briscoe and DuBois, 1958). However persistent 

hyperinflation has been shown to diminish elastic recoil (Gold et al, 

1967) and thus measurements such as FEV
1 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 different 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 duplicate 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 FEV1, 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 in asthmatic subjects for maximum 5 change in lung volume and airways 
resistance (measured by different methods) during and after various forms of exercise. 

Source SUBJECTS 
Age 	Sex No. 

Type of 
Exercise 

Duration. 
I 	Mina. 

Para- 
Meter 

No 	in 
Statl_stics 

During 
Exercise 
+I 	S.D. 

After,-Exercise 
Mean Max 	SD or 
% change 	Range 

ENGSTRO1 	ET AL 7-15 M+F 10 Bicycle 12 Rp 1 +8.2 +136% 	j 	- 
(1950) 9 -15(+5.3► . -26% 	5 

BUTLER ET AL Adult ? 1 ? ? FRC - +40% 	- 
(1961) 

JONES 	(1956) 6-15 M+F 74 Running Up to 8 FEU1 Gp.I 	10 
. 	

4 -14 LI=24 	LI=18-28 
Gp II 	53 -44 LI=61 	LI=34-86 
Gp 	III 	11 - -20 LI=37 	LI=22-57 

IRNELL & Adult M 39 	(Progressive 6-18 PEFR 5 -13 	21 
SWARTLING 	(1966) F 62 Bicycle Ex. 6-18 PEER 9 

+31(+39 
+36(737 -14 	25 

HEIMLICH ET AL Children 	? 29 Treadmill 9 FEV1 - +9(+9) -25 17 
(1966) Walk 

McNEILL ET AL Adult M+F 10 Stair- a FEV1 10 - -57.6 14.8(33-75 
(1966) 5 Climbing Raw 5 - +279.5 134(118-47 

ZAID ET AL 	Adult M 6 Treadmill B FEU1 - -24  - 
(1968) Walk 

KJELLMAN 	(1969) 7-13 M+F 12 Bicycle 12-18 FEU1 4 - -7.0 19(+3- -52) 

PIERSON ET AL 9-17 M+F 25 Bicycle 5 FEV1 18 , 	. - -27 13 

(1969) 

FISHER ET AL ? ?.1. 4 Stair a Raw 8 - +310 177.6 

(1970) Climbing 
(152-600) 

 

SLY 	(1970) 5-16 m+r 116 Treadmill 8 PEER 116 58)+10 47,:s„. 	10 - 

Walk 41 > +15 - 

POPPIUS ET AL 15-39 M+F 52 Bicycle Up to 24 PEFR 22 13 

(1970) 

KATZ ET AL(1971) 11-16 M+F 12 Bicycle 6 PEER 6 - -31.8 '7.5(22.2- 
40.7) 

• 

• 



-29 
-33 
-19 

	

FITCH & MORTON 	10-51 
	

M+F 
	

40 
	

Bicycle 
	

8 	FEV1 

	

(1971) 
	

Running 
	

6 	FEV1 
Swimming 
	

8 	FEV1 

40 
40 
40 	••• 

LI = Lability Index of Jones (1966) 
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After cxercise  

Changes occurring in airways resistance in the asthmatic subjects 

following exercise were severe, all subjects showed a considerable 

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. A summary of changes in airways resistance and 

lung volumes shown by previous workers is given in Table 4-9. 

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 clear 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 subjects 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 appear 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 + 23.5J) 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 13:ents with an attack of asthma the rate of breathing becomes 

important, If the time allowed for an expiration is diminished in 

relation to inspiration, expiration to 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 

present. During the recovery from bronchoconstriction the FRC returned 

to within 20% of its resting value in 5 subjects. Acute increase in 

FRC has been reported 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 28% above the resting values. These changes 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 28% 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 after exercise. 
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The 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 follow the .ages after this time as the bronchoconstriction 

had to be reversed with isoprc-:aline aerosol. 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 

elastic recoil characteristics of -:,he 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 to 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 amoull; of constriction previously observed (Nadel and 

Tierney, 1961). 

Pressure volume characteristics of the lungs have recently been 

measured in 8 asthmatic su'ojects during an attack of bronchoconstriction 

provoked by exercise (Tattersfield Pride and Freedman, personal 

communication). 

Following exercise in their study an increase in TLC above the 

resting value was observed in 4 of the 8 subjects. The volumes of these 

increases ranged from 0.5 L - 2.0 L. representing 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 FEV1  

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 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 limit ID 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 tf;) limit the 

TLC (Woolcock and Read, 1966). Total lung capacity has been defined as 

"the volume of gas in the chest at the limit of inspiration when the sun 

of the elastic recoils of the lung and of the thoracic cage is equal and 

opposite to the maximum inspiratory effort" (Cotes 1968). Thus the TLC 

is limited to 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 shift 

in the pressure volume curve withcut a change in the 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 number of days and in which increases in TLC and complir„ -

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 f may be increased) large swings in transpulmonary pressure may occur 

so that during inspiration 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 P0
2 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 Do mm; 1972) or remain unchanged (Fisher et al, 1971). 

Arterial PCO2 has been shown to remain within normal limits during 

cycling exercise in asthmatic children 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; Sialonsson, 

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 subjectz- who have an increase in airways resistance 

following exercise (Seaton et al, 1969; Fisher et al, 1971; Chan-Yeung 

et al, 1971; Silverman et al, 1972). 
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An increase in arterial-alveolar 02 (a-A 02) gradient has been 

demonstrated during bicycle ergometer exercise in asthmatic children 

who developed E.I.B. following exercise (Katz et al, 1971). From 

the results of these and many other investigations, suggestions have 

been made as to the possible ,:cruse of E.I.B. 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, 1969; Stanescu and Teculescu, 1970; 

Chan-Yeung et 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 a] 

1970; Herxheimer 1972). 

In Section 3 investigations have shown that bronchoconstriction is 

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, there 

were significant differences in R and PETCO2' 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 gas tensions, pH and arterial blood 

lactate at rest, during and after bicycle and treadmill exercise, and 

to follow simultaneously the changes in airways resistance as measured 

by the Rbeti. and FEVi. The study was carried out in this manner in order 

to determine if metabolic and ventilatory changes which occurred during 

these two forms of exercise, were in any way related to the degree of 

bronchoconstriction 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 exercised on two occasions on separate 

days, once by running on a treadmill and once 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 procedure were given to each 

subject and consent was obtained in writing prior to each test. The 

patient arrived in the laboratory after a light luncheon. When lying 

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 period of 

rest (usually 20-30 minutes) a collection of mixed expired gas was made 

and PETCO2 monitored over a period of 3-4 minutes in the manner previously 

described in Section 2. During this time 4 mis. of blood were collected 

in a 5 ml. heparinised plawtic 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 

(Unlearn Spectrophotometer S.P. with Guildford attachments). 
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Gas tensions and pH ware measure ,2 on the remainder of the blood 

within one minute of the collection. This analysis was made on an 

Eischweiler micro-electrod3 apparatus which has been shown to have a 

high degree of accuracy and reproducibility for PCO2, P02  and pH 

measurements (see Appendix). 

At 2 minute intervals during exercise and at increasing intervals 

afte-: 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 results. All data was displayed on an ink jet chart recorder 

(Mingograf 81) (see Fig. 2-6). 

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

(VE, f, VD/VT); Matell 1963 (Pa02, PaCO2); 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 (P02). 

RESULTS  

PEFR and FEVI 

There was a highly significant relationship between the values 

obtained for PEFR and FEV1 measured at varying intervals during and 

after exercise. (Fig. 5-1). In 4 of the 5 subjects in whom FEV1  was 

measured simultaneously with PITH the correlation coefficients for the 

values of PEFR and FEV1 were greater than 0.96 in the 8 exercise tests 

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

Mean values for resting PEER, maximum PEFR measured during exercise, 

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

Resting 
PEFR 

Resti:,g 
PEFR /0 
Predicted 

Max. 	PEFR 
During 

Exercise 

% Rise 
PEFR 

% Fall 
PEFR 

E.L.I. J.L.I. 

B I B T B T B 	T B T 8 T B 	I 

Mean 433 412 7E.5 72.1 540 520 36.4 	28.3 31.0 41.0 67.8 65.5 48.1 	51.5 

S.E.M. 79 56 13.3 10.0 56 57 17.2 	4.3 10.8 10.1 13.0 6.0 11.8 	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 



TABLE 5 - 2 

Mean values for measurements of oxygen consumptionl ventilation, 

heart rate, respiratory exchange ratio, frequency of breathing 

and end tical CO2 tension made at rest and during the last 

minute of exercise in 5 adult asthmatic subjects. 

VE 
L 

V02 mis. 
H.R. R f PETCO2 

8 	T B 	T B 	T B 	T B 	T B 	T 

Pre-Exercise 

Mean 10.1 	9.4 289 	272 89.2 	96.4 0.81 	0.81 13.8 	15.1 31.2 	30.4 

S.E.M. 1.4 	1.1 23 	29 3.7 	9.5 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.S. N.S. N.S. 

During 
Exercise 

Mean 63.1 	56.5 1940 	1928 170 	175 0.97 	1.00 35..0 	28.0 31.B 	37.9 

S.E.M. 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 	6 5 	5 

P N.S. N.S. N.S. N.S. * *** 

B - Bicycle ergometer 
	T = Treadmill 
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As all the subjects had measurements made of PEER the indices 

of bronchial lability have been determined using the values for PEPH 

and not FEV1. Changes in the values of PEER during and after exercise 

are illustrated in Fig. 5-2. Mean values for the PEFR as a percentage 

of predicted -formal and the changes occurring during and after both forms 

of exercise are given in Table 5-I. The results were similar to those 

found for the group of adult subjects performing cycling and treadmill 

running exercise in Section 3, which included these 5 subjects (see 

Table 3A-3 subjects 1-5). 

In all subjects PEFR rose significantly during both forms of 

exercise, the mean percentage rise in Pr '±t 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 out of the 5 subjects had a fall in PEkii greater 

than 150 following bicycle exercise (Table 3A-3). 

VE, V02  and H.R.  

VE was generally greater during bicycle exercise compared to 

treadmill exercise (Table 3A-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. 

V02 and H.R. were not significantly different during the two 

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 values for arterial blood gas tensions, pH, base excess, lactate 

and arterial-alveolar gradients for 02  and CO2' at rest and during the 

last minute of exercise in 5 adult asthmatic subjects. 

Pre-Exercise Pa02  
mmHg 

PaCO2  
mmHg 

pH B.E. La 
mEq/L 

Alveolar- 
Arterial 
02mmHc 

Arterial-
Alveolar 
CO2mmHo 

B 	T 8 T B T B T B 	T 8 	T 8 T 

Mean 94.8 	92.4 32.3 34.0 7.42 7.43 -2.4 -1.98 0.97 	0.56 14.6 15.8 1.5 •4.5 

S.E.M. 7.6 	1.9 1.7 2.1 0.01 0.01 1.2 1.0 0.2 	0,1 6.2 2.9 1.5 2.6 

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  

Mean 98.0 	91.5 32.0 37.3 7.31 7.31 , 	-9.3 -6.9 7.9 	4.8 18.2 20.8 -1.6 -4.2 

S.E.M. 5.3 	7.0 2.0 3.4 0.02 0.03 1.8 1.9 1.1 	1.2 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. * *** N.S. N.S. 

B = Bicycle Ergometer 
	T = Treadmill 
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TABLE 5 - 4 

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

arterial 0
2 
gradient and physiological dead space, after exercise in 

5 adult asthmatic subjects. 

Lowest 
Pa0

2 
 

Lowest 
PaLO2  

Highest 
PaLO

2 

Lowest 
pH 

Highest 
La 	mEA/L 

Highest 
A-a0

2
mmHg 

Highest 
VD mis. 

B T R 	T B T a T B T B T B T 

Mean 76.2 75.8 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 

p NS * NS *** *** NS NS 

B = Bicycle ergometer 
	

T = Treadmill 
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Arterial P0
2 

Resting values for arterial P02 
were within normal limits and 

hypoxaemia was not present (Tables 5-3, 5A-2). Four of the five 

subjects demonstrated an increase in arterial P02  during exercise which 

was followed by a fall after exercise to values lower than the pre- 

exercise level (Fig. 5-4, Table 5A-3). There was no significant 

difference between the two forms of exercise in the rise or the fall 

in arterial P02 
during and after exercise (Tables 5-3, 5-4). One 

subject (no. 4) had a fall in arterial P02 
during both forms of exercise 

with a subsequent return towards his normal resting level following 

exercise. 

Arterial PCO2 

There was no significant difference in the resting values for 

arterial PCO2 
prior to each exercise test (Table 5-3), but the actual 

values for the arterial PCO2 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 lower for 

the bicycle exercise than the treadmill exercise and the difference 

was just significant (Table 5-3, Fig. 5-5).- Following bicycle exercise 

the arterial PCO2 
rose and the values were similar to those 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 PCO2 above 44 mmHg. and only one subject developed significant 

CO2 retention (Table 5A-3, Fig. 5-5). 

End tidal PCO2  (PETCO2) Arterial-alveolar PCO2 
 gradient  

PETCO2 
was significantly lower during bicycle exercise than treadmill 

exercise (Table 5-2). The differences in arterial-alveolar PCO2 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. 

X Y B M SEY r t 
Degrees 

of 
Freedom 

During 
Exercise 

After 
Exercise 

CombinE J 

A a 

41-a 

ALa 

th8.E. 

AB.E. 

LAB .E. 

1.07 

0.99 

1.01 

0.09 

0.80 

0.51 

1.34 

1.29 

1.32 

0.86 

1.95 

0.93 

9.7 

19.6 

22.1 

35 

45 

82 

For symbols see Section 2. 
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Alveolar-arterial P02  gradient  

At rest the values for alveolar-arterial P02 varied, the gradient 

was normal in one subject, lower than normal in two subjects and 

moderately raised in two subjects (Table 5A-l). 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 P02 gradient continued to increase (Table 5A-3). The mean 

values for the gradients 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 typical example of changes occurring in arterial pH and arterial 

lactate during and after exercise is illustrated in Fig. 5-3. There was 

a fall in pH during bicycle and treadmill exercise but the decrease was 

similar during both forms of exercise (Table 5-3). Following exercise 

the pH continued to fall in all subjects and it was significantly lower 

following bicycle exercise. The arterial pH gradually returned towards 

the normal resting value during the 30 minutes after exercise. 

During exercise there was a rise in arterial lactate 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 arterial 

lactate continued to rise in 4 of the 5 subjects but after treadmill 

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 



TABLE 5 - 6 

IndividL'al and mean values Per pL;'siclogical dead space' as calculated 
from the 3ohr equaticri at rest;  and from the Bohr equation and end-tidal 

CO2 during the last minute of exercise in 5 adult asthmatics. 

VD mis 
Rest 

(Bohr) 

VD mis 
Exercise 
(Bohr) 

VD mis 
Predicted* 

Upper' L' 

liD 	mis 
Predicted* 
Lowc.r Limit 

liD 	mis 
Exercise 
(PETCO2) 

8 T 8 T B T B T 8 T 

1 110 139 341 578 307 326 181 192 214 66 

2 93 219.  500 338 486 432 281 251 477 523 

3 224 1E3 110 411 345 431 202 251 255 372 

4 439 321 395 145 397 388 231 227 348 350 

5 124 1Cl 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 * 

B = Bicycle ergometer 
	

I = Treadmill 

Predicted values from Jones et al 1966. 
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Physiological Dead Space (VD), and Dead Space Tidal Volume Ratios (VD/VT)  

VD was within normal limits at 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. Compared 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 mis. + 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 mis. + 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 Subjects 

2 and 4 values for VD reached 300% and 200% of the predicted normal 

values respectively (Table 5A-3). 

VD/VT ratios were near t4e upper limit of normal (35%) before 

exercise. During exercise the ratio fell in all subjects reaching values 

which were below the accepted limit of normal (10%) during at least one 

form of exercisF.in all but subject No. 4. Following exercise, VD/VT 

ratios rose to values equal to or above the initial value (Fig. 5-8). 
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DISCUSSION 

During exercise in the present grolip of asthmatic subjects there was 

a fall in airways resistance as measured by an increase in PEFR, in 

general this rise in Pk...brit was accompanied by an increase in arterial 02  

tension above the resting value most likely due to bettor distribution of 

ventilation and perfusion ratios in the lungs. Following exercise there 

was an increase in airways resistance as measured by a fall in PEFR 

below the resting value, this was accompanied in general by a fall in 

arterial 02 tension below the resting value and an increase in VD/VT 

ratios equal to or above those observed prior to exercise. Only one 

subject developed a significant degree of alveolar hypoventilation 

following exercise. The results for VE, V02, H.R., PETCO2, R, and the 

indices of bronchial lability were similar to those described for the 

larger group of adult asthmatic subjects and have been discussed in 

greater detail in Section 3. 

The rise in arterial P02 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 P02  

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 1966; 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). Following exercise as bronchoconstriction developed 4 subjects 

had a fall in arterial P02 (Fig. 5-4). Similar falls in arterial P02 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 

PO, fell during both forms of exercise. During bicycle exercise his 

arterial P02 fell- by 21 mmHg. at a time when his Phint had risen 70% above 

the resting value. Following exercise the arterial P02 returned to the 

initial value which was within normal limits and the PEFR did not fall 

more than 22% 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 arterial 

P02 
have been reported in some subjects with chronic airways obstruction 

during stair climbing exercise (Cohn end Donoso, 1967) and hypoxaemia has 

also been reported following isoprenaline inhalation and infusion (Field 

1967; Palmer and Diament, 1967). 

Since only one subject had an arterial P02  lower than normal during 

exercise it did not appear that 'oxygen 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 

'untrained' 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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ratios have been observed during cycling than running. However the actual 

values for arterial blood lactate during cycling in this group of asthmatic 

subjects were higher than those reported for normal subjects working at 

the same V02' in fact Subject No. 2 (Fig. 5-3) had lactate values equi-

valent to that observed at maximal working capacity in normal subjects 

(Astrand 1952) and similarly high values have been obtained in other 

asthmatic subjects following cycling exercise (Chan-Yeung et al, 1971; 

FL-her et al, 1970). Hyperventilation is known 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 aiiways resistance it has been suggested that lactic acidosis is the 

cause of the constriction that follows exercise in asthmatic subjects 

(Seaton et al, 1969; Herxheimer 1972). However in the present study the 

lactate levels were higher during and after bicycle exercise yet the 

percentage fall in PEPR 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 40S 

("fig. 5-9). 

Thus the suggestion that lactic acidosis may be responsible for E.I.B. 

does not appear to be supported by observations in the present study. 

A significant relationship between changes in blood lactate and bicarbonate 

or CO2 combining capacity of the bloodhas previously been observed in 

asthmatic and normal subjects during exercise (Terrell and Robinson, 

1942; Visser, Kreukniet and Maas, 1964). However it is apparent from the 
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present 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 be possible to predict the change in 

ar',erial blood lactate during and after exercise by using the change in 

values for B.E. derived from measurements of PCO2 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 subjects 

working at similar levels (Naimark et al, 1964) but similar to those 

previously noted in asthmatic 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 fall 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 exercise. 

Metabolic acidosis foll„;veThg exercise has been thought to induce 

bronchoconstriction either by causing the release of brcnchoconstrictor 

substances or blocking the natural bronchodilating mechanism (Seaton et 

al, 1969; 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. (Beaudry et al, 1967; Vavra et 

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 following 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). 
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Arterial PCO2 

The lower arterial PCO2 
observed during cycling exercise was in 

keeping with the lower PETCO2  observed earlier in the asthmatic subjects 

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 compared 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 to have an increasedairways resistance following 

hyperventilation when severe 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. does not appear to correlate with the degree of 

bronchoconstriction observed after exercise in this group of subjects 

(Fig. 5-9). 

Following exercise arterial PCO2 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 to a value of 254 of the 

predicted normal. Carbon dioxide retention has been reported by other 
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workers who studied asthmatic subjects following exercise (Simonsson 

et al, 1972). This alveolar hypoventilation may be due to mechanical 

limitation of breathing during E.I.B. 

End tidal to arterial PCO2  gradient  

Though the mean values for arterial PCO2 and PETCO2 were similar 

there were individual variations in the differences for end tidal-

artt.rial 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 normal 

subjects is related to the level of work and the frequency of breathing 

and has been expressed by Jones et al (1966) as PETCO2-PaCO2  = 0.004VCO2-

0.134 f + 0.75 mmHg. Thus the end tidal arterial difference increases 

with increasing CO2  production and is reduced by increased frequency of 

breathing. The normal end tidal arterial PCO2  gradient is said to be due 

to the variations in the time constants for emptying alveoli 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 tidal PCO2 exceeded the arterial PCO2 by 9.4 mmHg, 

a gradient 4 mmHg. higher than would be predicted from the VCO2  and f. 

Such values may have been expected to occur in the presence of expiratory 

airways obstruction but the PEFR and FEV1  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 emptying of the alveoli of an 

under-estimation of the arterial PCO2 (discussed later). 
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Ventilation and Perfusion 

Physiological dead space calculated from the Bohr equation using 

the measured values for arterial PCO
2 were variable in this group of 

subjects during exercise. In subject No. 5, values for mixed expired 

PCO2 were observed to be higher than arterial PCO2 on several occasions 

thus giving negative values for VD during both forms of exercise. (Fig. 5-7). 

These observations could noI 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 and separate exercise test carried out six weeks later. 

Negative values for VD have been observed previously in normal subjects. 

Beaudry et al (1967) reported ore subject with a VD of -13 mis. during 

exercise but did not discuss the finding. Mixed expired PCO2  has been 

found to be higher than arterial PCO2  in 86 out of 223 measurements made 

on normal subjects under hyperbaric and normal pressure conditions (Salzano, 

Bell, Weglicki and Saltzman, 1967). It was suggested that the djfferences 

may have been due to the phasic. changes in the arterial PCO2 not revealed 

by intermittent sampling, or that CO2  may be secreted in the lung. 

Respiratory fluctuations in alveolar PCO2  have been investigated and reported 

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 PCO2 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 arterial PCO 

gradient was greater than that normally observed and it has been previously 

considered that there was an under-estimation of the arterial PCO2' Such 

an unGer-estimation of arterial PCO2 could have occurred if the body 
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temperature during exercise was higher than the temperature at which the 

blood was analysed (37°C). Although body temperature was not measured, 

blood temperature of the subject would have had to have been 41°C to 

cause an under-estimation of these proportions (Kelman and Nunn, 1966). 

This is unlikely as it has been shown that there is no significant increase 

in oesophageal temperature in the first 6-8 minutes of exercise (Saltin 

and Hermansen, 1966). 

It has been noted in normal vubjects that at equilibrium during the 

plateau rebreathing procedure, gas PCO2  (end tidal PCO2) is higher than 

that found in the blood leaving the lungs during the plateau. This has 

been described as the 'downstream effect' (Jones, Campbell, Edwards and 

Wilkoff, 1969). It is possible that similar blood gas differences occurred 

on exorcise in the presence of a high end tidal-arterial PCO2  gradient 

to such a degree that the arterial PCO2  was less than the mixed expired 

PCO2. However further investigation is needed to elucidate the problem of 

accurate measurement of VD in asthmatic subjects. 
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GENERAL COMMENTS  

In studying the response to difference,  forms of exercise in 

asthmatic subjects some interesting physiological abnormalities have 

been noted. Some of these abnormalities have been observed before 

and include the nota'ile decrease in airways resistance which occurs 

during exercise and the increase in airways resistance which occurs 

following exercise. These acute changes in airways resistance have not 

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 that "transient or widely variable narrowing of 

airways is the functional disorder which defines asthma". It 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 results of previous investigations by some other workers 

have shown that the incidence of E.I.B. in asthmatic subjects May be no 

more than 50% following bicycle exercise the explanation is found in the 

variation in response to different forms of exercise. The results 

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 similar VE, V02  and H.R. It also appears that work with 

small muscle groups such as occurs during arm exercise and exercise 

with a large component of eccentric work (downhill running) is also 

capable of provc.king bronchoconstriction in asthmatic subjects following 

exercise. 
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The explanation for the varying response, to different forms of 

exercise is unclear but there remains several possibilities which must 

be considered further. These include the differences during varying 

types of exercise in the general level of neural activity, the vibration 

of the body, the movement of the chest wall and the metabolic and 

ventilatory response to exercise. 

Tn addition to the observations in changes occurring in airways 

resistance following different forms of exercise in asthmatic subjects, 

new observations have been made on the physiological consequences of 

the ir,=eased airways resistance due to 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 

tenuions, pH and lactate occurring during and after exercise in asthmatic 

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 subjects 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 ohanu.s in the elaFtic characteristics 

of the lung tissue similar to those observed in asthmatic subjects after 

prolonged airways obstruction. 

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 tceompanied 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 lungs 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 tissue damage has not occurred.. The fall 

in arterial oxygen tension seen after exercise is more likely the result 

of inequality of ventilation due to airway obstruction 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 lodal 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. 
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APPENDIX 

TABLES AND FIGURES 

APPARATUS AND CALIBRATIONS 

PUBLICATIONS 



TABLE 3A - 1 

GROUP 8 
Indivicual results for some of the indices of bronchial lability 
measured during and after swimming and treadmill exorcise in 

asthmatic children. 

aJ1MM1NG 	EXERCISE TREADMILL EXERCISE 

Subject 
No. 

% Rise % Fall 	E.L.I. 
(%) 

J.L.I. 
(%) 

'fa Fall J.L.I. 
(%) 

1 0 39,5 39.5 48.0 63.0 81.0 
2 0 18.9 18.9 20.6 18.0 26.0 
3 6.0 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 0 21.5 18.5 19.4 31.3 
7 17.0 10.6 27.6 20.3 30.0 2.3.0 
8 2.6 14.4 17.0 19.4 47.5 46.0 
9 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 



TABLE 3A - 2 

Results for the indices, of brr -!chial lability in the 7 ctsthmatic children 
(GROUP A) who performed, bicycle ergometer, treadmill and free range 

running exercise. 

Subject 
No. 

JONES LABILITY 	EXERCISE LABILITY 	PERCENT FALL 
INDEX 	(%) 	INDEX 	(%) 	INDEX 	(%) 

Bicycle 
Erg. 

Treadmill Free 
Run 

Bicycle 
Erg. 

Treadmill Free 
Run 

BicyCle 
Erg. 

Treadmill Free 
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 



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 ergometer exercise = B, 

and Treadmill exercise = T. 

' Subject PEFR 	Resting 
1/mini 	PEFR 

• 

PEFR 
% 

Pred. 

Max. 
PEFR 

During 
axazcla-  

% Rise 
PEFR 
during 

Qxel-cge 

Min.PEFR 
after 
exercise 

% Fall 
PEFR 

E.L.I. J.L.I. 

Pred, B T B T 8 	T B 	T B T 8 T 8 	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 1B5 195 11.0 22.4 104 	61.0 29.0 	24.11 

5 615 670 6E8 106.0 90.0 700 	655 4.5 	15.3 390 300 41.5 47.0 46.2 	54.1 50.3 	49.6 

, 6 686 535 480 78.6 70.5 781 	710 46.0 	48.0 438 360 18.0 25.0 64.0 	73.0 50.5 	52.0; 

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 

8 395 360 j25 91.1 82.0 500 	437 39.0 	32.0 216 69 40.0 79.0 79.0 	111 72.0 	91. 

Mean 572 416 410 73.8 72.7 538 	526 36.1 	28.6 286 231 28.5 42.9 67.7 	68.9 47.2 	53.6 

S.E.M. 31.6 54 36 9.2 6.1 55 	44 10.5 	4.7 42 34.0 7.0 8.2 10.9 	_7.7 8.9 	9.1 

P - NS NS NS NS * ** NS NS 
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TABLE. 3A - 4 

Individual values for the indices of lability 

for different forms of exercise in 5 

asthmatic adults 

GROUP D 

Type of Exercise % Rise 
PEFR 

% Fall 
PEER 

E.L.I. J.L.I. 

Uphill Treadmill 

11.7 
10.0 
42.8 
23.0 
26.3 

39.7 
32.9 
26.2 
25.6 
24.2 

51.4 
42.9 
69.0 
48.6 
50.5 

51.4 
40.5 
24.7 
47.5 
39.6 

Subjects 1 
2 
3 
4 
5 

Downhill Treadmill 

3.0 45.4 48.4 48.4 Subjects 1 
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 

25.9 61.0 86.9 57.0 Subjects 1 
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 

11.2 78.8 90.0 78.5 Subjects 1 
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 - a 

IndividAal values for oxygen consumption, ventilation, heart rate and 

respiratory exchange ratio for 7 asthmatic children during the last 

minute of exercise.. 

Subject 

No. 

VO2 mls/min 
VE L/min H.R. beats/mine R  

1 864 663 1130.' 28.2 20.2 33.8 176- 173 173 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 1065 1000. 1030 33.4 32.0 31.3 185 177 175 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 37.6 42.8 160 187 180 0.86 0.86 0.89 

6 2141 223 1261 82.9 67.5 48.6 181 183 194 1.01 0.86 0.78 

7 1994 211E 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  

Individual and mean values for 10 asthmatic 

subjects, during swimming exercise. 

Subject Distance 
in  
(metres6) 

VO2 
mls/min 

VE 
1/min 

VE/ 
UO2 

Heart 
Rate 

R 

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 1.01 

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 1.01.  

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 



of the pre-exercise value in a group of normal 

schoolchildren 

TIME POST 	EXERCISE 

1' 3' 5 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 

FVC 

Mean 97.2 96.4 94.4 97.7 99.5 

S.E.M. 1 	1.8 2.4 2.2 1.5 1.4 

10 10 10 • 10 10 

FE U1 

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 

PE FR 

Mean 103.7 105.3 104.0 106.7 101.2 

5.E.M. 3.0 4.5 4.2 3.9 5.5 

n 9 9 9 9 9 

MMEFR 

Mean 93.7 92.5 90.3 94.2 95.0 

S.E.M. 3.7 4.9 1.9 2.2 3.2 

n 9 9 9 9 9 

SGaw 

Mean 71.6 71.8 71.3 77.9 82.7 

S.E.M. 4.5 6.2 4.4 5.8 7.8 

n 10 10 10 10 10 

1 
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TABLE 4A - 1 

Mean values for lung volumes and airways resistance 

measured after exercise, expressed as a percentage 



TABLE 4A - 2 

Resting values as % of predicted normal value for lung volumes and 

airways resistance in 4 asthmatic children (Nos. 1-4) and 3 

asthmatic adults (Nos. 5-7). 

Subject 
No. 

TLC FRC FVC RV FEV 
1 PEER MMEFR .66@w 

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 53.3 63.5 63.0 

Mean 110.2 149.8 90.3 164 84.0 67.0 55.7 101.7 

5.t.M. 5.7 17.4 4.5 36.6 8.7 6.7 7.7 18.8 

For source of predicted values see text. 



TABLE 4A - 3 

Restinc values for lung volumes and airways reistance in 4 asthmatic 

children (Nos. 1-4) and 3 asthmatic adults (Nos. 5-7). 

MMEFR 	SGew Subject 
No. 

TLC FRC FVC RU FEU1 

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 



TABLE 4A - 4 

Indivic'ial values for the maximum % change in =airways resistance 

and lung volumes following running exercise in 4 asthmatic 

children (Nos.l-4) and 3 asthmatic adu1tis,11(Nos. 5-7). 

Subject 
No. 

PEER FEV1  VEER 5G e0 F.VG FRC. RU TLC 

1 -54.0 -56.0 -61.5 -56.3 -39 134.9 +394.0 +29.7 

2 -32.2 -44.6 -68.0 -84.0 -27 	+62.4 +94.0 +33.0 

3 -48.5 -45.6 -69.0 -67.0 -44 	+46.6 +93.8 + 3.5 

4 -58.0 -43..2 ,-55.5 -85..8 -38 	+44.0 +98.1 +28.8 

5 -57.f) -57.9' -69.0 -87.4 -64 +52.1 +98.7 +34.3 

6 -55.J -73.3 -74.0 -77.6 -72 +63.5 +387.0 +9.8 

7 -66.5 -66,0 -82.5 -80.0 r61,5 +64.1 +103'..0 +18.0 



TABLE 4A - 5 

Individual aid mean values for lung volumes and airways resistance 
at time of maximal chinge after running exercise in 4 asthmatic children (Nos.1-4) 

and 3 asthmatic adults (Nos.5-7). 

Subject 
No. 

TLC FTC FVC RV FEV1  PEER MMEFR SGaw 

1 3.55 2.r0 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 

7 6.58 4.87 1.30 4.54 0.86 100 23 0.030 

Mean 6.06 4.68 1.43 4.22 0.94 128 35 0.05 

S.E.M. 0.68 0.€.8 0.18 0.67 0.12 17.6 5.3 0.01 



TABLE 4A - 6 

Individual rusults for corr3lation of % change in PEFR with % change 

of m zauromunts of lung volumes and airways rosistance following 

exorcise in 4 asthmatic children (1-4) and 3 asthmatic adults (5-7) 

Subject No. 	FE U1 	FIMEFR 
	

Kau 	FVC 	TLC 	FRC 	RV 

	

. 	1 r 	0.76 	0.60 	0.71 	0.79 	0.60 	0.11 	0.30 

	

(n=8) 	 * 	* 

	

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 

	

3 r 	0.94 	0.89 	0.97 	0.75 	0.67 	0.72 	0.82 
(n=6) 

	

p 	** 	** 	*** 	* 	NS 	NS 	* 

	

(n=7) 	4 r 	11.14 	0.41. 	0.54 	0.20 	0.20 	0.23 	0.89 

	

P 	NS 	NS 	NS 	NS 	NS 	NS 	** 

	

5 r 	0.30 	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 	0.88 	0.86 	0.88 	0.89 
** 

	

(n=7) 	 *** 	*** 	** 	** 	** 	** * 

	

(n=7) 	
7 r 	0.93 

	

*** 	
0.91 

	

*** 	
0.84 
** 	

0.88 
** 	

0.08 	0.16 	0.76 

	

P NS 	NS 



TABLE 5A - 1 

Individual values for ventilation, oxygen consumption, heart rate, 

respiratory exchange ratio, frequency of breathing and end tidal 

CO in 5 asthmatic adults performing Bicycle (8) and 

Treadmill (T) exercise. 

During 
Exercise a 

UE 
T B 

V02 
T B 

HR 
T B 

R 
T  8 

f 
T 

PETCO2 
8 	T 

I 1 60.5 50.5 1440 1428 185 183 1.00 0.91 48 36 26.1 29.6 

2 82.0 69.8 1748 1797 172 168 1.11 1.08 39 30 23.1 32.2 

3 46.7 48.8 1677 2162 152 165 1.01 0.94 29 21 39.0 44.5 

4 56.2 55.0 2227 2240 165 171 0.86 1.03 28 28 37.0 44.3 

5 70.3 58.E 2224 2250 175 187 0.90 1.09 32 26 33.8 38.9 



TABLE 5A - 2 

Individull values for arterial blood gas tensions, pH, base excess 

lactate Ind arteriolar-alveolar gradients for 02  and CO2  at rest and 

durinc the last minute of exercise, in adult asthmatic subjects. 

Pre- 
Exercise 

Pe02 
mmHg 

PaCO2 
mmHg pH B.E. 

La 
mEq/1 

Alveolar- 
Arterial 
02mmHg 

Arterial-
Alveolar 
CO2mmHg 

B T B 	T B T B T B T B T B 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 38.0 40.5 7.41 7.44 0 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 93.0 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 85.0 73.0 30.0 40.0 7.35 7.35 -8.0 -3,5 7.81 3.76 34.0 34.0 4.0 10.4 

2 115.0 114.0 27.2 29.1 7.23 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 = Bicycle ergometer 
	T = Treadmill 



'';1BLE 5A - 3 

Individual values for arterial blood gas tensions, pH, lactate, 

alveolar-arterial 0
2 
gradient and physiological dead space 

after exercise in 5 adult asthmatic subjects. 

Subject 
No. 

. 

Lowest 
Pa0

2 

Lowest 
PaCO2 

 
Highest 
PaCO2  

Highest 
A-a 0

2
mmHg 

Lowest 
PH 

Highest 
LamEq/1 

Highest 
VD mis 

B T B 	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. 30 35 26.5 38 7.17 7.24 13.40 10.36 636 593 

3 75 70 33 36. 38 45 31 37 7.33 7.41 7.50 3.60 193 180 

4 96 94 27 31.1 31.5 37 24 24 7.28 7.34 8.26 4.31 492 321 

5 66 73 27 31.1 34 32 39.5 46 7.36 7.41 5.37 2.08 353 285 

B = Bicycle ergometer 
	T = Treadmill 



FIGURE 3A-1 

" VENTILATION IN RELATION TO 
OXYGEN CONSUMPTION DURING 

FREE RANGE RUNNING IN 
ASTHMATIC & NORMAL CHILDREN 
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APPARATUS 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 manner described by the original authors (Scholande7 

1947; DuBois et al, 1956; Wright and McKerrow, 1959; Kamburoff 1969; 

Godfrey 1971). 

Resistance of the breathing circuit 

The breathing circuit used in the present studies (in the laboratory) 

was the same as that previously described by Godfrey (1971) and is 

illustrated in Figure 2-5. The internal bore of all the tubing and taps 

excluding the mouth piece was 3.81 ems. 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./in. 

and 400 1./min.). The inspiratory resistance at the lower flow rate 

was 0.39 cm.H20/1./sec. and 1.06 cm.H20/1./sec. at the higher flow 

rate. For the expiratory circuit the resistance was 0.82 cm.H20/1./sec. 

at a flow rate of 200 1./Min. and 1.60 cm.H20/l./sec. at 400 1./Min. 

Mingograf 81 Recorder  

This ink jet 8 channel chart recorder was used for the display 

of data see Figure 2-2. The frequency response of the Mingograf has  

been shown to be adequate for the measurements made. 

Analysis of gas mixtures  

Gas mixtures containing CO2, 02  and N2  were made up to the 

approximately required concentratfons 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 CO2  2%-.12% and for 02 4%-21% These concentrations were 

suitable for calibrating the blood gas electrodes (Eschweiler) and 

the gas analysers (LIRAS-4 and Servomex). 

In the Paediatric Laboratory the concentrations of the CO2 and 

02 in the gas mixtures was eccurately determined using a Scholander 

micro analysis apparatus by the method originally described by Scholander 

(1947). 

Multiple determinations of each of the gas mixtures were made and 

it was required that 2 analysis agree to within ± 0.015% for each gas 

in the mixture. 

CO2  analyser LIRAS-4 (Hartman and Braun) 

A rapid infra red gas analyser was used for the analysis of CO2  

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 

2% and 5% CO2  (accurately analysed as above) and room air were used to 

determine a calibration graph. 

The LIRAS-4 is fitted with a front panel adjustable flow meter. 

Because of the greater rate of breathing during exercise the flow through 

the meter was adjusted to allow a 95% response time in 0.5 sec. Care 

was taken to use the same diameter and length of tubing (to the meter) 

for the 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 LIRAS-4 to a low resistance spirometer and measuring the volume 

displacement over a given time. The flow rate was usually 600 mls./Min. 
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for a 95% response time of 0.5 sec. through the length of tubing used. 

The gas which was taken through the analyser was returned to the Tissot 

spirometer during the gas collection. 

As end tidal gas was mriasured 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 purl:p during inspiration. For a gas collection 

of 40 	and an FECO2  of 5.5% this caused an underestimation oI 

the mixed expired CO
2 
concentration of 0.028g. 

Analysis of 02  

A Servomex OA 150 paramagnetic analyser was used to measure the 

concentration of mixed expired 02. Mixed expired gas passed 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 Sc.rvomex analyser was used with a circuit for zero suppression 

so that the signal display on one channel of the Mingograf recorder 

extended of the range 14-22g (i.e.'6 cms. = 	02  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 spirometer  

A Tissot spirometer of 100 1. capacity was used for the collection 

of mixed expired gas. The spirometer had an internal fan which allowed 

a iAnZorm 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 Mingograf recorder 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 meaplxement 

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 potentiometer 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 recently calibrated by 

the makers and checked in the laboratory against the Tissot. 

Bicycle Ergometer 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 to 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 

period of study by the suppliers. It was possible to check the calibration 

in the laboratory in an indirect fashion by noting the V02  at various 

work loads (V02 is linearly related to the amount of work performed), 

This bicycle ergometer was used for the studies on normal subjects and 

for the asthmatic subjects with exception of arm cranking exercise in 

the asthmatic subject when an additional bicycle was employed (see below). 

13,_ ale 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. Calibration of the blcycle 

was carried out at Chelsea Technical College. 
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Treadmill (Quir.t.on) Type 14-44A  

Speed range 0.7-4.2 m.p.h. Grade 0-24. 

The speed of the treadmill measured in m.p.h. is sensed by a 

temperature compensated DC tachometer mounted on the output shaft of 

the polydrive unit. 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 varying weight run and 

counting the revolutions of the belt over the period of 2 min. For a 

speed of 2 m.p.h. the belt turns at 22 R.P.M. and the formula given 

by the makers is: 

Revolutions per min. = 	5280 x m.p.h.  
Belt length in feet 

and allows the treadmill to be checked at various 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%. For downhill running the treadmill 

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 treadmill. During the downhill running 

there was some variation in the speed due to the weight of the subject. 

Fleisch Pneumotachographs (a) Type No. 2 linear to 300 I,/min. 
(b) Type No. 3 linear to 500 L/min. 

Type No. 2 pneumotachograph was used for the measurement of PEFR 

in the studies in Section 4. Type No. 3 was used in all the other 

measurements of Phnt (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 

recording the signal on the Mingograf 81. 

Graphs were drawn plotting the rate of air flow through the 

pneumotachograph and the deflection in cms. of the signal recorded on 

the Mingograf (see Fig. A-1). 

Wright Peak Flow Meter (Air-Med)  

The Wright Peak Flow Metersused 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/min.). A normal subject performed a series 

of blows to 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 from the flow meter and the pneumotachograph (Fig. 

A-2). If there was a discrepancy between the pneumotachograph reading 

and the flow meter reading of greater than log 	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 took 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 box pressure with the outside 

air. Opening 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 box. Calibration for the mouth pressure 

transducer was carried out using a simple U tube water manometer (Range 

0-10 ems.). Box pressure was measured with a mercury manometer (A 30) 

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 mis.) had a metal bellows and a 

simple electrical circuit allowed the frequency of the pump to be 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 volume 

displacement of box air by each subject a correction factor was applied 

to the box calibration. This correction factor was worked out by dividing 

the body weight by the average body density taken as 1.07 (Durnin and 

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 box pressure. 
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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 recordings of the 

measurements and the calibrations allowed precise calculations to be 

made after the tests. 

Eschweiler micro electrodes manufactured by Eschweiler & Co. Kiel, 

West Germany and supplied by Vitalograph U.K. Ltd.  

Measurements of arterial blood P02, PCO2 and pH were performed 

using the Eschweiler micro electrodes at a temperature of 37°C. 

Calibration of the P0
2 and PCO2 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% CO2  and 0 02 and the other 

4% CO2  and 13% 02. An additional cylinder containing 100% N2  was 

also used in the calibration of the P0
2 electrodes. 

Tonometry was carried out prior to each series of tests and after 

each change of the electrode membranes. Repeated estimations of PCO2  

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 P02 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 
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for P02 were obtained after prior adjustment of the Eschweiler 

to compensate for the difference in P02  readings between gas and 

blood(aormally5-4 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 temperature. 

The analysis of the arterial blood was made within one minute of the 

collection and the temperature of the gas electrode was set at 37
o
C 

(allowing for a small gradient from the water bath to the tip 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 time permitted to carry out repeated estimations during 

the studies on the arterial blood. The variation between repeated 

measurements for the PCO2  was 0.2 mmHg. and for P02  0.5 mmHg. The 

first values obtained were those used in the calculations of the VD 

and arterial alveolar P0
2 and PCO2 gradients. The difference in values 

obtained from an error (between duplicate samples) of these proportions 

would be very stall, and for the purposes of these studies have been 

neglected. 

The response time of the P02  and PCO2  electrodes 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 PCO2  

electrode had somewhat a slower response time and was of the order of 

limin-CarewastakentoalwaYsreadthevaluesforPC0 P02, 	2 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. GODFREY1  

Institute of Diseases 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 
bronchoconstriction in asthmatic subjects (Jones, 
Buston, and Wharton, 1962). However, little 
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. 

SUBJECTS AND METHODS 

Studies were made on 10 patients, three adults and 
seven children, all of whom had uncomplicated 
bronchial asthma according to the definition of 
Scadding (1966). Their physical characteristics are 
given in Table I. 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 I 
BASIC DATA AND RESTING PEAK EXPIRATORY FLOW 

RATES IN 10 ASTHMATIC PATIENTS 

Subject Sex Age 
(yr) 

Height 
(cm) 

Resting PEF' (% Expected) 

Ergometer Treadmill Free Range 

1 F 8 124 97.8 	82.9 	102.0 
2 8 129 65.4 	80.7 	45.0 
3 9 128 69.2 	69.0 	48.0 
4 F 10 153 81.1 	72.9 	8713 
5 M 12 145 80.1 	58.0 	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 	82.2 	102.5 

'The PEF is expressed as a percentage of the expected value and the 
'Correspondence to Dr. S. Godfrey 	 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 laboratory 
(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 mnicEs 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 
 x 100 (%) Expected normal PEF 

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  

exercise or in the 15 minutes afterwards ; 
(b) the exercise lability index given by: 

Highest exercise PEF—Lowest PEF  
x 100 (%) Resting PEF 

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—LowestFPEF 

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 

rest 
0 	  

0 2 4 6 8 10 12 (4 
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 1./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 

Resting PEF 	x 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). 
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TABLE II 
INDIVIDUAL RESULTS FOR ASTHMATIC SUBJECTS 

Subject 
Jones Lability Index (%) Exercise Lability Index (%) Fall Index (%) 

Cycle  Ergometer Treadmill Free Run Cycle 
Ergometer Treadmill Free Run Cycle 

Ergometer Treadmill Free Run 

1 44.5 58.0 58.5 37.0 46.0 50.0 26.0 28.0 50.0 
2 170 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 0.0 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 4/0 40.0 44.0 57.0 40.0 37.0 43.0 34.0 

33.0 31.0 69.0 36.0 25.0 57.0 24.0 23.0 56.0 
6 22.2 41.5 60.0 26.5 41.5 67.0 22.2 39.0 63.0 

50.5 5/0 69.0 64.0 73.0 79.0 18.0 25.0 61.0 
9 14.8 28.0 41.0 37.0 40.0 78.0 14.8 33.0 61.0 

10 7/0 91.5 73.5 79.0 111-0 72.0 40.0 79.0 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 t 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 

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<0.0l). 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 Pco2  between normals and 
asthmatics. Pulse rates could be compared only 
by predictions based on height and oxygen con-
sumption (Godfrey, 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 36.1 5.90 10 46.2 6.6 10 52.1 5.0 10 
Exercise lability index 41.9 5.96 10 52.4 8.3 10 61.2 4.5 10 
Percent fall index 20.2 3.90 10 32-9 6.3 10 48.1 5.6 10 
Vo, 1470 224 10 1636 310 10 1669 276 10 
VE 50.3 6.6 10 48.7 7.6 10 49.1 6.2 10 VE/Vo- 36.2 4.0 10 30.8 1.0 10 30.7 1.4 10 PETccit  28.0 2.1 10 29.0 1•6 10 - - - 
R 0.96 0.035 10 0.88 0.025 10 0.84 0.027 10 
Pulse rate 164 7.0 10 175 3.0 10 180 4.0 10 
Pulse % expected 96.3 31 10 101.5 4.1 10 98.7 3.6 10 

• 
The bronchial lability indices are given above and the ventilation, pulse rate, and gas exchange are given below. Pulse has also been expressed 
as a percentage of the expected value based on Vo,, height, and sex for ergometer exercise. (Voi= oxygen consumption, VE =minute ventilation, 
PETco. =end-tidal PCO,-not obtained during free range running) 

TABLE IV 
GROUP RESULTS FOR NORMAL SUBJECTS 

Ergometer Treadmill Free Run 
Mean S.E.M. n Mean S.E.M. Mean S.E.M. 

Jones lability index 9.4 1.3 9 14.1 1.9 9 Exercise lability index 11.0 1•5 9 15.4 2.4 9 Percent fall index 5.1 1.9 9 6.4 1.4 9 
Vo, 1034 132 9 1205 166 9 1478 200 9 
VE 351 3.0 9 37.6 3.98 9 44.6 4.5 9 VE/ tio2  35.6 9 32.8 2.68 9 31.9 2.4 9 PETc0, 30.3 1.6 8 30.3 9 
R 1.10 0.017 7 0.91 0.016 9 0.90 0.030 9 Pulse rate 182 6.0 9 175.5 4.0 9 173 5.0 9 Pulse % expected 106.5 2.46 9 101 3.03 9 90.3 2-3 9 

Results as in Table III 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 
Jones 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 StVartling (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 (900 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 25% for the whole series and 
40% 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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Ho. 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/1.  

with arterial Pco2  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 Pco2  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 mechanical 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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CARDIO-RESPIRATORY RESPONSE TO TREADMILL 
EXERCISE IN NORMAL CHILDREN 

SANDRA D. ANDERSON AND S. GODFREY 

Institute of Diseases of the Chest, London 

(Received 10 February 1971; revision received 1 April 1971) 

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 (CO2) 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 (CO2) 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 & Meams, 
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. 
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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 

TABLE 1. Distribution of subjects by age, height and weight 

Age group (years) 

6.0- 7.0- 8.0- 10.0- 11.0- 12.0- • 13.0- 14.0- 15.0- 
5.9 6.9 7.9 8.9 9.9 10.9 11.9 12.9 13.9 14.9 15.9 

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 2 6 3 0 

Weight group (kg) 

15.0- 20.0- 25.0- 30.0- 35.0- 40.0- 45.0- 50.0- 55.0- 60.0- 65.0- 
19.9 24.9 29.9 34.9 39.9 44.9 49.9 54.9 59.9 64.9 69.9 

No. of boys 1 2 3 1 3 3 2 1 2 1 0 
No. of girls 0 4 5 1 5 1 1 2 1 0 1 

because they occur at work loads of approx. 50 % and 80 % 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 02  and CO2. 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 Pco2  (PVco2) 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 Pco2  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. 

Fio. 1. Relationship between ventilation and oxygen consumption (1 o2) for treadmill exercise 
(—). The shaded area represents +1 SE Y 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 : con- 
sumption for boys and for girls. Girls had a higher heart rate than boys for the same oxygen 

20 — 	SEY= 0.90 

against the logarithm of oxygen 
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FIG. 2. Relationship between cardiac output and Vol. The effect of height is shown in the tread-
mill (lines). The shaded area represents ± 1 SE Y about the regression line for bicycle ergometer 
exercise. 
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FIG. 3. Relationship between pulse rate and log Vol  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): L, 95-109; o, 110-124; o, 125-139; GI, 140-154; 0, 155-
169; A, 170-185. 

consumption; heart rate decreases with increasing height. Stroke volume (SV) was significantly 
correlated with Vol. Girls, however, did appear to have a lower stroke volume than boys at 
higher work levels. 
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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 
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FIG. 4. Relationship between pulse rate and log 1oo2  for girls as in Fig. 3. Height range (cm): 0, 
110-124; 0, 125-139; w,140-154; 0, 155-169. 

TABLE 2. Regression equations for results 

Y X1  B1 X2 B2 M SE Y 

YE Vol  0-026 - 0.025 5.3 0.95 63 
VT Vo2  0.640 - - 62.38 172.9 0.91 63 
Q Vol  0.0053 Height 0.030 -1.005 0.90 0.96 54 

SV Vo2  0.033 - - 18.21 12.96 0.81 56 
Boys PI7c02  Vo2  0 006 - - 54.9 3.59 0.68 26 
Girls Pc/co2  Vo2  0.0116 - - 45.8 4.99 0.77 29 

Treadmill pulse Expected 
bicycle 
pulse 

0.667 - - 47.9 17.0 0.49 63 

Treadmill stroke volume Expected 
bicycle 
stroke 
volume 

1•16 - - -10.6 10.7 0.86 54 

Y = dependent variable, X1  and X2  = independent variables, B1  and B2  = regression coefficients 
of X1  and X2' respectively, M = constant term, SE Y = standard error of the estimate of Y about 
the line, r = correlation coefficient. The units for the parameters are as follows: height (cm), Vo2  
(ml/min), VE (I/min), VT (ml), SV 	Pi/col  (mmHg), Q (1/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 Pco2  (P17co2) was significantly related to Vol  and showed some relatively 

minor sex differences. Results for respiratory exchange ratio and arterial Pco2  are summarized 
in Table 3 and illustrated in Fig. 7. Respiration exchange ratio (R) was higher at the resting 
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FIG. 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. 
II, Boys; 0, girls. 
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FIG. 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. IN, Boys; 0, girls. 



TABLE 3. Comparison of parameters of respiratory exchange ratio and arterial Pco2  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 	0.99 	0.97 	 0.84 	0.97 	 0.91 	1.08 

	

SEM 	0.03 0.02 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 	0.97 	0.96 	 0.82 	0.96 	 0.89 	1.07 

	

SEM 	0.04 0.02 P<0.05 	0.02 0.01 P<0.0005 	0.01 0.01 P<0.0005 
n 18 	45 	 18 	52 	 17 	49 

Pa,co2  

	

Boys Mean 	28.6 	33.6 	 33.7 	37.4 	 33.1 	35.0 

	

SEM 	1.08 0.70 P<0.0005 	0.80 0.50 P<0.0005 	0.74 0.50 0.05>P>0.01 
n 18 	36 	 18 	48 	 13 	42 

	

Girls Mean 	29.6 	32.1 	 32.2 	35.8 	 32.1 	33.9 

	

SEM 	0.90 	0.90 0.05 >P> 0-01 	1.30 	0.70 0-05 >P> 0.01 	1.24 	0.70 P<0.05 
n 	18 	32 	 14 	46 	 16 	33 

SEM = Standard error of mean; n = 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 Pco2  (Pa,co2) 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. 

1.0 

0.9 

0 8 
Rest 

40 —(b)  

Work I Work 2 	Rest 	Work I Work 2 

25 	 
Rest 

         

Work I Work2 	Rest 	Work I Work 2 

Flo. 7. (a) Respiratory exchange ratio and (b) arterial Pco2  at rest, 50% and 80% of maximum 
working capacity. Values shown represent mean+ SEM. Treadmill results: 0, boys, 0, girls. For 
comparison bicycle ergometer results: A, 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,co2). 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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