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SOME ASPECTS OF PULMONARY VENTILATION DURING EXERCISE 

"The knowledge which a man can use is the 

only real knowledge, the only knowledge which 

has life and growth in it, and converts itself 

into practical power. The rest hangs like 

dust about the brain, or dries like raindrops . 

off the stones." 

J. A. Froude, (1818-1894.) 

INTRODUCTION 

The growth of Clinical Physiology is one of the most 

important developments in Medicine in recent years. The 

clinician, no longer content with a mainly anatomical concept! 
II 

of disease, is coming increasingly to think in terms of dis- 

ordered function. The implications of this change go far 

beyond its immediate practical utility. It requires the 

abandonment of the rigid habits of thought responsible for 

neat dividing lines between different "diseases" - lines 

which often merely separate different names - and so calls 

to account a philosophy of Medicine which is still taken too 

often for granted. Entia non sunt multiplicanda praeter 

necessitatem. The Clinical Physiologist is Ockham's 

disciple. 

Nowhere has this functional approach been more fruitful 

than in the field of respiratory disease. Not only has new 

knowledge enriched clinical understanding but the tools and 

techniques of "basic" research are becoming an indispensable 

part of diagnostic procedure. Clinical impressions, based 

on a few reliable physical signs and a varying amount of 

speculation, are giving way to careful measurements of lung 

volumes, of intrapulmonary gas distribution, of the process 

of gaseous diffusion and of thoracic mechanics. These 
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measurements are usually made on resting patients. It is, 

however, allring exercise that many victims of respiratory 

disease are most disabled, and work is at present in progres 

in numerous laboratories on various aspects of the respira- 

tory adaptation to exercise. 

Abnormalities of alveolar ventilation in relation to 

alveolar blood flow constitute a disturbance of function 

common to several morbid processes. One may instance em- 

physema, asthma, bronchial obstruction, pulmonary embolism 

and some types of pulmonary fibrosis and vascular disease. 

These are states in which information about alveolar venti- 

lation during exercise would be welcome. The experiments 

to be described were done in an attempt to obtain this in- 

formation in healthy people, using a technique which might 

be capable of modification for clinical use. Before the 

experimental method and results are described, some current 

views on the subject of alveolar ventilation will be dis- 

cussed. 

Definitions 

The symbols used are those recommended by the Committee 

on Standardisation for Symbols in Respiratory Physiology 

(1950). For convenience they are set out and defined in 

Appendix I, which can be opened out to face the reader 

throughout this essay. The accepted list of symbols con- 

tains none for "anatomical" or "physiological'; terms, hich 

will be frequently used. These are distinguished as shown 

below. 

It is necessary also to define the following terms, 

in the sense in which they will be used. 
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Anatomical dead space VD(A), is that portion of the res- 

piratory tree which is filled with inspired gas at the end 

of inspiration and with alveolar gas at the end of expirati 

Anatomical alveolar ventilation VA(A), is the difference 

between total ventilation, VE, and the ventilation of the 

anatomical dead space, VD(A). 

Physiological dead space VD, is a theoretical abstraction 

which includes VD(A). It will be discussed further in what 

follows. The difference between VE and VD will be termed 

the 

Physiological alveolar ventilation VA. 

Effective alveolar gas (Riley et al., 191.6) contains gases 

at "those pressures which, if present continually and uni- 

formly in all functioning alveoli, would permit the exchange 

of CO2 and 02 between the alveoli and blood, during a series 

of ventilatory cycles, in amounts exactly equal to the gas 

exchange as measured from anlyses of the inspired and expire 

air ". 



THE RESPIRATORY DEAD SPACE 

An understanding of the rather difficult subject of 

respiratory dead space is fundamental to the present study. 

A review has recently appeared (Rossier & Bt lmann, 1955) 

dealing fully with the subject and giving detailed refer- 

ences to the literature. I think it appropriate, however, 

to refer to some of the more controversial aspects of dead 

space and to introduce a concept which is implicit in the 

literature but to which I have not yet seen overt reference. 

Methods for the measurement of dead space make use of 

either non -respired gases or of CO2 or 02. The former 

group of methods, of which the hydrogen method of Siebeck 

(1911) and of Krogh and Lindhard (1913- 1911+) and the nitro- 

gen meter method of Fowler (191+8) are examples, gives results 

which are close to the volume of the anatomical dead space. 

The latter, introduced by Douglas and Haldane (1912 -1913), 

depends upon the substitution of the concentrations or pres- 

sures of 02 or CO 
2 

in inspired, alveolar and expired gas, in 

the Bohr equation 

VT (FEx-F) 
D 

(Fix - FAx) 

In health, at rest, the value so obtained is of the same 

order as VD(A). It exceeds VD(A) when the ratio VA(A) /Qc 

is rent the same for all alveoli, those with a high ratio 

preponderating, and when localised groups of alveoli have 

severe impairment of diffusing capacity. The excess (anato- 

mical) ventilation of an alveolus, above what is proportional 

to its blood flow and capacity to diffuse, appears as an in- 

crease in dead space by the 02 or CO 
2 
methods, which therefo 



-5 

measure physiological dead space (Riley & Cournand, 195,1. :' 

Comroe et al., 1955). 

VD also exceeds VD(A) during exercise and voluntary 

hyperpnoea. Since this was first discovered by Douglas and 

Haldane there has been much controversy about its signifi- 

cance. It was first suggested by Krogh & Lindhard that the 

increase in VD was an artefact arising from the method used 

to obtain alveolar air samples. It can be shown that, even 

if VD remained constant during exercise, calculations based 

on Haldane -Priestley samples would be likely to show an in- 

crease. Horever, when PaCO is used as a measure of PALO 
2 2 

(Enghoff, 1938; Riley et al., 1946) an increase in VD 

during exercise is still observed. Since in health this 

anacUMaP 
ACO 

is the same as the mean PC0 of the expired 
2 2 

alveolar air (Riley et al., 1946), the increase in VD must 

be a real one. Its cause has remained something of a mys- 

tery. 

Rossier & Bühlmann (1955) offered the following expla- 

nation. When the rate of respiratory exchange is increased 

alveolar gas becomes increasingly heterogeneous. 02 and 

CO2 pressure gradients develop between the molecular layer 

of gas in equilibrium with end -capillary blood and the in- 

spired gas entering each alveolus. Though continuous, this 

gradient may be visualised in each alveolus as an abrupt one 

between a homogeneous layer of alveolar gas at the periphery 

and a central "core" of inspired gas. The greater the rate 

of exchange, the bigger the gradient and therefore (this ste 

is not clear) the bigger the hypothetical "core" of unchang- 

ing inspired gas. The "core" is effectively dead space, 
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therefore VD enlarges. 

There can hardly be any doubt that the increase in VD 

during exercise must be explained by a partial inclusion of 

(anatomical) alveolar space in the functional dead space. 

Rossier & Btthlmann report in one subject an increase from 

389 ml. to 1010 ml. in passing from mild to severe exercise. 

It is improbable that this increase could be "accommodated" 

anywhere but in the alveoli themselves. Yet one may ask 

whether the hypothesis proposed by these authors may not be 

an expression of a more familiar idea. Might not an al- 

tered relationship between VA(A) and Qt during exercise ac- 

count for the increase in VD? 

At rest VA(A) is about 4 1. /min. and Qt 5 l,41in. 

VA(A) /Qt is about 0.8. In severe exercise Vr may reach 
L. 

100 1. /min. and f about 40 /min. ; if one assumes VD(A) dur- 

ing severe exercise to be 260 ml. (an overestimate), then 

VD(A) would be 10.4 1. /min. and VA(A) 89.6 1. /min. Qt 

might increase to 40 1. /min. at the most. During hard ex- 
. 

ercise, therefore, VA(A) /Qt would be about 2.25, an increase 

of roughly 20 over the resting ratio. If, at rest, the 

ratio for a particular alveolus differed from the general 

ratio by this amount, it would contribute substantially to 

VD. Here, then, is a possible basis for the increase in 

VD during exercise. 

It must, however, be recognised that in the resting 

state the effect on VD of a local increase in the ventilation 

/perfusion ratio depends upon the fact that the venous blood 

delivered to a high -ratio alveolus has the same PO and P00 
2 2 

as that delivered to normal alveoli. If an under- perfused 



-7 

or over- ventilated alveolus were to receive blood with a 

lower PO and a higher P than the mixed venous blood, this 
2 

CO 
2 

alveolus might achieve a normal respiratory exchange and would 

not add to VD. These conditions would be realised if the 

venous- arterial excess of CO 
2 
arriving at an alveolus in unit 

time, irrespective of blood flow, were just proportional to 

its ventilation, and if similar conditions prevailed for the 

venous -arterial 02 deficit. So far as the contribution of 

an alveolus to VD is concerned, therefore, the operative 

ratio is strictly not VA(A) /Qc but VA(A)/V (or VA(A)/VO ). 

2 2 

If this ratio, for a given alveolus, remains constant, the 

contribution of that alveolus to VD will also remain constant 

at any given metabolic level. If the ratio increases, VD 

will increase. The total "physiological" component of VD 

thus depends on this ratio for the lungs as a whole. The 

problem is now to find out what happens to the ratio VA(A)/VCO 

during exercise. 

For this purpose one may consider some data given by 

Rossier & Bühlmann, and shown in the following table. 

Mild exercise Severe exercise Increase 

. 

VCO (ml./min., NTPD) 420 1865 +344% 
2 

VL, U./Min., BITS) 16.5 73.6 +34-6% 

VD (ml., BTPS) 389 1010 

Respiratory frequency 17.5 30 

VD was calculated from 
Pa00 

and is therefore reliable. Let 
2 

the volume of the anatomical dead space during mild exercise 

be x ml. Then during mild exercise, 

VD(A) = 17.5x ml. /min. 

VA (A) = 16500 - 17.5x ml. /min. 
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If DA (A) increases in proportion to V00 
2 

, then during severe 

exercise, 

VA(A) = (16500 - 17.5x) x 4.1,E ml. /min. 

and VD(A) = 73600 - (16500 - 17.5x) x 4-.44 ml./ 

V (A) - 73600 - (16500 - 17.5x) x 4.44 ml. 
D - 

30 

= 2.59x - 8.67 ml. 

Since x is not accurately known, let us substitute for it a 

value which is almost certainly too low. 150 ml. is accep- 

ted as the average Nwlimae of the anatomical dead space of the 

respiratory tract when the lungs are completely collapsed 

(Rohrer, 1915). In the above calculation VD(A) during 

severe exercise becomes 380 ml. This, like x, is an under- 

estimate. Now it is unlikely that the anatomical dead 

space ever exceeds 260 ml. in health. This means that 

VD(A) in the above calculation could not have increased as 

much as was assumed, namely, in proportion to VC0 . The 
2 

inference is that VA(A) must have increased proportionally 

more than VC0 , since VA(A) + VD(A) - or VL - was almost 
2 

exactly proportional to 
V00 

. The ratio VA(A must 
2 2 

have increased. 

It may well be, therefore, that the increase in VD 

during exercise depends not only upon the rate of gaseous 

exchange but also upon the rate at which inspired air is 

supplied to the alveoli. My it should be necessary to 

increase the supply of inspired air to the alveoli faster 

than the gaseous exchange increases is at present quite ob- 

scure, but it seems that this normally happens. 

The hypothesis that VD increases during exercise 
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because VA(A)/VCO increases, clears up certain obscurities 
2 

in the explanation advanced by Rossier &; Bühlmann, The 

increase in VD during voluntary hyperpnoea, too, is readily 

explained. Haldane (1935) believed that the increase in 

VD during both exercise and hyperpnoea depends upon the phy- 

sical enlargement of the alveolar ducts and small respira- 

tory bronchioles, due to an increase in VT and perhaps also 

in functional residual capacity. According to this view 

one would expect VD to increase by the same amount for a 

given increase in VT, whether this is brought about by ex- 

ercise or voluntary overbreathing. Some experiments of 

Moncrieff (1933) suggest that this is not so. During volun- 

tary hyperventilation the ratio V. 
T 
increased from the 

resting level of 0.32 to 0.68 and 0.7 in two determinations. 

The ratio during exercise, with about the same tidal volume, 

remained around 0.3. These results were obtained by the 

Douglas bag method with Haldane- Pñ±estley alveolar air sam- 

ples. They are explicable in the following manner. During 

voluntary overbreathing CO2 excretion remains well below the 

level found in exercise. The ratio V 
A 
(A)/`VCO is thus 

2. 

greater than during exercise in which the same VA(A) pre- 

vails. VD and therefore VD/VTÇ is consequently greater 

during voluntary overbreathing than it is during exercise. 

We have seen that the physiological dead space is sub- 

ject to the influence of several factors of a functional 

nature, but that when we measure VD our measurement includes 

VD(A). We are apt to think of VD(A) as a specific volume, 

immutable save for changes in the size of the respiratory 

passages. In fact the methods we have of measuring VD(A) 
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in the living subject may be made to reveal functional 

changes too. For example, if, in performing Fowler's 

nitrogen -meter method, the breath be held for a few seconds 

after the inhalation of oxygen, the dead space calculated 

from the succeeding breath will be less than if no pause had 

been introduced. This reduction in dead space due to breat 

holding is, of course, an old observation (Henderson et al., 

1915) but its confirmation by the nitrogen -meter method 

increases its specificity. The explanation seems to be 

that mixing by diffusion occurs when the breath is held, and 

alveolar gas "encroaches" on part of the anatomical dead 

space. . Again, it is well known (Henderson et al., 1915; 

Briscoe et al., 1954) that some alveolar ventilation occurs 

even when tidal volume is less than the "anatomical" dead 

space. During ordinary breathing, however, functional fac- 

tors can probably be ignored, and in what follows VD(A) will 

be assumed to depend entirely on anatomical factors. 

Summary and Conclusions 

Physiological dead space consists, at rest, of anato- 

mical dead space together with the dead- space -like effects 

of high ventilation /perfusion ratios and (probably rarely) 

of local and severe impairment of alveolo- capillary diffusion 

During exercise and voluntary hyperpnoea VD increases 

without significant increases in VD(A). This effect could 

be explained if exercise caused an increase in the ratio of 

total anatomical alveolar ventilation to total CO 
2 

output. 

That this increase does occur seems probable, but proof must 

await more detailed knowledge of the effect of exercise on 

the anatomical dead space. The importance of this hypothesi 



if correct, is that it accounts for increases in VD, whether 

brought about by exercise, voluntary hyperventilation or 

locally high ventilation /perfusion ratios due to pulmonary 

disease, by the same basic mechanism. 



- 12 - 

THE ALVEOLJ R CLEARANCE 

Rossier & B{<<hlmann, in the review quoted above, make 

an interesting theoretical analysis of the physiological 

alveolar ventilation. It may be shown by starting from the 

Bohr equation and converting gas concentrations to pressures 

where necessary, that when breathing atmospheric air VA and 

V00 are related as follows: 
2 

V002 

PaCO2 

The writers comment upon the resemblance of this equation to 

the clearance equation in renal physiology and accordingly 

they call VA the Alveolar Clearance. This term emphasises 

its purely functional character and distinguishes it from 

VA(A), which alone may properly be called the "alveolar 

ventilation ". According to the clearance concept VA repre- 

sents the volume of effective alveolar gas which is "cleared' 

of CO 
2 
per minute. More simply it is the volume of effec- 

tive alveolar gas discharged from the lungs per minute. 

The ratio VA/VE is the volume of this gas eliminated per 

unit of total ventilation and may be regarded as an expres- 

sion of ventilatory efficiency. 

It has indeed been used as such. Moncrieff (1933) 

determined VD/VT (which is the same as V or 1-VA/VE) in 

normal subjects at rest. Expressed as VA/VE the normal 

value was about 0.7. In a further publication (1934) he 

showed that in chronic respiratory disease, e.g. chronic 

tuberculosis, "chronic bronchitis ", asthma and emphysema, the 

ratio was low and the reduction roughly paralleled clinical 
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disability. Values of 0.3 were obtained in some cases. 

He realised that the low ratios were due to poor mixing 

within the lungs, and stated that this ratio reveals " a 

type of inefficiency which is quite hidden by the usual de- 

terminations of vital capacity" which were current at that 

time. 

A search of some other papers provides data from which 

the ratio VA/VE can be calculated. Briscoe's results (1920) 

give 0.73 resting, Douglas & Haldane's (1912) give 0.51+ rest- 

ing and 0.71 to 0.77 during exercise. Meakins and Davies 

(1925) give some resting figures in pulmonary tuberculosis 

which yield ratios of about 0.5. 

All these data, Moncrieff's included, are technically 

unsatisfactory; some of the technical problems will be dis- 

cussed shortly. Moncrieff's work, nevertheless, anticipate. 

by 20 years the classical paper by Riley & Cournand (1954) 

in which the factors involved in pulmonary gas exchange were 

comprehensively analysed. They demonstrated that the ratio 

VD/VE is one of the five basic relationships controlling 

gaseous exchange. It has been used in Riley's laboratory as: 

an index of "dead space admixture" (Carroll et al., 1953). 

According to these workers the ratio VD/VJ at rest should no 

exceed 0.3 in health. 



THE PRESENT INVESTIGATION 

The aim of this study was to determine alveolar clear- 

ance and its relation to total ventilation in selected group 

of individuals at a number of different exercise intensities. 

It was hoped to establish a normal range of values for com- 

parison with those obtained in patients with various distur- 

bances of pulmonary function. Deviations from the normal 

range might then be interpreted in terms of the factors dis- 

cussed above. A second object was to gain experience with 

simple technique and to assess its possible advantages and 

limitations. It is appropriate therefore to consider some 

theoretical aspects of the available experimental methods. 

The calculation of VD and VA depends on the substitu- 

tion of CO 
2 

or 02 values in the Bohr equation. The only 

difficulty in this revolves around the value for alveolar 
effective 

gas . The difficulty is avoided by taking (alveolar gas as 

the stanciard and_.using arterial CO2 tension for effective 

PACO2; effective PAO may then be calculated from the al- 
'2 

veolar air equation. This is unnecessary, since VD is the 

same whether derived from 02 or CO 
2 

values, effective al- 

veolar gas having, by definition, the same exchange ratio 

as expired air (Rahn, 1949). Within the limits of accuracy 

of PaCO determination (± 2 -3 mm.Hg) this method gives a 
2 

result having a clearly defined meaning. Arterial puncture 

while possible in an exercise study, has obvious disadvantage 

and other methods of measuring alveolar CO2, necessarily 

direct ones, have to be considered. 

The ideal direct alveolar gas sample contains a 
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contribution from each alveolus proportional to its ventila- 

tion. Its composition is therefore that of the expired 

alveolar air. One may consider (1) the chances of obtainin 

an ideal direct sample, and (2) the likelihood that an ideal 

sample will represent effective alveolar air. 

(1) Continuous CO 
2 
analysis of single breaths (Aitken 

& Clark - Kennedy, 1928; Dubois et al., 1952) shows that even 

at rest the alveolar "plateau" rises gradually and that 

during exercise it becomes steeper. The CO2 content of a 

direct sample will therefore be the same as the mean CO2 con- 

tent of expired alveolar air at only one point on the "plat- 

eau", to :which the sample will correspond, by"spot" methods, 

only by chance. The possibility of error is greater when 

the "plateau" is steep. 

(2) Riley et al., (1946) state that the expired alveolar 

air has the same composition as effective alveolar gas. It 

has, indeed, the same exchange ratio by definition, but 

otherwise the statement has only limited validity. An ex- 

treme example will make this clear. If the left pulmonary 

artery be tied, while blood and gas distribution are other- 

wise uniform, the alveolar gas from the right lung will have 

the same P as. arterial blood. As expired, however, this CO 
2 

gas is diluted with an approximately equal volume of unchange 

inspired gas from the alveoli of the left lung. The expired 

alveolar gas will have a Poo only half that of arterial 
2 

blood and effective alveolar gas. A discrepancy will also 

be present when blood flow is uniform but ventilation uneven. 

Riley's statement is strictly true only when uneven ventila- 

tion is exactly matched-by uneven blood flow - i.e. when 
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ventilation/blood flow ratios are everywhere the same. Eve 

in health this does not quite hold; in disease, very often, 

it is far from being the case. Thus, even if one could 

collect the expired alveolar air, or an ideal sample repre- 

senting it, one could not with accuracy regard it as effec- 

tive alveolar air. 

Justification for the use of direct alveolar samples 

must therefore depend upon empirical evidence that they re- 

fleet PaCO with sufficient accuracy. Bannister et al. 
2 

('1951+) reviewed the limited data available and concluded, as 

did Dill and his colleagues in 1927, that in health Haldane - 

Priestley end- expiratory samples at rest, and end -tidal sam- 

ples during exercise, are reasonably reliable in this respec'. 

Unfortunately the data on which this conclusion is based do 

not cover severe exercise. Donald (personal communication) 

quotes Riley's group as having recently shown that in stre- 

nuous exercise the alveolar CO 
2 

"plateau" can be very steep. 

The mass spectrometer shows that it may rise by 10 to 15 mm. 

Hg, from beginning to end. Arterial PC0 usually corres- 
2 

ponds roughly with a point one third of the way up the 

"plateau ". It is clear that in these circumstances an end - 

tidal sample would overestimate P 
00 

by anything up to 10 
2 

mm. Hg. 

The problem is a complicated one and its clarification 

awaits further study of the CO2 "plateau" under different 

conditions. At present it seems likely that end -tidal 

samples collected from healthy subjects during mild and 

moderate exercise give a fairly accurate measure of PaC0 
. 

2 

In severe exercise, where the "plateau" is very steep, and 
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in disease (e.g. emphysema) where uneven ventilation/perfu - 

sion ratios may result in dilution of effective gas or a stee 

"plateau" or both, the estimate given by end -tidal samples 

may be too high or too low. Calculated 
VD 

and VA will err 

correspondingly. 

Experimental Subjects 

Experiments were carried out on ten students, one middle 

aged man and five old men. The students were examined cli- 

nically and found to be healthy, and all had had normal re- 

ports on recent chest X -rays. Particulars are shown in 

Table 1. 

TABLE 1 

Details of ten healthy students 

SUBJECT 

John. G. 

SEX 

M 

AGE 

2l- 

HEIGHT 
(cm) 

172 

WEIGHT COMMENTS 
(Kg) 

58 Nervous, not athletic. 

H. M. M. 114 20 186 77.5 Captain of athletics. 

Janet G. F 19 159 56.3 Active. 

W. G. P. M 21 183 76.8 Rugby player. 
C. W. F 21 155 48 Active. 

B. H. F 20 163 64 Not athletic. 
J. K. F 20 170 65 Moderately athletic. 
F.McG. F 19 167 70.2 Moderately athletic. 
M.B. F 19 170 77.8 Not very active. 
R.F. F 19 158 56.9 Nervous. Fairly ac- 

tive. 

The five old men were selected from a larger group on 

the basis of clinical, radioscopic and electrocardiographic 

examinations. While there is no adequate definition of what 

constitutes good health in old age, these five men were by an 

standards very fit for their years. The prinOipal findings 

in this group were as follows. 

A. G. Age 79. Some "rheumatism" in the legs, without ob- 
jective signs. Heart - systolic murmur only, ? aortic 
sclerosis. B.P. 140/70. Moderate sclerosis of medium - 
sized arteries. Ocular fundi- grade 2 (Wagener and Keith,, 
1939). Radioscopy - Left ventricle slightly enlarged, aorta 
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elongated, paradoxical movement of the left side of the dia- 

phragm, presumably dating from ?hydrothorax 23 years ago. 
E.C.G. within normal limits for age. ; Height 72.6 Kg. 
Height 170.5 cm. 

J. W. Age 77. No relevant complaints. Heart normal, no 
signs of failure. B.P. 220/110. Moderate arteriosclerosis. 
Fundi - grade 1. Lungs - an occasional wheeze only. Mode- 
rate obesity. Radioscopy - Left ventricle moderately en- 
larged, aorta unfolded, lung fields clear, high diaphragm due 
to obesity. E.C.G. - horizontal heart. Weight 78 Kg. 
eight 163 cm. 

E. Age 75. No complaints; regular walk of several miles 
ost days. Heart and lungs normal. B.P.165/95. Moderate 
rteriosclerosis. Fundi - bilateral senile cataract; ves- 

sels not well seen. Moderate obesity. Radioscopy - High 
diaphragm, transverse heart, left ventricle slightly enlarged, 
orta elongated and unfolded, lung fields clear. L.C.G. - 

orizontal heart. Weight 71.5 Kg. Height 161 cm. 

. S. Age 72. Still working as railway porter; some 
"rheumatism ". Heart and lungs normal. B.P. 150/95. Fundi 

grade 1. Radioscopy - Heart and lungs normal. Aorta 
longated. E.C.G. - horizontal heart. 71eight 81.5 Kg. 
eight 173 cm. 

. D. Age 70. No complaints. Heart and lungs normal 
(heart rate 40 /min.) B.P. 180 /80. Fundi - vessels appear 
normal. Radioscopy - Left ventricle slightly enlarged, aorta 
elongated, lung fields clear. E.C.G. - Sinus bradycardia, 
orizontal heart. Weight 63 Kg. Height 162 cm. 

ital capacity and maximum voluntary ventilation tests were 
done on some of these subjects, with the following results. 

V.C. (ml.) (1. /min. BTPS) 
.G. 73.0 
.E. - 95.0 
.S. 3600 78.3 

2610 86.7 H.D. 

The remaining subject was a healthy doctor (J.G.T.) aged 

7, normal on examination save for slight obesity; weight 

8.7 Kg., height 179 cm., vital capacity 3600 ml., maximum 

oluntary ventilation 114. 1. /min. 

aratus 

Expired gas volumes were measured with a dry gas meter 

Kofranyi & Michaelis, 1940). The characteristics of this 

ype of respirometer have been investigated and discussed by 
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Hemingway (c. 1952). The instrument used in this study was 

calibrated by passing air from a 100 1. Tissot spirometer 

through it at different rates measured by stopwatch. In 

fig. 1 the flow -rate calculated from the meter readings has 

been plotted as abscissa against the true flow -rate and aga 

the ratio true rate /meter rate. The regression line of the 

latter set of points was used to determine the correction 

factor applicable to meter readings. The data for fig. 1 

were obtained at constant rates of flow, and cannot therefore 

be applied as they stand to the conditions of intermittent 

flow which prevail in ordinary use. Assuming that expira- 

tion occupies half a cycle, the recorded flow -rate over an 

interval of time is half the actual mean flow -rate through 

the meter. For a given recorded rate of flow thg6orrection 

factor corresponr7;ng to twice that rate was read from fig. 1 

and rrniltiplied by the observed rate. In this way I believe 

that a more accurate measure of ventilation rate could be 

obtained than by the more usual use of a fixed correction 

factor for all rates of flow. The results probably lie 

close to those which would have been obtained from intermit- 

tent flow calibration as described by Hemingway and by Cooper 

(1955). During the course of the investigation the meter 

was calibrated twice with an interval of three months. The 

curve was the same on each occasion. It should, perhaps, 

be made clear why the Respirometer was used in preference to 

a Douglas bag; the latter would have been quite suitable for 

the measurements reported here. Other measurements were be- 

ing made as part of a larger study, for which the Respiromete; 

was more convenient. 
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The back pressure set up by the meter during steady 

flow is illustrated in fig. 2. Beyond 120 1. /min. (correc- 

ted rate) the back pressure rises steeply. Assuming that 

the curve of volume -flow with time, during expiration, is 

half a sine wave (Cooper, 1955), the peak flow -rate through 

the meter is about 2.83 times the observed, corrected venti- 

lation rate. At ventilation rates above 40 1. /min., there- 

fore, the meter probably interfered significantly with 

breathing because of the back pressure set up at peak rates. 

Nixed expired gas was collected from the meter sampling 

tube into small rubber bladders. The usual precautions were 

taken to avoid loss of CO 
2 

through the bladder wall and to 

compensate for instrumental dead space. Samples were trans- 

ferred to glass sampling tubes usually within 3 minutes of 

starting the collection of the sample. 

End -tidal alveolar gas samples have been collected by 

previous workers in a variety of ways (Krogh & Lindhard, 

1914.; Loeb, 1920; Trendelenburg, 1921; Schall, 1921; 

Henderson & Haggard, 1925; Clark -Kennedy & Owen, 1927; 

Benzinger & Brauch, 1934; Loeschke et al., 1939; Rahn et 

al., 191+6). Since 1925 automatic devices have been used 

which sample the last few ml. of each of a number of expira- 

tions without disturbing respiration or requiring co- opera- 

tion from the subject. Random errors arising in single - 

breath samples are largely eliminated. In order to ensure 

with 95% probability that alveolar gas is sampled free from 

anatomical dead space air, tidal volume must exceed 750 ml. 

(Fowler, 1949). Of the types of apparatus so far described, 

only that of Loeschke et al. was designed to exclude an 
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occasional short expiration. The device used in the present 

study did not respond, in its original form, to very short 

expirations, and though error from this source cannot be 

ruled out it was unlikely to be significant. A full descrip 

tion of the apparatus may be found in Appendix II. 

A Siebe- Gorman mouthpiece was used, incorporating two 

light rubber disc- shaped valves, fixed at their centres. 

While the right angled bends of these mouthpieces give rise 

to unnecessarily high resistance, they were the only availabl 

ones which did not leak. The dead space of the mouthpiece 

was 50 ml., measured by filling it with water. Corrugated 

rubber rubing of 2.5 cm. (smallest) internal diameter connec- 

ted the mouthpiece to the respirometer. 

Gas samples were analysed in the Haldane apparatus. 

Duplicates were required to agree to within 0.05 vol. % for 

both 02 and CO2. Usually agreement to within 0.03 vol. % 

was obtained without difficulty. 

done by me. 

Calculations and Units 

Almost all analyses were 

VD and VA were calculated by substituting CO 
2 
values in 

the Bohr equation; the other calculations were conventional. 

entilatory measurements were expressed at body temperature, 

ambient pressure, saturated (BTPS); V0 and V at standard 
2 

002 

temperature and pressure, dry (NTE'D). 

rimental Procedure 

Each subject attended the laboratory at 9.30 a.m. For 

to 10 minutes he was allowed to become accustomed to the 

reathing apparatus and to the motion of the motor -driven 

rea9m;ll on which the exercise was to be done. A speed was 
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chosen at which he could walk comfortably on the level. 

then sat on a chair on the treadmill until ventilation and 

respiration rates were steady; these were then recorded, and 

expired air collected, for 8 minutes, the subject remaining 

seated. No attempt was made to achieve basal conditions. 

The first exercise period then followed at the chosen speed 

with the treadmill level. During the last two minutes of 

six minutes' exercise, ventilation and respiration rates were 

recorded and expired and end -tidal gas samples were collected 

The subject then sat down again until resting levels were re- 

gained. This procedure was repeated a number of times with 

successive increments of gradient of the treadmill of 2 to 

with the object of reaching an exercise intensity at which 

discomfort, but not distress, was experienced by the subject. 

The aim was realised in most of the students; for various 

reasons the old men were not pushed as far as they probably 

could have been. The period of exercise was fixed at six 

minutes after consideration of published data (e.g. Hill & 

Lupton, 1923; Nielsen & Hansen, 1937; Eliasch, 1952; Donal 

et al., 1954, 1955) on the speed of attainment of the steady 

state of exercise. From these it would appear that VE, V 
02 

and at remain reasonably constant after four minutes of 

exercise. To have allowed a longer period than six minutes 

would have limited the number of observations. 

Results 

(1) Composition of end -tidal air samples 

The ideal c95rect alveolar sample, as already indicated, 

has the same composition as the alveolar portion of the ex- 

pired air. Since the latter cannot be collected, no direct 
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comparison is possible. The exchange ratios, however, can 

be compared because the alveolar portion of the expired air 

has the same R value as the mixed expired air. If a given 

alveolar sample has the same R value as the simultaneously 

collected mixed expired air, it is an "ideal" sample. If 

the alveolar R is the higher of the two it has come, so to 

speak, from the early part of the alveolar "plateau "; if it 

is lower, it has come from the later part. This comparison 

thus affords a check on the part of the plateau which has 

been sampled; it does not, for reasons already discussed, 

indicate whether the sample represents effective alveolar 

air, though of course it may do. 

The R value of each end -tidal sample collected in this 

study was calculated, and compared with that of the corres- 

ponding expired air sample. It was often, though not always, 

found that the end -tidal R was higher than the expired R 

when tidal volume was low, that the reverse was true when 

tidal volume was high, and that with intermediate tidal vol- 

umes there was a range over which the two R values were about 

the same. The following example shows this. 

Subject J.K. V 
T 
(m1.) Expired R End -tidal R 

1384 0.794 0.813 
1412 0.768 0.779 
1619 0.848 0.851 
1646 0.867 0.854 
1652 0.804 0.806 
2397 0.935 0.886 

With increasing tidal volume the end -tidal sample is 

collected later and later with respect to the mean point of 

the alveolar "plateau ". The alveoli with low VA(A) /Qc 

ratios will therefore be increasingly represented in the 



Table 2. Ventilatory data on all subjects. 

Subject V02 VCO2 VA VE VA/VE VD PACO2 f VT 

John G. 250 186 -- 6.37 - -- - -- - 

799 568 -- 15.52 - -- -- 15 1035 
857 703 15.85 18.55 0.855 159 38.48 17 1091 
959 787 15.39 20.14 0.764 264 44.83 18 1119 

1135 998 19.14 24.44 0.783 303 45.20 17.5 1397 
1346 1137 22.43 28.92 0.776 351 43.97 18.5 1563 
1635 1505 28.87 36.11 0.799 391 45.20 18.5 1952 
1817 1667 32.62 40.67 0.802 383 44.33 21 1937 
2068 1880 36.42 46.81 0.778 495 44.76 21 2229 

342 282 9.79 - -- - -- - -- 
1534 1266 25.32 31.37 0.807 356 43.37 17 1845 
1798 1613 29.18 36.70 0.795 430 47.90 17.5 2097 
2066 1833 35.29 42.17 0.837 362 45.03 19 2219 
2382 2125 39.89 49.47 0.806 426 46.19 22.5 2199 
2662 2363 42.88 53.06 0.808 443 47.78 23 2307 
3107 2859 50.64 64.30 0.788 569 48.94 24 2679 
3579 3254 61.18 75.91 0.806 517 46.12 28.5 2664 

Janet G. 200 138 -- 4.52 - 
858 616 13.93 16.68 0.835 153 38.37 18 927 

1022 774 16.47 19.62 0.839 158 40.76 20 981 
1067 808 17.44 20,98 0.832 186 40.18 19 1104 
1206 949 20.57 24.28 0.847 165 40.04 22.5 1079 
1314 1108 24.06 26.96 0.893 123 39.96 23.5 1147 
1455 1257 26.67 30.71 0.868 172 40.91 23.5 1307 
1918 1677 35.83 41.05 0.873 201 40.62 26 1579 

W.G.P. 230 198 -- 7.43 --- --- 12.7 585 
1484 1046 24.11 27.40 0.880 219 37.68 15 1827 
-- 1322 27.51 33.54 0.820 326 41.69 18.5 1813 

2087 1672 36.79 41.47 0.887 234 39.44 20 2074 
2318 1913 39.56 47.76 0.828 328 41.97 25 1910 
2618 2239 45.16 54.13 0.834 374 43.02 24 2255 
2973 2562 51.00 63.06 0.809 524 43.59 23 2742 
3502 3117 69.22 84.50 0.819 501 39.09 30.5 2770 

C.W. 226 173 -- 6.28 - -- - 
744 567 13.21 16.86 0.783 174 37.24 21 802 
767 615 14.26 18.81 0.758 202 37.45 22.5 836 
805 694 16.03 20.66 0.776 201 37.59 23 898 

1048 893 19.21 24.61 0.781 230 40.34 23.5 1047 
1143 1029 21.87 29.07 0.752 267 40.83 27 1077 
1576 1408 25.76 40.52 0.636 484 47.38 30.5 1329 



Table 2. (continued) 

Subject 

B.H. 

J.K. 

F.McG. 

M.B. 

R.F. 

J.G.T. 

/02 
. 

VCO2 
. . 

VF 

. . 

JAV PACO2 f VT 

244 179 -- 6.75 - -- 16 422 
720 570 14.05 17.75 0.792 206 35.19 18 986 
945 722 15.11 20.43 0.740 304 41.43 17.5 1167 

1160 991 21.18 27.85 0.760 303 40.59 22 1266 
1472 1210 24.27 31.97 0.759 328 43.25 23.5 1332 
1912 1899 39.22 53.62 0.732 457 41:99 31.5 1702 

263 191 -- 6.68 --- --- 14.7 456 
1073 853 19.85 25.60 0.775 311 37.29 18.5 1384 
1320 1014 23.05 28.23 0.817 259 38.18 20 1412 
1363 1155 25.66 32.38 0.793 336 39.07 20 1619 
1675 1347 28.33 35.11 0.807 319 41.30 21.3 1652 
1730 1500 34.10 42.80 0.797 335 38.18 26 1646 
2104 1968 42.59 52.14 0.817 439 40.09 21.8 2397 

276 200 -- 7.03 11.8 594 
1045 774 17.28 21.90 0.789 268 38.84 17.3 1270 
1207 956 20.86 25.99 0.796 287 40.09 18.5 1405 
1536 1195 23.93 29.62 0.808 335 43.29 17 1742 
1880 1598 -- 43.75 --- -- --- 26 1683 
2351 2182 48.14 59.99 0.803 416 39.32 28.5 2105 

258 193 6.93 -- 13 533 
1184 946 19.95 24.71 0.807 257 41.16 18.5 1336 
1284 1053 21.01 26.51 0.793 324 43.45 17 1560 
1563 1313 25.66 33.42 0.768 431 44.38 18 1857 
1871 1640 32.47 41.65 0.780 448 43.81 20.5 2032 
2088 1861 36.79 48.08 0.765 507 43.81 22.3 2160 
2430 2338 46.68 61.86 0.755 562 43.45 27 2291 

283 223 -- 7.77 - -- 
1032 765 17.89 22.61 0.791 326 37.10 14.5 1599 
1143 913 20.11 24.41 0.824 -- 39.40 -- -- 
1469 1241 27.58 33.32 0.828 294 39.04 19.5 1709 
1779 1503 34.48 43.04 0.801 320 37.82 26.8 1609 

285 216 8.45 --- 13.6 620 
1208 1003 23.06 30.65 0.752. 394 37.73 19.3 1592 
1422 1189 25.85 33.67 0.768 423 39.92 18.5 1820 
1864 1639 33.83 43.78 0.773 538 42.03 18.5 2366 
2264 2062 40.84 52.67 0.775 538 43.79 22 2394 
2940 2910 56.99 73.55 0.775 602 44.28 27.5 2675 



Table 2. (continued) 

Subject V02 VCO2 VA pACO2 f VT 

A. G. 261 206 -- 10.03 --- --- 18 553 
934 768 16.91 24.80 0.682 343 39.38 23 1078 

1104 904 19.59 28.14 0.696 345 40.02 24.8 1137 
1371 1174 24.61 33.38 0.737 354 41.38 24.8 1349 
1626 1481 34.25 45.99 0.745 370 37.52 31.8 1449 

J.W. 156 128 -- 5.08 10 508 
1290 1087 22.72 30.84 0.737 374 41.52 21.7 1421 
1337 1149 24.69 32.07 0.770 372 40.38 22.5 1425 
1390 1223 25.34 33.75 0.751 396 41.88 21.25 1588 
1725 1443 30.09 38.57 0.780 373 41.59 22.8 1695 
2051 1832 39.30 51.13 0.769 430 40.46 27.5 1859 

R.E. 278 224 8.43 --- --- 15 562 
1105 871 18.96 25.80 0.735 311 39.83 22 1173 
1210 911 19.05 26.54 0.718 347 41.45 21.6 1229 
1422 1122 23.47 32.30 0.727 367 41.45 24.1 1340 
1533 1253 25.78 35.34 0.729 407 42.16 23.5 1504 
1762 1482 30.63 40.39 0.758 415 41.95 23.5 1719 

T.S. 314 245 10.17 - -- 19.1 534 
890 717 15.24 21.97 0.694 328 40.78 20.5 1072 

1070 956 20.06 29.03 0.691 390 41.36 23 1262 
1331 1178 24.08 34.03 0.708 419 42.43 23.8 1433 
1554 1393 28.52 39.58 0.721 422 42.36 26.2 1512 
1837 1665 32.87 46.88 0.701 452 43.90 31 1512 

H. D. 229 181 -- 7.75 --- -- --- --- -- 
786 662 16.04 24.09 0.666 263 35.82 30.7 786 
917 757 17.35 25.36 0.684 279 37.88 28.8 882 

1128 974 21.55 30.68 0.702 304 39.22 30 1023 
1253 1110 23.70 32.85 0.722 326 40.64 28.1 1169 
1417 1276 28.28 39.08 0.724 347 39.15 31.1 1257 

In the above table V02 and VCO2 are given in ml. /min., NTPD. 

1A and are given in 1./min., BTPS. 

VD and VT are given in ml., BTPS. 

PACO2 is given in mm. Hg and f in breaths /min. 
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sample and the R of the sample will fall progressively in 

relation to that of the ideal sample. The surprising fact 

is that so many end -tidal samples gave a higher R than the 

expired air; one would have expected all to reflect points 

on the "plateau" past the mean point. The explanation 

probably lies in the properties of the apparatus used, and 

will be discussed further in Appendix: II. 

There were 88 "pairs" of samples available for compari- 

son of R values. The difference, expired R minus end -tidal 

R, was calculated in each case. One difference (0.217) was 

rejected as almost certainly an error. The mean of the re- 

maining 87 differences was +0.0021+ and the standard devia- 

tion was 0.018. The differences ranged from -0.07 to +0.09 . 

(2) Ventilation 

The relevant data are shown in Table 2. Fig. 3 shows . 

that total ventilation bore an approximately linear relation 

to CO 
2 

excretion, though the old men had higher ventilation 

rates than the students for the same V and there was some 
CO 

2 

scatter even within the same group of subjects. When, as in 

fig. 14., the alveolar clearance is plotted against the 002 

output, the difference between the groups disappears and the 

scatter within each group is reduced to a degree which may 

well be within the experimental error. Alveolar clearance 

increases by about 2 1. /min. for every 100 ml. /min. increase 

in VC0 . The old men ventilated more for the same alveolar 
2 

clearance (fig. 5). The difference in ventilatory effi- 

ciency between the two groups is further shown in fig. 6 

where the ratio 
VA 

/V 
E 

is plotted against V00 
2 

clear separation between old and young at low rates of CO2 

There is a 
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output but at higher rates there is little if any difference 

The middle -aged subject occupies a position between old and 

young. Fig. 7 shows the respiratory frequency in relation 

to the CO 
2 

output. The small students and the old men 

breathed faster than the big students at the same Von . 

2 
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DISCUSSION 

1. Accuracy of the method 

Errors which may arise in the direct sampling of alveo 

gas have already been discussed. Two observations suggest 

that in the present study "ideal" samples were collected 

with little systematic error. These are: 

(a) The correlation with V is improved when VA is 
2 

substituted for VE (figs. 3 and 4) and the difference be- 

tween the young and old is eliminated. This is what one 

would predict frcvi the "clearance" equation (p. 12), given 

relative constancy of 
PaCO 

2 

(b) The mean difference between the R values of ex- 

pired and end -tidal air collected simultaneously is small 

(+ 0.0021+). I have found no adequate data in the literatur 

with which to compare this finding. Rahn (1949) states 

that the R- difference is insignificant. It is not clear 

whether he means "statistically insignificant" or "physiolo- 

gically insignificant "; the latter is the more relevant but 

would be difficult to define precisely in this connection. 

Robinson (1938) published mean values for R in 10 numeri- 

cally unequal age -groups from 6 to 75 years using the Hender 

son - Haggard end -tidal sampling technique during the steady 

state of moderate exercise (5.6 Km/hr. at 8.6 gradient on a 

treadmill). The mean R- differences for separate groups 

ranged from -0.01 to + 0.06, with an "average mean" (weighte 

by unequal age groups) of 0.027. This is ten times the 

mean difference in the present study, though the two figures 

are not quite comparable. 

The measurement of VE and of the composition of mixed 
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expired air should admit of little error. To test this the 

experiment illustrated in fig. 8 was devised. A healthy 

subject walked at 4 m.p.h., level and at 4 m.p.h., 14% grad- 

ient on each of two occasions. VF was measured and expired 

air collected separately for each minute of each exercise. 

For a single observer this was a fairly exacting procedure 

and should have shown up weak points in technique. The cal- 

culated values of V0 have been plotted at the mid -point of 
2 

each minute. The differences between the corresponding 

values of V0 during the last 3 minutes of each exercise 
2 

were within physiologicallimits. 

There remain two adverse criticisms of the method. 

Firstly, although the mean difference between expired R and 

end -tidal R was small, there was a good deal of random varia- 

tion as shown by the standard deviation and range. Secondly 

there is the uncertainty that even an "ideal" sample repre- 

sents "effective" alveolar air in any given instance. The 

second of these certainly, and the first possibly, are inher- 

ent in the method, and may be avoided only by measuring 
PaC0 

2 

instead of 
FAC0 

. It is, nevertheless, worth bearing in 
2 

mind that the error of estimation of 
Pa00 

(+ 
3 
mm. Hg 

or 
2 

about 0.4ó CO2 in alveolar air) is ten times the error of 

gas analysis by the Haldane method. It may be that greater 

accuracy than this will be needed in order to clarify the 

problems under discussion. 

. Ventilatory efficiency 

The ratio VA/VE gives a measure of gross ventilatory 

fficiency. It is academically interesting, and clinically 

Il I portant, to break down this ratio, and evaluate its 
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components separately in relation to the changes which oc- 

cur during exercise. Let us assume that PaOO is normal 
2 

and that therefore VA bears a normal relation to V 
2 

The value of the ratio VA /V then depends on VE, which con- 

sists of VA, VD(A) and VD VD(A). The ratio VA/VE is thus 

a function of both VD(A) and VD VD(A), which will now be 

examined separately. 

VD(A) is the product of VD(A) and the respiratory fre- 

quency. From anatomical and radiological studies (Rohrer, 

1915; Huizinga, 1937) we iciow that VD(A) is related to the 

degree of distension of the lungs. During exercise, both 

tidal volume and respiratory level (functional residual 

capacity) increase, as shown by Verzár (1933). Each of 

these increases will affect VD(A) to an extent which may 

vary in the same person and which will certainly be differ- 

ent from one subject to another. One would expect, for 

example, that variations in respiratory level might be more 

marked in a person with a big vital capacity than in one 

with a small capacity. In computing VD(A) it is thus quite 

unsatisfactory to assign an arbitrary value to VD(A) for all 

subjects and all exercise levels, since even a small error 

will be multiplied by the respiratory frequency. 'What is 

needed is a method of evaluating VD(A) at the mean mid -tidal 

position for a particular exercise period in each subject. 

At present this is not .feasible, but the problem, though 

difficult, is not intrinsically insoluble. One approach to 

it would be to combine Verzáx's body- plethysmograph technique 

with Fowler's nitrogen -meter method. 

Without precise knowledge of VD(A) it is not possible 
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to assess:VD- VD(A). One can only attempt to deduce, on 

theoretical grounds, the general relation of VD VD(A) to VCO 

during exercise. There is reason to believe, as already 

shown (pp. 7 -8), that VA(A) increases proportionally faster 

than does VCO as exercise intensity increases. Since 

. 2. 

VA(A) -1 VD - VD(A) + VA, and since VA remains proportional 

L .. 
to V , it follows that VD VD(A) must increase at a greater 

CO 
2 

rate than 1T . Further, if one excludes VD(A) from the 
2 

ratio VA/VE the resulting ratio VA/VA(A) must fall progres- 

sively as V00 increases. In other words, if one considers 
2 

only the events occurring beyond the anatomical dead space, 

ventilatory efficiency declines progressively as exercise in- 

creases. Only measurements which include VD(A) mill esta- 

blish the normal rate of decline and indicate whether this is 

constant in the same person or from one person to another. 

3. Interpretation of results 

The two most striking features of fig. 6 are (1) the 

2 

scatter of VA/VD values for the students, without nóticeable 

trend as V increases, and (2) the increase in VA/VD for 
2 

the old men as exercise intensity increases, with less scat- 

ter than for the students. I suggest the following explana- 

tions. 

(1 ) The young people were studied first, when mistakes 

ere more likely. I do not think that this is the whole 

nswer, since most of the early experiments seemed as satis- 

actory as the later ones. Alternatively, the explanation 

.y be found in the students' greater vital capacities. They 

ght have been more liable to fluctuations in respiratory 

evel, and thus in VD(A), than the old men, and thus more 
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likely to vary their anatomical dead space ventilation with- 

out relation to VC0 and VA. This would tend to cause ir- 
2 . . 

regular fluctuations in VA/VE. 

(2) The old men breathed more rapidly than the students 

at low rates of exercise but there was much less difference 

at higher rates. There can be little doubt that a higher 

VD(A) accounts for some of the difference in VA/VE at low 

values of V , and it might account for all of it. 
2 

It appears, therefore, that such differences in VVVE 

as have been shown in these subjects are partly, and perhaps 

largely, explained by differences in anatomical dead space 

ventilation due to differences in the volume of anatomical 

dead space, or in respiratory frequency, or in both. Withou 

accurate evaluation of VD(A), further conclusions cannot be 

drawn. 

The actual values of VA/VE in this study range from 

0.72 to 0.89 for the students and from 0.66 to 0.78 for the 

old men. Douglas & Haldane (1912) found values of 0.71 to 

0.77 during level walking at from 2 to 5 m.p.h. Douglas, 

then aged about 30, was the subject; his ratios were a littl 

lower than those of the students in the present study, though 

the difference is not great. It is noteworthy that Douglas' 

ratio increased regularly with increasing speed of walking, 

whereas no such trend was found in any of the ten. students. 

On the other hand there was an increase in VA/VE with in- 

creasing exercise for J.G.T. , A.G. , H.D. and (save for the 

first ratio) R.E., as shown in Table 2. The obvious expla- 

nation is that there was less irregularity in respiratory 

level, and hence in VD(A) and VD(A), in these subjects. The 
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level of respiration of the old men was stabilised by a re- 

stricted vital capacity, that of Douglas because he was a 

trained subject. The values of VD shown in Table 2 support 

this argument, because here the complicating effect of res- 

piratory frequency has been eliminated. VD increased much 

more regularly in the old men than in the students with in- 

creasing exercise intensity. 

4_. Clinical Application 

(a) The applicability of the present method as a clinical 

exercise test 

The main disadvantage of the method from the clinical 

point of view is that direct alveolar samples from patients 

with pulmonary disease are likely to be misleading, for rea- 

sons already discussed. Despite this I think it would be 

worth making some observations in cases of respiratory 

disease. Preferably arterial CO2 tensions should be esti- 

mated for comparison with the end -tidal air analyses. It 

might be found that the extra accuracy achieved with blood 

samples is not worth the added technical difficulties invol- 

ved. In any case, precise interpretation of the results is 

hardly possible in the absence of exact information about 

anatomical dead space. The latter may be abnormal in dis- 

ease, and this makes its measurement all the more important. 

(b) The usefulness of the results 

It may be asked whether determinations of ventilatory 

efficiency during exercise are likely to give information 

which is not given by the less laborious resting measurements. 

There is some evidence to suggest that unevenness of alveolar 

ventilation may become more marked during exercise. Otis 
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et al.(1956) have presented theoretical arguments to account 

for this. It is thus conceivable that a normal or border- 

line ventilatory efficiency at rest may became clearly ab- 

normal during exercise. 

The significance of the ratio VA/VE as an index of 

ventilatory efficiency is, as shown above, limited by uncer- 

tainty about VD(A). Small deviations of the ratio from the 

normal range cannot be interpreted precisely enough. On the 

other hand, gross abnormalities, such as those found at rest 

by DIoncrieff (1931f) and Carroll et al (1953), could be taken 

as evidence of ventilation/perfusion disturbances if rough 

allowance for VD(A) left a big margin of abnormality unac- 

counted for. There is one other reservation. The "dead- 

space -like" factor, VD- VD(A), will be abnormal only when Cher 

is an effective predominance of alveoli with either high or 

low ventilation/perfusion ratios. It is theoretically pos- 

sible for substantial abnormalities in each direction to can- 

cel each other, so far as an effect on VD is concerned. 

In the analysis of the ratio VA /V presented above, it 

was assumed that 
CO Pa remained normal. In pulmonary di seas 

2 

this would not always be so. An increase in 
PaCO 

would 
2 

often occur. The effect of this would be to reduce VA in 

relation to the prevailing CO2 output, and it would therefore 

contribute to the fall in VA/VE. The value of the latter 

as an index of ventilatory efficiency would thus not be lost 

by a failure to increase total ventilation, as might happen 

in the presence of a greatly reduced ventilatory capacity . 
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SUMMARY 

1. Some theoretical aspects of alveolar ventilation are 

discussed, and an hypothesis presented which ascribes to a 

common cause the increase in physiological dead space resul- 

ting from exercise, voluntary hyperventilation and abnormal 

ventilation/perfusion relationships. 

2. A method is described by means of which ventilatory 

efficiency may be assessed during exercise. Its limitations 

are enumerated and discussed. 

3. Ventilatory efficiency has been studied during exercise 

in healthy University students and old men. The results 

are presented and appraised. 

1+. Possible clinical applications are briefly mentioned. 
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APPENDIX I 

Symbols and Abbreviations used 

- Dash above any symbol indicates a mean value. 

Dot above any symbol indicates a time derivative. 

Gases 

Primary symbols (Large capitals) Examples 

Y = gas volume V = volume of expired gas. 
V = gas volume /unit time VE = 0 

2 
consumption per 

02 mnute 
P = gas pressure = alveolar 02 

2 pressure 
F = fractional concentration F = fractional concentra- 

02 
tion of 02 in in- 
spired gas 

f = respiratory frequency 
R = respiratory exchange ratio 

(respiratory quotient) 
R = VCO2 

Secondary symbols (Small capitals, Examples 
not possible in ordinary type) 

I = inspired gas 

E = expired gas 

A = alveolar gas 

T = tidal gas 
D = dead space gas 

Blood 

FICO = fractional concen- 
2 tration of CO 

2 
in 

inspired gas 
= expired gas 02 pres- PEO 

2 sure 

FACO = alveolar 002 concen- 
2 tration 

VT = tidal volume 
VD = volume of dead space 

gas 

Primary symbols (Large capitals) Examples 

Q = volume of blood Qc = volume of blood in pul- 
. monary capillaries 
Q = volume flaw of blood /time Qt = total cardiac output 

unit 

Secondary symbols (Small letters) Examples 

a = arterial blood Pa00 = arterial CO 2 
pressui 

v = venous blood PVO 2= mixed venous 02 
2 pressure 

c = capillary blood 
t = total 
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APPENDIX II 

A aratus for obtain samles of end -tidal air 

This is shown diagrammatically in fig. 9. A narrow 

brass tube (1) was sealed into the mouthpiece assembly just 

distal to the expiratory valve. From this, a length of t 

rubber tubing (about 22 feet) passed through an electromag- 

netic valve (2) to two sampling tubes (3 and 4) to which 

suction could be applied by means of a mercury reservoir (5). 

Gas would pass from the expiration tube to the sampling tube 

only when the valve (2) was open. In order to sample the 

last few ml. of each expiration the valve (2) had to remain 

closed during expiration and to open for a brief interval at 

the beginning of each inspiration. This was achieved in 

the following way. A manometer (6) containing strong 

Na2SO4 and furnished with a damping clip (7) was used to de- 

tect pressure changes in the tube leading to the h N: respiro 
meter (8). The back -pressure of the respirometer during 

expiration was sufficient to make an electrical contact be- 

tween the solution and the platinum terminal at (9). :Then 

inspiration began, the pressure dropped and the contact was 

broken. This break was made to deliver a positive signal 

to the input grid of a Schmitt trigger circuit, ,Alich, 

through a relay, caused the valve (2) to open for a brief 

interval which could be varied by adjusting the Schmitt time 

constant. The adjustment was made in such a way as to en- 

sure that the valve (2) closed before the next expiration 

began. 

Before sampling, (3) and (4) were filled with mercury. 

End -tidal gas was first drawn into tube (3) in order to wash 
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out the dead space contained in the rubber tubing between 

(1) and the sampling tubes. Then (3) was about half full 

the sampling was continued in tube (Li), which was filled 

steadily, by lowering (5) appropriately, during the required 

period. Tube (5) was then replaced by an empty tube, and 

this and tube (3) were filled with mercury in readiness for 

the next sample. 

The apparatus described above was used for all the ex- 

periments on healthy subjects. The use of the manometer 

(6) kept the pressure- sensitive device well away from the 

subject and it was considered an advantage to have as little 

extra encumbrance as possible. It was found, too, that very 

short expirations usually failed to make contact at point (9) 

which was also desirable. Sometimes, however, contact (9) 

would break just before expiration had finished and concern 

was felt lest gas from a point too low on the alveolar 

"plateau" be sampled. As the results accumulated it became 

clear that 'ideal' samples were being obtained reasonably 

well (cf. the R- differences discussed above) and the appara- 

tus was therefore not modified. This tendency to sample 

gas a little earlier than the very end of the breath may, 

indeed, explain the close correspondence of the mean R value 

to that of expired air, as compared for instance with Robin - 

son's results, quoted above. 

The first few experiments on hospital patients proved 

the manometer (6) unsatisfactory. Its inertia and natural 

period made it unable to respond to the high respiratory 

frequency found in a case of idiopathic pulmonary fibrosis, 

and in emphysema the prolonged expirations often did not pro- 
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duce enough pressure to make contact. The device shown on 

the left of fig. 9 was therefore substituted for the mano- 

meter, and has proved satisfactory, though one more tube mus 

be fixed to the mouthpiece. A tambour (10) causes a bal- 

anced lever to break contact with electrolyte solution at 

(11) when inspiration begins. In this form, the apy;aratus 

is similar to that used by Clark -Kennedy & Owen (1927) 

except for the Schmitt trigger circuit. I regard the latte 

as a highly desirable modification, since one can be certain 

that the valve (2) always shuts before the beginning of 

expiration. 

The use of mercury suction to draw gas into the sampl- 

ing tubes is open to criticism, in that it is impossible to 

ensure that the same volume of gas is drawn from each 

expiration. In this study sampling was done only during 

the steady state and the tube (4) was filled as evenly as 

possible. For other purposes, some form of constant suction 

device might be desirable. 
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