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1.1  The Gaseous Environment

The basis of respiratory physiology is Claude Bernard’s 
concept of a ‘milieu interieur’ that remains constant and 
stable despite changes in the environment. However, the 
two are not independent since life on Earth has evolved 
symbiotically with changes in Earth’s atmosphere and this 
process is continuing. At first, the composition of the 
atmosphere was determined by physical processes, and 
then by biological ones. Now changes in the composition 
of air are being driven by man’s own actions. It remains to 
be seen how and to what extent the system will adapt.

Initially the atmosphere was mainly nitrogen. Then as 
the Earth cooled, carbon dioxide (CO2) was formed by 
chemical reactions beneath the Earth’s crust and released 
by volcanic activity. Some of the gas was taken up by 
combination with minerals and deposited as sediment at 
the bottom of the oceans. Oxygen was released, but 
immediately combined with iron and other elements, 
and so the atmospheric concentration was very low [1, 
2]. Subsequently, the concentration of oxygen increased 
as a result of biological activity [3]. A hypothesis as to 
how this happened was proposed by Lovelock [4], whose 
concept of the living Earth (Gaia) is on a par with evolu-
tion as one of the formative influences of our time.

Free oxygen first appeared some 3.5 × 109 years ago, 
coincidentally with the development of organisms capable 
of photosynthesis. The organisms multiplied and their 
growth reduced significantly the atmospheric concentra-
tion of CO2. Some organisms (methanogens) developed 
an ability to form free methane gas. The methane was lib-
erated into the atmosphere, where it shielded the Earth’s 
surface from ultraviolet light. The shielding allowed 
ammonia gas to accumulate and this provided a substrate 
for the growth of photosynthesising organisms; as a result, 
at the beginning of the Proterozoic era some 2.3 × 109 years 
ago, the atmospheric concentration of oxygen began to 
rise. By geological standards the increase was rapid, from 
0.1% to 1% over about 1 million years (Figure 1.1).

When the ambient oxygen concentration reached 0.2%, 
aerobic organisms became abundant in the surface layers of 
lakes and oceans; at 2%, life began to move onto the land. A 
concentration of 3% may have been attained some 
1.99 × 109 years ago. At 10% photosynthesis was at its peak; 
this further raised the concentration of oxygen and lowered 
that of CO2. The changes reduced the available substrate 
(CO2) and increased the formation of hydrogen peroxide, 
superoxide ions, and atomic oxygen that were potentially 
lethal to cells. Photosynthesis was reduced in consequence. 
With other factors, the balance between promotion and 
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1 How We Came to Have Lungs and How Our Understanding of Lung Function has Developed4

inhibition of photosynthesis formed a feedback loop that 
stabilised the atmospheric concentration of oxygen at its 
present level (21.93%, FIO2 = 0.2193; Chapter 6).

The concentration of oxygen stabilised at the start of 
the Phanerozoic era some 6 × 108 years ago. It led to the 
evolution of animals with skeletons. Thereafter, the con-
centration of CO2, and to some extent that of oxygen, 
appears to have oscillated in response to secondary fac-
tors. These included fluctuations in the balance between 
the relative dominance of plants and animals. Some 
5 × 108 years ago the species that were net consumers of 
oxygen (e.g. bacteria, fungi, and insects) were in the 
ascendancy and CO2 levels were relatively high. Then, 
plants that fix CO2 as lignin appeared and the levels fell. 
The plants led to the evolution of dinosaurs and other 
animals that could feed off and digest the cellulose. The 
species flourished and the cycle was reversed. From time 
to time the sequence was unsettled by dust clouds from 
meteors and volcanic eruptions. The dust interfered 
with photosynthesis by obscuring the sun, but up to the 
present the equilibrium has always been restored.

Currently, the atmosphere is under threat from human 
activity. Clearance of forests and the replacement of 
grassland by buildings and roads are reducing the Earth’s 
capacity for photosynthesis. Hence, the amount of CO2 
removed from air is falling. Concurrently, the quantity 
released is increasing because of massive combustion of 
fossil fuels. As a result, the Earth’s temperature is rising 
and this is increasing the formation of methane gas that 
could raise the temperature further. However it also has 
other effects, and so the long‐term outcome is unpre-
dictable. In the short term any change in gaseous equilib-
rium is likely to occur slowly.

In summary, living organisms first appeared in an 
anaerobic environment that they helped to convert to an 
aerobic one. Hence they were adapting to the new condi-
tions as they were creating them. On this account, the 

capacity to tolerate conditions of hypoxia and hypercap-
nia are part of man’s heritage. How this is achieved is 
described in subsequent chapters. The evolutionary his-
tory also indicates the importance of natural protection 
against oxygen radicals. However, there is only limited 
evidence for Berken and Marshall’s suggestion [1] that 
the relevant mechanisms emerged during periods of 
what we would now regard as hyperoxia.

1.2  Functional Evolution 
of the Lung

Aerobic organisms developed in an aqueous medium 
where the amount of oxygen is determined by its partial 
pressure and by the solubility; this is such that the con-
centration in water is only about one‐fortieth of that in 
air (Table 1.1). By contrast CO2 is highly soluble, so at 
physiological partial pressures the concentration in 
water is nearly as great as in air. The differences in solu-
bility have consequences for gas exchange [5].

For fish the problem of obtaining sufficient oxygen 
was solved by the evolution of the gill system. This 
organ is ventilated by a large volume of water from 
which almost all the oxygen is extracted; the blood leav-
ing the bronchial clefts contains oxygen in a concentra-
tion equal to that in blood leaving the lung in man. 
However, the large volume of water flowing over the gill 
takes with it much of the CO2 in solution and this low-
ers the CO2 tension in the blood leaving the gill to less 
than 0.7 kPa (5 mmHg). Mainly on this account the 
blood pH is relatively high (approximately 8.0 pH units 
at a temperature of 20 °C). At higher water tempera-
tures the pH falls to approach that in the blood of man. 
Concurrently, the solubility of oxygen in water  delivered 
to the gill clefts is reduced.

Earth
formed

Life
began

Carbon
dioxide

Methane

Oxygen

Land
colonised

Large animals
evolved

Present

Time before present (eons = years × 109)

A
tm

os
p

he
ric

 c
on

ce
nt

ra
tio

n

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 10000
BCE

2050
CE

Date

1 ppm

10 ppm

100 ppm

0.1%

1%

10%

Figure 1.1 Approximate timescale for the evolution of the gaseous environment. Source: After [4].
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1.4 The Past 350 Years 5

In hot climates a high ambient temperature might 
cause streams to dry up, leaving any fish stranded. To 
meet this hazard some fish developed lung‐like pouches 
in the back of the pharynx; they also developed primitive 
limbs with which to crawl along streambeds in search of 
water. For this type of existence a gill for the exchange of 
CO2 and a primitive lung for exchanging oxygen formed 
a life‐saving combination. The lung was further devel-
oped in reptiles. In birds the pouches were adapted as 
reservoirs from which air was pumped in a cross‐current 
manner through parabronchi; these supplied air to the 
gas exchange zones where the whole of the surface was 
lined with capillaries. This arrangement resulted in a 
very compact lung with a high capacity to transfer gas. 
The amphibians developed in a different way by shed-
ding their scales to leave a soft vascular skin; this replaced 
the gill as a means of exchanging CO2 with the surround-
ing water. Somewhere between these diverging species 
emerged the primitive mammals and eventually man.

1.3  Early Studies of Lung Function

Erasistratus (c. 280 bce) and Galen (129–201) (see 
Footnote 1.1) demonstrated the role of the diaphragm as 
a muscle of respiration, the origin and function of the 
phrenic nerve, and the function of the intercostal and 
accessory muscles. The function of the diaphragm was 
further explored by da Vinci (1452–1519), who observed 
that during inspiration the lung expanded in all direc-
tions following the movement of the thoracic cage. The 
lung collapse that followed puncture of the pleura was 
described by Vesalius (1514–1564).

The need for fresh air was recognised by Galen, who 
believed it reacted with the blood in the left heart and 
arteries to produce the ‘vital spirit’. The absence of a vis-
ible communication between the pulmonary artery and the 

pulmonary vein led him to suggest that blood passed 
through invisible pores between the two sides of the 
heart; thus, he failed to comprehend the function of the 
lung. This was surmised by Ibnal‐Naf īs (c. 1210–1288) 
and by Servetus (1511–1553; see Fulton 1953), who sepa-
rately recognised the impermeability of the interven-
tricular septum and proposed that blood passed from 
the pulmonary artery through the lung to the pulmonary 
vein. Harvey (1578–1657) demonstrated that blood cir-
culated through the lung and Malpighi (1628–1694) 
showed that the blood capillaries were in close proximity 
to the smallest air spaces. These observations prepared 
the way for a correct understanding of lung function.

The role of ventilation in maintaining life was demon-
strated by Vesalius, who was able to restore the activity of 
the heart in an apnoeic dog by insufflating air into the 
trachea through a reed. Hooke (1635–1703) subse-
quently showed that the essential factor was a supply of 
fresh air. Boyle (1627–1691) and, to a lesser extent, 
Mayow (1643–1679) demonstrated that the constituent 
of air that supported combustion also supported life. 
Lower (1631–1691) further showed that the uptake of air 
in the lung caused the blood to change colour. These dis-
coveries laid the foundations for subsequent studies of 
gas exchange but their importance was not immediately 
apparent. The confusion was such that on 22 January 
1666, after a meeting of the Royal Society on the subject 
of respiration, Samuel Pepys wrote in his diary: ‘it is not 
to this day known, or concluded on among physicians 
how the action is managed by nature, or for what use it is’.

1.4  The Past 350 Years

The information about the lung that was necessary for 
the birth of respiratory physiology was available by 
about the year 1667. Thereafter aspects of the subject 
developed at different rates, reflecting their immediate 
 interest and the techniques that were available for their 
investigation.

Table 1.1 Atmospheric concentrations and solubility in water of oxygen and carbon dioxide.

Units Oxygen Carbon dioxide

Atmospheric concentration Solubility 
in water at 1 atm:

vol./vol. 0.2093 0.003

Temperature 20 °Ca vol of gas STPD

vol of water

.

.
0.031 0.88

Temperature 37 °Ca vol of gas STPD

vol of water

.

.
0.024 0.55

a Solubility in blood plasma is approximately 10% less.
atm., atmosphere; TPD, standard temperature and pressure dry.

Footnote 1.1. Some historical references are given by the name–date 
system and can be found in the Further reading section.
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1.4.1 Lung Volumes

The volume of air that a man can inhale during a single 
deep breath was first measured by Borelli (1680 and 
1681). Subsequent work established that this quantity 
in an average adult is about 200–300 in3 (3.3–4.9 l) at 
ambient temperature. The need for a temperature cor-
rection was pointed out by Goodwyn [6]. Thackrah [7] 
showed the volume of air to be less in women than in 
men and to be reduced among workers in flax and other 
occupations owing to the inhalation of dust. The meas-
urement of vital capacity was put on a quantitative basis 
by Hutchinson [8]. Hutchinson defined it as ‘the great-
est voluntary expiration following the deepest inspira-
tion’ and designed a spirometer for its estimation. He 
showed that the vital capacity is related to the height 
such that ‘for every inch of height (from 5 to 6 ft.) eight 
additional cu. inches of air at 60°F are given out by 
forced expiration’. The equivalent parameter in metric 
units is 5.8 l m−1, which is similar to values used today 
(Chapter 25). He further showed that the vital capac-
ity decreased with age and was reduced by excess 
weight and by disease of the lung. The measurement 
of residual volume by a gas dilution method was first 
performed by Davy (1800) (see also [9]). The method 
using whole body plethysmography was developed by 
DuBois et al. [10].

1.4.2 Lung Mechanics

The role of the elastic recoil of the lung in causing expi-
ration was demonstrated by Donders [11], who was the 
first to measure the retractive force. This work was 
extended by Dixon and Brodie [12] and by Cloetta [13]. 
Concurrently, Rohrer (1916) was applying the concepts 
of Newtonian mechanics to explain the relationship 
between the force exerted by the respiratory muscles 
and the rate of airflow. This approach was extended by 
his successors Neergaard and Wirz [14], who used the 
pneumotachograph of Fleisch [15]. Neergaard and Wirz 
[14] also demonstrated the role of surface forces in the 
lung by comparing the relationship of the lung volume 
with the retractive force when the air in the lung was 
replaced by water. This work was repeated indepen-
dently by Radford (1959), who, with Pattle [16], Clements 
[17], and Avery and Mead [18], established the physio-
logical and chemical significance of lung surfactant. 
Knowledge of the viscoelastic properties of the lung was 
extended by Bayliss and Robertson [19], Dean and 
Visscher [20], Rahn et al. [21], Mead and Whittenberger 
[22], and their many collaborators; a seminal review 
was prepared by Mead [23]. The role of antitrypsin in 
protecting the lung from proteolytic enzymes was dis-
covered by Eriksson [24].

1.4.3 Ventilatory Capacity

The relationship of breathlessness on exertion to vital 
capacity was considered by Peabody and Wentworth 
(1917). He also compared the ventilation during exercise 
with that during breathing CO2. The use of the forced 
vital capacity was introduced by Strohl (1919) The role of 
changes in lung distensibility in causing breathlessness 
was explored by Christie [25]. The maximal breathing 
capacity was introduced as a dynamic test of lung func-
tion by Jansen et  al. [26], who calculated it from the 
forced vital capacity. The maximal voluntary ventilation 
was first measured by Hermannsen [27]. The use of the 
proportion of the vital capacity that could be expired in 
1 s as a guide to airway obstruction was introduced by 
Tiffeneau and Pinelli (1948). The measurement was facil-
itated through the addition of a timing device to the 
spirometer by Gaensler [28] and subsequently by 
McKerrow, McDermott, and Gilson (1960). A conveni-
ent and reasonably accurate peak flowmeter was devel-
oped by Wright and McKerrow [29] and other 
instruments followed.

1.4.4 Blood Chemistry and Gas Exchange 
in the Lung

During the eighteenth century, the lung’s role as an organ 
of gas exchange was obscured by the belief of Lavoisier 
(1777) and others that it was the site of combustion. This 
was disproved by Magnus [30], who used an extraction 
technique to analyse the gases in arterial and venous 
bloods. The use of such data for the calculation of car-
diac output was proposed by Fick [31], while the true site 
of oxidation was demonstrated by Pflüger [32]. The tech-
niques for analysing gases were improved by Haldane 
and described in Methods of Air Analysis (1912); an 
improved method for determining the concentrations in 
the blood was described by Barcroft and Haldane (1902). 
The tonometer methods for measuring the blood gas 
tensions were developed by Bohr [33] and Krogh [34]; 
other technical advances were reported by Peters and 
Van Slyke in Quantitative Clinical Chemistry [35]. The 
application of these and other techniques to human arte-
rial blood was made possible through the introduction 
by Hürter (1912) of the procedure of arterial puncture.

The relationship of the pressure to the content of oxy-
gen in the blood was explored by Paul Bert and described 
in La Pression Barometrique (1878); in this he showed 
that the pressure and not the concentration of gases in 
the atmosphere is of physiological significance. The oxy-
gen dissociation curve was described by Bohr et  al. 
(1904). With Hasselbalch and Krogh, Bohr (1904) 
showed that its shape is greatly influenced by the coex-
isting tension of CO2. Further advances were made by 
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1.4 The Past 350 Years 7

Barcroft and summarised in The Respiratory Function of 
the Blood (1914). The dissociation curve for CO2 was 
described by Christiansen et al. (1914) and the chemical 
reactions were further explored by Hasselbalch, Hastings, 
Roughton, Sendroy, Stadie, and others. Some of this 
work is described by L.J. Henderson in Blood: A Study in 
General Physiology [36].

The exchange of gas across the alveolar capillary mem-
brane was considered by Bohr [37]. He found that the 
tension of oxygen was sometimes higher in the arterial 
blood than in the alveolar gas and concluded that oxygen 
was secreted by the alveolar cells. The measurements 
were in error, but the hypothesis was supported by 
Haldane and Smith [38]; these workers inhaled gas con-
taining carbon monoxide (CO), and observed differences 
between the observed and expected CO tensions in 
blood. This could best be explained by secretion of oxy-
gen. Their view was opposed by Krogh [34] and by 
Barcroft (1914), who believed correctly that the transfer 
of oxygen took place solely by diffusion. The controversy 
led Bohr [39] to develop his integration method for 
determining the mean tension of oxygen in the pulmo-
nary capillaries and to calculate the diffusing capacity of 
the lung for carbon monoxide. It also stimulated physio-
logical expeditions to high altitudes, including to Pikes 
Peak, Colorado, USA, described by Douglas et al. [40], 
and to Cerro de Pasco, Peru, described by Barcroft in the 
second edition of The Respiratory Function of the Blood. 
Studies of conditions at high altitude were also under-
taken by Dill et al. [41] and by Houston and Riley [42]. 
Subsequently, interest shifted to the Himalayas, where 
the physiological adaptations necessary for the ascent of 
Mount Everest were investigated by Pugh et al. [43] and 
West et al. [44], among others. Meanwhile, the transfer 
of oxygen from alveolar gas to pulmonary capillary blood 
was explored by Lilienthal et al. (1946) and Piiper [45]. 
Understanding of the transfer of carbon monoxide was 
advanced by Roughton and Forster [46]. The single‐
breath method for the measurement of transfer factor 
(diffusing capacity) for carbon monoxide was developed 
by Marie Krogh [47] and improved under Comroe’s 
guidance by Forster et al. [48]. The anatomical basis of 
gas exchange was described in quantitative terms by 
Weibel [49].

The distribution of gas in the lung was considered by 
Zuntz [50], who introduced the concept of dead‐space; 
this was first measured at post‐mortem by Loewy [51]. 
The dead‐space for CO2 was measured during life by 
Bohr [37] as well as by Haldane and others who used the 
method of sampling the alveolar gas devised by Haldane 
and Priestley [52]. By this method Douglas and Haldane 
[53] showed that the dead‐space increased with the 
depth of inspiration, but the magnitude of the increase 
was disputed by Krogh and Lindhard (1917), who sam-

pled the end‐tidal gas. Part of the increase was believed 
by Haldane to represent ventilation of the alveolar ducts 
and atria where the ventilation per unit of perfusion (i.e. 
the ventilation–perfusion ratio) was higher than in the 
alveoli. Haldane et al. [54] explored the effects of uneven 
lung function upon the composition of alveolar gas and 
arterial blood. The application of these concepts to 
patients with lung disease was described by Meakins and 
Davies in Respiratory Function in Disease [55].

The role of the pulmonary circulation was clarified 
through the application of the newly discovered tech-
nique of cardiac catheterisation by Cournand et  al. 
(1942) and by McMichael and Sharpey‐Schafer [56]. 
However, there was disagreement as to whether or not it 
was ethical to apply the technique to healthy people. The 
mechanisms underlying uneven lung function were fur-
ther illuminated by the development of bronchospirom-
etry by Jacobaeus et  al. (1932), the concept of regional 
inhomogeneity by Rauwerda (1946), the respiratory mass 
spectrometer by Fowler and Hugh‐Jones [57], the oxygen 
electrode by Clark et  al. [58], and radioisotope assay 
methods by Knipping et  al. (1955). These techniques 
were used to good effect by Rahn and Fenn [5], Gilson 
et al. [59], and West [60], who, with Wagner et al. (1974), 
developed the multiple inert gas elimination technique 
for describing ventilation–perfusion inequality. In the 
current era, ever more powerful imaging techniques 
have been developed to assess regional ventilation ( V A), 
blood flow ( Q), their ratio (  V QA/ ) and thus also gas 
exchange.

1.4.5 Control of Respiration

Knowledge of the central nervous regulation of respira-
tion stems from the observations of LeGallois (1812) and 
Flourens (1823) that a lesion in a small area of the 
medulla oblongata caused breathing to cease. The loca-
tion of the respiratory region was defined with increas-
ing precision by many workers, including Lumsden [61] 
and Pitts et al. [62]. At an early stage, Hering and Breuer 
(1868) separately showed that the region received, via 
the vagi, sensory information on the distension of the 
lung. This provided the basis for a mechanism of self‐
regulation whereby the inflation of the lung tended to 
terminate inspiration and to initiate expiration while 
deflation of the lung had the opposite effect.

Activity in single vagal fibres was recorded by Adrian 
[63] and others. Their work paved the way for dramatic 
advances in understanding the role of pulmonary recep-
tors. Subsequent contributors included Whitteridge [64] 
and his pupils Sears (1964), Paintal and, Widdicombe 
showed that the muscle spindles in the respiratory muscles 
played a part in regulation, whilst Campbell and Howell 
[65] explored the role they might play in the sensation of 
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1 How We Came to Have Lungs and How Our Understanding of Lung Function has Developed8

dyspnoea. The Hering–Breuer centenary symposium pro-
vided a seminal review [66]; it also introduced respiratory 
physiologists to some psychological techniques for the 
quantification of breathlessness.

The stimulant effects upon respiration of both a rela-
tive deficiency of oxygen and a moderate excess of CO2 
were known to Pflüger [67], who believed the former to 
be the more important factor. In this he was in agree-
ment with Rosenthal [68]. Evidence for the role of CO2 
was provided by Miescher‐Rusch [69], while Geppert 
and Zuntz [70] demonstrated the stimulant action of 
other products of metabolism. The action of CO2 in man 
was investigated quantitatively by Haldane and Priestley 
[52], who, over a wide range of barometric pressures, 
demonstrated that the ventilation was adjusted to main-
tain the alveolar CO2 tension at a constant level.

J.S. Haldane’s great contribution is summarised in 
Respiration (1922), which was republished jointly with 
Priestley in 1935 [71]. The role of the blood hydrogen ion 
concentration in controlling breathing was suggested by 
Winterstein [72] and elaborated, among others, by 
Yandell Henderson in Adventures in Respiration [73]. 
Gesell [74] believed the response of the respiratory region 
of the brain to be affected by the metabolism of chemo-
sensitive cells. The role of hypoxaemia was advanced 
through the identification by Heymans and Heymans 
(1926) and De Castro [75] of the chemoreceptors in the 
carotid and aortic bodies; their function was further stud-
ied by Comroe and Schmidt [76]. The interdependence of 
the responses of ventilation to hypercapnia and hypoxae-
mia was demonstrated by Nielsen and Smith [77], while 
the effects of inhalation of oxygen were studied by 
Leonard Hill and Flack [78], A.V. Hill et al. [79], Asmussen 
and Nielsen (1945), Comroe and Dripps [80], Dejours 
[81], and others. The combined effects on respiration of 
these and other factors were synthesised into a multiple 
theory of respiratory regulation by Gray in Pulmonary 
Ventilation and its Physiological Regulation [82].

1.4.6 Energy Expenditure during Exercise

The rates of exchange of oxygen and CO2 in the lung 
were measured by Lavoisier (1784),who showed that 
they varied with the level of activity. The relationship of 
resting metabolism to body surface area was demon-
strated by Robiquet and Thillaye (see Sarrus 1839). The 
underlying biochemical processes were investigated by 
von Liebig (1843), Voit [83], Rubner (1839), and others. 
One important landmark was the demonstration by 
Fletcher and Hopkins [84] that lactic acid was produced 
in muscles during anaerobic contractions.

The measurement of human metabolism by indirect 
calorimetry was facilitated by Zuntz [50] when he devel-
oped a portable apparatus. The method was validated by 
Atwater and Rosa (1897) using a human calorimeter. Other 

 equipment was introduced by Tissot [85], Douglas [86], 
Benedict and Roth (see Roth 1922), Kofranyi and Michaelis 
[87], Müller and Franz [88], and Wolff [89]. The need to 
relate the results to the body mass of the subjects was recog-
nised by Frentzel and Reach [90]. The energy expenditure 
during activity was measured by many workers, including 
Benedict [91], while the relationship to the speed of locomo-
tion was analysed in detail by Magne [92], A.V. Hill and his 
colleagues, including Lupton and co‐workers [79], Atzler 
and Herbst [93], Fenn [94], Margaria [95], and others.

1.5  Practical Assessment of Lung 
Function

Most of the physiological concepts described in this 
chapter were applied to the assessment of patients with 
respiratory disease, starting with the vital capacity in the 
early nineteenth century [8]. In the 1930s, Knipping’s 
laboratory in Hamburg was setting the trend, using a 
wide range of tests, all of which have their counterparts 
today (Table 1.2).

In 1950, when Comroe and Dripps reviewed the sub-
ject, the scope of the tests had broadened to include 
aspects of lung mechanics. However, the forced expira-
tory volume was scarcely known outside France and no 
test had reached its current form. This mainly happened 
during the next 12 years (Table  1.3); the developments 
were aided by a transfer of technical expertise from war-
time aviation medicine [113]. Photographs of some of 
those who contributed are given in Figure 1.2.

Since the 1960s, the means for calibration have been 
improved, the convenience of the tests increased and the 
subtlety of interpretation extended. New tests have mainly 
emerged in the related fields of medical physics and anthro-
pometry. Some of them are included in the present account.

Table 1.2 Tests of respiratory efficiency in Knipping’s laboratory.

Aspect Test Normal level

Anatomical Vital capacity >70% pred.
Physiological Ventilation equivalent for O2 <3 l/100 ml

Ventilating power Not defined
Respiratory style (texp/tinsp) <1.4
Composition of arterial blood

Expiratory 
force

Mercury U‐tube (Flak) test 40 mmHg>40 s

Symptoms Dyspnoea ratio
(VE recovery/VE rest) Average 1.64

Source: [96].
texp, expiratory time; tinsp, inspiratory time; pred., predicted; VE, 
volume of gas expired.
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Table 1.3 Some developments in the post‐war period 1945–1965.

Aspect Author(s) Year Reference

Obstruction index Tiffeneau 1948 [97]
Closed circuit spirometry Gilson and Hugh‐Jones 1949 [98]
Symbols Pappenheimer et al. 1950 [99]
Dynamic spirometry Gaensler 1951 [28]
Bronchial provocation Tiffeneau and Drutel 1951 [100]
Exchange of inert gases Kety 1951 [101]
Gas exchange

O2 Riley and Cournand 1951 [102]
CO2 Roughton 1954 [103]
O2 and CO2 Rahn and Fenn 1955 [5]

Blood PO2 electrode Clark et al. 1953 [58]
Lung mechanics Mead and Whittenberger 1953 [22]
First Entretiens de Nancya Sadoul 1954 [104]
Body plethysmography DuBois et al. 1956 [10]
Distribution of gas Otis et al. 1956 [105]
The lung Comroe et al. 1955 [106]
Single‐breath Dl, CO Forster et al. 1954 [48]

Jones and Mead 1961 [107]
Terminology

FEV1 Gandevia and Hugh‐Jones 1957 [108]
Tl Cotes 1963 [109]

Respiratory mass spectrometry Fowler and Hugh‐Jones 1957 [57]
Peak flow meter Wright and McKerrow 1959 [29]
Flow–volume curve Fry and Hyatt 1960 [110]
Progressive cycling test Borg and Dahlstrom 1962 [111]
Quality control – gas analysis Cotes and Woolmer 1962 [112]

a Led to the formation of Societas Europaea Physiologiae Clinicae Respiratoriae (SEPCR), forerunner of European Respiratory Society.
Dl, CO, diffusing capacity of the lung for carbon monoxide; FEV1, forced expiratory volume in 1 s; PO2, partial pressure of oxygen; Tl, transfer 
coefficient of lung.

Figure 1.2 Some contributors to 
applied lung physiology. Collage 
including some participants in the 
Haldane Centenary Symposium, 
Oxford, UK, 1961. The figure does not 
indicate the relative heights of 
subjects in the middle rows. Source: 
Adapted from [114]; see also [115].
Row 1 (back). AB DuBois, DV Bates, P 
Hugh‐Jones, DJC Cunningham, JE 
Cotes, EJM Campbell, ED Robin, JB 
West, P Dejours.
Row 2. WO Fenn, JH Comroe Jr, AB 
Otis.
Row 3. JC Gilson, A Cournand, H 
Rahn, RL Riley, BB Lloyd, JBS 
Haldane, P Sadoul, FJW Roughton.
Row 4 (front). A Asmussen, EH 
Christensen, M Nielsen, G Liljestrand, 
CG Douglas, C Heymans.
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Expired gas

Corrugated tubing (diameter ≥ 30 mm)

End-tidal
sampler

Valve
box

Mouth
piece

Air

To analyser

Collapsible
tube

Douglas bag
(capacity
40–100 l)
suspended
vertically

Tap

Sample
Brodie
bottle

Mercury

Valve

Sphygmomanometer
bulb

Sample

MercuryHuntly
tube

Constant
head of
pressure

Lloyd--Haldane apparatus

1
2

4
3 Tap

Reference
mark

Packed
glass
tubes

Mercury

Acidi�ed
pyrogallol

Pinch clamp

Potassium
hydroxide

Figure 1.3 Traditional equipment for collecting and sampling expired gas. The Douglas bag is suspended vertically. Prior to use, its 
dead‐space is flushed with expired gas. After collection, the gas is mixed by pummelling the bag and a small amount is passed through 
the side arm. A sample is then transferred to a Brodie bottle (capacity 50 ml) or direct into a chemical gas analyser (e.g. Lloyd–Haldane, 
lower right; also Table 1.4). Gas volume is measured by using a wet gas meter and constant flow pump that cuts out at a predetermined 
negative pressure. Alternatively a Tissot spirometer (capacity 100 l) is used. The sampler for end‐tidal gas (top left) is operated by the 
pressure changes in the valve box. The sample collects in the collapsible tube and is sucked off at a flow of 50–200 ml min−1 into a Huntly 
tube or other apparatus. The Huntly tube (capacity 50 ml, lower left) provides a means of collecting a representative sample of mixed gas 
over a period of 1 or 2 min.
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The changes have led to the loss of many procedures 
from the days when laboratory equipment comprised 
beautiful glassware and ‘bits and pieces’ held together by 
‘string and sealing wax’. The methods were often very 
practical (Figure 1.3 and Table 1.4) and the routine analy-
sis of expired gas was usually performed with greater 
accuracy than is the case today (Table 1.3 [111]).

1.6  The Position Today

Modern lung function testing is based on detailed 
understanding of the underlying physiology. This has 
been reviewed extensively in many publications. The 
most comprehensive is The Lung, Scientific Foundations, 
edited by Crystal and colleagues [121]. Other reviews 
are listed in the appropriate chapters of the present 
account.

1.7  Future Prospects

The mechanisms that underlie the respiratory function 
of the lung are now quite well understood. The practical 
assessment of lung function is an accepted part of clini-
cal medicine, occupational medicine, and epidemiology. 
The techniques for assessment have been standardised 
between workers in different countries and computer-
ised equipment has become available in bewildering 
variety; thus the subject has matured.

Forthcoming challenges are to hold onto what we now 
know in the face of competition from other disciplines, 
exploit emerging technologies (especially imaging 
methods), and discover how to benefit from recent 
developments in pharmacology and molecular and cell 
biology, including the mapping of the human genome 
(Table 1.5).

The immediate benefits are likely to be considerable, 
and in the longer term they could be immense. But 
they will only be realised if high standards are main-
tained; this might be done by building on the tech-
niques and underlying physiology that are described in 
this book.
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