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Measurement of airway resistance and thoracic gas

volume in infancy
M. RADFORD
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Radford, M. (1974). Archives of Disease in Childhood, 49, 611. Measurement
of airway resistance and thoracic gas volume in infancy. Airway resistance
and thoracic gas volume were measured in 21 normal infants aged 1 to 10 months using
a whole body plethysmograph. Precautions were taken to eliminate temperature

changes of inspired and expired gas. The mean value of airway resistance was

22-6 ±8-9 (SD) cm H,O/1. per sec, and the mean thoracic gas volume in relation to

body weight 34*9±5 8 (SD) ml/kg. The reproducibility of the technique was

assessed by making repeated measurements in 5 subjects, when the mean coefficient of
variation of airway resistance was 11 *8% and of thoracic gas volume 10 1 %.

There are few available studies of lung mechanics
in infancy beyond the neonatal period. Phelan and
Williams (1969) have published data on lung
volume, compliance, and total pulmonary resistance
in infants aged 4 to 46 weeks. Their technique
involved the use of an oesophageal balloon to
measure intrathoracic pressure, and while this is a
safe technique, it may not be tolerated by older
infants. Doershuk et al. (1970) have measured
airway resistance and lung volume in infants and
children aged 1 month to 5 years using the
plethysmographic technique of Dubois et al.
(1956a). However, they did not apparently take
account of the considerable effect of heating and
humidification of inspired air on plethysmographic
pressure in subjects breathing at normal rates and
depth (Jaegar and Otis, 1964).

Obstructive airways disease, in the form of
bronchiolitis, wheezy bronchitis, and fibrocystic
disease, is common in infancy, and if it is to be
treated rationally acceptable techniques of assessing
airway obstruction must be available. This paper
describes such a technique which has been found
applicable to healthy or moderately sick infants
without causing any distress.

Subjects and methods
Twenty-one infants aged 1 to 10 months from a

general paediatric ward were studied. They had no
clinical evidence of chest disease or nasal obstruction,
and in each case weight and length were within normal
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limits for age. Verbal permission was obtained from the
parents after an explanation of the procedures involved.
Airway resistance (Raw) and thoracic gas volume

(TGV) were measured in a whole body plethysmograph
using a modification of the technique described by
Dubois, Botelho, and Comroe, 1956b). The plethysmo-
graph (Fig. 1) consisted of a wooden box, with intemal
dimensions 75 cm x 32 cm x 22 cm, fitted with a quickly
detachable airtight perspex lid. The infant was sedated
with chloral hydrate 60 mg/kg and lay in the plethysmo-
graph until he went to sleep. A nasal adaptor (Fig. 2)
was fitted into his nose and a small amount of silicone
putty rendered the seal airtight. This was well tolerated
by the infant since the putty quickly moulded itself to the
contours of the nose without any pressure being applied.
By means of a universal joint this nasal adaptor could be
locked in position once the baby was breathing quietly
through it.
The lid of the plethysmograph was then applied, and

by means of two balloons operated by remote control the
infant was allowed to breathe either directly from air
within the plethysmograph or from a 1-0 1. anaesthetic
bag also within the plethysmograph. Immediately
,before sealing the lid, this bag was filled with air fully
saturated with water vapour at 37 'C supplied by an
electrically heated humidifier. The tubing connecting
the bag to the nasal adaptor was electrically heated and
the air inside kept at 37 °C and monitored by thermo-
couples.
As the infant rebreathes from this bag, he alternately

compresses and rarefies air in his chest producing the
driving pressure necessary to overcome airway resistance.
The corresponding changes in volume of his thorax cause

changes in plethysmograph pressure (PB) which are

proportional to alveolar pressure. These plethysmo-
graph pressure changes were recorded simultaneously
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I t~~~~~~~~~~~~~~~Pe
FIG. 1.-Whole body plethysmograph adapted for use in
infants. The infant lies in the airtight box and rebreathes
from a bag containing heated hunidified air. P,, pressure

at nose; PB' plethysmograph pressure; F, flow.

with airflow at the infant's nose (F) measured by a
pneumotachygraph sited in the tubing between the nose
and the rebreathing bag. After about five breaths had
been recorded the second balloon was inflated, totally
occluding the infant's airway, and as he attempted to
breathe against this obstruction, plethysmograph
pressure was recorded simultaneously with pressure at
the nose (Pn). Under these conditions, since there is no
flow of air within the lungs, pressure at the nose is equal
to alveolar pressure, and the plethysmographic pressure
changes can be calibrated in terms of absolute alveolar
pressure. The baby was observed throughout the
procedure to ensure that his mouth remained closed, and
the balloons were deflated after 3 or 4 'breaths' against
the obstruction.
The three parameters, flow, plethysmograph pressure,

and nose pressure, were recorded on photographic paper,
using a U-V recorder, and measurements were taken
directly from the paper.

Airway resistance was calculated as the ratio between
alveolar pressure and airflow, measured during
inspiration at two-thirds of the maximum flow rate.
The resistance of the apparatus, 2 * 4 cm H20/1. per sec,
was subtracted from the calculated value. Thoracic gas
volume was calculated by applying Boyle's law to the
fixed mass of gas within the lungs while the infant's
breathing was obstructed, using the formula
V = P x AV/AP, where P is equal to atmospheric
pressure minus water vapour pressure at 370C and AP is
the change of pressure at the nose. aV is the change in
volume of the thorax and this is calculated in absolute
terms by replacing the infant with an equivalent weight
of water and pumping 5 ml of air in and out of the
plethysmograph at approximately respiratory frequency.

Results
The importance of using a heated rebreathing bag

was shown by an experiment illustrated in Fig. 3.
The top tracing shows the result obtained using the
technique described, and it can be seen that
plethysmograph pressure remains essentially in
phase with flow throughout the respiratory cycle and
returns to approximately the same value whenever
flow falls to zero. Since alveolar pressure must be
zero when there is no flow, this confirns that
plethysmograph pressure changes reflect alveolar
pressure changes only. The lower tracing shows
the result obtained when the rebreathing bag was
removed and the infant was allowed to breathe air
directly from the plethysmograph. Flow is now out
of phase with plethysmograph pressure because part
of the pressure change is due to heating and cooling
of respired gas. Airway resistance cannot be
calculated from this record because the pressure
changes due to change of temperature of this gas are
not known.
The reproducibility of the technique was assessed

in 5 particularly co-operative infants. Each was
studied over a period of 1 hour, during which time
10 separate measurements were made of airway

FIG. 2.-Nasal adaptor showing the two lower ports which fit into the infant's nose and the three upper ports which are
connected to pressure transducers measuring flow and nose pressure.
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Rebreathing from Heated Humidified Bag
F mI/sec.

100 T.

v ~~P.

613

Rebreathing Air from Plethysmograph

at room temperature
F ml/sec
100. ' D

| g ~~P. cmH20

0.1

P5 CMH2O 0

FIG. 3.-Tracings offlow and plethysmograph pressure showing the effect of the heated rebreathing bag. On the right the
two|parameters are plotted against each other. F, flow; PB, plethysmograph pressure.

resistance and thoracic gas volume. After each
measurement the lid of the plethysmograph and the
nasal adaptor were removed for about 5 minutes.
The results are shown in Table I. 3 of the infants
(Cases 1-3) were normal, and the other 2 were
suffering from mild wheezy bronchitis. The mean
coefficient of variation (SD/mean) of thoracic gas
volume was 10 * 1% and of airway resistance 11 8%.
It was not possible to study any of these infants on
more than one occasion.

Individual results from the 21 normal infants
studied are shown in Table II. Each result is the
mean of 3 or more satisfactory measurements. The
relation between thoracic gas volume and body
weight was highly significant, and is shown
graphically in Fig. 4. The mean value of thoracic

gas volume in relation to body weight was 34 9±5 *8
(SD) ml/kg. The mean value of airway resistance
was 22*6±89 (SD) cm H20/l. per sec. There was
no significant relation between airway conductance
(the reciprocal of airway resistance) and thoracic gas
volume.

Discussion
Theoretically, the resistance of systems should be

compared by making measurements at a fixed flow
rate. However, in the present study flow rates
varied widely from one infant to another so that a

given value occurred in early inspiration in one

infant and late inspiration in another. Since the
calibre of small airways is known to vary during
respiration it seemed more valid to compare

TABLE I

Results of 10 separate measurements of airway resistance and thoracic gas volume in each of 5 infants

Mean thoracic gas Coefficient of variation Mean airway resistance Coefficient of variation
Case no. volume (ml) (%) (cm H,0/1. per sec) (%)

1 128-9 9*9 32-6 14-7
2 173-7 9 0 24-1 9.9
3 168-4 11.9 19-3 21P3
4 175-2 7-7 44.9 8-5
5 2395 11.9 60-8 4-5

Note: Coefficient of variation % SD/mean x 100.

100 |
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TABLE II

Lung mechanics in normal infants

Case no. Age Weight Length Thoracic gas Airway resistance
(wk) (kg) (cm) volume (ml) (cm H,0/1. per sec)

2 11 4*44 60-0 174 24 1
3 11 5-27 64-0 168 19-3
5 4 2-67 48-0 72 17-6
6 5 4-29 54-5 168 11 0
7 13 5-69 60 0 140 15-2
8 24 6-72 67-0 230 21*6
9 12 5-46 61-0 189 19*6
10 13 4-55 60-0 225 15*1
11 30 7 90 67 0 235 14-0
12 26 7 00 63-0 290 15-6
13 4 3-52 53 0 120 14-7
14 39 9.10 75 0 363 17-0
15 17 7-38 65 0 290 30*6
16 6 3-57 56-5 107 36-2
17 4 2-97 52-0 113 28-8
18 4 3*36 52-5 129 32*6
19 9 4-48 59*0 142 38-0
20 32 7-22 70 5 272 41*6
21 36 7-32 71 0 262 20-6
22 6 4 70 61-0 136 27-6
23 13 5 30 62-0 147 14-0
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FIG. 4.-Relation between thoracic gas volume and
body weightfor normal infants. The calculated regression
line is shown together with±1 standard error of the
estimate of y about the line. The regression equation is

y = 38-4x-17 3 (r = 0913, P <0001).

resistances at a similar phase of respiration and a

value of two-thirds of maximum flow during
inspiration was chosen arbitrarily.
The mean value of thoracic gas volume found in

this study of 34 - 9 ml/kg body weight is very similar
to that found by other workers. Howlett (1972)
reported a value of 35-5 ml, Phelan and Williams
(1969) 30 ml, Doershuk et al. (1970) 32 4 ml, and
Auld et al. (1963) 35-8 ml.

However, no figures are available which are

directly comparable with the values of airway
resistance quoted here. Doershuk et al. (1970)
studied a large number of infants aged 1 month to 5

years but made no allowance for heating and
humidification of inspired air. They do not quote
values for airway resistance in many of their smaller
subjects, presumably due to technical difficulties,
and of the ones for whom they do quote values only
8 fall within the age range considered here. The
mean airway resistance of these 8 was 21 5±6 0
(SD) cm H50/1. per sec, which is remarkably similar
to my own value of 22 6±8 9 (SD) cm H20/1. per
sec in spite of the difference in technique.

Several workers have measured total pulmonary
resistance using an oesophageal balloon to measure

intrapleural pressure and a pneumotachygraph to
measure flow. Howlett (1972) studied 24 normal
infants aged 1 to 8 weeks and found a mean value of
20 6±3 8 (SD) cm H,O/l. per sec, and Krieger
(1963) studied 24 infants aged 1 to 24 months and
found a mean value of 29 ±20 (SD) cm H50/1. per
sec. However, since this method measures tissue
resistance as well as airway resistance, these results
are not strictly comparable with mine.

Phelan and Williams (1969) studied a group of
infants aged 4 to 46 weeks and found a significant
relation between pulmonary conductance (the
reciprocal of resistance) and thoracic gas volume, as

suggested by Briscoe and Dubois (1958), but I was

unable to confirm their finding. This discrepancy
may be due to the fact that they studied a larger
number of subjects and in many cases were able to
make serial measurements on the same infant.

In conclusion, the reproducibility and non-

invasive nature of the technique described in this
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Measurement of airway resistance and thoracic gas volume in infancy 615
paper make it a useful tool for the study of chest
disease in infancy. In contrast to most tests of lung
function, which require active co-operation from the
subject, all that is required of the infant is that he
goes to sleep and breathes in and out of a nose-piece.
Since no oesophageal balloon is necessary, the risk of
vomiting or inhalation during the test is minimal,
which means that moderately sick infants can safely
be studied. This means that the action of drugs
commonly used in obstructive airways disease in
infancy, such as steroids or bronchodilators, can be
assessed in an objective manner.

I am grateful to Drs. H. V. L. Finlay and S. M. Tucker
for allowing me to study patients under their care in the
Paediatric Department of Hillingdon Hospital, to the
sisters and staff of this department for assistance; to Dr.
S. Godfrey for advice; and to Miss G. Earle for technical
assistance. This work was supported by a grant from
the Medical Research Council.
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