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ABSTRACT: The validity of a new method for measuring thorac.ic gas volume 
(TGV) was studied in 69 children, 4- 16 yrs old, including twelve normal 
children and 57 children with an obstructive (n = 38) or restrictive (n = 19) 
respiratory disease. The method consisted of applying very slow (0.05 Hz) 
sinusoidal variations of ambient pressure around the body (APam = 40 cmH20 
peak to peak) and studying the relationship between 1\Pam and the resulting gas 
displacement at the mouth (Vaw): TGVapc=PB·AVawfi\Pam ·coscf>, where PB 
is barometric minus alveolar water vapour pressure and cl> the phase angle 
between Pam and Vaw. Functional residual capacities derived from TGVapc 
(FRCapc) were compared to the values obtained by plethysmography (FRCplet) 
and by helium dilution (FRCdil). FRCapc did not differ significantly from 
FRCplet in either the entire group (1.75 ± 0.62 I vs 1.79± 0.45 /) or in the 
patient subgroups. However, with the new method a trend to slightly lower 
FRCs was seen in patients with the most obstruction (p < 0.05). FRCdil was 
significantly lower than both FRCapc and FRCplet (p<O.OOl), particularly in 
children with obstruction. Significant correlations were found between the three 
methods (p < 0.001 ). On the other hand, the method investigated requires that 
the subject breathe very regularly for a period of several minutes. This was 
rarely achieved, so that the reproducibility of the measurements was 
unacceptably low. At present, the method cannot be recommended for routine 
use in 4- 16 yr old children. 
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It has recently been shown that thoracic gas volume 
(TGV) can be accurately measured in adults [I, 2] 
using a variant of Pfliiger's gas expansion method (3]. 
It consists of applying very slow sinusoidal pressure 
changes around the entire body, i.e. varying ambient 
pressure, and measuring the relationship between the 
applied pressure and the resulting low-frequency 
component of gas flow at the mouth. The method has 
been shown to be in good agreement with body 
plethysmography in normal adults [1], and adult 
patients with chronic airway obstruction [2). Its 
potential advantage over body plethysmography is 
that the measurements are made during quiet breath­
ing, and do not require any special respiratory 
manoeuvre. As this could be a particularly useful 
feature in young subjects, we investigated the applica­
bility and accuracy of the method in 4- 16 yr old 
normal and abnormal children. The accuracy was 
assessed by comparison to the data obtained by body 
plethysmography, andjor by the helium dilution 
method; the reproducibility of the data obtained with 
the new technique was also evaluated. 

P rinciple 

The principle of the method has been described 
previously [I]. Briefly, when sinusoidal ambient 

pressure changes (6Pam) are applied simultaneously at 
the airway opening and around the body, alveolar gas 
tends to equilibrate with the surrounding pressure, and 
is periodically compressed and expanded. This is 
achieved either by gas motion through the airways 
(Vaw) or by lung and chest volume changes (Vt), or 
both, depending on the respective mechanical impe­
dances of the two pathways. At very low frequencies, 
such as 0.03-0.05 Hz, tissue impedance (Zt) is very 
much larger than airway impedance (Zaw), so that 
virtually all of the volume change takes place through 
the airways, and may be measured at the airway 
opening. Then, TGV may be derived, according to 
Boyle's law, from the following relationship: 

TGV=(Pa- PH20)·6Vaw/6Pam ·cos<!> ( I) 

where 6 Vaw is the amplitude of the low-frequency 
component of Vaw, PB and PH20 are barometric and 
alveolar water vapour pressure, respectively, and <1> is 
the phase angle between the volume and the pressure 
sine waves. The latter is due to the fact that a small part 
of 6Pam is dissipated across airway resistance (Raw). 

Materials and methods 

The study was conducted in 69 children, 4- 16 yr 
old. The group included twelve normal children (two 
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girls) and 57 children who were classified on clinical 
grounds as presenting either an obstructive or a 
restrictive respiratory disease. The obstructive 
subgroup included 38 l:hildren (sixteen girls) with 
asthma, cystic fibrosis or bronchitis, and the restric­
tive subgroup 19 children (seven girls) with chest wall 
abnormalities or an interstitial lung disease. The 
biometric characteristics and the main functional data 
in the subgroups are shown in table 1. Children with 
obstructive diseases were characterized by a slightly 
decreased forced expiratory flow in one second/forced 
vital capacity (FEV 1/ FYC) and increased specific 
airway resistance (sRaw). Children with restrictive 
disease had on average a lower FYC and FEY 1 , with 
a normal FEY tfFVC ratio, and a normal sRaw. 

TGY measurements by ambient pressure changes 
(TGYapc) were made by seating the subject in a 410 I 
aluminium body chamber (a modified plethysmo­
graph) connected to a large stroke-volume reciprocat-

Table 1.- Biometric characteristics and functional data 

ing pump. The pump achieved pressure swings 
around the subject of about 40 cmH 20 peak to peak 
at a frequency of 0.05 Hz. The subject wore a noseclip 
and breathed within the chamber through a Fleisch 
No. 1 pneumotachograph. Pam and the pressure drop 
across the pneumotachograph were measured with 
Yalidyne MP 45 transducers. The pressure and the 
flow signals were identically filtered to decrease the 
respiratory component of the flow, which was faster 
and much larger than the gas compression component 
(fig. I), and digitized on-line with a sampling rate of 
2.56 Hz. The measurements were made during quiet 
breathing and lasted five minutes ( 15 low-frequency 
cycles). At the end of that period a series of 
inspiratory capacity (IC) manoeuvres was recorded. 
Numerical processing of the data consisted of 
extracting the 0.05 Hz component of the signals by 
Fourier analysis and computing their amplitude ratio 
and phase angle. Then TGYapc was obtained 

Normals 
n=12 

Obstructive disease Rcslrictive disease Pno Pnr Por 

Age yr 
Height cm 
Weight kg 
PVC% pred 
FEV

1
% pred 

FEV/FVC% 
sRaw cmHzO·s·1 

8.5±3.3 
123.0±13.0 
24.2±6.4 

7.2±3.2 

n=38 n=19 

10.0±3.0 
134.0±16.0 
30.4±10.9 
92.7±16.9 
79.9±18.2 
77.9±11.4 
11.4±6.7 

10.2±4.2 
132.0±23.0 
32.4±16.9 
78.9±18.9 
78.3±18.0 
89.8±9.4 

6.7±2.2 

NS 
<0.05 
<0.05 

<0.01 

NS 
NS 
NS 

NS 

NS 
NS 
NS 

<0.01 
NS 

<0.001 
<0.001 

Values are means±1 so. Predicted values for FVC and FEV
1 

arc according to ZAPLETAL et al. [4). Also shown is the statistical significance 
of the differences between normal and obstructive children (Pno ), between normal and restrictive children (Pnr) and between obstructive 
and restrictive children (Por) by srudent's t-test; NS: not significant. 

Adult (y2 :0.98) Child, 9yr (y2 =0.91) Child, 6yr (y2=0.1.3) 
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Fig. I. Examples of recordings obtained in one healthy adult [I] , and in two representative children. From top to bottom: unfiltered ambient 
pressure (Pam), unfiltered airways flow (Vaw), filtered pressure and filtered flow. Note the change in scale by a factor of I 5 between unfiltered 
and filtered flow. Coherence functions (y2) are indicated. 
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according to equation I. As TGVapc should represent 
the average lung volume during the measurement 
period, functional residual capacity (FRCapc) was 
derived by subtracting half a tidal volume from it; 
total lung capacity (TLCapc) was obtained by adding 
JC to FRCapc. The data were corrected to BTPS. 
Fourier analysis also provided the so-called coherence 
function y2 (0 < y2 < 1) which is an index of the signal 
to noise ratio of the relationship between the studied 
variables at the frequency of interest, and can be used 
to reject noisy data (5]. 

Plethysmographic determinations of lung volumes 
(FRCplet, TLCplet) were made in the same body 
chamber at a few minutes interval using the method 
of Du Bms et al. [6]. Mouth pressure during airway 
occlusion and box pressure, as measured with 
Validyne MP 45 transducers, were digitized at a rate 
of 51.2 Hz and similarly processed by Fourier analysis 
[7]. The children were asked to support their cheeks 
with both hands during the measurements. The data 
from 2-4 panting manoeuvres were averaged. Satis­
factory measurements were obtained in 61 subjects. 
FRC was also measured in 63 children using the 
standard helium dilution method (FRCdil). 

In addition to inter-method comparisons, the repro­
ducibility of TGVapc was evaluated separately in ten 
children with an obstructive disease and nine children 
with a restrictive disease. The measurements were 
repeated in the same conditions a few minutes apart. 
Finally, to assess whether TGVapc varied with the 
frequency of ambient pressure changes, measurements 
were made at both 0.05 and 0.03 Hz in 22 children, 
including 15 children with obstructive disease. 

Statistical analysis of the data was made using 
standard linear regression and Student's t-test for 
paired data, where appropriate. 

Results 

Recordings obtained in two representative children 
and, for comparison, in one adult subject are shown 
in figure I. The low-frequency component of airways 
flow, related to ambient pressure changes, is undetec­
table on the unfiltered signals. In the adult subject it 
can be seen quite clearly after low-pass filtering and 
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Fig. 2. Distribution of the coherence function (y2} in the group. 

amplification. This is also the case in one of the 
children, who breathed very regularly, although the 
amplitude of that component was more variable than 
in the adult and the coherence function a little lower. 
In the second child spontaneous breathing was rather 
irregular, both in frequency and amplitude. As a 
consequence the filtered flow was very noisy, and the 
coherence function very low. The distribution of y 2 in 
the group is shown in figure 2. y2 averaged 
0. 72 ± 0.20. It was not correlated to age or to 
functional data. Values above 0.9, which are the rule 
in adults [I, 2], were seen in only a quarter of the 
subjects. A similar proportion of the children had 
values below 0.6, in which case TGV estimates are 
expected to be very unreliable [5, 8, 9]. Although this 
y2 threshold is somewhat arbitrary, we discarded 
those subjects and, in the following, have considered 
only the 52 children with y2 > 0.6. 

Functional residual capacities obtained by ambient 
pressure changes and by the two other methods are 
compared in table 2 and in figure 3. Considering the 
39 children in whom TGV was assessed by the three 

Table 2.- Functional residual capacit ies by the three methods 

All subjects Normals Obstructive disease Restrictive disease 
n=39 n=3 n=23 n=13 

1. FRC ape I 1.75±0.62 1.64 1.78±0.59 1.73±0.76 
2. FRCplet/ 1.79±0.45 1.97 1.85±0.40 1.65±0.57 
3. FRCdil/ 1.50±0.52 1.57 1.47±0.43 1.53±0.71 
p 1.2 NS NS NS 
pl.3 <0.001 <0.01 NS 
p 2.3 <0.001 <0.001 NS 

Values are means ± 1 SD. Subjects with 'Y 2 > 0.6 and studied by the tluee methods. p values are 
the statistical significances of the differences between methods by Student's t-test for paired data; 
comparisons between lines I and 2 (p 1.2), lines 1 and 3 (p 1.3) and lines 2 and 3 (p 2.3); NS: not 
significant. 
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Fig. 3. Correlations between the functional residual capacities obtained by ambient pressure changes (FRCapc), by plethysmography 
(FRCplet) and by helium dilution (FRCdil). The identity lines (continuous) and regression lines (broken) are indicated. 

methods (table 2), no significant difference was found 
between FRCapc and FRCplet, either in the entire 
group or in the patient subgroups. The mean values of 
FRCapc and FRCplet differed by only 2.3%. On the 
other hand, significantly lower values were found by 
helium dilution than by the other methods, and this 
was mainly the case for the obstructive patients. 

Significant correlations (p < 0.00 I) were found 
between FRCapc and the other two methods (fig. 3), 
as well as between FRCplet and FRCdil (r = 0. 77; 
p < 0.001), but the relationships were not very close. 
Slightly higher correlation coefficients were obtained 
when comparing the total lung capacities (r = 0.82 
between TLCapc and TLCplet, 0.88 between TLCapc 
and TLCdil, 0.90 between TLCdil and TLCplet). 
Differences between the values obtained by ambient 
pressure changes and by plethysmography, irrespec­
tive of their sign, averaged 22.9% for FRC, and 
17.2% for TLC. They were not correlated to the 
coherence function. 

As the validity of the investigated method is based 
on the assumption that airways impedance is very 
small compared to tissue impedance, it was of interest 
to see whether inter-method differences, taken with 
their sign, were correlated to functional indices. 
Indeed, the relative differences between FRCapc and 
FRCplet were found to be correlated to some extent 
to both FEV 1/FVC (r=0.315; p<0.05) and FEV 1% 

predicted: FRCapc tended to be lower than FRCplet 
in the subjects with the most severe airway obstruc­
tion. The differences between FRCdil and FRCplet 
were also correlated to FEV jFVC (r = 0.39; 
p<0.05), to FEV 1% predicted (r=0.57, p<O.OOl), 
and to FVC% predicted (r = 0.34; p<0.05). No 
significant correlation with functional indices was 
found for the differences between FRCapc and 
FRCdil. 

Repeated measurements of FRCapc at a few 
minutes interval in nineteen children revealed a very 
poor reproducibility. In the group as a whole, the 
difference between the two estimates averaged 
34.3 ± 30.6%. In the twelve children with y2 values 
2:::0.6 for the two tests, it averaged 28.1 ± 24.4%; the 
large variability being due mainly to two children who 
had an FRC around one litre. Within-subject varia­
bility of FRC was much less with the plethysmogra­
phic method (7.5%) and with the gas dilution method 
(8.6%). 

Discussion 

The method investigated was in general well 
accepted and very few children complained of the 
tension in their eardrums. It did not appear necessary 
to use earplugs. The main difficulty was to have the 
child breathe regularly over a period of several 
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minutes. This was not achieved in a number of cases 
(fig. 1, tight) with, a noisy flow recording and a poor 
coherence function as a consequence. 'Y2 is an index of 
causality between the studied variables, and is 
lowered if their relationship is non-linear or if the 
data are contaminated by noise [5]. The value of 'Y2 is 
also a function of the number of data points in the 
Fourier analysis (here 256), and on the number of 
data blocks (here 5) which are summed. It follows 
that there is no direct relationship between 'Y2 and the 
accuracy of the data. However, it has been demon­
strated both theoretically and in practice that the 
reliability of the result is poor when 'Y2 is low [8, 9]. In 
respiratory impedance measurements using a similar 
analysis, it is usual to discard the data when 'Y2 is 
smaller than 0.9 or even 0.95 [5, 10, 11]. Had we used 
a threshold of 0.9, 52 of the 69 subjects would have 
been rejected. The decision to lower the threshold to 
0.6, to exclude fewer subjects, was to some extent 
justified by the fact that the correlations between 
FRCapc and both FRCplet and FRCdil did not 
improve when the threshold was raised to 0. 7 or even 
to 0.8. Also, as mentioned earlier, inter-method 
differences were not correlated to 'Y2 when it was 
larger than 0.6. On the other hand, with this lower 
threshold, the within-subject variability of the 
measurements appeared to be unacceptably high, 
particularly in the children with a very low FRC. As 
only one child had a 'Y2 ~ 0.9 for the two successive 
tests it is not possible to assess whether that condition 
would guarantee reproducible data. 

In this study we observed that, on average, 
FRCapc did not differ significantly from FRCplet 
(table 2) and, also, that the method investigated 
tended to provide lower values than plethysmography 
in the children with most obstruction. This could in 
part be due to an overestimation of plethysmographic 
TGV due to the so-called upper airway artefact. The 
latter results from a small difference between alveolar 
and mouth pressure swings due to the combined effect 
of upper airway wall compliance and increased 
airway resistance [12, 13]. On the other hand, it could 
also be due to an underestimation of TGVapc if the 
ratio of airways and tissue impedance was not 
sufficiently low. Assuming that the effects of inertia 
are negligible at such low frequencies, the correspond­
ing relative error (E) may be estimated on the basis of 
airway resistance, (Rt) and total tissue compliance 
(Ct): 

E='tt't2ro2/(<t(<1 + t2) ro2 + I] (2) 

where 't 1 = Rt · Ct, 't 2 = Raw· Ct and ro is the circular 
frequency (ro=21t·f=0.314 at 0.05 Hz). Jn a normal 
10 yr old (140 cm) child Ct~0.05 !·cmH20 - 1 (14], 
Raw~4 cmH20·r1·s (15] and, from forced oscilla­
tion data [11], Rt may be estimated to about 
2cmH20·r 1 ·s. Then't1 ~0.1 s, •2 ~0.21 s,andTGVis 
expected to be underestimated by 0.2% at 0.05 Hz. As 
growth is characterized by a decrease in resistances 
and an increase in total compliance, the two time 
constants and the corresponding error are not 

expected to change much over the age range con­
sidered in this study. If either< 1 or t 2 were increased 
by a factor of 10, due to airway obstruction, increased 
tissue compliance, or increased tissue resistance, the 
error would still amount to only 2%. For the children 
with most obstruction seen in this study (sRaw 
increased by a factor of 5), who probably did not have 
overcompliant tissues, one could therefore expect that 
TGV would not be seriously underestimated due to 
an inadequate Zaw/Zt ratio. To test these theoretical 
predictions, TGVapc was measured in 22 children at 
the usual frequency of 0.05 Hz, and also at the lower 
frequency of 0.03 Hz, which should decrease the error 
in question. In the seven children with normal lung 
function or restrictive disease, FRCapc was not 
significantly smaller at 0.03 than at 0.05 Hz. In 
contrast, FRCapc was larger at 0.03 than at 0.05 Hz 
in the fifteen children with obstructive disease. The 
difference was not quite significant, but averaged 
14% (1.75±0.8 I vs 1.53±0.531). This unexpectedly 
large difference points to the limitations of the 
monoalveolar model on which the above theoretical 
predictions are based. It suggests that, in some of the 
children, local obstruction may be much more severe 
than indicated by the global airway resistance with, as 
a consequence, a high local Zaw/Zt ratio and an 
underestimation of the gas volume behind the 
obstruction. It also suggests that a frequency of 0.05 
Hz is inadequately high in the children with most 
obstruction. 

From this study, we conclude that the method 
investigated presents serious limitations and cannot 
be recommended for routine pulmonary function 
testing in 4-16 yr old children. The main problem 
being that it requires the subject to breathe regularly, 
without pause or sighs, for several minutes; this is 
easily achieved by adults, but is difficult to accomplish 
for many children. As a consequence, the signal to 
noise ratio of the measurements is low and the data 
exhibit a large variability. 
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RESUME: Nous avons i:tudie la validiti: d'une nouvelle mi:thode 
de mesure du volume des gaz intrathoraciques chez 69 enfants ages 
de 4 a 16 ans, panni lesquels 12 normaux et 57 malades atteints 
d'affection obstructive (n = 38) ou restrictive (n = 19) des voies 
respiratoires. La methode consistait a appliquer des variations 
sinusoidales tres lentes (0.05 Hz) de pression ambiante autour du 
corps (6Pam =40 cmH20 Crete a crete) et a etudier les relations 
entre 6Pam et les di:placements gazeux qui en ri:sultent au nivcau 
de la bouche (Vaw): TGVapc = Ps·6Vawf6Pam·coscj>, ou Ps est la 
pression barometrique moins la pression de vapeur d'eau alveolaire 
et <P !'angle de phase entre Pam et Vaw. Les capaciti:s residucllcs 
fonctionnelles derivees de TGVapc (FRCapc) ont eti: comparees 
aux valeurs obtenues par plethysmographic (FRCplct) et par 
dilution de )'helium (FRCdil). FRCapc n'a pri:senti: aucune 
difference significative par rapport a FRCplet dans le groupe en tier 
(1.75±0.62/ vs 1.79±0.45 f) ni dans les sous-groupes de patients. 
Toutefois, chez les enfants les plus obstructifs, on a trouvi: une 
tendance a des valeurs legerement plus basses de FRC avec la 
nouvelle mi:thode (p < 0.05). FRCdil apparait significativcment 
plus faible que FRCapc et FRCplet (p<O.OOI), particulierement 
chez les enfants obstructifs. Des correlations significatives ont i:te 
trouvi:es entre' les trois methodes (p<O.OOI). D'autre part, la 
mi:thode iovestiguee exige que le sujet respire tres regulieremcnt 
pendant une periode de plusicurs minutes. Dans bcaucoup de cas, 
ceci n'est pas obtenu, de sorte que la reproductibilite des mesures 
est faible et inacceptable. Actuellement, la mi:thode ne peut pas et re 
recommandee pour une utilisation de routine chez les enfants de 4 a 
16 ans. 


