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introduction

Infant whole-body plethysmography offers a unique possibility of measuring
end-expiratory resting level (thoracic gas volume; TGV), and hence lung voi-
ume in its close interrelationship to airway function (airway resistance; R, its
reciprocal value, airway conductance, G, ). Therefore, this technique is a valu-
able aid for objective evaluation of lung diseases in infants. This article gives an
overview of the physiological background of this particular measuring tech-
nique and its usefulness in the clinical routine. Plethysmographic data ob-
tained in infant survivors of the infant respiratory distress syndrome (iRDS), in
infants with cystic fibrosis (CF) and in the so-called ‘wheezy infants’ are pre-
sented. Special emphasis is given to the fact that in such infants the interrela-
tionship between changes in end-expiratory resting level and the deficit in air-
way mechanics is of great importance and, consequently, for the determination
of functional lung derangement in each particular case of lung disease, both
TGV and the closely related R,,, and G,,, have fo be evaluated. This recom-
mendation has to be kept in mind when the different diagnostic tools for eval-
uation of treatment facilities are applied in this particular young age group of
patients with lung disease. In children as in adult patients, inhalative treatment
must be considered the mainstay of all therapeutic measures. However. in in-
fants. the efficacy of such treatment regimens must first be evaluated by ade-
quate functional investigations. Infant whole-body plethysmography offers
one such possibility.

whole-body plethysmography was worked out by Geubelle
et al. [3] in 1959 and shortly thereafter, Klaus et al. [4] and

Whole-body plethysmography, introduced in 1956 by
Dubois et al. [1. 2] to be performed in adults. is an elegant
method for measuring thoracic gas volume (TGV) and
airway resistance (R,,) and its reciprocal value, airway
conductance (G,,). A first technique to perform infant

Nelson et al. [5] published plethysmographic measure-
ments obtained in infants. In the following, this technique
was used in infants with lung disease by Nelson et al. [5]
and Auld et al. [6] who found that well babies in contrast to
adults frequently have evidence of gas trapping, i.e. the
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difference between plethysmographically measured TGV
and functional residual capacity (FRC) determined by a
gas dilution technique.

The plethysmographic technique is based on the fact
that the driving pressure of airway mechanics is the alveo-
lar pressure infered from the pressure change within the
box. The corresponding airflow can be measured directly
with an infant pneumotachograph or calculated from vol-
ume tracing. As the ‘panting breathing technique’ cannot
be applied in infants a heated rebreathing system was de-
veloped by Stocks et al. [7]. This system enables the ple-
thysmographic technique to be adapted for use in infants
and standardized accordingly. It was possible to avoid arti-
facts due to problems of temperature and humidity adap-
tation, and the babies are strictly breathing under BTPS
conditions during measurements of airway mechanics. In
the meantime, R, and/or G, have been assessed by pleth-
ysmographic measurements from birth to adolescence
[(8-10]. Only a fewstudies, however, have measured TGV by
whole-body plethysmography in a significant number of
healthy infants and young children, the age range covered
includes the first 12 months of life [8, 9, 11-15].

Definitions

FRC and TGV are defined as the volume of gas in the
lungs at the end of a tidal breath (the so-called ‘end-expi-
ratory volume); in normal subjects, FRC and TGV are
equal. at least in children after age 6 years and in aduits.
FRC is the volume of gas that communicates with the air-
ways; TGV aiso includes the volume of trapped gas re-
flecting alveolar air space that is badly or not ventilated.

There are different kinds of airway resistance which
can be measured in infants; they reflect different qualities
of the viscoelastic behavior of the infant’s lung. The resist-
ance of the respiratory system (R,,) is a reflection of the
friction encountered by gas flowing through the airways
and by tissue moving against tissue. It is defined as the
change in pressure required for a unit change in tlow (cm
H-0O/1/5). R, is the sum of airway resistance (R, ), lung tis-
sue resistance (R;,) and chest wall tissuc resistance {R...).
Lung resistance (R, ) is the sum of R, and Ry, [16]. Con-
ductance 1s the inverse of resistance.

Finally, compliance reflects the clastic properties of the
respiratory system and is defined as the change in volume
per unit change in pressure (ml/cmH->0). The compliance
of the total respiratory system {C,,) can be divided into
compliance (Cy) and chest wall compliance {C_,), where
1/Cy = L/C + 1/ [17].

Measurement Technique

Infant whole-body plethysmography requires no re-
breathing of an inert gas, and no active cooperation on the
part of the subject. The ingenuity of this technique is that,
by measuring of two pressures during a few respiratory ef-
forts against an occlusion at the mouthpiece performed by
the sleeping baby and by mathematical application of
Boyle’s law, the physiological lung function parameters
can be determined with high reproducibility [18]. This is
presumably the reason why this lung function technique is
highly appreciated by several pediatric pulmonary physio-
logists.

Equipment

Figure 1 shows the newly designed infant piethysmo-
graph produced by the Jaeger Company (Wirzburg,
FRQG) and in figure 2 a ‘print screen’ showing on-line
curves of TGV and R, as well as on-line calculated lung
function data is shown. The baby is asleep (chloral hydrate
80-100 mg/kg body weight) in supine position within the
plethysmographic box. From the 4 signais, including flow
{measured by a pneumotachograph), its integrai the vol-
ume, the body-box pressure and the mouth pressure, typ-
ical curves can be obtained (box pressure-flow relation-
ship, APm/APb piot, AV/APb plot, volume), which en-
ables one to calculate TGV (estimate of lung volumes),
R,y and G, (both estimates of airway mechanics) [L 9].

Intrasubject Variability and Interindividual
Sensitivity

The intra individual variability of repeatedly measured
TGV and G, in 16 wheezy infants, age 1.9-14.9 (mean
9.2 +4.5) months, weight 3.5-11.5 (mean 8.1 £2.5) kg was
evaluated in a previous study [18]. Mathematically. intra-
subject variablity (RD) was computed as relative differ-
ence (RD) = | Z1-Z2|/AZ, where Z1 and Z2 are values of
two measurements and AZ their average value) of paired
measurements. Interindividual sensitivity (ASD-S}) was
calculated as differences of the standard deviation scores
of values predicted [7] for paired TGV and G,,, measure-
ments of all subjects. Afier baseline measurements
{ BLM). measurements were repeated 3 times at 3-min in-
tervals. Means and standard deviations of RD and ASD-§
comparing the repeated measurement with the preceding
one, including tast-to-BLM comparison, are given in table
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1. Within the 15 min of repeated tests, RD for TGV varied
within 9.3% and G,,, within 13.4%. For TGV ASD-S varied
within the 1.6 SD range, and for G,,, within the 1.1 SD
range. The conclusion of this study was that intrasubject
variability {RD) and interindividual sensitivity (ASD-S)
are quite acceptable for infant whole-body plethysmog-
raphy. For pharmacodynamic studies, therefore, an im-
provement of 2 8D for TGV and/or G,,, could be consid-
ered as a significant response.

Physiological Background

Under the condition that flow is laminar, the resistance
of an airway bears an inverse fourth-power relationship to
its diameter [10]). Although in wheezy infants this may not
be the case everywhere in the bronchial tree, this exponen-
tial relationship serves to explain the mechanism that as
an airway narrows, a progressively greater change in re-
sistance is expected for a given change in smooth muscle
length (and hence inspiratory lung volume). Conse-

Haby-Bodypiethrysim. vV 4.00 -

Fig. 1. The newly designed Master BabyLab (Jaeger Wiirzburg,
FRG) with measurements head in place (containing heated pneumo-
tachograph and mouth pressure transducer) attached to the BTPS
umit.
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Fig. 2. 'Print screen’ from the Master BabyLab PC showing the body-box pressure mouth
pressure plot and calculation of TGV {top) and the body-box pressure flow plot reflecting R,
(below). Right pannel: instantly measured lung function data.




Table 1. Intrasubject variability and

interindividual sensitivity of whole-body BLM 5 min 10 min 15 min Last vs. BLM

plethysmographic measurements in

16 wheezy infants, evaluated by repeated TGV

measurements from baseline up to 15 min RD, % 5.1+45 86£5.6 841100 454357 93+73
ASD-§ (SD) 0908 1.5+0.9 14+14  08+09 1.6£12

GBW

RD, % 7271 13.3+£105 121+87 69193 134184
ASD-§ (SD) 05£06 1.1£1.2 1007 05+06 1108

Raw (cm HyO/ml/s)

0 50 100 150 200 250 300 350
TGV (ml)

Fig. 3. Interrelationship between growing lung volumes {mea-
sured as TGV at end-espiratory resting level) and airway R, its reci-
procal value, G, in 56 healthy infants (age 2 days. 1.2 months).

gquently, the bronchodilator response to --agonists must
be measured in children and especially in infants by meth-
ods that evaluate changes in airway function in relation to
changes in resting end-expiratory lével [19-22]. The poten-
tial influence of changes in functional residual capacity on
airway function was recently reported by Maxwell et al.
[23], who demonstrated that indices of partial expiratory
flow maneuvers may underestimate the actual changes in
airflow when changes in end-expiratory level are not taken
into account. This was demonstrated for histamine-indued
bronchoconstriction in recurrently wheezy infants, but the
converse effect after bronchodilator inhalation is based on
the same mechanism. A clear relationship between lung
volume and airway caliber is found not only in children [2,
4], but aiso in healthy infants (fig. 3). This relationship is
curvilinear between TGV and R,,, and linear between

TGV and G,,. The data presented in figure 3 have been
collected from a set of values in healthy infants and young
children obtained from Stocks et al. {7], Dezateux [pers.
commun., 1990] and unpublished data [1992].! Finaily, the
same relationship can be used to explain changes in the
degree of pulmonary hyperinflation with concomitant
changes in lung mechanics, as demonstrated in infants
with bronchopulmonary disease [25-27). The clinician is
interested in following this relationship not only during
normal lung growth, but more specifically in an attempt to
modulate its evolution by adequate therapeutic measures
in infants with lung disease. The great advantage of infant
whole-body plethysmography is the possibility of measur-
ing static lung volumes in relation to airway mechanics,
and of obtaining objective evidence with respect to the re-
versibility and interdependence of clinical changes in
these parameters [25-27].

Fields of Clinical Interest

One objective of infant lung function testing is to gain a
better insight into the physiopathological mechanisms un-
derlying various respiratory diseases in infancy. Prema-
ture infants may develop hvaline membrane disease re-
quiring mechanical ventilation. a therapeutic measure
which may lead to bronchopuimonary dysplasia (BPD)
[28]. The major causes of BPD are not clear yet, nor is it
clear why some survivors of hyaline membrane disease,
with or without BPD, presented with abnormal lung func-
tion during adolescence and/or aduithood [29-33]. Be-
sides oxygen toxicity and barotrauma [31, 32, 34, 35], which
are commonly associated with the development of BPD

'The author thanks C.A. Dezateux (Unit of Epidemiology), M.E.
Fletscher and J. Stocks (Portex Anacesthesia, Intensive Therapy and
Respiratory Medicine Unit), Institute of Child Health, London, UK.
for the support in collecting these data.
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[36], prematurity either by itself or in combination with
hyaline membrane disease {31, 32, 34, 35, 37, 38] are con-
sidered as possible reasons for later functional lung dis-
orders. There is a need to have objective data showing the
natural course of the disease, to know more precisely
which risk factors are really involved, and to evaluate po-
tential benefits of various treatments which are used by
many clinicians without clear rational backgrounds.

One of the necessary preliminaries to an understanding
of the disease process is the consideration of the first crit-
ical events in the airways of infants with cystic fibrosis
(CF). With the micro-osthometer sweat-test technique
[39] there is the possibility of detecting CF in early child-
hood. As a result of this early diagnosis, the question is
whether these infants, who at this stage do not always have
pulmonary symptoms, really have normal lung function. It
has been shown previously that 5/24 infants with CF had
normal lung function, 6/24 were hyperinflated (TGV
>mean + 2 SD), 9/24 were of the mixed type (hyperinfla-
tion and bronchial obstruction: TGV and R,, > mean
+72 SD) and 4/24 bronchial obstruction alone [19].

Angother diagnostic group includes wheezy babies, i.e.
all subjects with wheezy bronchitis, infants after viral
bronchiolitis, and infantile asthmatics. It is widely ac-
cepted that wheezy bronchitis in infants represents part of
the spectrum of early asthma in childhood, as it has been
shown that infants who have more than one wheezing epi-
sode will frequently develop the typical picture of asthma
in later childhood [40-42].

Evaluation of Drug Response

Although bronchodilator aerosols, whether adminis-
tered by jet-type nebulization or by metered-dose inhaler
(MDI), are common treatments for asthmatic patients,
producing rapid and efficient relief of bronchospasm [43]
at low doses [44] and avoiding adverse secondary effects
[45, 46], the effectiveness of aerosol therapy in infants
nceded to be proven by objective lung function data. As
objective evidence that f-adrenoreceptor agonists may be
effective when given orally in infants younger than I8
months {25, 47] and improvement in clinical signs after
topical administration by inhalation was provided [48-50],
the question remained as to how (3;-agonists may induce
changes in the degree of pulmonary hyperinflation, as well
as concomitant changes in airway mechanics. Therefore,
the response of lung function to salbutamol. topically ad-
ministered by an MDI through a baby-adapted auxiliary
device, the Babyhaler (Glaxo, Switzerland) was evaluated

Fig. 4. Baby-adapted, double-valved auxiliary inhalation device
(Babyhaler) for aerosol treatment with a j,-stimulant from an MDIL.

in 36 wheezy infants (1.6-25.2 months of age; median 8.1
months), in a doubie-blind, placebo-controlled study. The
auxiliary device contains an air-chamber of 350 ml, two
low-resistance valves, separating the inspiratory from the
expiratory line. Such an aerosol treatment is shown in fig-
ure 4. Changes in the degree of pulmonary hyperinfiation,
estimated by TGV and/or in the degree of bronchial ob-
struction, estimated by G,, were measured at 5-min in-
tervals for up to 30 min. TGV and G,,, were expressed as
standard deviation scores (SD-8} of values predicted, and
patients whose TGV and/or G,,, improved by more than 2
SD were considered as responders {51]. From these data it
becomes clear that the type of initial functional abnormal-
ity and the time course must be taken into account when
studying drug efficacy. Significant improvement after in-
halation with albuterol in comparison with placebo could
be demonstrated by plethysmographic measurements.
The study furthermore demonstrated that several meth-
odological aspects are related to the kind of functional in-
terrelationships by which lung function data should be
cvaluated in infants. Our data suggest that changes in both
TGV (as an estimate of pulmonary hyperinflation) and
G, (as an estimate of airway function) have to be consid-
ered in order to answer the question of whether or not
drug response to adrenoreceptor agonists can be achieved
and substantiated in infants.

To discuss plethysmographic data in relation to clinical
patterns, lung function data of 118 infants with broncho-
pulmonary diseases including 36 survivors of iRDS, 30 in-
fants with CF and 52 wheezy infants, some of which have
not been published vet are presented in figure 5. Lung




Survivors after iRDS: ¢ normal
n=36 25 . @ hyperinflated

. age: 0.7-19.1 months —— \ A mixed

o ]
] G 2 204 G e & obstructed
& 15_3 o * Gaw g2 D: [ restriction
A 104 nlful oo :%15“_ '
2] [} [ = ] ) ! .‘
Z 5e o 210dR &
s wEe P @ o ﬁmh-__s‘__o_'.e-!__ﬂ_
& 0"'.3_;'!5; @R &og z 5 A a
= B¥e _* 0w 7 39 O+ A ﬂ
e [ ] o 1 »" A M
] ] ' 0
B e B i A S R R R aas Qe
0 2 4 & 8 1012 14 16 18 20 0 10 20 30 40 50 70 80 20100
Age (months) TGV (ml/kg BW)

Cystic Fibrosis: # normal
=30 . 25 @ hyperinflated
age: 0.3-15.1 months O TGV ] : A mixed

13 o O e Gaw |Z20- : ¢ obswructed

oo !
5 10 & 0o éc" ‘e * 8
9: 5 o o @D a c 'J?lsj :’
;L 8 2 Eo{rR ! ¢ =
E W - ----1 2w S
O 9 F) P S = —— e - = 8. _ _ .
> ] 8BS ee._ .0 . __ | E ] o ®
5 .y . } 5 ‘s 4 4
[~ * = . . 3 77 P Y )

L ] ‘- & A M

WO~ 0 LN AR MAR] RAEAL A EARAS N KA N

0 2 4 6 8§ 1012 14 16 18 20 0 10 20 30 40 50 60 70 80 50 100
Age (months) TGV (mlkg BW)
4 normal

Wheezy Bronchitis @ hyperinflated
n=>353 25 —— .
age: 1.6-19.2 months o TGV | A mixed

20: * Gaw ‘%‘20_‘ : 4 obstructed

15 m ] ; O restricted

7 ] Do 3,15 X
3 10 £ ] :

Fig. 5. Collcciion of lung infant plethys- 3 ] o O B E R é H
mographic data 10 show the degree of pul- 8 "1 . 4-HO am- - $ oB | 2 10'1 _____ . "_ =
monary hyperinflation (TGV) and the de- z 01 e o ﬁ_w o _ g E '. A a
gree of bronchial obstru‘ctipn (G,,), both cx- = _H' ¥ ’q.'. es 3 3 % » : M
pressed as standard deviation scores (SD-5) 10 0 : O
based on a normal population in refation to 0 2 4 6 8 10 12 14 16 13 20 0 10 20 30 40 50 60 70 80 90 100
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function data were expressed in SD-S in relation to age in
the left pannel. and body-weighi-corrected absolute val-
ues of TGV in relation to G, in the right pannel. One of
the striking features of these plethysmographic data is the
finding of consistent pulmonary hyperinflation especially
in the first 10 months in all diagnostic groups. Whereas
puimonary hyperinflation seems to be the functional dis-
order predominantly detected in the first months of life.

Age (months)

TGV (mikg BW)

bronchial obstruction develops later on, The XY plot of
TGV in relation to G, provides a synoptic representation
to subdivide the subjects into different functional groups.
According to the limits given by the mean +2 5D of the
TGV and the G, 5 functional goups can be distinguished:
pulmonary hyperinflation (H: TGV > mean+2 SD), pui-
monary hyperinflation and bronchial obstruction (H&O:
TGV > mean +2 SD and G,,, < mean -2 SD), bronchial
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obstruction {O: G, < mean -2 SD), pulmonary restriction
and obstruction (R&QOQ: TGV <mean -2 SD and G,,
<mean -2 SD) and pulmonary restriction (R: TGV
< mean -2 SD).

Limits of infant Whole-Body Plethysmography

Although not supported by all author groups routinely
performing infant plethysmography, there is an ongoing
discussion about potential errors in measuring TGV
[52-54]. In consequence, comments by Phelan and Wil-
liams [55] expressed doubts about the accuracy of the
plethysmographic method in measuring TGV and R, in
infants with airway obstruction. However, there are other
studies in which such discrepancies have not been found,
and multiple intrasubject measurement comparing TGV
values before and after medication with oral [25.47] or in-
haled [26, 27] salbutamol have provided evidence that pul-
monary hyperinflation as well as pulmonary restriction
may be reversible. At least when additional radiologic
findings support the functional data that a particular lung
is definitely hyperintlated, it should be accepted that this is
not an artifact. Numerous infants present with both in-
creased TGV and R,,,, which cannot be explained by the

mechanisms suggested for adults [54]. Provided that TGV
tracings are absolutely superimposed (a condition that
was carefully checked by the technician responsible for the
measurements), there is minimal evidence to suggest that
‘mechanical inhomogeneity’ is present. Upper airway arti-
facts are easily detected from the resistance slope and
mainly depend on the position in which the child’s head is
kept, the face mask tightly fixed on its face.

Conclusion

In conclusion, lung function testing in infants should be
a valuable aid in making objective conclusions with re-
spect to a particular case of lung disease. Infant whole-
body plethysmography offers one such possibiiity enabling
evaluation of the degree of pulmonary hyperinflation or
pulmonary restriction in close relation with the degree of
bronchial obstruction. Regarding new treatment facilities,
there is a wide palette of different drugs, like f,-stimu-
lants. cromolyn, atropine derivates and topical steroids,
which can be inhaled by improved inhalation techniques
{spacer devices, breath-activated devices). However, most
of these treatment regimens have not yet been satisfacto-
rily investigated in infants.
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