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ABSTRACT: The aim of the study was to evaluate methods applicable in a clinical
setting for monitoring of changes in lung function in awake young children.

Impedance measurements by the impulse oscillation technique (Z10s), respiratory
resistance measurements by the interrupter technique (Rint) and transcutaneous mea-
surements of oxygen tension (Ptc,0,) were compared with concomitant measurements
of specific airway resistance (sRaw) and forced expiratory volume in one
second (FEV1) by whole body plethysmography and spirometry, respectively, during
methacholine challenge in 21 young children aged 4-6 yrs, with suspected asthma.
Measurements with each technique were repeated after each challenge step. A special
face-mask was developed with an integrated mouthpiece which ensured mouth
breathing during the measurements.

The order of sensitivity of the techniques to assess methacholine-induced changes in
lung function was Z10S > sRaw > Ptc,0, > FEV1 > Rint. Z10S was significantly more
sensitive than all subsequent methods, and Ptc,0, was significantly more sensitive than
FEV1. Z10s, sRaw and Rint, but not Ptc,0, and FEV1, detected the subclinical increase
in bronchial muscle tone in the children during baseline, which was revealed by the
significantly reduced airway obstruction after inhalation of a p,-agonist as com-
pared to baseline.

It is concluded that Z10s, Rint and Ptc,0, change in parallel with sRaw and FEV1 and
with a comparable sensitivity during simultaneous measurements of the response to
methacholine in young children aged 4-6 yrs. This implies that Z10s, Rint and Ptc,0,
provide convenient indices of changes in lung function. Their combined use will be
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useful for monitoring airway diseases of young children.
Eur Respir J., 1995, 8, 2067-2075.

Morbidity from chronic lung disease in young children
is relatively high and is probably on the increase. In prin-
ciple, measurement of lung function is essential for the
diagnosis and the monitoring of such diseases. However,
only children aged at least 6-8 yrs can be expected
to co-operate reliably to perform reproducible forced res-
piratory manoeuvres [1, 2] and to tolerate measurements
within a whole body plethysmograph. For children under
this age, lung function measurements are rarely perfor-
med, except for research purposes in infants, who may
be studied during sedation. In young children, lung fun-
ction measurements are seldom documented in clinical
practice and intervention studies. The clinical evaluation
of lung function by auscultation appears to be an extrem-
ely insensitive indicator of bronchoconstriction [3-5]. In
a recent study of young children, a fall in oxygen tension
of up to 33% occurred in some subjects without audiblc
wheeze [3]. Other investigators have found that at least
a 30% fall in forced expiratory volume in one second
(FEV1) is necessary before wheezing is heard [4]. Conse-
quently, knowledge of the natural history, the prevalence
andthe optimal treatment of chronic lung diseases in

this age group is limited. The demand for an index appli-
cable in a clinical setting for the evaluation of lung func-
tion in young children is accordingly compelling.

The aim of this study was to evaluate three techniques
to measure lung function in awake young children. Tech-
niques which required sedation of the child were not
considered. The techniques also had to be noninvasive, to
be acceptable for most young children, and to require
only passive co-operation. Impedance measurements by
the oscillation technique (Z10S), resistance measurements
by the interrupter technique (Rint), and transcutaneous
measurements of oxygen tension (Ptc,0,) all appear to
fulfil these requirements. The accuracy of these three
methods, i.e. their relationship to true airway resistance is
not known, nor is it within the scope of this study to
address this issue. Rather, these measures may be consid-
ered as indices of lung function. To evaluate their use for
such a purpose, changes in airway resistance during
methacholine challenge in young children were measured
by whole body plethysmography and spirometry, res-
pectively, and these measurements were compared to
simultaneous measurements of ZI10s, Rint and Ptc,0,.
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Patients and materials

Patients

Children aged 4-6 yrs with suspected asthma were eli-
gible for the study. All subjects were considered to suffer
from asthma as recurrent symptoms were typical of asthma
and reversible after administration of a B,-agonist.

Forty eight children were screened in order to select
the children who were capable of performing technically
satisfactory and reproducible measurements of FEV1
and specific airway resistance (sRaw) within a whole body
plethysmograph. Twenty-three children were unable to per-
form such measurements. The remaining 25 children all
proved co-operative and were included in the compara-
tive study. Of the children included in the study, those
who did not respond to the highest dose of methacholine
with an increase in sRaw of more than 100% during meth
acholine challenge were excluded from the final data
analysis.

The study was approved by the Local Ethics Com-
mittee (01-268/93) and written informed consent was
obtained from the parents of the children.

Equipment

Lung function measurements, including spirometry
and resistance measurements by whole body plethysmo-
graphy, as well as the impulse oscillometry technique
and the interrupter technique, were performed with a
Master Screen unit (E. Jdeger gmbH, Wiirzburg, Germany)
and processed on a Compaq 486/66 MHz computer. The
pneumotachograph and whole body plethysmograph ful-
filled the specifications recommended by the European
Commission [6]. Corrections were made for resistance
and dead space of the system. The oscillometry equip-
ment fulfilled the standard recommendations [7]. All
flow and volume measurements were corrected to body
temperature and pressure, saturated with water vapour
(BTPS) conditions and the equipment was calibrated
once daily.

Measurements of Ptc,0, and transcutaneous carbon dio-
xide tension (Ptc,C0O,) were made using the Radiometer
TCM3 unit (Radiometer, Copenhagen). Dosimetry was
performed with a Wright nebulizer adapted to the APS
dosimeter (E. Jieger gmbH, Wiirzburg, Germany).

Methods

FEV1 and forced vital capacity (FVC)

Maximum expiratory flow volume curves were
obtained by means of a heated pneumotachograph equip-
ped with a differential pressure transducer. The flow signal
was recorded by a computer which calculated both FEV1
and FVC. Three technically satisfactory forced expiratory
manoeuvres were performed, and the manoeuvre with
the highest sum of FVC and FEV1 was used as the final
measurement.

SRaw

sRaw was measured in a constant volume whole body
plethysmograph and was defined as the ratio between the
change in inspiratory and expiratory pressures and associ-
ated respiratory flow rates. Measurements of these para-
meters were initiated when the subject had been seated
inside the plethysmograph for at least 1 min. The air
inhaled by the subject was neither heated nor humidified.
Drift in the box-pressure was compensated for by the "soft-
ware", according to the principles described by SMIDT
et al. [8]. Measurements were carried out during normal
tidal breathing and no attempts were made to make the
subjects pant. Five technically satisfactory measurements
were sought. No measurement was disregarded, except
when an artifact due to either a leak from the face mask,
swallowing, coughing or vocalization was discovered
on-screen. When this occurred the measurements were
repeated until five undisturbed measurements were
obtained. The median value from five such sequential
cycles was used for the final result.

7108

Impedance measurements were performed by impulse
oscillometry (IOS) [9]. IOS is based on measurement of the
relationship between an external pressure pulse applied to
the respiratory system and the resulting respiratory air-
flow. The spectral ratio of the amplitude of the pressure
wave signal to the resulting flow signal constitutes the
impedance (Z) of the respiratory system, from which the
total resistance (Rrs) and the reactance (Xrs) of the respira-
tory system can be calculated [9-13].

With 0.2 s intervals brief pulses containing a continu-
ous power spectrum ranging 0—100 Hz were generated by
a loudspeaker. The pressure and flow fluctuations super-
imposed on the spontaneous breathing were measured at
the mouth by means of two differential pressure transdu-
cers (Sensym SLP 004, Sensor Technics), which had a sen-
sitivity of £10 mBar. The dynamic of the transducer is
higher than 500 Hz, and in connection with the pneumot-
achograph the 3 dB cut-off frequency is 50 Hz. Without
correction function the common mode rejection ratio is
higher than 60 dB up to 50 Hz. When varying the load
from O to infinity, the system pressure varies from 0O to
0.32 kPa. When loaded with an impedance of 0.2 kPa-L"!
the peak-to-peak pressure is above 0.2 kPa. At flow rates
below 1 L-s! the pneumotachograph is linear within 3%.
The digitized pressure and flow signals were sampled at a
rate of 200 Hz and fed into a fast Fourier transformation
(FFT), which transforms the complex pulse signals into
their elementary sinusoidal components [10]. The freque-
ncy resolution was defined by the FFT to 3.125 Hz in the
range 0-50 Hz. The FFTspecific fix points with 3.125 Hz
distance were used in the averaging procedure in the app-
lication. After proper filtering, the values for Rrs and Xrs
obtained from each impulse were calculated in the fre-
quency range 5-35 Hz.

In the data-processing software, several features were
applied in order to secure a linear model calculation and
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to improve the signal-to-noise ratio. A correction of base-
line was applied in order to reduce the influence of the
harmonics of the subjects breathing, accomplished by a
correction derived from the difference between pressure
and flow measurements at the start and at the end of
each impulse, respectively. The content of harmonics of
the breathing pattern was checked by defining 96 sam-
pling points equal to zero to follow the 32 data points
sampled at each impulse, as this enabled the FFT analysis
down to 3 Hz. Recordings containing a higher amount of
harmonics were disregarded, which was also the case for
measurements which showed a disproportion of the reso-
lution of the pressure and flow signal.

The loud-speakcr was mounted on a Y-tubing, and the
dead-space of Y-tubing and the combined pneumo-
tachograph, pressure transducer and mouthpiece was
150 mL. Fresh air was assured through the mesh of the
terminating resistor mounted on the Y-tubing. The system
was regularly calibrated against a reference impedance
of 0.2 kPa-L's.

During data acquisition, pressure and flow fluctuations
were displayed on-line together with the spirometry curve.
Thirty seconds of continuous technically satisfactory
measurements were sought. Whenever disturbance of the
measurements was observed, the measurements were pro-
longed until 30 s of undisturbed measurements were
obtained. Thereafter, no further sorting of the data was
carried out and the calculated results were retained. The
results presented are, thus, mean values of calculations
from such 30 s measurements (approximately 150 pulses).

Rint

Respiratory resistance is, in principle, an estimate of the
total resistance of the respiratory system as determined
from the respiratory airflow and the driving airway pre-
ssure difference between the alveoli and the exterior as
estimated from mouth pressure (Pmo) during a brief inter-
ruption of airflow. Alveolar pressure is assumed to equili-
brate with Pmo during this occlusion. During occlusion,
Pmo is influenced by the resistance of the lung tissue and
the chest wall in addition to the compliance of the upper
airways, including the mouth [14, 15]. The compliance of
the latter may delay the equilibration between the alveoli
and Pmo causing underestimation of the alveolar pressure.
However, the estimate of Pmo is equally affected by a
number of technical choices made during adaptation of
the principle. Pmo may be measured during inspiration or
expiration. In this study, Pmo was measured during inspi-
ration, as differences in glottic opening are more likely to
affect measurements during expiration [16]. Several pri-
nciples have been suggested for estimating the alveolar
pressure from the Pmo recording [17]. Our equipment
applied the algorithm described by VAN DER PLAS and
VOOREN [18] to estimate the Pmo from the time-pressure
curve. According to this "opening interruption method",
the Pmo is measured during the last part of the occlusion
and measurement of airway flow is performed shortly after
reopening of the shutter. During circumstances of increased
airway resistance, the equilibration between the alveoli

and Pmo is likely to be delayed and only airways
contributing to airway flow are measured. Rint may, there-
fore, underestimate the airway disease, due to this mecha-
nical nonhomogeneity of the lungs [19].

The interrupter technique was performed by interrup-
tion of the respiratory airflow by means of an interrupter
mounted on the pneumotachograph. A pressure trans-
ducer placed between the interrupter and the subject was
used for measuring Pmo during the interruption of airflow.
The interrupter closed within 7 ms and was automati-
cally activated in every second breath when a volume of
50 mL had been inspired. The interruption lasted for a
total of 80 ms and Pmo was derived from the last 5 ms.
Airflow (V') was measured over a period of 5 ms, 70 ms
after the reopening of the interrupter. These settings were
chosen based on pilot studies in children (Bisgaard, data
on file).

Respiratory resistance (Rint) was calculated on-line from
corresponding measurements of respiratory airflow and Pmo
(Rint = Pmo/V"). Five technically satisfactory measure-
ments were sought. No measurement was disregarded, but
when artifact was discovered on-screen, the measurements
were continued to allow five undisturbed consecutive
measurements to be made. The mean value of five mea-
surements was used for the final analysis.

The combined resistance of the interrupter and
pneumotachograph was 0.4 cmH,0O-L'-s, and the dead
space of the system was 160 mL. The data sampling rate
was 1,000 Hz.

Ptc,0, and Ptc,CO,

Ptc,0, and Ptc,cO, were monitored transcutaneously by
a heated electrode from which readings were continuously
displayed and printed using a Radiometer TMC3. Cali-
bration was performed with a calibrating gas containing
21.5% 0O, and 5% CO,. The temperature of the electrode
was 44°C during the measurement of blood gases. The
electrode was placed on the upper part of the flexor side of
the lower arm. The electrode was allowed to stabilize until
readings had been stable for 5 min. This usually occurred
within 20 min. After measurement of blood gases, the elec-
trode was retested against the calibrating gas and if drift
exceeded 0.3 kPa during the period of measurement,
a correction was made by linear interpolation, assuming
that drift was constant over the whole period of measure-
ment. The data used for calculating Ptc,0, and Ptc,CO, were
obtained from reading the hard-copy curves printed dur-
ing the measurement of blood gases. The results presented
are median values of five readings at 1 min intervals
beginning concurrently with the measurements of lung
function.

Lung function measurement procedure

The child used a mouthpiece during spirometry. Spiro-
metry was performed in a sitting position. sRaw, Rint and
Z10s measurements were performed with the child seated
comfortably with the neck slightly extended. A facemask
was used for these measurements. The face-mask was spe-
cially designed to provide stable access to the oropharynx



2070 H. BISGAARD, B. KLUG

(

=

Fig. 1. — Face-mask with a built-in mouthpiece. This combination
ensures that the young child breathes through the mouth.

andto prevent nose breathing. This was assured by a
mouthpiece within a large mask. In addition, the large
face-mask provided effective support to the cheeks
(fig. 1).

Optimal passive co-operation by the children was
enforced by showing video films during the procedure.
Lung function measurements were performed in a fixed
sequence (Rint, Z10S, sRaw, FEV1), starting 3 min after the
completion of each challenge step. Ptc,0, and Ptc,CO, were
measured continuously.

Eight of the children from the study group were chal-
lenged on a separate day with the dose of methacholine
producing an increase of 100% in sRaw. The airway resis-
tance was subsequently traced for 15 min by measurements
of Rint and sRaw every 5 min.

Methacholine challenge procedure

Prior to methacholine challenge, all children were free
of symptoms on the day of the study. The use of bron-
chodilators had also been omitted for at least 8 h prior to
challenge. The methacholine solution (4 mL) was nebu-
lized by using a Wright nebulizer driven by air at 21 psi
and a dynamic flow of 18 L-min"!. The nebulization was
controlled by an APS dosimeter which initiated a brief
nebulization of 0.6 s at the start of inspiration, delivering
2 mg of solution per activation. The pressure was stable
for more than 80% of the 0.6 s nebulization time. The inha-
lation of methacholine was performed during tidal breath-
ing and the aerosol was inhaled through a mouthpiece
while the children were wearing noseclips. The inhalation
manoeuvre of the children was artificially prolonged by
mounting a moderate resistance at the inlet valve of the
system. The aerosol was delivered for eight respiratory
cycles at each challenge step.

Saline was included as the first challenge step fol-
lowed by methacholine bromide dissolved in unbuffered
saline. The starting concentration of methacholine was
0.5 mg-mL"! followed by doubling concentrations to a
maximum of 64 mg-mL". Increasing doses of methacho-
line were inhaled until: 1) sRaw increased by at least 100%;
or 2) the highest dose of methacholine was reached; or 3)

mild clinical signs of airway obstruction were apparent; or
4) the child complained of discomfort. Terbutaline sul-
phate 0.5 mg was inhaled via a pressurized metered-dose
inhaler plus large-volume spacer subsequent to the mea-
surements after the last challenge. Lung function was
measured before and after the initial saline inhalation, as
well as after each methacholine inhalation and 15 min
after the terbutaline inhalation.

Statistical evaluation

The baseline reproducibility for each technique was
assessed by the within-subject standard deviation (SD)
and the coefficient of variation (CV%). The withinsubject
SD was calculated from the difference between lung func-
tion measurements before and after inhalation of saline
divided by 2. The individual mean baseline values
showed no correlation with the absolute differences within
baseline measurements as evaluated from graphic plots,
i.e. the within-subject SD is independent of the mean level.
The coefficient of variation (CV%) was computed as the
within-subject SD of the baseline in percentage of the
mean In the case of reactance measurements the numeric
values were used for the computation. In order to compare
the performance of the techniques, the lung function
measurements during challenge were transformed into an
index taking into account the baseline reproducibility of
each technique as described below:

Change in lung function measurements from

) postsaline measurement
SD-index=

Within-subject SD

The so-index transforms the absolute changes in lung
function measurements during challenge into multiples
of the baseline reproducibility of the individual technique.
This transformation enables direct comparison of mea-
surements, despite the differences between the baseline
reproducibility of individual techniques.

The level of methacholine challenge achieved by each
subject was indicated as the rank-order of challenge, i.e.
the highest dose, the second highest dose etc., rather
than by the actual dose of methacholine administered. This
improved the possibility of comparing lung function mea-
surements between the children despite their different sensi-
tivity to methacholine challenge.

For all techniques, dose-response curves were construc-
ted by plotting the changes in lung function, using the
mean so-index value, against the corresponding rank of
methacholine challenge. The sensitivity of the methods
was evaluated from: 1) the threshold concentration (TC)
causing a change in the lung function measurement of
3xsD (TC3sp); and 2) the slope of the dose-response curve
(A so-index/dose step), i.e. change in so-index relative to
the change in dose level. To estimate TC3sp, linear inter-
polation was performed between the values surrounding
the TC3sp value for each patient and method. To estimate
the slope for each method. a linear regression model
was fitted to the dose-response curve of each patient. For
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the comparisons between methods with regard to TC3sp
values and slopes, an analysis of variance was performed
based on the model patient and method.

Lung function before and after the administration of
a P,-agonist was compared by the Wilcoxon test for
matched pairs. The central tendency was depicted by the
mean value. Values of p less than 0.05 were considered
significant.

Results

Twenty five children cntered the study and underwent
methacholine challenge. Four children did not exhibit
a 100% increase in sRaw following the maximal dose of
methacholine and were accordingly excluded from the
final data analysis. The 21 children fulfilling the inclu-
sion criteria comprised 10 girls and 11 boys, mean age
5 yrs (range 4-6 yrs) and mean height 117 cm (range 110-
123 cm). All children were treated with a B,-agonist on
an as-required basis. Sixteen children were treated with
inhaled steroids; 14 with budesonide daily in doses
ranging 100 pg to 800 pg and two with beclomethasone
dipropionate daily in doses of 200 pug, all inhaled
from pressurized metered-dose inhalers plus spacer device.
Baseline lung function is presented in table 1. Due to
technical reasons, ZI1os and Ptc,0, measurements are
absent for two children and three children, respectively.

The mean time from the beginning to the end of one set
of measurements was 9.2 min. In the time-effect study per-
formed in a subgroup of children, the Rint as well as sRaw
was reduced to 87% of its maximum 10 min after inhala-
tion of methacholine.

The indices of Z10s, Rrs and Xrs were calculated at 5,
10, 15, and 35 Hz and compared at both baseline and
at maximal response (table 2 and fig.2). Rrs and Xrs
both exhibited the strongest response at 5 Hz. Reactance
exhibited a stronger response than resistance at any fre-
quency. Z10s data acquisition was extended to 30 s in this
study, but recalculation of the results showed that this
could be reduced to 5 s without significant effect on the
outcome.

The baseline reproducibility is given as the within-
subject sD and the CV% of the methods in table 1. The
order of CV% for the methods was Ptc,0, < FEV1 <Rrs <
Rint < sRaw < Xrs The change in lung function at maximal
dose is shown in table 1.

The mean dose-response relationship between the level
of challenge and sp-index of sRaw, FEV1, Xrs, Rrs, Rint and
Ptc,0, is shown in figure 3.

TC3sD and slope of the dose-response relationship is
presented in table 1. The order of sensitivity based on
these characteristics of the methods was: Xrs > sRaw > Ptc,0,
>FEV1 > Rrs > Rint. Xrs showed a significantly steeper dose-
response curve in comparison with all subsequent meth

Table 1. — Comparison of the "gold standard" measurements FEV: and sRaw with concomitant measurements of
indices of lung function as measured by the Zios components resistance (Rrs5) and reactance(Xrs5), and Rint and Ptc,0,
FEV1 sRaw Russ Xrss Rint Pr,0,
L kPa-s-! kPa-s-L-! kPas-L! kPa-s-L-1 kPa
Baseline 1.08 1.09 0.93 -0.24 1.18 11.8
+0.22 +0.20 +0.26 +0.1 +0.21 +0.84
Maximal bronchial 0.79 2.44 1.35 -0.80 1.87 9.3
obstruction +0.16 +0.46 +0.39 +0.26 +0.40 +1.03
Post [3,-agonist 1.09 0.94 0.77 -0.136 0.9 11.71
+0.22 +0.14 +0.18 +0.08 +0.03 +0.10
p=value* >0.1 <0.01 <0.01 <0.001 <0.001 >0.1
Maximal change -25 +150 +148 -300 +66 =22
in % of baseline +11 +36 +39 +216 +34 +7
Within-subject sD 0.05 0.14 0.10 0.04 0.14 0.34
of baseline
measurements
CV % 5 13 10 17 12 3
TC3sD conc. steps* 3.1 22 2.9 2.1 32 2.5
(2.8-3.5) (1.9-2.5) (2.5-3.3) (1.7-2.4) (2.8-3.6) 2.1-2.9)
Slope of dose- 1.5 2.3 1.3 35 1.2 1.8
response curve (1.1-1.8) (1.9-2.7) (0.9-1.7) (3.1-3.9) (0.8-1.6) (1.4-2.2)

sp-index/conc. step

Values are presented as mean*sp. *: 95% confidence limit in parenthesis. *: baseline versus post f2-agonist. FEV1: forced expi-
ratory volume in one second; sRaw: specific airways resistance; Z10S: impedance measured by the impulse oscillation technique;
Rrss: resistance of the respiratory system at 5 Hz; XrsS: reactance of the respiratory system at 5 Hz; Rint: repiratory resistance
measured by the interrupter technique; Ptc,0,: transcutaneous oxygen tension; CV: coefficient of variation; TC3sp: threshold
concentration causing a change in the lung function measurement of 3Xsb.
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Table 2. — Frequency dependence of the impedence(Zios) indices, reactance (Xrs) and re-
sistance (Rrs) at baseline and during bronchial obstruction (bronch. obs.)

5 Hz 10 Hz 15 Hz 35 Hz
{((Ir)i ‘ggfﬁline -0.24 (x0.10) -0.23 (x0.10) -0.14 (x0.08) 0.18 (£0.06)
.l)((lrJi11 .b.rf_r}ch. obs. -0.80 (+0.26) -0.62 (x0.19) -0.38 (0.16) 0.04 (+0.09)
IISII;Z E):dfﬁline 0.93 (£0.26) 0.70 (20.17) 0.59 (0.14) 0.66 (£0.10)
ﬁ{; .ts>'r](d)'r}ch. obs. 1.35 (£0.39) 0.82 (0.23) 0.65 (z0.17) 0.71 (£0.13)

Values are mean, £sD in parenthesis. For abbreviations see legend to table 1.

sp-index

R3s Ris R Rs X35 X5 X100 X5

Fig. 2. — Impedence measured by the impulse oscillation tech-
nique (Z10s) at maximal bronchial obstruction computed as its resis-
tance (Rs) as well as its reactance (Xw) components at discrete
frequencie s from 5-35 Hz. Xis at 5 Hz is more sensitive to bronchial
challenge than the other estimates of Zi0s. Measurements were per-
formed in 21 young asthmatic children. Bars indicate mean+SEM.

16 -

sp-index

I
NaCl 1/16Max 1/8Max 1/4Max 1/2Max Max
Methacholine dose

Fig. 3. — Dose-response curve of the change in lung function vari-
ables expressed as Sb-index against increased doses of inhaled
methacholine expressed as a fraction of maximal dose, in 21 young
asthmatic children. Between each dose-step, lung function was mea-
sured by Rint (—x—), Xiss (—a—), Rss (—e—) and sRaw (—e—)
and FEV1 (—o—) in consecutive order, whilst Ptc,0, (—o—) was
measured continuously. Rint: respiratory resistance measured by the
interrupter technique; Xrs5: reactance of the respiratory system at
5 Hz; Rrs5: resistance of the respiratory system at 5 Hz; sRaw: spe-
cific airways resistance; FEV1: forced expiratory volume in one
second; Ptc,0,: transcutaneous oxygen tension.

ods and provided a significantly lower TC3sp than FEV1.
Ptc,0, also provided a significantly lower TC3sp than
FEV1. Ptc,c0, did not exhibit detectable changes during
the challenge procedure.

All methods reflected the reversal of lung function
measurements to baseline levels after inhalation of a
B,-agonist (table 1). Furthermore, subclinical airway
obstruction was revealed at baseline as a significantly
reduced airway resistance after inhalation of a 3,-agonist
in comparison to baseline measurements. This was reflec-
ted by sRaw, Xrs, Rrs and Rint (p<0.01), although not by
FEV1 and Ptc,0, measurements (table 1).

Discussion

7108, Rint and Ptc,0, measurements exhibited convinc-
ing covariation with the "gold standard" measurements
of sRaw and FEV1 during methacholine-induced bronchial
obstruction. The methods are likely to reflect different
aspects of lung function. Whole body plethysmography is
a measurement of airway resistance alone; ZIos reflects
the impedance of the whole respiratory system; Rint refle-
cts total pulmonary airflow resistance plus some fraction
of chest wall resistance; whereas, spirometry is a flow-
volume measurement and only indirectly reflects airway
resistance; and Ptc,0, is an indirect measurement of venti-
latory and vascular function. Direct correlation can, there-
fore, not be expected, but the observed covariation attests
to their usefulness as semi-quantitative measurements rela-
ted to lung function in young children.

The magnitude of the response varied considerably
between the methods applied. However, the baseline
reproducibility also varied, as reflected in the within-
subject sD and the CV% (table 1). FEV1 and Ptc,0, exhib-
ited good reproducibility as opposed to sRaw, Xrs, Rrs and
Rint. To facilitate the comparison of the response of the
different methods, we estimated the sp-index, which indi-
cates the absolute increase in multiples of the baseline
reproducibility (fig. 3). The order of sensitivity was Xrs
> sRaw > Ptc,0, > FEV1 > Rrs > Rint. Xrs was significantly
more sensitive than FEV 1. The sensitivity of Ptc,0, did not
differ significantly from that of SRaw, but it was signifi-
cantly better than FEV1. All of the methods applied
reflected the reversal of the obstruction subsequent to
inhalation of a P,-agonist. Xrs, Rrs, sRaw and Rint but
not Ptc,0, and FEV1 revealed the subclinical bronchial
obstructionof the children prior to methacholine challenge,
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as reflected in the significantly reduced airway resistance
after inhalationof a P,-agonist as compared to baseline
measurements.

Whole body plethysmography and spirometry are con-
sidered "gold standard" measurements of airway resista-
nce and flow. However, children under 6-8 yrs are seldom
able to reliably and reproducibly perform the manoeuvres
required for these techniques [1, 2]. The Zios and Rint mea-
surements are performed during normal tidal breathing,
they require only passive co-operation, and each measure-
ment may be accomplished within less than 15 s. The met-
hods are also noninvasive, apart from the closely fitted
face-mask equipped with a mouthpiece. The general acce-
ptance of these methods is, therefore, good among young
children and the methods can probably be performed in
most awake young children.

The accuracy of sRaw and FEV1, i.e. their relationship
to true airway resistance, is generally accepted as good.
The accuracy of Z1os and Rint is, however, less clear. The
accuracy of Ptc,0, is well-known with respect to arterial
oxygen tension (Ptc,0,), and they seem to correlate well in
infants and young children [20] and even in adults [21].
However, the accuracy of Ptc,0, as a reflection of lung func-
tion is obscure and may be confounded by vascular flow
changes.

sRaw was calculated from the relationship of respira-
tory flow and the corresponding box-pressure precluding
separate measurements of total gas volume (TGV) from
breathing manoeuvres against a shutter [22]. Measure-
ments of sRaw are discriminative to airway pathology as
documented previously in studies of histamine [23] and
methacholine-induced bronchial obstruction [24].

The impedance of the respiratory system, ZIOS, was
studied using impulse oscillometry, a special form of
forced oscillation technique. In this case, the respiratory
flow of the subject is overlaid by short time pressure
pulses emitted from a loudspeaker. Based on the airflow
response, the pulmothoracic impedance can be calcu-
lated. The impedance is estimated as the spectral ratio
between pressure and flow in the frequency range 5—
35 Hz, and is resolved into its two components, the Rrs
(resistance of the respiratory system) and the Xrs (reac-
tance of the respiratory system) [9—13]. The indices
derived from the IOS are, in principle, comparable to those
obtained by the pseudorandom noise method of LANDSER
et al. [25]. The latter method applies a statistical coher-
ence function for evaluation of the signal-to-noise ratio of
the measurements. The I0S application improves on the
signal-to-noise ratio by compensating the influence of the
harmonics of breathing and rejecting extreme measure-
ments. Furthermore, the IOS provides on-line display of the
volume, flow, and pressure changes, allowing evaluation
of the quality of measurements.

The indices of IOS and other oscillometrics exhibit
frequency dependency in young children, probably reflect-
ing the heterogeneity of the lung and a frequency-
dependent redistribution of the oscillatory flow between
different compartments [11, 26]. Xrs is more discrimina-
tive than Rrs for detecting impaired lung function, and
lower frequencies are more discriminative than higher
frequencies [24, 27]. Accordingly, our measurements of Rrs

as well as Xrs exhibited a frequency dependency, with more
profound changes in the lower frequency domain and more
profound changes in Xrs as compared to Rrs (fig. 2 and
table 2).

The pressure wave is dampened by compliant upper
airways. Thus, it has been suggested that the cheeks of
the child should be stabilized to reduce this problem [28],
or that the pressure input should be applied around the
head, which minimizes transmural pressure variations
across upper airway walls [29]. In the latter, the child’s
head is enclosed in a box and the opening at the level
of the neck is sealed off by means of a rubber collar.
However, young children may not tolerate the box. Fur-
thermore, the head-box does not seem to improve the
accuracy [30] or the sensitivity [31] of the respiratory
impedance measurements.

Young children are unlikely to comply with the require-
ment for a closely-fitted mouthpiece and noseclips, and
within an ordinary face-mask they may choose to breathe
through the nose. Any such leak through the nose or
around the mouthpiece will adversely influence the mea-
surements. Thus, we suggest the use of a face-mask large
enough to stabilize the cheeks and equipped with a mouth-
piece which ensures mouth breathing rather than nasal
breathing. The acceptance of this combined face-mask
mouthpiece was good in the present study. However, the
face-mask with mouthpiece will not completely obliterate
the artifact caused by the compliance of the upper airways.
Bias from the upper airways will, however, tend towards
underestimating the lower airway impedance. The sensi-
tive response of the Zios in the present study is accord-
ingly not due to artifact caused by interference from the
upper airways.

Previous studies in young children have shown good
correlations of the impedance measured by oscillometry
to peak expiratory flow (PEF) during exercise-induced
asthma in young children [32], to plethysmography
during carbachol challenge [24, 33] and f,-agonist inha-
lation [34], and to forced spirometry during allergen chal-
lenge [10], methacholine challenge [27] and histamine
challenge [35]; as well as during baseline conditions [36,
37]. The impedance measured by oscillometry has, there-
fore, been suggested as a convenient alternative to forced
spirometry measurements for the study of lung function
and bronchial reactivity in children [24, 27, 38], although,
in a recent study in 5 year old children measurements by
the forced oscillation technique were found to be unreliable
[3].

Rint is, in principle, an estimate of the total resistance
of the respiratory system as determined from the airflow
and the driving airway pressure difference between alveoli
and the exterior as estimated from the mouth pressure (Pmo)
during a brief interruption of airflow. Due to confounding
variables and arbitrary choices that have be made prior
to the calculation of Rint, absolute Rint measurements
have no general acceptance. However, as an index of intra-
individual short-term changes of lung function, it is
apparently convenient and exhibits a high degree of
covariation with FEV1 and sRaw measurements. Previous
observations in children [39] and adults [40] have found a
correlation between Rint and FEV 1 and sRaw measurements,
although a different algorithm for the Rint calculation was
applied. The data from this study in young children
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confirm the covariation between Rint and sRaw as well as
FEV1. Furthermore, the sensitivity of the Rint method
appears comparable to that of FEV1 but less than that of
SRaw.

Measurement of blood gases reflects the total outcome
of respiratory and vascular conditions. It is appealing
for its obvious relevance to the clinical state of the patient.
Changes in Ptc,0, during bronchial obstruction probably
reflect ventilation-perfusion mismatch [41, 42]. These
are generally assumed to reflect changes in the peripheral
parts of the airways [43]. Although Ptc,0, may not
be an accurate measure of arterial oxygen tension (Pa,0,),
Ptc,0, and Pa,0, covariate during acute asthma in young
and in older children and even after inhalation of the
potent vasodilator, the B3,-agonist [20, 21, 43]. Ptc,0, has
previously been found to correlate to the clinical state
[44], to respiratory impedance measurements [41, 45],
and to spirometry [46], with a precision that compared
favourably with the latter [47]. In this study, Ptc,0, exhi-
bited a covariation with the "gold standard” measure-
ments of sRaw and FEV1. The sensitivity of the method
was at least as good as that of FEV1, though apparently
less so than plethysmography.

Changes in lung function were induced by methach-
oline inhalations. The different tests were applied after
inhalation of methacholine in a fixed sequence of Rint,
7108, sRaw and spirometry. Ptc,0, was measured continu-
ously. Any reduction in bronchial obstruction during
this time would favour the sensitivity of the tests applied
first. However, it was not feasible to randomize the sequ-
ence of lung function tests, as the maximal inspiratory
effort during spirometry would cause a confounding
bronchodilatation [48] and increase Ptc,0, values. Furth-
ermore, a randomized sequence would complicate the intri-
cate procedure the young children had to perform during
the repeated challenges. In a subgroup of children,
the time-dependent weaning of bronchial obstruction
revealed that airway obstruction stabilized within 87%
of the initial degree of obstruction for at least 10 min
after inhalation of methacholine, which is in accordance
with previous reports [17, 49]. Our measurements were
performed within this time period and are, accordingly,
unlikely to be severely affected by time-dependent
changes. The confounding time-effect relationship will
most severely affect the spirometry measurements perfor-
med as the last measurement, yet not affect the comparison
of Zios with sRaw, and Rint with sRaw, which were per-
formed in close proximity.

The main conclusion of this study is that Zios, Rint
and Ptc,0, reflect changes in lung function upon metha-
choline bronchial challenge and [,-agonist-induced bron-
chodilatation in young children of 46 yrs with sensitivity
comparable to that of sRaw and FEV1 measurements.
Although the results may point in favour of Zios as the
method of choice for estimates of lung function in young
awake children during tidal breathing, Rint as well as Ptc,0,
are likely to provide additional aspects of lung function.
It may, therefore, seem advisable to include all three
methods for such purposes in future studies. The methods
will allow future studies of the natural history as well as
interventions in lung diseases of young children.
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