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Spirometry and Forced Oscillations in the Detection of
Airway Hyperreactivity in Asthmatic Children
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Summary. Background: Provocation tests are routinely used to detect airway hyperreactivity

(AH) in the diagnosis of asthma. We compared the sensitivities of the forced oscillation tech-

nique (FOT) and spirometry in the detection of AH in asthmatic children. Methods: FOT and

spirometry were performed in 20 asthmatic children (aged 5–18 years) following aerosolized

histamine and methacholine at an interval of 2 weeks. The respiratory system input impedance

was measured by FOT; the resistance at 6 Hz (R6), the average resistance between 4 and

24 Hz, the area under the reactance curve (AX) and the resonant frequency were extracted

from these recordings. Spirometry was used to obtain forced expiratory volumes and flow

parameters. Results: Following provocation with the two agonists, the FOT detected the airway

response as early as spirometry. When the greater variability of the impedance parameters

was taken into account, the two methods were observed to have similar sensitivities. Among

the lung function parameters studied, AX and R6 were the most sensitive for the demonstration

of AH. Conclusions: Our findings demonstrate that FOT is as suitable as spirometry for the

measurement of bronchoconstriction and thus it may be considered for the detection of AH in

asthmatic children. Since its application requires minimal cooperation, this approach imposes

less stress and may be particularly favorable in the diagnosis of asthma at a young age.
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INTRODUCTION

The airway hyperreactivity (AH) during bronchopro-
vocation tests plays a key role in the diagnosis of asth-
ma.1–4 The early diagnosis and adequate treatment of
asthma in early childhood significantly improve the
prognosis and the quality of life.5 In older children or
adults, the AH can be detected indirectly by performing
spirometry during airway challenges with an inhaled
bronchoconstrictor agonist. However, the measurement
of lung function and the subsequent detection of AH in
young children are limited by their inability to perform
the close cooperation necessary for spirometry.

The forced oscillation technique (FOT) has gained
increasing attention for the measurement of pulmonary
mechanics in children because this approach requires
no special breathing maneuvers.6,7 Moreover, in con-
trast with spirometry, the FOT provides direct informa-
tion on the mechanical properties of the airways and
the respiratory tissues. These beneficial properties of
the FOT have resulted in numerous previous studies in
which the lung function was assessed in children with
no respiratory disease,8–10 or with various lung diseases
such as cystic fibrosis,9,11–14 neonatal chronic lung dis-
ease,9,15 wheezy bronchitis,9,16–18 or asthma.1–3,9,10

Despite the potential of the FOT to detect early bron-
choconstriction during different challenges, the sensitiv-
ity of this method has not been systematically evaluated
with the gold standard of spirometry in asthmatic
children. The aims of the present study were therefore
(i) to compare the sensitivities of the FOT and spirome-
try during airway challenges involving the inhalation of
different direct stimuli commonly used in clinical prac-
tice (histamine [His] and methacholine [MCh]) and
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(ii) to establish which FOT parameter and which provo-
cation test is most appropriate for the detection of AH
in asthmatic children.

MATERIALS AND METHODS

Subjects

Twenty asthmatic children (5 girls and 15 boys, age
range 5–18 years) were enrolled into the study. The di-
agnosis of asthma, the degree of its severity, and the
level of control were categorized according to the
GINA (Global Initiative for Asthma) guidelines,19

based on the previous history of recurrent coughing,
wheezing, shortness of breath (at rest or following exer-
cise), and the symptomatic improvement following
short-acting bronchodilator administration. Each child
and/or their guardian completed the informed consent
document, which was approved by the Clinical Ethics
Committee of the University of Szeged (Ref No.
WHO2803). Seventeen children did not receive any reg-
ular asthma medication during one month prior to the
study; they used only inhaled salbutamol (Sal) occa-
sionally, as needed (GINA level 1). Three children used
inhaled corticosteroid (ICS) as maintenance (budeso-
nide 200 mg twice a day) and Sal (200 mg as needed)
as rescue therapy (GINA level 2). All children were
controlled during the study period. Only patients
who did not need Sal during 8 hr before the visit were
included in the study.

Forced Oscillations

The FOT measurements were performed in accor-
dance with the ERS guidelines.6 To measure the input
impedance of the respiratory system (Zrs) during spon-
taneous breathing, a commercially available device
(i2m, Chess Medica, Oostakker, Belgium) was applied.
Briefly, a loudspeaker was used to generate the pseudo-
random broad-band oscillatory pressure signals contain-
ing integer multiple frequencies between 4 and 48 Hz.
The forcing signal was applied to the child via a dispos-
able bacterial filter and a mouthpiece (Type PBF-30,
Piston Ltd., Budapest, Hungary). Zrs was obtained from
8-sec measurements while the child performed normal
breathing during the oscillatory measurements. The
equipment was calibrated by measuring known impe-
dances prior to the measurements. The additional
impedance of the bacterial filter and mouthpiece was
determined and the Zrs spectra were corrected for this
equipment component.

During the 8-sec data recording periods, the children
sat upright, wearing a noseclip, and breathing quietly
through the mouthpiece. They were asked to support
their cheeks with their palms during these maneuvers in
order to minimize upper airway shunting. The Zrs

recordings were accepted if the coherence functions
between the pressure and flow signals were generally
>0.95, no leak was noted around the mouthpiece, and
no technical artifact occurred due to coughing, swal-
lowing or glottis closure.
The changes in the resistive properties of the respira-

tory system were evaluated by calculating the average
resistance between 4 and 24 Hz (R4–24) and by extract-
ing the resistance and reactance at 6 Hz (R6 and X6; the
lowest frequency at which the impedance was reliably
measured). The elasticity of the respiratory system was
assessed by calculating the sum of all negative values
in the imaginary part of Zrs from 4 Hz, which corre-
sponds to the area above the reactance curve and the
x-axis (AX). The resonance frequency of the respiratory
system (Fres), that is, the frequency at which the reac-
tance was zero, was determined by linear interpolation.

Spirometry

Spirometry was performed in accordance with the
ATS/ERS recommendations.20 Forced expiratory flow-
volume curves were measured by means of a commer-
cial spirometer (Type PDD-301/s, Piston Ltd., Buda-
pest, Hungary) including a screen pneumotachograph
equipped with a differential pressure transducer. The
flow signal was integrated to obtain changes in lung
volume during the forced expiratory maneuvers. The
forced expiratory volume in the first second of expira-
tion (FEV1), the forced vital capacity (FVC), and the
forced expired flow between 25% and 75% of the vol-
ume expired (FEF25–75) were extracted from the record-
ings. Three technically acceptable reproducible
measurements were performed, and the highest values
of the spirometric parameters were extracted from the
maneuvers for the final analyses.

Measurement Protocol and Bronchial Challenges

On the first study day, three-to-five reproducible Zrs
data epochs were recorded, which were followed by
three consecutive technically acceptable forced expira-
tory maneuvers in order to establish the baseline values
of the FOT and spirometric lung functional parameters.
Since the FOT does not require any special breathing
maneuvers, this technique was always performed first.
The deep inspirations and forced expirations necessary
for spirometry may affect FOT measurements.13,21 This
sequence guaranteed the lack of influence of the assess-
ments themselves on the measured values. Increasing
doses of aerosolized (Voyage Mefar jet nebulizer, Italy)
His (Sigma–Aldrich Ltd., Budapest, Hungary) was then
administered (airflow 8 L/min, mass median aerody-
namic diameter 1.9 mm, minimum output 0.3 ml/min)
to the children for 2 min via a face mask, in doubling
doses ranging from 0.5 to 16 mg/ml. A set of Zrs
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recordings was first collected, including measurements
of three 8-sec data epochs at 10, 50, and 90 sec after
the end of the inhalation. This was followed by three
forced expiratory maneuvers for spirometry at 2, 2.5,
and 3 min after the completion of each dose. An inter-
val of at least 5 min was allowed between two consecu-
tive doses. The study was terminated before the highest
dose of His, or if FEV1 decreased by more than 20%
and/or clinical symptoms of wheeze or persistent cough
were noted.22,23 To detect the reversibility of the bron-
choconstriction, the challenge protocol was terminated
in all children by administering 400 mg inhaled Sal
(Ventolin, GlaxoSmithKline, Greenford, UK) followed
by the final assessment of Zrs and spirometry.

The children revisited the lung function laboratory
2 weeks later. The baseline FOT and spirometry were
performed identically as detailed above. Aerosolized sa-
line as the solvent of the agonists was then adminis-
tered for 2 min, and both the FOT and spirometry were
repeated. The bronchoprovocation tests with increasing
doses of MCh (0.5–8 mg/ml for 2 min) and the bron-
cholysis with Sal were then repeated in the same man-
ner as detailed above.

The deep inspirations and forced expirations neces-
sary for spirometry may affect FOT measurements.13,21

Accordingly, to test whether the variability of the FOT
parameters was altered when this lung function test was
performed alone, another 8 asthmatic children similar
to the main study population were studied (three girls
and five boys, age range 6–16 years, weight range
27–74 kg, height range 122–164 cm). Two sets of Zrs
recordings by the FOT were collected in these children
at times 5 min apart.

Statistical Analyses

Short-term variability in the spirometric and FOT
parameters was defined as the standard deviation of per-
centage changes between measurements before and af-
ter NaCl inhalations, while long-term variability was
determined by calculating the standard deviation of per-
centage changes between the two baseline values at the
two visits. The Z score for each parameter was calculat-
ed as the difference between the post-test and the basal
value divided by the standard deviation of the expected
value of the change (i.e., the short-term variability).
This Z score is the number of standard deviations by
which a lung function parameter responded to the con-
strictor agonists as compared with inhalation of the sol-
vent. Responses were considered statistically significant
when the Z scores for each parameter were outside the
�1.96 and þ1.96 critical levels. The Z-test comparing
two proportions was applied to detect statistical signifi-
cance between the lung function parameters. To express
group means and deviations, the values are reported as

means � SE. The Kolmogorov–Smirnov test was used
to test data for normality. The changes in the group
means of the FOT and spirometric Z score parameters
were assessed by using one-way ANOVA tests on re-
peated measures. The relationships between the contin-
uous variables (i.e., the FOT and spirometry indices)
were examined by means of Pearson correlation tests.
Pairwise comparisons were performed by using the
Student–Newman–Keuls multiple comparison proce-
dures. Statistical significance was accepted at the level
P < 0.05.

RESULTS

The children had normal basal lung function param-
eters, with a mean percentage predicted value for FEV1

of 106% (range 93–136%) and a mean Z score of 0.54
(ranging between �1.0 and þ1.43). The mean FVC
was 105% (67–121%), with a Z score of 0.48 (ranging
between �1.3 and þ1.75). FEF25–75 was also normal,
with a mean percentage predicted value of 106% (77–
124%) and a mean Z score of 0.62 (ranging between
�2.05 and þ3.04).24 The mean respiratory resistance
between 4 and 24 Hz (R4–24) was 91% of the percent-
age predicted (range 74–105%).
Data on the short- and long-term variabilities in the

spirometric and FOT parameters are demonstrated in
Table 1. The smallest variabilities were found for FEV1

and FVC, those for FEF25–75, R4–24 R6 were higher, and
the highest were observed for X6 AX and Fr in the chil-
dren who participated in both the FOT and spirometry.
Substantial decreases in the short-term variability were
observed for the FOT parameters in the eight additional

TABLE 1—Percentages of Short- and Long-Term Variabili-
ty of the Lung Function Parameters Determined With Spi-
rometry or Forced Oscillations in the Main Study Group of
20 Children (5 Girls and 15 Boys, Age Range 5–18 Years)

Percentage short-term

variability

Percentage long-term

variability

Spirometry

FEV1 4.3 9.3

FEF25–75 7.1 15.3

FVC 4.4 8.2

Forced oscillation

R4–24 10.3 (6.1) 13.8

R6 11.3 (6.2) 12.2

X6 15.41 (7.2) 18.7

AX 25.6 (17.0) 31.9

Fr 16.7 (9.2) 25.7

Values in parentheses: values obtained in eight additional children

where the FOT was performed without spirometry (three girls and

five boys, age range 6–16 years). Variability was defined as the stan-

dard deviation of the percentage changes between the data obtained

in the first and second tests.
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children where the FOT data were collected without
spirometry.

Figure 1 illustrates the Z scores for the spirometric
and FOT parameters during the MCh challenge proto-
col. Inhalation of saline following the baseline record-
ings did not cause significant changes in any of the

lung function parameters (P ¼ 0.47, 0.34, 0.75, 0.98,
0.84, 0.78, 0.94, and 0.55 for FEV1, FEF25–75,
FVC, R4–24, R6, X6, AX, and Fr, respectively). Inhala-
tion of increasing doses of MCh resulted in dose-depen-
dent decreases in FEV1, FEF25–75 (P < 0.001 for both)
and FVC (P ¼ 0.002). All parameters obtained with the
FOT displayed dose-dependent significant increases fol-
lowing MCh inhalation (P < 0.001 for all). Inhalation
of Sal after these bronchial provocations totally abol-
ished the bronchoconstrictor effects of MCh. Similar to
His, the resistance parameters obtained by FOT were
able to detect significant decreases in the airway tone
after Sal inhalations (P ¼ 0.002 for R4–24, P ¼ 0.006
for R6), while these changes were not reflected in the
spirometric indices. Statistical results on these findings
are presented in Table 2. The final concentration of
MCh caused significant changes in the spirometric and
forced oscillatory indices in the majority of the chil-
dren; Z-tests revealed no significant difference between
forced expiratory flow parameters (FEV1 and FEF25–75)
and lung function indices obtained by forced
oscillations.
The Z scores of the spirometric and FOT parameters

during His challenges are depicted in Figure 2. Increas-
ing doses of aerosolized His caused statistically signifi-
cant decreases in the lung volume/flow indices
determined by spirometry (P < 0.001 for FEV1 and
FEF25–75; P ¼ 0.011 for FVC). The parameters extracted
from the real and imaginary parts of the Zrs spectra
exhibited dose-dependent elevations after His provoca-
tion (P < 0.001 for R4–24, R6 and Fr, P ¼ 0.005 for X6

and AX). The lung function parameters obtained with
spirometry after Sal inhalation were not significantly dif-
ferent from those measured at the beginning of the study,
but administration of Sal led to significant decreases
in R6 (P < 0.005), X6 (P < 0.005), and AX (P < 0.05),
indicating that the decreases in the airway tone by the b2

agonist may be reflected in the FOT indices. Table 3
containes the results of the Z-test on the data in Figure 2.
The majority of the children responded to His at the final
concentration; Z-tests revealed no significant difference
between the forced expiratory flow parameters (FEV1

and FEF25–75) and the resistance parameters obtained by
forced oscillations.

Fig. 1. The Z scores of the lung function parameters obtained

with spirometry (left) or forced oscillations (right) in individual

asthmatic children under the baseline condition (BL), follow-

ing inhalations of normal saline (NaCl) and increasing doses

of methacholine (0.5–8.0 mg/ml), and after inhalation of salbu-

tamol (SA). Horizontal dashed lines indicate the limits of statis-

tical significance (Z score 1.96).

TABLE 2—P Values Resulting From the Z-Tests Comparing Two Proportions for the Lung Function Parameters Obtained
With Spirometry and Forced Oscillations During the Methacholine Challenges

R4–24 (13/7) R6 (17/3) X6 (16/4) AX (16/4) Fr (13/7)

FEV1 (14/6) 0.73 0.26 0.46 0.46 0.73

FEF25–75 (14/6) 0.73 0.26 0.46 0.46 0.73

FVC (8/12) 0.11 0.003 0.01 0.01 0.11

Values in parentheses: number of children with significant change to the highest dose of histamine (defined as the Z score for each parameter

exceeding the critical levels of �1.96 or þ1.96) over the number of children with no significant change.
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To compare the sensitivities of spirometry and the
FOT in the detection of airway narrowing, the absolute
values of the Z scores for the lung function parameters
during the His and MCh challenges (determined with
spirometry and the FOT) are presented in Figure 3.
Data are shown for the lower part of the dose-response

curve, where measurements were made for the majority
of the children (i.e., prior to a 20% decrease in FEV1 or
the appearance of clinical symptoms). The sensitivities
of the FOT parameters related to the low-frequency part
of the Zrs spectra were among the greatest during both
His and MCh challenges. R6 and FEF25–75 exhibited
similarly high sensitivities in the detection of His- or
MCh-induced airway narrowing. The parameters X6,
AX, Fr, FEV1, or FEF25–75 were also able to detect
bronchoconstriction after His and MCh challenges, but
only after the second doses of the constrictor agonists.
Since the variability in the FOT parameters was

greater than that in the spirometric indices, we exam-
ined the magnitude of the changes in the resistance
parameters where the His and MCh provocation tests
became positive according to the ATS/ERS guidelines
(a 20% decrease in FEV1 or the appearance of clinical
symptoms). These data are displayed in Table 4. When
a positive response was detected during the bronchial
challenge tests, the changes in R4–24 were about twice
as high as those in the FEV1 for both of the constrictor
agonists studied, while the elevations in R6 were even
more pronounced.
The FEV1 values obtained with spirometry and

the resistance values in the medium frequency range

Fig. 2. The Z scores of the lung function parameters obtained

with spirometry (left) or forced oscillations (right) in individual

asthmatic children under the baseline condition (BL), follow-

ing inhalations of increasing doses of histamine (0.5–16 mg/

ml) and after inhalation of salbutamol (SA). Horizontal dashed

lines indicate the limits of statistical significance (Z score

1.96).

TABLE 3—P Values Resulting From the Z-Tests Comparing Two Proportions for the Lung Function Parameters Obtained
With Spirometry and Forced Oscillations During the Histamine Challenges

R4–24 (17/3) R6 (18/2) X6 (14/6) AX (13/7) Fr (12/8)

FEV1 (18/2) 0.63 1 0.42 0.058 0.028

FEF25–75 (16/4) 0.67 0.38 0.32 0.29 0.17

FVC (8/12) 0.003 0.001 0.09 0.11 0.21

Values in parentheses: number of children with significant change to the highest dose of histamine (defined as the Z scores for each parameter

exceeding the critical levels of �1.96 or þ1.96) over the number of children with no significant change.

Fig. 3. The absolute Z scores for the lung function parameters

obtained with spirometry (filled symbols) and forced oscilla-

tions (open symbols) following histamine or methacholine

challenges. �P < 0.05 versus FEV1 within a dose, #P < 0.05

versus zero level within a parameter.
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(4–24 Hz) obtained with the FOT are primarily deter-
mined by the geometry and the mechanical properties
of the central conducting airways. Conversely, the con-
tributions of the small airways appear in the spirometric
FEF25–75 and the low-frequency resistance values, such
as R6.

7,25 Accordingly, we characterize the associations
between these corresponding spirometric and FOT indi-
ces during the His and MCh challenges in Figure 4.
During His challenges, strong and statistically signifi-
cant correlations were observed between FEV1 and
R4–24 (R2 ¼ 0.6, P < 0.0001) and between FEF25–75
and R6 (R2 ¼ 0.47, P < 0.0001). The correlations be-
tween these parameters during MCh challenges were
somewhat weaker but their associations were still close
and highly significant (R2 ¼ 0.48, P ¼ 0.0001 between
FEV1 and R4–24 and R2 ¼ 0.5, P < 0.0001 between
FEF25–75 and R6).

DISCUSSION

The results of the present study demonstrated con-
comitant changes in the lung function parameters deter-
mined with spirometry and the FOT during different
bronchial challenges in asthmatic children, with signifi-
cant correlations between the corresponding parameters.
Inhalation of increasing doses of His or MCh caused
bronchoconstriction, which was detected similarly from

both the spirometric and the FOT parameters. Express-
ing the changes in Z scores, which take into account the
different variabilities in the lung function parameters,
revealed that the sensitivities of the lung function indi-
ces are comparable in spirometry and the FOT for the
detection of bronchoconstriction induced by His and
MCh in asthmatic children.
Since the introduction of the FOT by Dubois in

195626 and its extension toward the application of a
wide frequency range of pseudorandom pressure excita-
tion,27 the popularity of this lung mechanical measure-
ment technique has increased, particularly as concerns
examinations of patients with a limited ability to coop-
erate.1–3,7–9,11–15,17,18,28–30 This beneficial profile of the
FOT allows the characterization of lung function abnor-
malities in children with various respiratory diseases,
such as cystic fibrosis,9,11–14 neonatal chronic lung dis-
ease,9,15 wheezy bronchitis,9,16–18 or asthma.1–3,9,10 Fur-
thermore, the FOT has been used successfully to
characterize bronchodilator responsiveness9,18,28 and to
detect lung function changes following the inhalation of
a bronchoconstrictor agonist in children.2,3,16,17 How-
ever, we are aware of only a few previous studies in
which the sensitivities of the FOT and spirometry were
compared with regard to the detection of AH in asth-
matic children,1,29,30 when the bronchial challenges are
performed in accordance with the ATS guidelines.23 In

TABLE 4—Percentage Changes in the Resistance Parameters Where the Histamine and Methacholine Provocation Tests
Became Positive According to the ATS/ERS Guidelines (a 20% Decrease in FEV1 or the Appearance of Clinical
Symptoms)

Histamine Methacholine

R4–24 R6 Response R4–24 R6 Response

1 38.1 59.4 W 82.0 172.8 W

2 48.4 80.9 SW 80.9 77.6 SW

3 53.6 124.1 W 56.9 110.4 SW

4 16.1 24.9 SW 38.7 80.1 SW

5 37.0 53.4 SW 39.7 51.6 SW

6 41.5 �1.5 W 30.8 38.8 W

7 64.9 107.8 SW 53.6 76.1 SW

8 46.8 48.3 SW 28.9 36.8 SW

9 66.9 116.8 SW 7.1 20.0 SW

10 25.8 46.7 SW 5.2 17.3 W

11 12.3 27.3 SW �5.3 5.94 SW

12 20.7 40.4 W 40.8 54.4 W

13 5.9 5.5 SW �2.7 19.8 SW

14 16.3 31.0 SW 30.8 62.4 SW

15 27.7 23.6 W 2.9 11.3 W

16 34.8 11.1 SW 24.1 41.0 SW

17 38.6 58.0 SW 11.4 8.1 SW

18 23.4 23.1 W 12.8 9.9 SW

19 7.0 23.2 SW 10.7 28.3 SW

20 15.5 40.9 W 46.9 43.4 SW

Mean 32.1 48.9 27.6 49.7

SE 4.1 8.7 5.4 10.1

SW, positive response (20% decrease in FEV1 and the appearance of wheeze); W, wheeze, clinical symptoms appeared.
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agreement with the present findings (Fig. 4), significant
correlations between forced expiratory and impedance
parameters were found in these previous reports follow-
ing inhalation of His30 or MCh.29 The sensitivity of the
resistance and reactance parameters of the respiratory
impedance spectra for the detection of bronchoconstric-
tion in asthmatic children following MCh inhalation
also accords with previous findings.1 These earlier stud-
ies lack a comprehensive analysis of the sensitivities of
the lung function parameters involving a consideration
of the differences in variability of the techniques ap-
plied. Since spirometry is a routine procedure in lung
function laboratories for the detection of AH in the di-
agnosis of asthma, demonstration of the similar ability

of the FOT is of major importance, since this technique
can be carried out reliably in a much younger age group
(as low as 2 years of age3,10). Nevertheless, children of
school age were enrolled in the present study, in order
to allow a comparison with spirometry. The diagnosis
of asthma via the detection of AH would require the
involvement of an age-matched healthy control group.
This would have required the enrolment of healthy chil-
dren in a similar age range for the two bronchoprovoca-
tion tests with His and MCh, but this was not feasible
at our institution. Despite our having the limitation the
lack of a healthy control group, however, the compari-
sons of the changes in the FOT with the spirometric
indices during bronchoprovocation tests still provides

Fig. 4. Correlations observed between spirometric and resistance parameters obtained with

forced oscillations following aerosolized histamine (top) or methacholine (bottom) challenges

in individual asthmatic children.
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valuable information concerning the ability of the for-
mer approach to detect airway narrowing. This similar
ability suggests that AH can be detected reliably in
asthmatic children by using the FOT.

Strong and highly significant correlations were ob-
served between the corresponding FOT and spirometric
parameters relating to the larger (FEV1 vs. R4–24) and
smaller airways (FEF25–75 vs. R6), which suggests that
airway narrowing is faithfully reflected by both techni-
ques. Nevertheless, the correlation analysis does not
take into account the variability of the measured param-
eters, which is of great importance in a comparison of
the ability of a lung function test to measure broncho-
constriction with subsequent promise to detect AH. Pre-
vious studies have established that lung function
parameters obtained by measurement techniques uti-
lized during tidal breathing exhibit somewhat greater
variability than those based on forced expiration.11 In
accordance with that finding, we experienced greater
short- and long-term variabilities for the FOT param-
eters than those measured with spirometry. This implies
that greater magnitudes of changes can be regarded as
positive responses in the FOT parameters (Table 4),
which corresponds to previous observations2,17,22 and
recommendations for higher acceptance limits of clini-
cally important changes.22

In order to take the greater magnitudes of the
changes and the somewhat higher short-term variability
in the FOT parameters into account, the alterations in
the lung function indices during the His and MCh chal-
lenges were also expressed in Z scores. This analysis
revealed comparable Z scores for the lung function
parameters determined with the FOT and spirometry in
the detection of airway narrowing during both the His
and the MCh challenges. However, in agreement with
previous findings,1 there was a tendency to a greater
sensitivity of the FOT parameters relating to the low-
frequency part of the Zrs spectra, which was particular-
ly evident for R6. It is also noteworthy that the reac-
tance parameter X6 and AX reflected the lung function
changes after both His and MCh inhalation. Since these
parameters are extracted from the low-frequency reac-
tance, they primarily reflect changes in the elasticity of
the total respiratory system. It, therefore, seems likely
that, besides inducing a constriction of the conducting
airways manifested in elevated forced expiratory lung
volumes and resistance parameters, the inhalation of the
bronchoconstrictor agonists also led to a stiffening of
the respiratory tissues. The most probable mechanism
responsible for such a change in the respiratory elastici-
ty is the loss of lung volume via the development of air
trapping, due to the uneven deposition of the broncho-
provocation agonists, which was earlier clearly demon-
strated during challenges with aerosolized His.21,31 The
lack of a significant decrease in FVC despite this loss

of lung volume may be related to the forced deep inspi-
ration to the total lung capacity prior to the expiration,
which has been shown to be likely to reopen the com-
promised lung regions.21

As concerns the greater variabilities in the parameters
determined with the FOT than those with spirometry,
the sequence of the tests in the present experimental
setting warrants consideration. Since the FOT requires
normal quiet breathing only, it has no influence on the
spirometric outcome. This sequence of the tests ensured
the minimal interaction between the two lung function
tests. Nevertheless, the deep inspiration and subsequent
forced expiration maneuvers necessary for spirometry
may affect the lung mechanics, which may be mani-
fested even 5 min later in the FOT recordings. In addi-
tion to the potential diminution of the lung functional
changes that results from the deep inspirations homoge-
nizing the lung periphery,21 these forced breathing
maneuvers may also widen the short-term variability of
the FOT parameters obtained in the present study,
which then ultimately affect the Z scores extracted from
the Zrs spectra, and hence the sensitivity of the tests.
To check on this hypothesis, we recruited eight asth-
matic children of school age on whom two sets of base-
line FOT recordings were performed 5 min apart,
without spirometry between them. The short-term vari-
ability of each FOT parameter decreased substantially
(Table 1), suggesting that the sensitivity of the FOT test
for the detection of AH can be potentially doubled if
the measurements are performed without additional
lung function tests requiring special breathing maneu-
vers. The short-term variability of Rrs in this subgroup
of children fits well within the range reported in earlier
studies (5–11%), where FOT was performed without
spirometry.3,8 The somewhat greater variabilities in the
reactance parameters also agree with previous
results.1,3,8 The deep inspiration (DI) itself required for
spirometry may also affect the FOT during bronchial
challenges. DI alleviates the airway narrowing by de-
creasing the enhanced bronchial smooth muscle tone
and advancing lung recruitment. However, in asth-
matics, this reduction may not be present32 or DI may
even enhance the airway tone.33 Since our subjects
were classified as mild intermittent and mild persistent
asthmatics, it can be anticipated that the bronchoprotec-
tive effect of DI predominated. Thus, it is possible that
the His and MCh effects would have been somewhat
greater if the FOT had have performed alone to assess
the lung function changes.
A further important feature of our study protocol is

the lack of randomization of the FOT and spirometric
measurements. While this order minimized the interfer-
ence between the measurement techniques since FOT
does not modify the bronchial tone, this timing may
have biased our findings if the bronchoconstriction was
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not stable over the measurement period (approximately
3 min after completing each challenge). To exclude the
potential bias due to the diminished effect of His or
MCh with time, we performed measurements on five
additional children, where the lung function was
assessed by spirometry at 1, 3, and 5 min after MCh
inhalation at a single dose of 4 mg/ml for 2 min. These
results demonstrated that, within the time frame cov-
ered by the spirometry and forced oscillations, no sig-
nificant reduction in the bronchial tone was observed
(FEV1 decreases were stable with values of
70.3 � 22%, 68.3 � 24%, 68.4 � 19% of the pre-MCh
level at 1, 3, and 5 min after MCh inhalation, respec-
tively, P ¼ 0.74). We are, therefore, certain that our
protocol allows an exact comparison of the two techni-
ques, even in the presence of an elevated airway tone.

In conclusion, in asthmatic children subjected to
bronchoprovocation tests with His and MCh, the resis-
tance and reactance parameters determined with the
FOT detected the airway constriction similarly as for
the parameters assessed by standard spirometry. The Z
scores, which take into account the greater variability in
the changes in the FOT parameters when the FOT was
performed concomitantly with spirometry revealed that
the two lung function measurement methods have simi-
lar sensitivities in the assessment of bronchoconstric-
tion. If the FOT was performed alone, the short-term
variability of the resistance parameters decreases
markedly and approaches that observed for the spiro-
metric indices. Since the FOT requires less cooperation
from the patient than in the case of spirometry, use of
the FOT may impose less stress on the children and
may lead to a decrease in the age at which airway nar-
rowing can be detected during bronchoprovocation
tests. This implies that FOT is feasible for the detection
of AH in children and thus its use may contribute to the
diagnosis of asthma in the preschool age range.
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