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ABSTRACT: The forced oscillation technique (FOT) allows easy assessment of bron-
chial reactivity. The use of a standard FOT generator (SG) results in changes in
respiratory system resistance (DRrs,SG) which are affected by an artefact caused by
the extrathoracic upper airway (EUA). The aim was to improve the FOT assessment
of bronchial reactivity with the SG by computing the change in FOT admittance
(DArs,SG), which is theoretically unaffected by this artefact.
DRrs,SG and DArs,SG after bronchial challenge in 17 children were compared with

the values measured with a head generator (HG) FOT setup (DRrs,HG and DArs,HG,
respectively), which were taken as a reference, since HG provides data virtually freed
from the EUA artefact.

At 10 Hz, the SG significantly underestimated the resistance change: DRrs,SG=
1.77�0.62 versus DRrs,HG=6.09�1.23 hPa.L-1.s. DRrs,SG and DRrs,HG did not show a
significant correlation. By contrast, the amplitude of the change in admittance mea-
sured by SG was close to the one obtained with the reference HG: |DArs,SG|=29.5�4.6
versus |DArs,HG|=32.7�3.9 mL.hPa-1.s-1. |DArs,SG| and |DArs,HG| showed a significant
correlation (r=0.65, p>0.01). Similar results were found up to 20 Hz.

The extrathoracic upper airway artefact was minimized when computing the
change in admittance with the standard generator. This forced oscillation technique
index may improve the sensitivity in assessing bronchial reactivity with the standard
generator setup, which is the most common and easiest to use method for routine lung
function testing.
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The forced oscillation technique (FOT) allows a non-
invasive assessment of respiratory mechanics with mini-
mal cooperation from the patient. This is particularly useful
when assessing respiratory function in patients who are
unable to cooperate in performing forced spirometry ac-
cording to the standard criteria, e.g. in patients with severe
breathing impairment or in children. An additional feature
of FOT, which contrasts with forced spirometry, is that it
does not modify the bronchial tone since it is applied while
the patient is breathing spontaneously, obviating the need
for deep inspirations. This is of special relevance in the
assessment of bronchial reactivity [1] given that in such a
test, a series of several consecutive forced expirations are
required to quantify the effects of increasing doses of the
inhaled agent.

The suitability of FOT for evaluating the effects of dif-
ferent bronchial challenge agents (histamine [2±4], metha-
choline [5±11], carbachol [12], hyperventilation with cold
air [13, 14]) has been substantiated by comparison with
reference techniques such as forced spirometry or body
plethysmography both in children and in adults. Most of
the studies analysing the adequacy of FOT for assessing
bronchial reactivity have been carried out by using the
more common and simplest FOT setup, the standard gen-
erator (SG). This setup has the advantage of being com-
fortable for the patient since forced oscillation is simply
applied through a mouthpiece. Nevertheless, it has been

reported that the results obtained with the SG are affected
by an artefact due to the shunt of the extrathoracic upper
airways [15±18]. This artefact can be minimized, both in
adults and in children, by using a variant of the FOT te-
chnique which consists in applying oscillation with a head
generator (HG) [18, 19]. In particular, it has been shown
that the sensitivity and specificity of the technique in
detecting changes in respiratory impedance is greater for
the HG than for the SG [16, 20]. However, this advantage
of the HG is offset to a certain extent by the fact that this
setup is less easily applicable to the clinical routine since it
is necessary to surround the patient's head with a canopy
sealed with a neck collar.

The aim of this work was to optimize the analysis of the
data obtained with the most conventional and simplest SG
in order to eliminate the upper airway artefact when FOT is
employed to assess bronchial reactivity. The rationale be-
hind this procedure is that in a bronchial challenge the
patient is their own control and also that the mechanical
properties of the extrathoracic upper airway are not mo-
dified by the bronchial challenge. Accordingly, the change
in the oscillatory admittance measured by the SG was
computed. The practical improvement in the assessment of
bronchial challenge expected from the theoretical back-
ground was substantiated by applying the method to the
FOT data measured with the SG before and after bronchial
challenge in children. The results were compared with
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those obtained with the HG, which were taken as the
reference, since they are virtually free of the upper airway
artefact [18].

Methods

Rationale

The conventional method of assessing respiratory sys-
tem impedance (Zrs) is based on applying a forced os-
cillation through a mouthpiece by means of an SG and
computing Zrs,SG from the oscillatory pressure (P) and
flow (V ') signals recorded at the mouth. As illustrated in
figure 1, measured Zrs,SG=P/V ' does not coincide with ac-
tual Zrs due to the shunt induced by the parallel impe-
dance of the extrathoracic upper airway (Zeua) [21, 22]:

Zrs,SG=Zrs6(1+Zrs/Zeua)-1 (1)

Accordingly, the error induced by Zeua is higher as Zrs/
Zeua increases. A bronchial challenge induces a change of
impedance from the basal value Zrs to Zrs* and the values
measured with the SG vary from baseline Zrs,SG to Zrs*,SG.
It may be shown from equation 1 that the measured change
in impedance (DZrs,SG=Zrs*,SG-Zrs,SG) is related to the
actual change (DZrs=Zrs*-Zrs) according to:

DZrs,SG=DZrs6(1+Zrs*/Zuaw)-16(1+Zrs/Zuaw)-1 (2)

Consequently, the change in impedance measured with
the SG (DZrs,SG) is also affected by the upper airway
artefact. This is illustrated in figure 2a, which shows a
representative example of the different impedances, rep-
resented as respiratory system resistance (Rrs) and re-
actance (Xrs) (Zrs=Rrs+j6Xrs; where j=(-1)1/2), involved
in a FOT measurement before and after bronchial chal-
lenge in adults [3]. From the mean measured values with
the SG at 6 Hz (Zrs,SG=2.9-j60.6 hPa.L-1.s and Zrs*,SG

=5.7- j61.8 hPa.L-1.s), the actual pre- and postchal-
lenge impedances were estimated (equation 1) as-
suming a value of Zeua=20-j615 hPa.L-1.s at this
frequency [16]: Zrs=3.3-j60.5 hPa.L-1.s and Zrs*=7.7-
j.2.9 hPa.L-1.s. As expected, the change from pre- to
postchallenge impedances measured by the SG effec-
tively underestimated the actual value (equation 2).

To improve the detection of the changes induced by a
bronchial challenge when using the SG it was proposed to
compute the change in respiratory admittance (Ars), which
is the reciprocal of Zrs. According to figure 1, the ad-
mittances measured with the SG before and after challenge

(Ars,SG=1/Zrs,SG and Ars*,SG=1/Zrs*,SG respectively) are the
addition of the actual respiratory admittances (Ars=1/Zrs

and Ars*=1/Zrs*, respectively) and the admittance of the
extrathoracic upper airway (Aeua =1/Zeua):

Ars,SG=Ars+Aeua (3)

Ars*,SG=Ars*+Aeua (4)

where Aeua is expected to be unaffected by the bronchial
challenge. Consequently, the change in admittance due to
the bronchial challenge measured by the SG (DArs,S-

G=Ars*-Ars) coincides with the actual change of respiratory
admittance (DArs=Ars*-Ars):

DArs,SG=DArs (5)

as is illustrated in figure 2b. This figure shows that, in
contrast to that found in impedance data (fig. 2a), the effect
of the extrathoracic upper airway shunt on actual Ars, and
Ars* is additive (equations 3 and 4). Therefore, the absolute

Zrs, Ars

Zeua, Aeua

P, V '

Fig. 1. ± Diagram of the impedances and admittances in a forced os-
cillation measurement with the standard generator. P: oscillatory pres-
sure at the patient's mouth; V ': oscillatory flow at the patient's mouth;
Zrs: respiratory system impedance; Ars: respiratory system admittance;
Zeua: impedance of the extrathoracic upper airway; Aeua: admittance of
the extrathoracic upper airway.
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Fig. 2. ± Representative values of impedances (a) and admittances (b) at
6 Hz in a forced oscillation measurement before and after a bronchial
challenge with histamine. Zrs: respiratory system impedance before
bronchial challenge; Zrs*: respiratory system impedance after bronchial
challenge; Zrs,SG: Zrs measured with a standard generator; Zrs*,SG: Zrs*
measured with a standard generator; DZrs: actual change in impedance;
DZrs,SG: change in impedance measured with a standard generator; Ars:
actual respiratory system admittance before bronchial challenge; Ars*:
respiratory system admittance after bronchial challenge; Ars,SG: Ars

measured with a standard generator; Ars*,SG: Ars* measured with a
standard generator; DArs: actual change in admittance; DArs,SG: actual
change in admittance measured with a standard generator; Aeua: ad-
mittance of the extrathoracic upper airway. Note that DZrs,SG ? Zrs and
that DArs,SG = DArs.
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change in admittance is not influenced by Aeua. Conse-
quently, assessing the effects of the bronchial challenge by
means of the change in admittance measured with the SG
allows an unbiased estimation of the actual change in the
mechanical properties of the respiratory system.

In addition to the fact that the measurement of the ab-
solute change in admittance (DArs,SG) is unbiased (equa-
tion 5), it should be pointed out that its relative change:

DArs,SG/Ars,SG=DArs/Ars6(1+Zrs/Zeua)-1 (6)

exhibits an error that depends on the baseline impedance
(Zrs). Consequently, the error factor (1+Zrs/Zeua)-1 is the
same for the different successive measurements with in-
creased dose of the challenge agent. By contrast, the
magnitude of error in the relative change in impedance:

DZrs,SG/Zrs,SG=DZrs/Zrs6(1+Zrs*/Zeua)-1 (7)

depends not on the value of the baseline impedance, but on
the actual impedance after each dose of bronchial chal-
lenge agent (Zrs*). Moreover, the magnitude of the error, in
the relative change in admittance (equation 6) is expected
to be lower than the error in the relative change in impe-
dance (equation 7) because the error factor, 1+Zrs/Zeua, is
expected to be smaller than 1+Zrs*/Zeua, since a broncho-
provocation results in an increase in impedance (Zrs* >Zrs).

Patient measurements

To substantiate the practical improvement when using
the change in forced oscillation admittance measured by
the SG (DArs,SG) to assess bronchial reactivity, the FOT
data obtained with SG and HG during bronchial challenge
in 17 children were re-analysed [18]. All the patients, aged
2±9 yrs, presented with a history of mild-to-severe asthma
and were referred to the laboratory for assessment of air-
way reactivity. These patients had been free of respiratory
symptoms for three weeks preceding the challenge, and b-
agonists were withheld for at least 12 h prior to the test.
The study was approved by the Regional Committee on
Human Subjects Experimentation.

The FOT system and the signal processing used in the
measurements have been described in detail previously
[18]. Briefly, respiratory impedance was computed from at
least two 16 s records of the pressure and flow signals
sampled when applying a pseudorandom forced oscillation
while the patient was breathing spontaneously. The ex-
perimental system could apply the forced oscillation
through a mouthpiece while the patient's cheeks were
supported, i.e. SG, and the oscillation pressure could also
be applied around the head to minimize the shunt of the
extrathoracic upper airway, i.e. HG. In each patient, SG
and HG measurements were taken in a random order and
the time interval between the two techniques was 2±3 min.

After baseline measurements of Zrs,SG and Zrs,HG, the
patient was subjected to a bronchial challenge with ace-
tylcholine or to a specific allergen. Aerosols were delivered
with a Wright nebulizer (Harlow, UK). Acetylcholine (11
patients) was given at a dose of 0.5 or 1 mg. Aerosols of
allergenic extracts of house dust mites (five patients), and
alternaria (Pasteur, Paris, France) (one patient) were given
in cumulative doses, starting from 0.5 IR for mites, and

from a solution of 2.5% (w/v) for alternaria. FOT was
applied 10 min after inhalation of the last dose of the test.

Impedance data (10±20 Hz) were first analysed ac-
cording to the most conventional procedure, to quantify the
changes induced by the bronchial challenge, i.e. by com-
puting the change in the resistance, both for SG (DRrs,SG)
and HG (DRrs,HG). To verify the improvement when using
admittance for assessing bronchial challenge, the am-
plitude of the change in admittance measured with the
SG (|DArs,SG|) was compared with the one obtained from
the reference head generator (|DArs,HG|). This allowed us
to employ a unique FOT index to quantify the change
in respiratory mechanics after bronchial challenge. The
same analysis was carried out for the relative changes in
resistance (DRrs,SG/Rrs,SG and DRrs,HG/Rrs,HG) and admit-
tance (|DArs,SG|/|Ars,SG| and |DArs,HG|/|Ars,HG|). Data are ex-
pressed as mean�SEM. Differences between means were
analysed with paired Student's t-tests and were considered
statistically significant at p<0.05.

Results

The mean�SEM of baseline respiratory impedance mea-
sured by the conventional generator (Zrs,SG) and with the
head generator (Zrs,HG) are shown in figure 3a. As ex-
pected, Rrs was scarcely affected by the upper airway
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Fig. 3. ± Respiratory system resistance (Rrs) and reactance (Xrs) at
baseline (a) and after bronchial challenge (b), measured by the standard
generator (SG) and by the head generator (HG). Values are mean�SEM.
s: Rrs,SG; D: Xrs,SG; *: Rrs,HG; m: Xrs,HG.
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shunt, especially at the lowest frequencies. By contrast,
Xrs,SG measured by the SG was lower and showed smaller
frequency dependence than the reference Xrs,HG. Also, in
accordance with previous data, figure 3b shows that the
difference between the results obtained with SG and HG
increased after the bronchial challenge. The discrepancies
between the resistances measured with both variants of
the technique increased with frequency.

Figure 4 illustrates that, at all the investigated fre-
quencies, the increase in resistance was considerably
underestimated when measured by the SG as compared
with the results obtained with the reference HG. For
instance, at 10 Hz, DRrs,SG=1.77�0.62 hPa.L-1.s and
DRrs,HG =6.09�1.23 hPa.L-1.s. At this frequency, DRrs,SG

exhibited a lower statistical significance (t=2.8) than
DRrs,HG (t=5.0). The difference between DRrs,SG and
DRrs,HG was statistically significant (p>0.01). Both chan-
ges in resistance did not show significant correlation.

The results obtained when assessing the effects of the
bronchial challenge by means of the change in absolute
oscillatory admittance are shown in figure 5 for all the
investigated frequencies. At 10 Hz, which is a repre-
sentative frequency, the change in admittance measured
by the SG (|DArs,SG|=29.5�4.6 mL.hPa-1.s-1) was very
close to the one measured by the reference HG (|DArs,HG|
=32.7�3.9 mL.hPa-1.s-1), the difference being not signi-
ficant. The statistical significance was similar for both
SG (t=6.4) and HG (t=8.4) and the t-values were much
higher than the ones corresponding to the changes in
resistance. |DArs,SG| and |DArs,HG| showed a significant
correlation (r=0.65, p>0.01).

Figure 6 shows the results obtained in the patients
when computing the relative changes of resistance (DRrs,

SG/Rrs,SG and DRrs,HG/Rrs,HG) and admittance (|DArs,SG|/
|Ars,SG|, and |DArs,HG|/|Ars,HG|). As expected (equation 6),
the percentage change in resistance was underestimated
by the SG, showing lower statistical significance for SG
(t=3.0) than for HG (t=5.3). By contrast, the percentage
change in admittance computed from the SG was only
slightly, although significantly, underestimated when com-
pared with the reference value from the HG (27�3% and
33�4%, respectively). Similarly, as found in the case of
the absolute changes (figs. 4 and 5), the statistical sig-

nificances of the relative changes in admittance (t=8.7 for
SG and t=8.5 for HG) were much higher than those of the
relative changes in resistance.

Discussion

The theoretical prediction that computing the change in
FOT admittance after a bronchial challenge from data
obtained with the SG is free of the upper airway artefact
(equation 5) was verified in children, in whom the FOT is
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most affected by this artefact. Indeed, previous data in-
dicate that in children the ratio Zrs/Zeua which is the factor
quantifying the amount of artefact (equation 1), is greater
than in adults [17]. The results from the present study (fig.
5) confirmed that the absolute change in admittance mea-
sured with the SG was very close to the one detected with
the HG, which is a measurement virtually unaffected by
the artefact [18].

The rationale behind the use of the change in admittance
to avoid the upper airway artefact is applicable both in
bronchoprovocation and in bronchodilatation tests [20,
23]. One of the two hypotheses employed to derive eq-
uation 5 is that the effect of the extrathoracic upper airway
can be modelled as a pure lumped shunt impedance (Zeua).
This assumption is based on data indicating that the role
played by the serial component of the extrathoracic upper
airway is small both in children [17] and adults [16]. The
second hypothesis is that the impedance of the extra-
thoracic upper airway is unaffected by the bronchial chal-
lenge agent, which is a reasonable assumption since most
conventional agents used in bronchial challenge, e.g. his-
tamine and methacholine, have been shown to induce
effects mainly at the level of central and peripheral airways
[24]. As for the rationale, it should be noted that oscillatory
admittance contains exactly the same information as impe-
dance since they are reciprocal complex magnitudes.
Consequently, both pre- and postchallenge admittances are
affected by the upper airway artefact (equations 3 and 4).
However, the key issue of the present work consists in
processing the data (by computing DArs,SG instead of
DZrs,SG) to quantify the changes in the mechanical pro-
perties of the respiratory system with a FOT index which is
theoretically free of the upper airway artefact (equation 5).

Although equations 1±5 are valid regardless of the
frequency, the analysis of the FOT data was carried out
taking into account the technical reliability of FOT mea-
surements in children [25]. Indeed, at low frequencies (<10
Hz) it is difficult to obtain a satisfactory signal-to-noise
ratio owing to the relatively high breathing rate of these
patients. Moreover, measurements at high frequencies (>20
Hz) are more difficult in children than in adults given their
higher impedance. On the one hand, the effects of possible
limitations in the common-mode rejection ratio of trans-
ducers are enhanced. On the other hand, as the frequency
increases the impedance of the extrathoracic upper air-
ways, Zeua may become even lower than the respiratory
impedance, especially after challenge (Zrs*), with the result
that data measured with the SG may be considerably
artefactual (equation 1). Accordingly, the data analysis was
focused from 10 to 20 Hz, which is a frequency range
similar to the one commonly employed for quantifying
bronchial challenge by FOT in children and in adults.

In conclusion, it is suggested that using the absolute or
relative change in oscillatory admittance as an index for
assessing bronchial reactivity eliminates, or markedly re-
duces, the upper airway artefact when using the forced
oscilation technique standard generator. Thus, this could
allow us to increase the sensitivity and specificity of the
forced oscillatory technique to a degree resembling that
found when using the head generator [20], but with the
advantage of employing the forced oscillatory technique
setup which is the more common and easiest method to use
for routine lung function testing.
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