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ABSTRACT: The impulse oscillation system (IOS) has been developed recently to
measure respiratory system resistance (Rrs) and reactance (Xrs) at different frequencies
up to >25 Hz. 10S has, however, not been validated against established techniques.
This study compared I0OS with the classical pseudorandom noise forced oscillation
technique (FOT) and body plethysmographic airway resistance (Raw) in 49 subjects
with a variety of lung disorders and a wide range of Raw (0.10-1.28 kPa-L™-s).
Rrs,1O0S was slightly greater than Rrs,FOT, especmlly at lower frequencies, with a
meantsD difference at 5-6 Hz of 0.14+0.09 kPa-L-s. Comparisons with the wave-
tube technique applied on two analogues indicated an overestimation by 10S. Xrs,J0S
and Xrs,FOT were very similar, with a slightly higher resonant frequency with 10S
than with FOT (mean differencetsp 1.35+3.40 Hz). Raw was only moderately
correlated with Rrs—FOT and Rrs-10S; although the mean differences were small
(0.04+0.14 kPa-L s for Rrs,FOT and -0.10+0.14 kPa-L''s for Rrss,10s), I0S and
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FOT markedly underestimated high resistance values.

In conclusion, the impulse oscillation system yields respiratory system resistance and
reactance values similar, but not identical to those provided by the forced oscillation

technique.
Eur Respir J 2001; 18: 564-570.

Recently, the Jaeger impulse oscillation system
(IOS, Erich Jaeger, Hoechberg, Germany) has been
introduced as a user-friendly commercial version of
the forced oscillation technique (FOT). I0S offers
data-analysis and an elaborate report, containing total
respiratory system resistance (Rrs) and reactance (Xrs)
at a wide range of frequencies. It also contains
estimations of central and peripheral pulmonary
mechanics based on a simple model. However, only
limited data have been published on this technique
and these reports were mainly related to results in
asthmatic and healthy children [1-3].

The FOT was introduced by Dusois et al [4] in
1956 as a method to characterize respiratory impe-
dance and its two components, Rrs and Xrs, over a
wide range of frequencies. Briefly, flow oscillations
generated by means of a loudspeaker are applied at
the subject’s mouth and superimposed on normal
breathing. The resulting pressure signal, as well as the
flow signal, are recorded and analysed. These signals
are, in general, waveforms containing several fre-
quencies. For each of these frequencies, the ratio of
pressure to flow can be considered (i.e. the impe-
dance), which is a complex number that contains
information about both the ratio of the magnitude of
pressure to flow and about the phase shift between
these signals. Most often this complex number is
represented by its real part, the respiratory resistance
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(Rrs), and its imaginary part, the respiratory reactance
(Xrs). Many studies have been published on FOT,
especially since microprocessor techniques became
available in the 1970s, allowing the analysis of com-
plex signals by Fourier transform [5-7]. The clinical
potential of the method became apparent because it
is rapid, demands only passive cooperation (i.e. no
forced manoeuvres), and needs neither introduction
of annoying devices (e.g. oesophageal balloon) nor
frightening measurmg conditions (e.g. closed body
plethysmograph). It is especially appealing to children
as it can be used routinely from 3 yrs of age onwards
[1, 3, 8]. The FOT has also proved its usefulness in
many pathological conditions [9, 10]. In addition, the
characteristics of the FOT have been widely studied
[11, 12].

The I0OS is, however, different from the classical
FOT because an impulse (a rectangular wave form)
rather than a pseudorandom noise signal (a mixture
of several sinusoidal wave forms) is applied by the
loudspeaker, and because of differences in data
processing. No published data are available on
accuracy of equipment and data handling, e.g. criteria
for acceptance of data based on the coherence
function [13, 14] and on the applicability of imple-
mented simple models simulating mechanics of the
central and peripheral parts of the respiratory system
[10, 15, 16].
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The aim of the present study was, therefore, to
compare the results obtained with I0S, FOT and
body plethysmography over wide ranges of resistances
in patients. Preliminary data have been published as
an abstract [17]. In addition, the accuracies of 10S
and FOT were evaluated on two mechanical struc-
tures by comparing the results with those obtained
with the wave-tube technique [18], which can be
considered as a reference technique for the measure-
ment of acoustic impedance.

Patients and methods

Forty-nine subjects with widely different resistances
were included in the study. Some were healthy, while
others suffered from a variety of diseases including
asthma, cystic fibrosis, chronic obstructive pulmonary
disease and lung fibrosis. Ages ranged from 8-70 yrs
(mean=sp: 24+19 yrs).

At random, resistance was measured by the Sensor-
Medics 6200 body plethysmograph (SensorMedics,
Yorbe Linda, CA, USA; airway resistance (Raw)),
the Jaeger impulse oscillation system (IOS, Erich
Jaeger) [1, 2] and the Landsér forced oscillation tech-
nique [5, 7, 10] within a time period of 30-60 min.
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Raw was measured during rhythmic breathing at
0.5 Hz whilst keeping the cheeks supported in a
constant-volume body plethysmograph, according to
the technique of Dugois et al [19], following the
guidelines of the European Respiratory Society [6].
Raw was obtained as the pressure/flow slope between
+0.5 L-s™'; the mean of three values was retained.

With the I0OS, Raw and reactance (Xaw) were calcu-
lated from the pressure/flow relationship obtained
from impulses applied at the mouth during >32 s
and were analysed from 2 to at least 25 Hz (yielding
Raw and Xaw at 5, 10, 15, 20 and 25 Hz, noted as
Rrss,10S, Xrss,10S, etc.) and the resonant frequency
(fo) [1, 2] (the latter being the frequency at which Xrs
becomes zero, meaning that there is no phase shift
between pressure and flow signals). The measure-
ments were carried out according to the operating
instructions provided by the manufacturer.

With the FOT, a pseudorandom noise signal was
applied [5, 7] containing all the harmonics of 2-26 Hz,
and Rrs and Xrs were calculated as the mean value of
three measurements of 16 s each. The signals were
analysed up to >26 Hz, resulting in Rrs and Xrs at fo,
6, 8, 10, and so on up to 26 Hz (denoted Rrss,FOT,
Xrsg, FOT, etc.).

Data analysis consisted of calculating mean+sp,
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Fig. 1.—a) Relationship between resistance measured with the impulse oscillation system at 5 Hz (Rrss,10S) and resistance measured using
the forced oscillation technique at 6 Hz (Rrs,FOT): Riss,105=(1.29% Rrs,, FOT)+0.016; R?=0.83, p<0.001. b) Bland-Altman plot of Rrss10s and
RrsFOT; SD of difference=0.09 kPa-L'-s and the slope was significantly different from 0, p<0.01. ¢) Relationship between Rrse,FOT
and airway resistance (Raw): Rrse,FOT=(0.47x Raw)+0.21; R?=0.52, p<0.001. d) Relationship between Rrs;,J0S and Raw: RursslOS=
(0.70x Raw)+0.25; R?=0.25, p<0.001. Open circles indicate subjects in whom the coherence function with the forced oscillation technique
was <0.95. Lines of identity (- - - -) are shown in a), ¢) and d); solid lines are regression lines.
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linear regressions and dispersions from the line of
identity, according to the method of BLanD and
ALTMAN [20].

In addition, resistance and reactance of two mech-
anical structures were measured: one consisted of
three layers of meshed wire fitted inside a short tube,
and the other had an additional layer of sintered
copper resulting in a much higher resistance. The
impedances obtained with the FOT and 10S were
compared with those obtained with the wave-tube
technique [18]. The latter is similar to the FOT, but
the pneumotachograph is replaced by a 2-m long
cylindrical tube.

Results

This heterogeneous group of subjects showed a
wide range of resistances, which thus made a reliable
comparison of the three techniques possible. The
mean value of Rrss,JOS was 0.57 kPa-L™!-s (range 0.18—
1.06), of Rrse,FOT 0.43 kPa-L™"-s (range 0.14-0.80) and
of Raw 0.47 kPa-L!-s (range 0.10-1.28).

Figure 1 shows the individual data points for
Rrss,10S, Rrse, FOT and Raw, with the regressions and
correlation coefficients. Rrss,JOS and Rrse, FOT were
closely correlated (R°=0.83) with a difference (mean+
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sp) of 0.14+0.09 kPa-L"-s, but the slope was different
from 0 (fig. 1b). Except in one patient, where Rrss,10S
was higher than Rrs,FOT; a difference that increased
at higher resistance values. Raw was also correlated
with Rrss,J0S (R*=0.59) and with Rrs,FOT (R*=0.52),
Raw being smaller than Rrss,10S (mean difference+sp
-0.10+0.14 kPa-L'l-s) and almost identical to Rrss, FOT
(mean difference+sp 0.04+0.14 kPa-L!-s).

Figure 2 represents the data points and regression
lines for Rrs,s,JOS, Rrs,,FOT and Raw. Resistance
values measured with 1I0S were slightly higher than
those measured with FOT (mean differencetsp were
0.03+0.05 kPa-L!-s). These differences did not depend
on the magnitude of resistance, i.e. the slope was not
different from zero (fig. 2b). As frequency increased,
the correlation between Raw and both FOT and 10S
resistances became poorer (R? decreasing from 0.59
at 5 Hz to 0.28 at 26 Hz) and both resistances were
also markedly smaller than Raw at high values.

Figure 3 depicts the data points and regressions for
Xrss,JOS and Xis, FOT on the one hand, and for f0,10S
and f0,FOT on the other hand. Both regressions were
very close to the line of identity, although Xrs,FOT
was somewhat higher than Xrs;,JOS (mean differ-
encetxsp 0.07+0.07 kPa-L'l-s) and fo,FOT was 1.35+
3.40 Hz higher than f0,10S.
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Fig. 2.—a) Relationship between resistance measured with the impulse oscillation system at 25 Hz (Rrs,sJ08) and resistance measured
using the forced oscillation technique at 26 Hz (Rrs»,FOT): Ris,5,J08=(0.92 X Rrs,,,FOT)4-0.048; R2=0.75, p<0.001. b) Bland-Altman plot of Rrs,s,I0S

Rrs>5,10S and Rrs,, FOT: SD of difference=0.05 kPa-L!-s but the slo
Rrs,o, FOT and airway resistance (Raw): Rrs,, FOT =(0.23x Raw)+0.25; R

e was not significantly different from 0. c) Relationship between
0.28, p<0.001. d) Relationship between Rrs,s,J0S and Raw: Rrs,s,108=

(0.27x Raw)+0.25; R?=0.33, p<0.001. Lines of identity (- - - -) are shown in a), c) and d); solid lines are regression lines.
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Fig. 3.—a) Relationship between reactance measured with the impulse oscillation system (IOS) at 5 Hz (Xrs;,10s) and reactance measured
using the forced oscillation technique (FOT) at 6 Hz (Xrse,FOT): Xrs5,108=(0.93x Rrse, FOT)+0.081; R2=0.73, p<0.001. b) Bland-Altman plot of Xrss,10S
Xiss,10s and Xise,FOT; SD of difference=0.07 kPa-L™'-s but the slope was not significantly different from 0. ¢) Relationship between resonant
frequency (fo) measured using IOS (fo.10s) and FOT(fo,FoT): fo,105=(0.82xf0,FOT)+4.68; R’=0.75, p<0.001. d) Bland-Altman plot of fo.10s
and fo,FoT; SD of difference=3.40 Hz but the slope was not significantly different from 0. Lines of identity (- - - -) are shown in a) and c);

solid lines are regression lines.

Figure 4 shows the average resistance and reactance
versus frequency curves for both FOT and IOS. At
all frequencies, resistance with FOT was smaller
than with IOS, with a difference that increased with
decreasing frequency (inverse relationship). At all
frequencies, reactance tended to be smaller with 10S.

Figure 5 shows that for the structures with both low
(a and c¢) and high impedances (b and d), higher
resistance values were clearly obtained with IOS than
with either the FOT or the wave-tube technique at all
frequencies.

Figure 6 shows that both FOT and IOS showed a
decreasing amplitude of the pressure and flow signals
for both structures as frequency increased. With the
wave-tube technique it was found that both structures
behaved linearly up to a pressure amplitude of about
0.15 kPa (not shown). With the FOT, the overall
pressure level was kept below 0.25 kPa according to
system recommendations [14]. With the 10S, pressure
amplitudes of 0.59 kPa occurred for the structure
with the low impedance (a and ¢) and up to 1.10 kPa
for the structure with the high impedance (b and d).
Thus the system recommendations were not fulfilled.

Discussion

These data show that, although there is a fairly
good agreement between Rrs values measured with
I0S and FOT at higher frequencies, the latter are
smaller than those measured with 10S, especially at
lower frequencies and for higher resistances. It is
unlikely that a poor signal to noise ratio can account
for this difference. Indeed, measuring high impedance
values at lower frequencies is unfavourable for the
signal-to-noise ratio (quantified by the coherence
function). It has been verified for FOT, that a
coherence function with a value of <0.95 indicates
an unreliable result. Such verification, however, has
not been performed for IOS. This means that the
value of the coherence function that must be selected
as a threshold for the reliability of the 10S results is
not known, so no values were discarded.

Accordingly, all FOT data were also retained for
further analysis, including those with a coherence
value <0.95. Figures 1 and 3 illustrate that at 6 Hz
this occurred in only four subjects (at higher fre-
quencies no values <0.95 were observed) and that the
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Fig. 4.—a) Resistance and b) reactance versus frequency curves

(n=49). @: impulse oscillation system; A: forced oscillation tech-
nique. Airway resistance was 0.47 kPa-L-s.
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corresponding resistance and reactance values did
not markedly influence the regression lines.

It might be tempting to attribute this increasing
difference at the lowest frequencies and in the patients
with the highest impedances to the fact that FOT is
estimating resistance at 6 Hz and 10S at 5 Hz where
higher resistance values can be expected due to the
negative frequency dependence of resistance observed
in those patients. However, this is unlikely to explain
all the differences because Rrs,FOT at 4 Hz was also
smaller than Rrss,10S, although the former data were
less reliable (18 out of 49 scored a coherence of <0.95).

It is more likely that this difference is due to an
overestimation of the resistance by 10S. Indeed, the
resistance and reactance of two mechanical structures
(one with a low resistance and the other with a much
higher resistance) were measured with FOT, 10S and
the wave-tube technique [18]. The latter technique
does not estimate mechanical impedance from the
ratio of pressure to flow, but from the ratio of inlet to
outlet pressure across the tube, and from the physics
of the gas inside the tube. The ratio of two pressures
can be measured more easily and accurately than the
ratio of pressure to flow, so this technique can be con-
sidered as a reference technique for the measurement
of acoustic impedances. The data in figure 5 clearly
indicate higher resistance values measured with 10S,
as compared with FOT and the wave-tube technique,
at all frequencies, and for both the high and low
impedance structures. This overestimation of resis-
tance could be explained by the alinear behaviour of
both structures when applying IOS. Indeed, from
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Fig. 5.—a) and c) resistance and b) and d) reactance versus frequency in two mechanical structures: a) and c¢) low impedance; b) and d)
high impedance. @: impulse oscillation system, A: forced oscillation technique; solid lines: wave-tube technique.
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values for IOS pressure 0.59 kPa; flow 1.69 L-s')); b) and d) represent results obtained with a larger load (average resistance
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figure 6 it can be observed that, as frequency increases,
both FOT and 10S show a decreasing amplitude of the
pressure and flow signals. The shape of these amplitude/
frequency curves is somewhat different between both
techniques; for the FOT the power at the lower
frequencies is much more enhanced in order to com-
pensate for the frequency content of the breathing sig-
nal. The overall pressure, however, is kept <0.25 kPa,
according to system recommendations [14], whereas
for the I0S, pressure amplitudes of 0.59 kPa were
observed in measuring the structure with the low
impedance, and up to 1.10 kPa for the structure with
the high impedance. This is far beyond the limits of
linear behaviour of these structures, which were
verified to behave linearly up to a pressure amplitude
of about 0.15 kPa. This was performed with the wave-
tube technique, applying increasing power levels to
the loud speaker, up to the level where measured
impedance started to change, i.e. resistance increased.

The reactance values of 10S and FOT, as well as fo,
were very similar to each other, except for Xrss,IOS
and Xrse, FOT. From figure 4, however, it should be
obvious that this difference can be explained by the
difference in frequency, since reactance is strongly
frequency dependent at this frequency. The fact
that the reactances were more similar than the resist-
ances with FOT and IOS is also an indirect indication

-s (absolute values for IOS: pressure 1.10 kPa; flow 1.40 L-s')). Values are expressed as a percentage of the amplitude at

that the differences in resistance could be due to
nonlinearities.

The agreement between RrsIOS and Rrs,FOT esti-
mates of Raw is only moderately good The correlation
coefficients are rather poor (R“=0.59-0.27) and the
values are not superimposable. For resistance values
in the normal range, Rrs with FOT is comparable
with Raw, although somewhat larger. This has been
attributed to the fact that the former technique
measures total respiratory resistance, while body
plethysmography measures only airway resistance
[10]. Rrs with IOS is clearly larger than Raw, even
for resistance values at 5 Hz exceeding the normal
range. This might be another indication that IOS is
overestimating respiratory resistance at lower fre-
quencies. For higher resistance values, Rrs becomes
progressively smaller than Raw and this decrease was
more pronounced at higher frequencies. This may be
explained by the upper airway shunt (i.e. the loss of
oscillatory flow into the cheeks) [16] and results in the
frequency dependence of Rrs. This, therefore, makes
these higher frequencies less accurate for clinical
purposes. These resistances at higher frequencies are
theoretically, however, not without importance.
Indeed, the clinician should never be confined to one
isolated frequency, but rather should consider the
resistance/frequency curves and reactance/frequency
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curves as a whole. For clinical applications, the value
at 5-6 Hz and the slope of the resistance/frequency
curve may be most relevant.

The fact that the Rrs values obtained with I0OS and
FOT are related to each other, and behave similarly in
comparison with body plethysmography, should not
lead to the conclusion that they are interchangeable.
Firstly, pseudorandom noise is applied in the FOT
while an impulse is applied in the 10S. The former
signal contains a limited number of frequencies while
the latter does not have this limitation. This is in
favour of the signal-to-noise ratio for the FOT.
Indeed, keeping the magnitude of the overall signal
within acceptable limits therefore reducing the
number of frequencies, increases the power at each
frequency. Secondly, the FOT recommendations have
been formulated on the basis of apparatus character-
istics, calibration, input signals and frequencies, data
processing and criteria for data acceptance [14]. No
such evaluations of I0S have been published.

Further investigations of the impulse oscillation
system are warranted to confirm its reliability. In
particular, measurements with standard calibrating
systems should be considered [13, 14]. The present
authors are aware that the different forced oscillation
technique apparatus each have their own character-
istics, and can yield some variation in results.
However, it would be worthwhile to validate the
impulse oscillation system apparatus against standard
systems because this is built according to specific
technical standards, which are different from those of
the forced oscillation technique. Consequently, the
impulse oscillation system may give different results
for some pathophysiological events. Furthermore,
normal values for the impulse oscillation system in
different age categories [1, 3] have to be established,
and the degree and pattern of changes in different
disease states (e.g. chronic obstructive pulmonary
disease, upper airway obstruction, lung fibrosis ezc.)
have to be evaluated. Finally, although this issue was
not addressed in the present study, the impulse
oscillation system provides estimates of central and
peripheral pulmonary mechanics based on a model of
the respiratory system. These estimates have not been
critically investigated and no evidence in the literature
has been found to support their validity. Until this
validity is established, these estimates should be
viewed with suspicion.
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