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ABSTRACT: Potential advantages of the forced oscillation technigue over other
methods for monitoring total respiratory mechanics during artificial ventilation are
that it does not require patient relaxation, and that additional information may be
derived from the frequency dependence of the real (Re) and imaginary (Im) parts
of respiratory impedance. We wanted to assess feasibility and usefulness of the
forced oscillation technique in this setting and therefore used the approach in 17
intubated patients, mechanically ventilated for acute respiratory failure.

Sinusoidal pressure oscillations at 5, 10 and 20 Hz were applied at the airway
opening, using a specially devised loudspeaker-type generator placed in parallel with
the ventilator. Real and imaginary parts were corrected for the flow-dependent
impedance of the endotracheal tube; they usually exhibited large variations during
the respiratory cycle, and were computed separately for the inspiratory and expira-
tory phases.

In many instances the real part was larger during inspiration, probably due to
the larger respiratory flow, and decreased with increasing frequency. The imagi-
nary part of respiratory impedance usually increased with increasing frequency dur-
ing expiration, as expected for a predominately elastic system, but often varied little,
or even decreased, with increasing frequency during inspiration. In most patients,
the data were inconsistent with the usual resistance-inertance-compliance model. A
much better fit was obtained with a model featuring central airways and a periph-
eral pathway in parallel with bronchial compliance. The results obtained with the
latter model suggest that dynamic airway compression occurred during passive
expiration in a number of patients.

We conclude that the use of forced oscillation is relatively easy to implement
during mechanical ventilation, that it allows the study of respiratory mechanics at
various points in the respiratory cycle, and may help in detecting expiratory flow
limitation.
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A number of studies have recently been devoted to res-
piratory mechanics during artificial ventilation. In par-
ticular, two types of methods have been used: interruption
methods, as proposed by the Montreal group [1-5], and
fitting of a model to the respiratory pressure-flow rela-
tionship by multiple linear regression (MLR) [6-9].
When these methods are applied to the total respiratory
system, it is required that the subjects be passive, so that
tracheal pressure actually represents the total pressure
driving the respiratory system. Although the MLR
method has been successfully used to obtain total elas-
tance and resistance in conscious non-paralysed patients
[8], this requirement limits the applicability of these meth-
ods. A potentially interesting alternative is the forced
oscillation technique [10], which does not necessitate
respiratory muscle relaxation, because the frequency of
the oscillations may be much higher than that of breath-
ing. One may also hope that the enlarged frequency

range will provide additional information on respiratory
mechanics.

The objective of this study was to evaluate the feasi-
bility and usefulness of studying respiratory mechanics by
the forced oscillation technique in artificially ventilated
patients with acute respiratory failure.

Methods

Forced oscillation measurements

The subject was connected in parallel to the ventilator
and to a specially devised pressure generator. The latter
had to meet a number of requirements:

1) it should not interfere with the mechanical ventila-
tion; this implied that the generator had a high imped-
ance at low-frequency;
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Fig. 1. — Experimental set-up. Pt: pneumotachograph; P: pressure; V': flow.

2) it should stand the large pressure changes (up to 60
hPa) and fast pressure transients developed by the venti-
lator;

3) it should generate pressure swings in the frequency
range of 5-30 Hz, with a nearly constant amplitude of
about 2 hPa peak-to-peak during the whole ventilatory
cycle;

4) it should be acceptably small and light, for use in an
intensive care unit.

This was achieved by using a small loudspeaker
(Audax HD 13 B 25, 30 W) enclosed in a 2.5 ! box and
shunted by a tube (fig. 1). The latter offered little im-
pedance to the low-frequency pressure variations applied
by the ventilator [11]. Owing to the shunt, these pres-
sure components were almost the same on both sides of
the loudspeaker membrane, even during the fast transi-
tion from inspiration to expiration. On the other hand,
the tube had a comparatively large impedance for the high
frequency signals generated by the loudspeaker itself, so
that those signals were little attenuated. The dimensions
of the tube which best met the requirements (length 300
cm, ID 1.2 cm) were found by numerical simulation, and
the adequacy of the system was tested on mechanical ana-
logues connected to a ventilator. The generator, includ-
ing the connecting tubes, had an overall compliance of
about 1.6 ml‘hPa’' and, therefore, minimally influenced
the flow delivered to the subject by the ventilator. The
loudspeaker was supplied with sinusoidal signals, provided
by a low-frequency generator through a power amplifier.
A sinusoidal input was preferred to the frequently used
composite signals, in order to have the best possible sig-
nal/noise ratio, and because the measured system included
non-linear components [12].

Airway flow (V') was measured with a Fleisch No.
1 pneumotachograph, placed close to the endotracheal
tube (ET), and connected to a Honeywell pressure trans-
ducer (type 176 PC %35 hPa). The common mode
rejection ratio of the flow channel, which is a critical

factor when large impedances are to be measured [13],
was of 60 dB at 30 Hz. Airway opening pressure (Paw )
was sampled with a similar transducer, matched to the
first within 1% of amplitude and 2° of phase, up to 30
Hz.

At each frequency, Paw_ and V' were sampled for 200
consecutive oscillation cycles, and were digitized by an
Apple 2e microcomputer system, with a sampling rate of
8 points per cycle. The real (Re) and imaginary (Im)
parts of the impedance (Zrs) were derived on a cycle per
cycle basis, from the Fourier coefficients of the pressure
and flow signals at the excitation frequency. The data
were corrected for the time constant of the Fleisch pneu-
motachograph (2.1 ms) [14]. In this study, Pawo was
measured at the proximal end of the ET, rather than at
the distal end, as suggested by others [15, 16], because
the patients were already intubated when the examination
was performed, and we wanted to be as noninvasive as
possible. The measured impedance, therefore, included
that of the ET, which had to be corrected for. This was
performed using the respiratory component of the meas-
ured flow and correction factors, obtained as described
in the Appendix.

Subjects and protocol

The study was conducted in 17 patients, admitted to
the intensive care for acute respiratory failure. Their
biometric characteristics and diagnosis are given in table
1. Most had a history of chronic obstructive or restric-
tive respiratory disease, and their decompensation had of-
ten been triggered by a respiratory infection. They were
intubated with Portex ET tubes (ID 7.0-8.5 mm). They
were in a stable clinical condition at the time of exami-
nation, and were neither sedated nor paralysed. The
measurements were made with three different modes of
controlled artificial ventilation:
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Table 1. - Patients' biometric characteristics and
diagnosis
Pt Sex Age Diagnosis
yIs
GH M 76  COPD, acute bronchitis
MM F 79  Bronchopneumonia
LS M 71 COPD
ARG M 79  COPD, acute bronchitis
AC M 60  COPD, acute bronchitis
AD M 61  COPD, legionellosis
JK M 65 TB seq., COPD, viral infection
EM M 54  COPD, bronchopneumonia
MS F 66  Obesity, acute bronchitis
CM F 59  TB seq., COPD, acute bronchitis
JG M 42  COPD, Kyphoscoliosis, acute bronchitis
MTG F 67  Kyphoscoliosis
OP F 60  COPD, emphysema
KJ M 71 Acute bronchitis
PG F 68  ARF post cardiac surgery
FP M 78  TB seq., COPD
PV M 76  Pleuro-pneumonia

Pt: patients; COPD: chronic obstructive pulmonary disease; TB
seq.: sequelae of pulmonary tuberculosis; ARF: acute respira-
tory failure.
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1) Mode 1: without end-inspiratory pause (EIP) and
without positive end-expiratory pressure (PEEP).

2) Mode 2: with an EIP of 0.4-1 s, without PEEP; this
mode has been advocated for improving gas distribution
in the lung [17].

3) Mode 3: with an EIP as above, and with a PEEP
of 5-10 hPa; the expected effect of the PEEP was to im-
prove gas distribution and to decrease expiratory flow
limitation [3, 8, 18].

Ventilation was almost the same in the three ventilatory
modes. In each mode, total respiratory impedance was
measured consecutively, at frequencies of 5, 10 and 20
Hz. With the pressure generator used in this study, a
sufficiently high signal/noise ratio could not be obtained
below 5 Hz.

Data analysis

Large variations of impedance were usually observed
during the respiratory cycle, as exemplified in figure
2a: Re(Zrs) exhibited a strong flow dependence, being
much lower during the end-inspiratory pause than during
flow. Im(Zrs) was much less flow dependent, but often
varied according to the flow direction. In view of these
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Fig. 2. — a) Variations of the real (Re(Z)) and imaginary (Im(Z)) parts of impedance during the respiratory cycle in one of the patients (excita-
tion frequency of 20 Hz, ventilatory mode 2, which includes an end-inspiratory pause of 0.4-1 s, but no positive end-expiratory pressure (PEEP).
Q : Re(Zrs); m : Im(Zrs). b) The respiratory component of the flow signal. V': airway flow; Insp: inspiration; Exp: expiration. The data have
been comected for the impedance of the endotracheal tube.
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variations, mean values of Re(Zrs) and Im(Zrs) were ob-
tained separately for the different phases of the respira-
tory cycle. These phases were identified using the
respiratory component of the flow signal, obtained by
averaging instantaneous flow during the oscillation cycle
(fig. 2b); inspiration was defined by a flow above
0.05 I, the end-inspiratory pause by a flow between
0.05 and -0.05 /'s”, and expiration by a flow below -0.05
Is'. For a given phase, the data from all the recorded
respiratory cycles (2 to 11 depending on the oscillation
and breathing frequencies) were averaged.

The data were systematically analysed with the four
models shown in figure 3. Model 1 was the usual re-
sistance-inertance-compliance model; however, to account
for the large variations of Zrs along the cycle, the resist-
ance was allowed to take different values for the differ-
ent respiratory phases: it is, therefore, a 4-coefficient
model for ventilatory mode 1, and a 5-coefficient model
for the other ventilatory modes. Models 2 and 3 incor-
porated the type of mechanical non-homogeneity de-
scribed by MEeap [19], and related to bronchial wall
compliance (Cb): in model 2, Cb is in parallel with the
whole airway, lung and chest wall, whilst in model 3, Cb
is located between a central and a peripheral airway seg-
ment. As in model 1, different resistances have been
allowed for the different respiratory phases. Finally,
model 4 represented the type of mechanical non-
homogeneity described by Otis et al. [20], and featured
two compartments in parallel with different mechanical
time constants. Here again, the resistances were allowed
to vary with the respiratory phase. The models were fit-
ted to the data using a simple algorithm [21] to minimize
the root-mean-square difference (RMSD) between the ob-
served (index o) and model (index m) impedances:

n
RMSD = [n'-Z (Re,Re,)? + (Img-Im,,)*]"?
1

where n is the number of impedance data. The analysis
was not performed separately for the different respiratory
phases, but globally, using all the available data. Then
n=6 with ventilatory mode 1, and n=9 with the other
modes (3 frequencies times 2 or 3 respiratory phases).
The residual RMSD is an expression of the quality of the
fit between the model and the data.

Results

Types of impedance curves

Individual data obtained with ventilatory mode 2 are
presented in table 2. Two types of impedance data were
observed. Representative examples are shown in figure
4,

In type 1 subjects, Re(Zrs) showed little frequency de-
pendence. Im(Zrs) increased with increasing frequency,
whatever the respiratory phase, as one expects in a sys-
tem exhibiting elasticity and inertia.
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Fig. 3. — Models used to interpret the impedance data. Iaw: airway
inertance; Ct: tissue compliance; Cb: bronchial wall compliance; R,
Re, Rp: total respiratory, central and peripheral resistance. Indices i,
e and p refer to inspiration, expiration and end-inspiratory pause; in-
dices 1 and 2 refer to compartments in parallel.

Type 2 subjects exhibited more frequency dependence
of Re(Zrs), and had a very special pattern for the reac-
tance: during the pause Im(Zrs) was small, and increased
with frequency; during inspiration, it did not vary much
with frequency (as in the example shown in figure 4b),
or even decreased with increasing frequency; finally, dur-
ing expiration, Im(Zrs) increased with frequency, but was
much more negative than during the other phases.

With ventilatory mode 1, type 1 and type 2 data were
observed in 5 and 12 subjects, respectively. The addi-
tion of an end-inspiratory pause did not change that
grouping. When a PEEP was added, the real part of
impedance was usually lower, and the occurrence of type
2 data was less frequent.
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‘[able 2. — Impedance data in ventilatory mode 2*
Re(Zxs) - ImZs)
Pt Freq Hz Insp Exp Pause Insp Exp Pause
Type 1 subjects
AD 5 20.22 13.97 3.65 -0.64 -0.65 -0.33
10 22.88 13.68 3.20 -1.47 -0.97 -0.13
20 20.95 13.94 2.82 2.62 0.86 1.09
IG 5 4.04 3.58 2.03 -1.37 -1.71 -1.92
10 3.40 341 1.81 -0.28 -0.18 -0.66
20 3.73 3.16 1.54 0.71 0.27 0.02
MTG 5 10.82 14.91 425 -2.74 -5.76 -2.85
10 11.17 14.27 3.58 -1.87 -3.84 -1.68
20 10.82 14.93 3.79 -2.17 -7.05 -1.28
PG 5 10.20 454 2.24 -1.95 -1.48 -2.44
10 8.58 4.31 1.45 -1.72 -0.82 -1.14
20 8.31 432 1.84 -0.01 0.27 0.34
PV 5 4.74 2.03 2.08 -0.68 -1.24 -1.01
10 4.35 1.96 1.72 -0.88 -0.60 -0.82
20 5.19 1.54 1.20 -0.02 -0.51 -0.51
Type 2 subjects
GH 5 11.56 12.42 3.96 -0.81 -58.63 -0.30
10 9.44 7.13 2.82 -3.24 -32.21 -0.63
20 8.64 490 2.83 -4.01 -21.1 -0.88
MM 5 13.04 13.81 3.77 -3.55 -19.96 -1.69
10 10.67 5.92 3.60 -4.05 -15.06 -1.54
20 9.72 3.25 3.26 -4.29 -1.12 -0.51
LS 5 9.67 13.89 3.85 -0.94 -20.66 0.30
10 10.69 71.73 3.31 -2.14 -19.01 0.05
20 8.34 4.61 2.95 -2.03 -8.61 0.78
ARG 5 12.38 9.82 342 4.19 -12.06 -2.05
10 6.52 3.51 2.27 -4.92 -6.86 -1.99
20 5.19 2.09 1.88 -4.55 4.75 -1.82
AC 5 36.56 3277 8.29 -3.21 -25.33 -1.66
10 35.65 20.95 7.16 -3.10 -20.85 -1.06
20 32.77 14.73 8.21 -0.75 -11.08 -0.84
JK S 17.05 14.55 4.58 -3.21 -24.16 -1.86
10 14.21 8.11 4.26 -3.83 -14.61 -1.04
20 11.83 591 4.06 -3.55 -6.45 041
EM 5 11.73 14.64 332 -1.28 -12.65 -0.42
10 10.66 9.52 2.98 -2.70 -9.45 -0.34
20 9.06 5.21 323 -2 -4.85 0.81
MS 5 28.18 13.78 2,93 0.14 -7.46 -0.65
10 24.79 15.22 1.66 -0.98 -5.77 -0.51
20 18.08 7.58 1.87 -11.25 4.69 0.63
CcM 5 16.26 4497 6.42 -3.08 -61.61 -2.81
10 15.92 2482 5.34 4.87 48.17 -2.26
20 13.27 1591 5.80 -6.85 -27.14 -1.46
KJ 5 7.82 5.01 2.61 -0.97 -9.38 -0.86
10 6.98 3.62 1.84 -1.40 -8.12 -0.57
20 6.15 249 3.03 -3.94 -3.26 0.32
FP 5 5.91 5.19 237 -1.00 -2.30 -1.37
10 177 7.95 2.32 -1.05 -5.78 -0.60
20 7.14 3.48 2.07 -1.55 -1.19 -0.73
OP 5 21.79 13.85 6.25 -241 -46.95 -3.72
10 20.15 7.01 5.49 -1.47 -25.74 -2.57
20 24.38 4.60 391 -17.53 -12.83 -1.72

*: Mode 2 ventilation includes an end-inspiratory pause of 0.4-1 s, but no PEEP. Re(Zrs), Im(Zrs): real
and imaginary parts of total respiratory impedance (hPa:I's).; Freq: frequency; Insp: inspiration; Exp: expi-
ration; PEEP: positive end-expiratory pressure; Pt: patient.



FORCED OSCILLATION MECHANICS IN VENTILATED PATIENTS 777

a) Type
5-
4‘ \/
g ¥
= 4
é 2- A—\ﬂ\ﬂ
&
1..
0+ . —
5 10 15 20
b) Type2
20 7
3 15
D
&
£
» 10
N
g 4
g B S
0- T

5 10 15 20
f Hz

Subj. J.G. - Ventil. Mode 2

Im(Zrs) hPa-s! !

Subj. J.K. - Ventil. Mode 2

Im(Zrs) hPa-s !

=20 -

-25 1

_30«

5 0 15 20
f Hz

Fig. 4. — Examples of the two types of impedance data. Re(Zrs) and IM(Zrs): real and imaginary parts of impedance.—@— : inspiration;—0o—:

expiration; —A—: end-inspiratory pause. Mode 2: see legend to figure 2.

Relationship to patient diagnosis

No clear relationship was present between the type of
impedance data and the patient's diagnosis. Type 2
curves were seen both in patients who had a history of
chronic obstructive pulmonary disease (COPD), and in
those who had not (MM, MS, KJ). Reciprocally, two
of the patients with type 1 data had a history of COPD
(AD, JG). Judged from inspiratory Re at 5 Hz in
ventilatory mode 2, patients with type 2 data had, in
general, more airway obstruction (16.0+8.9 hPa-s[')
than patients with type 1 data (10.0£6.5 hPa-s-I''); one of
the latter, however had a Re of 20.2 hPa-s:/!. Within-
breath variations of Re, as characterized by the ratio of
the inspiratory and pause values at 5 Hz, were similar in
type 1 and type 2 patients (3.38+1.57vs 3.78+1.92). In
contrast, by definition of the types, type | patients had a
much lower phase dependence of Im than type 2 patients:
at 5 Hz, with ventilatory mode 2, inspiratory and expira-
tory values differed by 0.7£1.4 hPa-s-/' in the former
group, compared to 23.04+19.6 hPa-s-/! in the latter group.
Phase dependence of Im almost completely disappeared,

i.e. became smaller than 5 hPa-s-/', in all but two patients
with ventilatory mode 3.

Model analysis

The residual RMSDs obtained in the 17 patients
(ventilatory mode 2) with models 1-3, expressed as per-
centages of the mean impedance moduli, are shown in
figure 5. With type | subjects, the data were fairly con-
sistent with model 1, and the fit improved little with mod-
els 2 and 3. In the other subjects, the fit was poor or
bad with model 1, which can neither account for a fre-
quency dependence of Re(Zrs) nor for variations of
Im(Zrs) with the respiratory phase. In most instances, a
much better fit was seen with model 2 and/or model 3.
This is illustrated in figure 6, which shows a case where
model 3 almost perfectly fitted the data. In all instances,
the fit obtained with model 4 was slightly less good
than with model 3, which had the same number of coef-
ficients.
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Table 3. — Coefficients obtained with the selected model for ventilatory mode 2

Pt Cb Taw RI, R1 RI, Rp, Rp, Rp, Ct
Model 1

FP 0.00 7.0 5.6 22 13.1
PV 0.00 5.0 17 16 30.1
IG 0.60 36 33 1.8 17.8
AD 1.29 21.1 139 3.1 224
PG 0.59 9.1 44 1.9 14.1
Model 2

MTG 0.19 0.49 1.1 162 40 102
MS 0.15 0.00 235 12.2 1.8 17.8
GH 0.58 0.50 10.8 1714 3 o
M 0.28 1.54 17.4 1238 62 8.1
LS 0.89 1.91 85 36.6 33 173.2
Model 3

oP 0.71 0.00 119 40 00 119 195.6 6.1 26.0
ARG 1.74 0.00 37 1.4 0.0 114 264 36 37.0
MM 1.03 0.00 56 16 22 83 482 1.2 14.9
K 1.07 0.69 87 49 13 9.2 785 35 225
AC 0.64 0.82 304 11.1 42 63 53.0 4.0 138
EM 1.40 036 6.1 45 3.1 6.1 216 0.1 78.2
KI 256 0.00 45 17 25 40 29.3 0.0 554

Resistances are in hPa-s-/!, compliances in ml-hPa! and Iaw in Pa-s*['. RI: total respiratory resistance for models 1 and
2, central airway resistance for model 3; Cb: compliance of bronchial wall; Iaw: airway inertance; Ct: tissue compliance;
Rp: peripheral resistance. Indices i, e and p refer to inspiration, expiration and end-inspiratory pause.

Table 4. — Coefficients obtained with the selected model for ventilatory mode 3

Pt Cb Iaw Rl R1, R1 8 Rp, Rp, Rpp Ct
Model 1

FP 0.00 3.6 1.0 1.1 22.2
PV 0.00 35 1.1 1.3 25.1
IG 0.70 45 2.1 1.5 16.1
AD 1.26 209 124 2.9 21.2
PG 0.52 6.8 2:7 1.5 10.8
MTG 0.00 9.1 6.6 32 9.7
MS 0.00 254 12.2 47 383
AC 0.00 31.1 11.9 6.6 11.8
EM 0.58 83 3.7 24 32.6
Model 2

CM 0.16 0.00 23.1 19.7 8.7 10.0
KJ 0.56 0.00 7.7 48 1.9 30.6
GH 0.90 1.66 8.7 23.6 33 26.6
Model 3

opP 1.17 0.00 13.8 43 21 7.4 72.8 34 14.2
ARG 2.15 0.00 37 0.0 0.0 10.8 13.2 38 18.8
MM 1.06 0.63 5.6 1.0 0.6 9.4 17.6 33 15.3
JK 0.96 1.22 6.1 6.1 0.0 6.4 5.5 37 143
LS 0.72 0.56 39 0.0 3.0 5.6 10.5 0.0 49.5

For abbreviations see legend to table 3.

In order to select the most acceptable model in each
subject, the statistical significance of the differences in
RMSD between models was assessed using a standard
paired F-test, as proposed by EvLEs ef al. [22]. Model
1 was kept when the fit to both models 2 and 3 was not
significantly better, model 3 when it gave a significantly
better fit (p<0.05) than model 1 and 2, and model 2 in
the other instances. The coefficients obtained with the
selected model are shown in tables 3 and 4 for ventilatory

modes 2 and 3, respectively; the grouping of the patients
and the individual results obtained with ventilatory mode
1 were very similar to those found with mode 2 and,
therefore, are not reported. The solutions presented in
table 3 and 4 were in most instances unique, that is al-
most identical solutions were found when the parameter
estimation was repeated with different starting points.
With ventilatory mode 2, model 1 appeared the most
adequate in five patients, four of whom had been
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classified as type 1, and models 2 and 3 in five and seven
patients, respectively. Airway inertance was in many in-
stances low or undetectable. When present in the model,
bronchial compliance averaged 0.9440.70 ml-hPa’. To-
tal respiratory compliance was of the order of magnitude
usually observed with the forced oscillation technique
[23], except in a few instances, where it was unrealisti-
cally high. Respiratory resistance, whether total (models
1 and 2), central or peripheral (model 3) was consistently
lower during the pauses than during the inspiratory or
expiratory phases. With model 1, resistance was often
larger during the inspiratory than during the expiratory
phase; this was also the case for the central component
of airway resistance obtained with model 3. In contrast,
the resistance obtained with model 2 and the peripheral
resistance of model 3 were consistently larger, sometimes
considerably so, during the expiratory than during the in-
spiratory phase.

With ventilatory mode 3, model 1 was more frequently
appropriate than with mode 2 (table 4). The general fea-
tures of the data were similar to those seen without PEEP,
except that the resistance obtained with model 2 and the
peripheral resistance of model 3 were no longer system-
atically larger during the expiratory phase.

As mentioned above, the two-compartment model
(model 4) never provided a better fit than model 3, which
had the same number of coefficients. The differences,
however, were small. In all instances, one of the com-
partments had a very low compliance, similar to that
found for the bronchial walls with models 2 and 3.

Discussion

Feasibility

Respiratory impedance had previously been measured
in anaesthetized humans, momentarily disconnected from
the ventilator [16, 24]. A first objective of this study was
to assess the feasibility of applying the forced oscillation
technique during artificial ventilation. It proved compara-
tively easy to develop a pressure generator, which inter-
fered little with the artificial ventilation, could stand the
large pressure changes applied by the ventilator, and pro-
vided the required pressure input over the frequency range
of interest.

Impedance of endotracheal tubes

As indicated by others, a particular problem when
studying respiratory mechanics in intubated patients is the
correction of the data for the resistance or impedance of
the ET [25-28]. An elegant solution is to measure the
pressure at the distal end of the tube, using the lateral
catheter of the ETs devised for high frequency ventila-
tion [16]. This is indeed preferable, but could not be
done in this study, because the patients were already in-
tubated with standard tubes at the time of the study. It
was, therefore, necessary to subtract from the measured
impedance that of the ET. Impedances of ETs (Zet) have

previously been measured with different amplitudes of the
oscillatory flow [28], but without the superimposed low-
frequency flow component, as present during artificial
ventilation. We, therefore, systematically studied the im-
pedance of the four ETs used in this study, for different
oscillatory flows superimposed on a large range of con-
stant flows (Appendix). Using mechanical analogues of
the respiratory system, we obtained evidence that the
correction was accurate (fig. 7).

Model analysis

While forced oscillation measurements at a single fre-
quency may already be of interest to detect changes in
respiratory mechanics [24], the data obtained at several
frequencies may be analysed in terms of a model and
provide more information on the nature of the changes
[29]. In most of our patients Re(Zrs) exhibited a nega-
tive frequency dependence, and varied markedly during
the respiratory cycle. These features have already been
reported in spontaneously breathing patients with chronic
obstructive pulmonary disease [23, 30-33]. The most in-
teresting experimental fact, however, was the presence, in
many instances, of very large variations of Im(Zrs)
during the cycle, with a peculiar frequency dependence
during the inspiratory phase: instead of its usual increase
with frequency, which is the expected pattern in a sys-
tem exhibiting elasticity and inertia, Im(Zrs) either var-
ied very little, or decreased, with increasing frequency.
Such features have not yet been reported for the total res-
piratory system, but an absence of frequency dependence
of the imaginary part of chest wall impedance was ob-
served by NAGELs et al. [32].

None of the features described above can be explained
by the usual resistance-inertance-compliance model with
constant coefficients. Since even the patients who had
little frequency dependence of Re(Zrs) and a normal re-
actance pattern could present large variations of Re(Zrs)
along the cycle, a first step in the modelling was to al-
low for different resistances in the different respiratory
phases. That variant of the usual model appeared satis-
factory in five patients for ventilatory modes 1 and 2, and
in nine patients when a PEEP was used. It was not the
privilege of patients with little airway obstruction since,
in some instances, the resistance exceeded 20 hPa-s-I!
during the inspiratory phase. Resistance was usually low-
est during the end-inspiratory pause, and larger during in-
spiration than during expiration. The latter finding
probably reflects the flow dependence of this coefficient;
indeed, the mean respiratory flow was larger during the
inspiratory phase. The inertance coefficient was nil in
most instances, which is not surprising since most of
inertance of the airway wall (Iaw) is expected to be lo-
cated in the upper airways which, in this study, was
shunted by the ET.

The next step was to account for the negative fre-
quency dependence of Re(Zrs), which may be explained
by two mechanisms. The first is the presence of differ-
ent mechanical time constants in different zones of the
lung or of the chest wall; its simplest expression is the
two-compartment model proposed by Otis et al. [20].
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series with endotracheal tube (7.5 mm Portex); ——: analogue in series with tube after subtracting the impedance of the tube using the coeffi-

cients in table 5 (see Appendix).

The second is the compliance of airway walls, which may
constitute a substantial shunt when the impedance of the
peripheral lung is large. Models 2 and 3 are simplified
representations of the mechanism described by Meap [19],
where, as done by others previously [19, 34], the bron-
chial compliance has been placed in parallel with both
the peripheral lung and the chest wall. Model 3 is
slightly more general than model 2, since it does not im-
pose that Cb is in parallel with all of the airways. As
expected, model 2 or model 3 were able to mimic the
negative frequency dependence of Re(Zrs) present in our
subjects. More remarkably, they were also able to ac-
count for the large variations of the reactance during the
respiratory cycle, and for its unusual frequency depend-
ence in the inspiratory phase. In the light of the coeffi-
cients obtained with these models, particularly model 3
with ventilatory mode 2 (table 3), the following interpre-
tation may be given to type 2 impedance data (fig. 6).

Firstly, during the end-inspiratory pause, i.e. at zero
flow, the peripheral airway resistance is comparatively
low, so that the pathway constituted by the airway wall
is in parallel with a much lower impedance, and shunts
only a very small part of the flow, as is the case in nor-
mal subjects [19]. Then, both Re(Zrs) and Im(Zrs) have
a normal frequency dependence.

Secondly, during the inspiratory phase, due to the flow
dependence of resistance, the peripheral resistance is much
higher, so that a larger fraction of the oscillatory flow is
shunted by the airway walls; this is responsible for the

negative frequency dependence of resistance and the
bizarre reactance curve,

Finally, during the expiratory phase, although respira-
tory flow is less, the peripheral airway resistance is
extremely high (almost 80 hPa-s-I'), probably due to
dynamic airway compression and, possibly, flow limita-
tion. Then, almost all of the oscillatory flow is shunted
by the airway walls, and the reactance largely represents
the compliance of these walls. One should point out that
Re(Zrs) at 10 and 20 Hz (fig. 6) is much lower than dur-
ing the inspiratory phase, which may be very misleading
if the data are not interpreted with the proper model.

As with model 1, the inertance coefficients found with
models 2 and 3 were frequently nil, presumably for the
same reason. With ventilatory mode 2, bronchial com-
pliance averaged 0.94+0.70 ml-hPa'. This is low
compared to the value of 3.3 ml-hPa' computed from the
change in dead space volume over the vital capacity range
[19]. This, again, may be due to the fact that the upper
airways are not included in the measurement. Peripheral
airway resistance during the expiratory phase (Rp,)
was always larger than during the inspiratory phase,
which may be explained by dynamic airway compression.
In a number of instances Rp, was extremely large,
suggesting that the subject had reached his or her maxi-
mum expiratory flow. In the few subjects in whom model
3 was appropriate in both ventilatory modes 2 and 3, it
is also interesting to note that the PEEP always decreased
Rp.. In contrast with the peripheral resistance, the
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central component was consistently larger during the in-
spiratory phase, a finding which, again, points to flow de-
pendence. The latter is also probably responsible for the
lower values of peripheral resistance (Rp) and central re-
sistance (Rc) during the end-inspiratory pauses.

Whilst the mechanism described by Mgeap [19], and
embodied in models 2 and 3, provides a qualitatively and
quantitatively acceptable explanation for type 2 impedance
data, the model proposed by Omis et al. [20] also fitted
these data nicely. However, one of the two compartments
identified with that model always had a very low com-
pliance, similar to that found for the bronchial wall with
models 2 and 3. If this compartment corresponded to a
portion of the lung and chest wall, as postulated in the
model of Oris et al. [20], there is no reason why it would
have such a low compliance in all of the patients. One
would, rather, expect a very large variability among sub-
jects. It is, therefore, more plausible that this compart-
ment actually corresponds to the bronchial wall, and that
the results obtained with both types of models point to
the same mechanism. That Mead's interpretation was
more likely than time constant inequalities of parallel lung
units in patients with COPD has already been suggested
[23, 31]. Experimental work, however, is still necessary
to test this interpretation.

Whilst models 2 and 3 may offer a nice explanation
to intriguing data, they cannot be of practical use to ana-
lyse impedance curves unless they provide reasonably
precise estimates of the coefficients. The confidence in-
tervals (CI) around the latter may be obtained by observ-
ing the variability of repeated measurements, or derived
analytically from the model, assuming a given level of
experimental noise [35, 36]. The approach used in this
study is somewhat different: for each model, we first
computed impedance values corresponding to a typical set
of coefficients. Then, we generated 50 sets of data by
adding a random noise to these computed impedance val-
ues. We analysed all of these data sets with the usual
parameter estimation algorithm, which provided as many
sets of coefficients. Finally, we computed the confidence
interval of these coefficients at the 95% statistical level
(1.64 times their standard deviation). This was done for
amplitudes of the noise equal to 10 and to 20% of the
mean impedance modulus, which seemed reasonable for
our experimental conditions. The initial coefficient set
and the CI, expressed as a percentage of the. coefficient
actual value, are shown in table 5. It may be seen that,
whatever the model, the CI are very large for tissue com-
pliance (Ct), which probably explains why some of the
Ct values were unrealistic. For Iaw, although we took a
larger than observed initial value, CI were also large with
models 2 and 3. In contrast, relatively narrow CI were
obtained for the resistances, even when they were parti-
tioned into two segments. Finally, the estimates of Cb
were remarkably precise.

Practical usefulness

Much more experience should, obviously, be gained
before the practical usefulness of the forced oscillation

technique for that type of application may be precisely
defined. Some conclusions, however, may be drawn from
this study. 1) The method is comparatively easy to im-
plement and could be fully automatized to collect data
at specified time intervals. 2) The impedance data are
frequently inconsistent with the simple resistance-iner-
tance-compliance model, even when allowing for differ-
ent resistances according to the respiratory phase. A
likely explanation for this finding is the compliance of
airway walls in parallel with obstructed and/or dynami-
cally compressed airways. More sophisticated models,
including airway wall compliance, give a good fit to the
data, but provide unreliable values of tissue compliance.
3) A promising feature of the method, compared to other
approaches, is its excellent time resolution; it makes it
possible, as already shown in other applications [31, 33],
to study respiratory mechanics at specific times of the res-
piratory cycle. Thus, it may be a tool to recognize ex-
piratory flow limitation (or dynamic airway compression),
which is certainly useful when adjusting the ventilator
settings. This does not necessarily require making meas-
urements at several frequencies and the use of a sophis-
ticated model. Indeed, from our observations, a marked
decrease of the reactance during the expiratory phase is
very suggestive of flow limitation; one should point out,
that the corresponding phasic variations of the real part
of impedance at the larger frequencies may be extremely
misleading. A practical conclusion of this study is that
measurements at a single frequency, as low as it is tech-
nically possible, would be useful both to monitor airway
obstruction and to detect the occurrence of expiratory
flow limitation.

Table 5. - Confidence intervals of the coefficients

Confidence intervals %
Actual value
of coefficient

Noise 10%  Noise 20%

Model 1
Iaw 2.00 1.7 15.7
R: 5.00 3.0 54
Re 5.00 3.1 6.1
Ct 40.0 294 62.6

Model 2
Cb 1.00 2.0 4.6
Iaw 3.00 64.6 107.1
Ri 15.0 5.2 92
Re 100.0 6.7 134
Ct 30.0 >1000 >1000

Model 3
Jaw 1.00 47.1 89.7
Re, 5.00 13.1 238
Rce 5.00 13.1 27.7
Cb 1.00 3.0 6.2
Rp 10.0 8.7 15.6
Rp, 100.0 10.7 249
Ct 30.0 814.4 >1000

The confidence intervals are expressed as a percentage of the
actual value of the coefficients. For abbreviations see legend
to table 3.
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Appendix

Data correction for the impedance of the endotracheal
tube

The impedance of the Portex endotracheal tubes (ID
7.0-7.5 mm, length 32 cm, and ID 8.0-8.5 mm, length
34 cm) was measured using the pressure generator
and the transducers described in the method section.
The cuffed distal end of the ET was placed in a larger
tube, in order to recreate the change in cross-section nor-
mally present in the trachea [25]. The pressure differ-
ence along the ET was measured from its proximal end,
to a point situated in the "trachea" a few centimetres from
its distal end; this was done to avoid the measuring arti-
facts described by CHanG and MortoLA [26]. The meas-
urements were made at the three frequencies of interest
with different amplitudes of the oscillatory flow
(Vos'=0.1, 0.2 and 0.3 /'s") superimposed on constant
flows (Vdc') in the inspiratory and expiratory directions
ranging from 0-0.7 s,

The results obtained with a 7.5 mm ET, at a frequency
of 5 Hz, for inspiratory flows, are shown in figure 8.
It may be seen that the real part of impedance (Re(Zet))
did not vary with the amplitude of Vos', except when
Vdc' was zero. On the other hand, Re(Zet) increased
linearly with Vdc'. The imaginary part of impedance
(Im(Zet)) varied a little with Vos', but not consistently,
and tended to decrease slightly with increasing Vdc'.
Qualitatively similar data were found at the other frequen-
cies, with expiratory flows and with the other tubes. The

data were characterized by the following relationships,
inspired from Rohrer’s equation [37]:

Re(Zet) = K1' + K2' x IVdc'l
Im(Zet) = B1 + B2 x [Vdc'l

Coefficients K1', K2, Bl and B2 best fitting the data
were obtained by linear regression (K1' and K2' have
been used instead of the usual K1 and K2, because the
latter generally apply to constant flow conditions).
Slightly different values were found according to the fre-
quency and to the direction of Vdc'. For each condition,
the values obtained with the three Vos' were averaged and
used to correct the impedance data in the intubated
patients.

As the impedance of the ET, particularly its imaginary
component, may be large compared to that of the patient,
a very accurate correction is required. We therefore,
tested its adequacy using mechanical analogues of the res-
piratory system. The analogues included a resistance
made of metal screens, a tube and a gas compliance ar-
ranged in series. They were connected to a ventilator and
to the measuring equipment in the same manner as the
patients. An example of the data is shown in figure 7.
It may be seen that the corrected impedance is almost
identical to the impedance obtained without the ET.
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