
Eur Respir J 
1988, 2, 178-184 

TECHNICAL NOTE 

Recording pressure at the distal end of the endotracheal 
tube to measure respiratory impedance 

D. Navajas*, R. Farre*, M. Rotger*, J. Canet** 

Recording pressure at the distal end of the endotracheal tube to measure 
respiratory impedance. D. Navajas, R. Farre, M. Rotger, J. Cane:. 
ABSTRACT: To minimize the now-dependent effects caused by an en
dotracheal tube during Impedance measurements, we recorded pressure 
Inside the tube at its dlstal end. We used a commercial endotracheal tube 
with a lumen built Into its wall with the opening located near the outlet of 
the tube. We characterized the effect of the tube by means of an effective 
transfer function (H). We measured H from 0.25-32 Hz on a mechanical 
analogue by using pseudorandom excitation with different peak-to-peak 
now amplitudes ( V ). For an 8 mm Internal diameter (ID) endotracheal 
tube the modulus or"fl measured with V 0.2l·s·1 was 1.00 at 0.25 Hz and 
increased with the frequency to 1.40 at 5i Hz. The phase factor was close 
to zero ( <5 degrees) over the whole frequency band. The modulus of H 
changed less than 5% and the phase factor less than 3 degrees when vpp 

was increased from 0.2 to 0 .. 8 l-s'1• We evaluated the method on five 
mechanical analogues with increased resistance or elastance and with a 
different tracheal area. The mean normalized distance In the complex 
plane over the whole frequency band (d ) between the analogue impedance 
and the estimated value from intubattoJ was always less than S%. Finally, 
the method was tested on an active analogue which superimposed a Wgh
ampUtude (up to 1.4 l·s-1 peak-to-peak) low-frequency (0.25 or 0.33 Hz) 
sinusoidal now onto excitation: d was always less than 4.3%. 
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The forced-excitation technique to detennine the me
chanical input impedance of the respiratory system may 
be especially useful in situations where the patient is not 
able to collaborate in the measurement process. This is 
particularly relevant when monitoring the ventilatory 
evolution of intubated patients in intensive care units or 
during anaesthesia. Furthermore, measuring impedance 
in intubated subjects could allow us to characterize the 
mechanics of the respiratory system for a wide frequency 
band. In particular, the information obtained concerning 
low frequencies (less than 2 Hz) could be compared with 
that provided by other techniques applied to intubated 
subjects. Nevertheless, the usual technique for meas
uring impedance cannot be directly applied during 
intubation since the endotracheal tube introduces arti
facts due to non-lineari ties [1, 2]. 

Some methods of correction for through-the-tube 
measurements [1-4) have been described to. estimate res
piratory impedance. They are based on pressure recorded 
at the entrance of the endotracheal tube and assuming 
that the tube and the respiratory system are placed in 
series. As the apparent impedance of the endotracheal 
tube in the frequency band involved is highly flow
dependent, the process of correction is complex and 
time-consuming. Moreover, these correction techniques 

have been designed for measurements made during apnoea 
and are not applicable in the case where respiratory flow 
is present, since superposition of breathing increases the 
artifacts introduced by the non-linear behaviour of the 
tube [5]. On the other hand MrCHELS et al. [2) pointed out 
that recording lateral pressure inside the trachea beyond 
the outlet of the tube might be a way of obtaining 
reliable impedance estimates. Unfortunately, recording 
pressure inside the trachea is difficult to implement in 
practice. 

The objective of this work was to study a new method 
for measuring respiratory impedance in intubated patients 
by recording flow at the entrance of the endotracheal 
tube and pressure inside its distal end. With this approach 
the major non-Unearities induced by the big, flow
dependent pressure gradient across the tube are rounded 
off. The method is easily implemented in patients by 
using commercially available endotracheal tubes that 
incorporate a lumen with the opening near the distal end 
of the tube. Firstly, we quantified the flow-dependence 
using excitation signals with frequencies from 
0.25- 32 Hz and with different flow amplitudes of pseu
dorandom and sinusoidal excitation signals. Afterwards, 
we characterized the effects introduced by the endotrach
eal tube by means of an effective transfer function. We 
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tested the performance of the method when applied to 
different mechanical analogues including resistance, 
inertance and elastance (RIB), and thus with different 
loads attached to the endotracheal tube. Finally, we also 
tested the method on an active analogue with simulated 
spontaneous breathing. 

Material and methods 

Theory 

Figure lA describes the measuring assembly. In this 
figure and in the following text all magnitudes are con· 
sidered in the frequency domain and their dependence on 
frequency has been omitted to simplify the notation. The 
recorded signals are the flow at the entrance of the 
endotracheal tube (V o> and the lateral pressure near the 
distal end of the tube (P0). The stated problem is to 
estimate the impedance of the respiratory system starting 
from the end of the endotracheal tube (Zr ) from the 
measurement of the apparent impendence (Zj defined as 
follows: 

(1) 

Figure lB shows a block diagram of the measuring 
system. Per and V~ are effective pressure and flow in· 
side the trachea dehned in such a way that: 

(2) 

"· 

"·· 
"· 

B 
Fig. 1. - A: ExperimenUII set-up 10 measure respiratory impedance 
(Z ) in intubated patienis. Y0: Oow at the inlet of the tube: P0: prc.~sure 
at 'ihe opening of the catheter in the dist.al end of the endotracheal 
tube: v.r and P.r: effective flow and press~ in the trachea. B: Block 
diagram of signals. Hv: flow transfer funct10n; HP: pressure transfer 
function. 

V er and \10 arc related by an effective flow transfer func· 
Lion (H" ) a<;sociated with the fact that the recorded 
flow V; at the enLrance of the tube is affected by 
air-compression and heat transfer inside the tube, so that: 

V=H·V 0 • e1 
(3) 

Similarly, P rand ~0 are related by an effective pressure 
transfer function (.H ) associated with changes in pres· 
sure at the end of thePcatheter generated by kinetic energy 
losses at the junction between tube and trachea, then: 

Po=Hp.pet (4) 

Substituting equations 3 and 4 into equation 2, and tak
ing into account equation 1, we obtain: 

HP H z =- •.::.JJ = ____)/_ .z 
nHV. Ho 

p 0 p 

(5) 

We define an effective transfer function of the endotra· 
cheal tube (H) as follows: 

(6) 

Hence: 

z =~ 
rs H (7) 

H globalizes the effects of measuring pressure and flow 
at different sites and the effects of the change in airway 
cross·sectional area. H may be influenced by the geo
metric characteristics of the junction, the dimensions of 
the endotracheal tube, the physical properties of the gas 
and by the mechanical load attached to the end of the 
tube. From equation 7, the value of H can be calculated 
by dividing the apparent impedance of a reference 
analogue by its actual impedance measured when 
non-intubated. Once H has been determined, z,. can be 
computed in intubated patients by dividing Z0 by H 
(equation 7). 

Measuring device and signal processing 

The excitation signal was generated by a personal 
computer (PC-AT, IBM, USA) through an analogue/ 
digital-digital/analogue (A/D-D/A) converter (DAC 
Adapter, IBM, USA). This signal was amplified to drive 
a 12-inch loudspeaker connected to an 8 l chamber. At 
the lowest frequencies the loudspeaker was not able to 
produce sinusoidal flow of high amplitude. For 
measurements performed with sinusoidal excitation the 
loudspeaker-chamber assembly was substituted by a flow 
generator based on a servo-controlled linear motor. Flow 
was measured with a mesh·wire screen pneumotachograph 
and a differential pressure transducer (.MP-45, 2 hPa, 
Validyne, USA). Pressure was recorded with an 
analogous transducer (5 hPa). 



180 D. NAVAJAS ET AL. 

Resistance-inertance-elastance (RIE) mechanical ana
logues were constructed by arranging a methacrylate tube, 
a mesh-wire screen and a gas cavity in series. An active 
analogue was implemented by connecting a linear-motor 
flow generator to the wall of the gas cavity of one of 
these analogues. To measure the actual impedance of 
these analogues when non-intubated, we connected the 
pneumotachograph to the inlet of the methacrylate tube. 
The pressure was recorded by connecting the 5 hPa 
transducer to a port of the methacrylate tube placed near 
its inlet. To intubate the analogues, we used an 
endotracheal tube (Hi-Lo-Jet, 8.0 mm ID, NCC Division 
Mallinckrodt, Inc., USA) which incorporates a catheter 
reaching the distal end of the tube. The endotracheal 
tube was placed in such a way that P0 was measured at 
the same level as the lateral pressure when non
intubated. P

0 
was recorded by connecting the catheter to 

the 5 hPa pressure transducer. The frequency response of 
the pressure measuring system, both in the intubation 
(including the lumen built into the wall of the cannula) 
and the non-intubation set-up, was measured by means 
of a previously described method (6). The frequency re
sponse of the flow measuring system was measured using 
a 10 I glass-bottle as reference [7]. The frequency re
sponses of the pressure and flow measuring systems were 
used afterwards to digitally correct impedance estimates. 

Pressure and flow signals were low-pass filtered 
(Butterworth, 8 poles, 3 dB at 32 Hz) and digitized at 
128 Hz. Impedance estimates in the passive analogues 
were calculated from digitized pressure and flow signals 
being divided into 45 blocks of 8 s with 50% overlap. 
Each pressure and flow block was digitally high-pass 
filtered (Butterworth, 3 poles, 3 dB at 0.1 Hz) and 
multiplied by a Hanning window. The Fast Fourier 
Transforms (FFT) of each block were computed and the 
corresponding estimates of auto- and cross-power spec
tra were calculated for each 0.125 Hz. Impedance values 
with a coherence of less than 0.95 were rejected. In 
measurements on the active analogue the impedance 
calculation procedure was similar but in this case the 
duration of each block was 4 s, and the digital high-pass 
filter had a cut-off frequency of 2 Hz to avoid leakage 
due to the low components of the breathing signal. 

To compare two impedances, we calculated their per
centage normalized distance in the complex plane (dz) 
(8]. We also calculated the equivalent normalized 
distance restricted to the real part of impedance (dRe). On 
the other hand, the resistance (R), inertance (I) and 
elastance (E) parameters of the analogues used were ob
tained by fitting impedance data to an RIE model with 
an ordinary least-squares algorithm [9]. 

Results 

Amplitude and spectrum dependence of the apparent 
impedance 

We constructed a reference RIE mechanical analogue 
(MO) which simulated the impedance of a healthy sub
ject in the 0.25- 32 Hz band. MO was implemented 

with a 2 cm ID methacrylate tube (18 cm length) in 
series with a resistance made from 400-type mesh-wire 
and a methacrylate box (66 1). Actual and apparent 
impedances of MO measured with pseudorandom exci
tation (0.25, 0.5, 1, 2, 4, 6, 8 up to 32 Hz) with a peak
to-peak flow amplitude (V ) of 0.2 l·s· 1 are shown in 
figure 2. For frequencies u)f to 8 Hz reactances were 
almost coincident and resistances differed by less than 
5%. Differences increased considerably for higher fre
quencies. At 32 Hz, apparent resistance was 41% greater 
than acrual resistance and apparent reactance was 45% 
greater than actual reactance. 

Real part, Imaginary part hPa·t1·s 
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Fig. 2. - Apparent (solid lines) and actual (dashed lines) impedances 
of the reference analogue MO measured with pseudorandom excitation 
with a peak·to-pcak flow amplitude (VP~ of 0.2/·s·' . 

Figure 3 shows Z0 measured with pseudorandom exci
tation with V values of 0.2, 0.4 and 0.8 /·s-1

• Figure 4 
shows Z

0 
obtffned by using sinusoidal excitation at fre

quencies of 0.25, 0.5, 1, 2, 4, 8, 16 and 32 Hz and values 
of V of 0.2 and 0.5 /·s·'. These figures show a very 
small Ptariation of Z0 when amplitude or spectrum of 
now changed. Table l contains the parameters dz, and 
c!R, computed from data in figu~s 3 an.d 4. The two flfSt 
lines of table 1 compare Zq obtatned wtth pseudorandom 
excitation when V was mcreased. Distances were less 

pp 



IMPEDANCE MEASUREMENTS IN !N'ruBATED PATIENTS 181 

than 2.5% when V changed from 0.2 to 0.4 l·s·1• Similar 
results were obtaih"ed for sinusoidal excitation. When 
sinusoidal and pseudorandom excitations of the same 
amplitude (V 0.2/·s-1) were compared both d and d, , 
calculated ovgi the frequencies excited sinusoid;ny (0.25, 
0.5, 1, 2, 4, 8, 16 and 32 Hz), were less than 2%. 

Real part, Imaginary part hPa·t1·s 
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Fig. 3. - Influence of flow amplitude on apparent impedance of MO 
analogue when pseudorandom excitation was used: V = 0.2/·s·• (solid 
lines); V ::0.4 /·s· 1 (dashed lines); V = 0.8 l ·s· • (df!tted tines). 

PP PP 

Effective transfer function of the endotracheal tube 

H was calculated (equation 7) for each V value of 
pseudorandom excitation by dividing zo meas&ed when 
the MO analogue was intubated by the actual impedance 
measured at the same V when non-intubated. The modu
lus of H ( IHl) and Pfts phase factor (9 (H)) were 
smoothed by fitting experimental data to parabolic equa
tions. For V =0.2 Z·s· ', IHI was 1.00 at 0.25 Hz 
and increased '\tith frequency to 1.40 at 32 Hz. IHl was 
flat within 2% up to 6 Hz. e (H) was positive and close 
to zero ( <5 degrees) over the frequency band studied. 
Differences between IHl detennined at 0.2 /-s-1 and 
at 0.4 l·s·' were less than 2% and less than 5% between 
0.2 and 0.8 /-s-1• Differences of e (H) were less than 1 
degree when vpp changed from 0.2 to 0.4 l·S' 1 and less 

Real part, Imaginary part hPa-tLs 
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Fig. 4. - Influence of flow spectrum on ar':arent impedance of MO 
analogue. Sinusoidal excitation: V ::0.2 t-s· (x); V 0.5/·s·1 (+); pseu
dorandom excitation: V =0.4 l·sJ>f (solid lines). PP 

PP 

Table 1. - Comparison of the apparent impedances of 
figs 3 and 4 

Excitation signals d % • dRc % 

PS (0.4) : PS (0.2) 2.36 2.47 
PS (0.8) : PS (0.2) 5.97 5.07 

s (0.5) : s (0.2) 2.23 2.88 

PS (0.2) : s (0.2) 1.31 1.52 

PS: pseudorandom excitation; S: sinusoidal excitation. In 
brackets peak-to-peak runplirude of flow (V in l·s'1) . d: nor
malized distance in lhc complex plane be~en two apparent 
impedance curves; ~c: normalized distance of the real part. 

than 3 degrees from 0.2 to 0.8 /·s·1• This small flow 
dependence of H is consistent with that observed for Z0 
(fig. 3). 

Measurement of impedance in intubated passive 
analogues 

To evaluate the perfonnance of the method when chang
ing the cross-sectional areas ratio or the load impedance 
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attached at the end of the endotracheal tube, five new 
RIE passive mechanical analogues (Ml to M5) were 
constructed. To implement Ml we substituted the 
methacrylate tube of the analogue MO by another one 
with a smaller section (1.6 cm ID). It simulated a nar
rower trachea and thus a smaller cross-sectional areas 
ratio (trachea/cannula) at the junction. M2, M3, M4 and 
M5 were implemented by changing the physical dimen
sions of the elements of the mechanical analogue 
to modify its impedance. Firstly, the impedance of 
each analogue was detennined from non-intubated 
measurements by using pseudorandom exciLaLion wilh 
V =0.4 /·s·1• Secondly, each analogue was intubated and 

?-oPevas measured with pscudorandom excit.ation with 
V =0.4 I ·s· 1• Thirdly, the impedance of each analogue 
w&~ eslimated using equation 7 from Z0 and the H 
previously detennined at the same V . 

Table 2 shows d and dR when corrl'paring intubated 
with non-intubatcdzimpedaflce estimates. The values of 
R, I and E fitted from non-intubated impedance curves 
are also given. In addition, table 2 includes the differ
ences between the values obtained from intubated and 
non-intubated measurements for each parameter. For Ml, 
d and dR were less than 3% and the errors in R, I and 
Tt were alound I%, showing the small changes induced 
when varying the cross-sectional area ratio at the junc
tion. For the other analogues d. was always less than 5%. 
The errors of R were always less than or equal to 7.6%, 
those of I reached a maximum of 18.34% for M2, and 
those of E were always less than 1.6%. 

Table 2. - Comparison of passive analogues be
tween impedance obtained when non-intubated and 
impedance determined when intubated 

Analogue d,% ~% R AR I E AE 

M1 2.96 2.61 2.52 0.025 1.21 0.010 18.9 -0.166 
M2 3.94 2.36 4.24 -0.069 0.65 -0.119 19.0 -0.002 
M3 4.84 6.11 2.00 -0.061 1.12 -0.009 49.1 -0.525 
M4 4.90 4.49 4.30 -0.193 0.94 -0.130 49.1 -0.599 
MS 4.94 7.20 4.29 ·0.326 0.89 -0.095 124.6 -1.881 

R: resistance (hPa·i 1·s); I: inertance (l0-2·hPa·I"1·s2); E: elas
tance (hPa·l"1); A: difference of fitted parameters between inru
bated and non-intubated measurements. 

Measurement of impedance on an intubated active 
analogue 

Finally, to test the reliability of the method when 
applied in the presence of simulated spontaneous 
breathing we constructed an active analogue (M6). A 
high-amplitude, low-frequency sinusoidal flow superim
posed on the low-amplitude pseudorandom excitation flow 
was produced by the linear-motor generator connected to 
the wall of the gas cavity of the analogue. Two breathing 
frequenc ies (f~ were generated. (0.25 and 0.33 Hz) 
with peak-to-peak amplitudes (V ~ of 0.5, 1.0 and 
1.4 /·s· 1• In this ac tive ana logue the 'tfxcitation Oow signal 
( V =0.4 /·s· 1) was resuic ted to a 2-32 Hz frequency 
band~ Moreover, a high inertance bias tube, acting as a 

pneumatic low-pass filter, was connected to the loud
speaker excitation chamber to allow circulation of the 
simulated respiratory flow. For each frequency and 
amplitude of the superimposed sinusoidal flow, the 
impedance of the analogue was measured when non
intubated for reference and estimated by means of 
Z0 and H when intubated. 

Figure 5 shows the results obtained when the super
imposed sinusoidal flow had an fb=0.25 Hz and 
a V b =1.0 l·s·1• Distances between the two curves were 
dz 4.i4% and dRe 3.36%. Parameters fitted from these 
impedance curves were R=2.73 hPa·/-1·s, I=0.0104 
hPa·l"1·s2, E=42.1 hPa·/"1 when non-intubated, and R=2.78 
hPa·l"1·s, I 0.0101 hPa·t1·s2 , E=42.7 hPa·L-1 when intu
bated. These results were representative of those obtained 
with the other ~ and V . In all cases d was less than 
4.3% and dR., less than j'."~% . The errors Or the R, I, and 
E parameters were always less than 2, 5 and 6.4%, 
respectively. 
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Fig. 5. - Impedance measured with pseudorandom excitation in M6 
active analogue with superimposed sinusoidal flow of 0.25 Hz 
and 1.0 ~-s- 1 peak-to-peak amplitude: non-intubated (solid lines) and 
from intubation (dashed lines). 

Discussion 

We studied a practicable method of estimating imped
ance by recording pressure at the end of an endotracheal 
tube. In this way impedance measurements in intubated 
patients can be simplified in comparison to other 
procedures that require the perfonnance of several meas
urements at different flow levels and extrapolation of 
results to zero-flow [1- 3]. On the other hand, as the 
authors point out, these procedures require the excitation 
of the respiratory system with a constant flow-spectrum 
at the different amplitude levels. This condition is met 
with difficulty by the mechanically simple excitation 
devices [1]. 

The reliability of the present approach to estimate 
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impedance in intubated subjects is linked to the flow
independence of H, that is, to the flow-independence of 
H and of Hv. H was expected to be only slightly flow
dlpendent accor~ing to data in the literature. CHANG et 
al. [10] pointed out that pressure measurements, when 
there is a change in the cross-section of the conductor, 
could result in important artifacts depending on the 
characteristics of the system (geometric dimensions, gas 
properties, frequency, etc). Nevertheless, BEIIRAKIS et al. 
[11] found that at constant flow the change in cross
section was not important in resistance measurements for 
a system with dimensions and characteristics similar to 
those during intubation. Moreover, from impedance 
measurements, M!CHELS et al. [2] found small effects of 
kinetic energy losses due to the junction of the endotra
cheal tube and a tube simulating the trachea. The flow
dependence of Hv was also expected to be small accord
ing to data reported by M!CHELS et al. [2) comparing the 
effects of recording flow at the entrance or the outlet of 
an endotracheal tube in a R-I analogue between 2 and 32 
Hz. We found a small flow-dependence of H when 
measuring impedance from spontaneous breathing fre
quencies (0.25) to 32 Hz by recording pressure at the end 
of the endotracheal tube. 

In contrast to what could be found if pressure was 
measured at the entrance of the tube, the real part of the 
apparent impedance was almost independent of the 
amplitude and shape of the spectrum. According to the 
approach of DELAVAID-T et al. [1], for the tube and the 
flow amplitudes used in the present study (V from 
0.2-0.8 /·s·1

), the flow-dependence of the real pail of Z
0 

would be expected to be I hPa·/·1·s or more; that is around 
50% of the resistance of the analogue, if measurements 
were made including the pressure gradient of the 
tube. Flow-dependence of this order of resistance at 2 
Hz was reported by M:tomr..s et al. [2) for a similar 
endotracheal tube (8 mm ID) when pressure was recorded 
at the entrance of the tube. On the other hand, if instead 
of amplitude, the influence of the shape of the spectrum 
is considered, the low flow-dependence observed in this 
work when recording pressl_lfe at the end of the tube (d" 
less than 1.6%) contrasts With the extremely large flow
spectrum dependence found by M!CHELS et al. [2] when 
pressure was recorded at the tube entrance. The results 
obtained in the present work for the range of flow 
amplitudes and spectra used give considerable support to 
our assumption of the linearity of the implemented 
impedance measuring system. 

Using H to estimate the impedance of other respiratory 
system analogues could influence the results if Hv de
pends on the load impedance attached at the end of the 
endotracheal tube. Under linear conditions, the depend
ence of Hv on z., would be small, taking into account the 
characteristic impedance and the propagation con
stant of the endotracheal tube [12]. Nevertheless, as 
the P-V relationship in the tube for the flow amplitudes 
involved in impedance measurements is non-linear, pre
dictions based on linear behaviour cannot be applied. 
As we did not fmd data in the literature concerning 
this question - M!CHELS et al. [2) only reported 
results of R-1 respiratory analogues which had low 

impedance at breathing frequencies - we performed 
measurements from 0.25-32 Hz on several analogues 
including an elastance covering a wide range of 
impedance magnitudes. The small influence of the 
load impedance attached to the endotracheal tube is 
reflected by a maximum of 5% in the global distance 
dz when impedance of the various analogues was esti
mated by means of H calculated from the reference 
analogue MO. These values of d, quantifying the global 
error in impedance estimation for the implemented 
analogues were similar to the distance d found 
when impedance of healthy subjects is fitted to ~omplex 
analogues of several parameters: e.g. a mean d. of around 
4% when fitting input indepedances with a 6 parameter 
model [13]. The errors in the estimated R, I, and E 
parameters must be interpreted taking into account the 
sensitivity of each parameter in the fitting process [14]. 
For the analogues used we maintained a low inertance 
whereas resistance and elastance were greatly in
creased. Thus, errors associated with the fitting process 
were expected to be considerable for inertance, as found 
even in the case of non-intubated measurements where 
differences for inertance of around 20% were found. 
Elastance was the parameter that showed least change 
between intubated and non-intubated impedance fitting. 
This result is particularly relevant bearing in mind that 
the E parameter is the most sensitive at low frequencies, 
where the errors induced by endotracheal tubes could be 
expected to be greater [10]. The other techniques of 
correction for the tube in the aforementioned works have 
not been specifically tested at frequencies as low 
as 0.25 Hz. Reliable measurements at these frequen
cies corresponding to spontaneous breathing frequency 
are important to relate respiratory impedance to the results 
obtained with other techniques. 

The above discussion concerns the ability of the whole 
impedance measuring system to estimate the impedance 
of intubated analogues in the absence of breathing. To 
test the reliability of the correction of Z for H when 
breathing we superimposed a sinusoidal flow with fre
quencies and amplitudes similar to those of spontaneous 
breathing on an RIE analogue. We generated a sinusoidal 
flow instead of reproducing a breathing signal recorded 
from a patient to exclude statistical sampling errors in 
spectral estimation. Even in the case where the total 
(sinusoidal plus excitation) peak-to-peak flow amplitude 
was as high as 1.8 /·s-1, the distances d, and dRe were less 
than 4.3% and the parameter errors were less than 6.4%. 
These data add further evidence in favour of the 
approximate linearity of the effective transfer function 
H, showing that the main artifacts introduced by the en
dotracheal tube are rounded off by recording pressure at 
the end, but inside, the tube. 

The measuring assembly can be dynamically calibrated 
and characterized by means of H and equation 7 allows 
us to estimate impedance by using sinusoidal, pseudoran
dom or any other excitation signal. In this study we have 
calibrated H and the frequency responses of the flow and 
pressure measuring systems separately in order to inves
tigate the specific effect of the endotracheal tube. In 
practice, the procedure could be simplified by calibrating 
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the whole measuring system, including the endotracheal 
tube, by measuring a known reference impedance. 
However, bearing in mind the values of H corresponding 
to the endotracheal tube used in this work, only minor 
errors would arise from spontaneous breathing fre
quencies up to about 6 Hz if the measured apparent 
impedance is not corrected for H. The proposed method 
makes it easy to measure respiratory impedance in intu
bated patients. Furthermore, in contrast to previously 
described methods, the results obtained suggest that 
respiratory impedance can be estimated even during 
breathing. 
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Pression enregistrante dans /'extreme distal du tube endotrach
eal pour mesurer /'impedance respiratoire. D. Navajas, R. Farre, 
M. Rotger, J. Cane/. 
RESUME: De fa~n a minimiser les effets de la dependence a 
1' egard du debit produits par le tube endotracheal pendant les 
mesures d'impedance respiratoire, la pression a ete enregistre 
a l'interieur du tube dans son extreme distal. Dans la practique, 
on s'est servi d'un tube endotracheal qui a un lumen ouvert 
pres de la sortie. Le tube a ete characterise par une fonction de 
transfert effective (H). H a ete mesuree entre 0.25 et 32 Hz en 
utilisant un analogue mecanique et excitation pseudo-aleatoire 
avec differents valeurs du crete a crete des oscillations du debit 
(V y)· Avec un tube de 8 mm ID et V =0.2 l·s·1 le module de 
H a ete 1.00 a 0.25 Hz et a augme"Jte legerement avec la 
frequence jusqu'a un valeur de 1.40 au 32Hz. La phase a ete 
tres proche a zero (<5 degres) sur toute la bande Jrequentielle. 
Lorsque on a change V de 0.2 a 0.8 l·s·1 les modificat ions 
observees pour le modufe du H ont eu~ inferieures au 5% et 
celles de la phase ont ete inferieures au 3 degres. Cette legere 
dependence du debit temoigne qu 'on a ecart.e la principale source 
de non-linearite du tube. La performance de cette methode a 
ete evalue pour cinq analogues mecaniques ayant differents 
valeurs de la resistance, de l'elastance et de la section de la 
trachee. La moyenne entre 0.25 et 32 Hz de la distance normal
isee sur le plan complexe (d) entre !'impedance de !'analogue 
et celle estimee lorsque la ~esure a ete faite a travers du tube 
endotracheal, a ete dans tous les cas au dessous du 5%. Finale
ment, la methode a ete evalue avec un analogue active qui 
superpose au debit d'excitation un debit sinusoldel de basse 
frequence (0.25 au 0.33 Hz) et haute amplitude (jusqu'a 1.4/·s· 
I crete a crete). Dans tous les cas d a ete inferieur a 4.3%. On 
peut conclure que la methode proP<>see est utile pour estimer 
!'impedance respiratoire, entre 0.25 et 32 Hz, chez les sujets 
avec tube endotracheal soit pendant l'apnee ou pendant la 
respiration. 
Eur Respir J., 1989, 2, 178- 184 


