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TECHNICAL NOTE

Fourier analysis versus multiple linear regression to analyse
pressure-flow data during artificial ventilation
R. Peslin, C. Gallina, C. Saunier, C. Duvivier
Fourier analysis versus multiple linear regression to analyse pressure-flow data during
artificial ventilation. R. Peslin, C. Gallina, C. Saunier, C. Duvivier. ERS Journals Ltd
1994.
ABSTRACT: Respiratory resistance (Rrs) and elastance (Ers) are commonly measured in artificially-ventilated patients or animals by multiple linear regression of
airway opening pressure (Pao) versus flow (V') and volume (V), according to the
first order model: Pao=P0 + Ers·V + Rrs·V', where P0 is the static recoil pressure
at end-expiration. An alternative way to obtain Rrs and Ers is to derive them
from the Fourier coefficients of Pao and V' at the breathing frequency. A potential advantage of the second approach over the first is that it should be insensitive
to a zero offset on V' and to the corresponding volume drift.
The two methods were assessed comparatively in six tracheotomized, paralysed
and artificially ventilated rabbits with and without adding to V' an offset equal to
5% of the mean unsigned flow.
The 5% flow offset did not modify the results of Fourier analysis, but increased
Rrs and Ers from linear regression by 15.8±4.6% and 4.55±0.64%, respectively.
Without additional offset, differences between the two methods averaged 30.2±
14.0% for Rrs and 9.3±6.2% for Ers. The differences almost completely disappeared (2.47 and 0.61%, respectively) when the flow signal was zero-corrected using
the assumption that inspired and expired volumes were the same. After induced
bronchoconstriction, however, Ers was still slightly larger by linear regression than
by Fourier analysis, which may result from nonlinearities and/or frequency dependence of the parameters.
We conclude that the regression method requires zero flow correction and that
Fourier analysis is an attractive alternative.
Eur Respir J., 1994, 7, 2241–2245.

Total or lung respiratory resistance (Rrs) and elastance
(Ers) are commonly measured in artificially ventilated
humans [1–5] or animals [6, 7] by analysing the relationship between airway opening pressure (Pao) and flow
(V') with the first order model:
Pao=P0 + Ers·V + Rrs·V'

(1)

where V is lung volume, as obtained by electrical or
numerical integration of the flow signal, and P0 is the
static recoil pressure at the lung volume at which the
integration is started (in this study the end-expiratory
volume). As initially proposed by WALD et al. [8] and
UHL and LEWIS [9] for obtaining lung elastance and
resistance, Ers, Rrs and P0 are usually computed by multiple linear regression (MLR) of Pao versus V and V'.
A potential problem with the method is that a zero offset of the flow signal, and the corresponding volume
drift, are likely to be responsible for errors on the coefficients. An alternative method, theoretically immune
from that source of error, is to compute the Fourier
coefficients [10] of Pao and V' at the breathing frequency
(f) and, from them, the real (Re) and imaginary (Im) parts
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of total respiratory impedance at that frequency. Then,
according to the same model:
Rrs=Re

(2a)

Ers=-2·π·f·Im

(2b)

The aims of this investigation were: 1) to quantify the
influence of a flow offset on the coefficients obtained
with the MLR method; 2) to compare the MLR method
and Fourier analysis (FA); and 3) to assess the value of
a simple algorithm for zero flow correction.
Methods
The study was performed in six New Zealand rabbits
with a body weight of 2.0–2.7 kg. The animals were
anaesthetized with sodium thiopental (15–20 mg·kg-1
i.v. and additional doses as needed during the study)
and tracheotomized. They were artificially ventilated by
a piston-pump ventilator (Harvard Rodent ventilator, type
683), with a tidal volume of 10 ml·kg-1 and a frequency
of 50 strokes·min-1. They were paralysed with vecuronium bromide (0.8 mg, followed by continuous infusion
of 0.4 mg·h-1).
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V' was measured with a heated Fleisch No. 00 pneumotachograph interposed between the tracheal cannula
and the ventilator, and connected to a differential pressure transducer (Honeywell type 176/14 PC). The zero
of the flow channel was carefully set at the beginning
of the experiment, but was not readjusted afterward. Pao
was sampled close to the cannula and measured with a
similar transducer. The responses of the two transducers were matched within 2% of amplitude and 2° of phase
up to 30 Hz. After analogue low-pass filtering at 35 Hz,
the two signals were digitized for periods of 10 s with
a sampling rate of 100 Hz, and processed by a personal
computer equipped with a 12 bits analogue-digital conversion board (Digimétrie PCLab). The measurements
were repeated at 1 minute intervals before and during
induced bronchoconstriction. The latter was obtained by
connecting the air inlet of the ventilator to a nebulizer
(Intersurgical, 1493-000 Gould RD, Twickenham, Middlesex, UK) delivering histamine 176 µg·l-1 of gas, with a
flow in excess of that drawn by the ventilator. The
aerosol lasted for 5 min and the total amount of histamine delivered to the animal was 1,100 µg.
The first step in the data processing was to identify
the beginning and end of the successive respiratory cycles. The MLR method was then applied on a cycleper-cycle basis and the data from the 7–8 recorded cycles
were averaged. The FA method was also applied on a
cycle-per-cycle basis by computing the Fourier coefficients (a, b) of the pressure and flow signals according
to:

∆ Ers
6
4

i=1

where x stands for Pao or V', n is the number of data
points in the cycle and dϕ = 2π/n. No windowing was
used, since the length of the data block was equal to that
of the cycle.
The data were analysed both by MLR and FA in four
different ways: 1) using the flow data as they were recorded; 2) after adding numerically to the flow values a
quantity equal to 5% of the mean rectified flow (inspiratory offset); 3) after subtracting a similar quantity
(expiratory offset); and 4) after drift correction of the
flow signal. The latter was estimated from the change
in end-expiratory lung volume between the first and the
last recorded cycle; that change was assumed to be entirely
due to a flow offset, and its value (change in volume per
time unit) was subtracted from the data. The values of
the coefficients obtained from 10 consecutive measurements at 1 min intervals were averaged. After histamine, the selected period was that when bronchoconstriction
was maximal, as judged from Rrs.
Statistical analysis included t-test for paired data and
small samples, and simple linear regression.
Results
As expected, the coefficients obtained by FA were
totally unchanged when adding a positive or a negative
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offset to the flow values. In contrast, systematic changes
were seen with the MLR method, as illustrated in figure 1 for the data obtained before histamine: a small inspiratory flow offset systematically and significantly
increased both Ers (4.55±0.64%; p<0.001) and Rrs (15.8±
4.6%, p<0.001); it also decreased P0 which fell from
0.18±0.10 to 0.11±0.11 kPa (p<0.01). Symmetrical changes were seen with an expiratory flow offset.
The coefficients obtained with the two methods,
using the original flow data, are compared in figure 2a.
Ers and Rrs were systematically lower by MLR than by
FA (p<0.001), with differences averaging -9.3±6.2%
for Ers and -30.2±14.0% for Rrs. Analysing the same
data after correcting the flow values for the estimated
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Fig 1. – Influence of a small flow offset (5% of mean unsigned
flow) on the values of total respiratory elastance (Ers) and resistance
(Rrs), and of end-expiratory recoil pressure (P0) obtained by multiple
linear regression in unchallenged rabbits. For Ers and Rrs the changes
are shown as a percentage of the value obtained with the original flow
data. ●: flow offset in inspiratory direction; ❍: flow offset in expiratory direction. Identity line is shown in bottom panel.
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Fig 2. – Comparison of the coefficients obtained by multiple linear regression (MLR) and by Fourier analysis (FA). a) with the original flow
data; b) after correcting the flow data for the estimated drift. For further abbreviations see legend to figure 1. Values are mean±SD; identity lines
are shown.
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Fig 3. – Comparison of the coefficients obtained by multiple linear regression (MLR) and by Fourier analysis (FA) from the measurements made
during acute bronchoconstriction. The flow data were corrected for the estimated drift. For further abbreviations see legend to figure 1. Values
are mean±SD; identity lines are shown.

drift (fig. 2b) showed that the correction considerably
improved the agreement between the two methods: the
differences were not significant and averaged only 0.61±
0.93% for Ers; they were a little larger (-2.5±2.2%) and
still slightly significant (p<0.05) for Rrs. The correlations between the coefficients obtained with the two
methods were also much improved (fig. 2). As shown
in fig. 2, zero-flow correction increased both MLR

Ers (p<0.02) and Rrs (p<0.02); it decreased P0 (0.011±
0.084 kPa compared to 0.184±0.095 kPa; p<0.01).
Figure 3 compares the coefficients obtained during
induced bronchoconstriction, when the flow data were
drift-corrected. For Ers, the agreement was still satisfactory (r=0.999) but the values obtained by MLR were
5.17±1.52% larger than by FA (p<0.001). For Rrs, the
differences were smaller (2.2±6.3%) and not significant.
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Discussion

to estimate the possible magnitude of such differences in three instances: viscoelastic behaviour, flow
dependence of resistance, volume dependence of elastance.
Lung and chest wall viscoelasticity may be responsible for a negative frequency dependence of Rrs and a
positive frequency dependence of Ers [11–13]; this was
modelled by a pure elastance (E0) in parallel with a
newtonian resistance (R0), and with a Maxwell element
(E1, R1) [14]:

This study first demonstrated that a slight change in
the flow baseline could substantially modify the values
of Rrs and Ers as obtained by MLR. One may point out
that the flow offset used to obtain the data in figure 1
was far from unrealistic. Indeed, transposed to humans,
5% of the mean unsigned flow corresponds to only 10
ml·s-1 for a ventilation of 6 l·min-1. This is corroborated by the data in figure 2a which showed that, although the zero of the flow channel was adjusted at the
beginning of the experiment, systematic differences
were seen between MLR and FA, suggestive of a small
drift of the flow signal in the expiratory direction.
We monitored the stability of the transducers and electronics used in this study, and observed a drift amounting to about 4 Pa over a period of 2 h, which may well
account for the results. Temperature and water vapour
pressure differences between inspired and expired gas,
as well as the difference between O2 uptake and CO2
output, should also have contributed to the overall
volume drift. On the other hand, the data in figure 2b
suggest that a good estimate of the flow offset can be
obtained using the assumption that the end-expiratory
volume is the same at the beginning and at the end of
the sampling period. Of course, such an assumption
cannot be made if the ventilatory condition is not perfectly steady. Also, the zero error may be misestimated
if there is a leak in the respiratory circuit, responsible
for true differences between the inspired and expired volumes across the pneumotachograph.
Whilst zero correction of the flow signal considerably
improved the agreement between MLR and FA, some
differences persisted, particularly during acute bronchoconstriction. This does not necessarily reflect a misestimation of the flow offset. Indeed, the two approaches
may be expected to provide different results in two situations: when respiratory mechanical properties are
frequency dependent and when the system is nonlinear.
The differences will arise from the fact that FA gives
the relationship between pressure and flow at a specific
frequency, whilst MLR uses all the available information; they are expected to depend upon the flow waveform. Using computer simulation with a flow waveform
close to that delivered during artificial ventilation
(constant inspiratory flow, passive expiration), we tried

P + τ·P' = E0·V + (R0+R1+E0·τ)·V' + R0·τ·V"

(4)

where τ is the time constant of the viscoelastic element
(R0/E0), and P' and V" are the time derivatives of P and
V', respectively; the model may also account for mechanical inhomogeneity [15]. Using various sets of coefficients, such that the frequency dependence of effective
resistance and elastance was large in the vicinity of the
breathing frequency, showed that almost identical values of Ers were obtained by MLR and by FA, but that
FA provided slightly larger values of Rrs. An example
is shown in table 1.
A nonlinearity of the pressure-flow relationship was
modelled according to Rohrer's equation [16]. Simulation showed that it resulted in slightly larger Rrs and
lower Ers by FA than by MLR. However, the effect
was minimal, even when the nonlinear term was responsible for a large part of the resistance (table 1).
Finally, a nonlinearity of the pressure-volume curve
was modelled by assuming that elastance increased linearly with lung volume (Ers=E0+Kv·V) [3, 4]. In that
situation, Rrs and Ers were systematically larger by
MLR than by FA. The differences were of the order of
2% when half of the elastance was due to the nonlinear
term (table 1).
These computer simulations show that, whatever the
situation, the differences between MLR and FA due to
nonlinearites or frequency dependence of the coefficients are unlikely to be very large. However, they may
explain some of the differences seen in this study after
drift-correction. In particular, the slightly larger values
of Ers obtained by MLR during acute bronchoconstriction could reflect a volume dependence of elastance,
or a combination of the above situations.
The errors seen with the MLR method when a flow
offset is present originate both from the drift of the

Table 1. – Influence of frequency dependence and of nonlinearity on coefficients obtained by MLR and by FA (computer simulation)
Ers
Model

Rrs

MLR

FA

MLR

FA

P + 1 P' = 20 V + 45 V' + 2.5 V"

39.05

39.01

5.70

5.89

P = 20 V + (5 + 58 |V' |) · V'

18.91

18.79

10.14

10.21

P = (20 + 400 V) · V + 5 V'

41.13

40.15

5.00

4.93

From top to bottom, viscoelastic model, flow dependence of resistance, volume dependence of elastance. In all instances: inspiratory flow 0.1 l·s-1, inspiratory time 0.5 s, end-inspiratory pause 0.1 s, passive expiration with expiratory time 0.6 s. Units for
plausible values in rabbits: P in kPa, V in l, time in s. See text for further explanation. MLR: multiple linear regression; FA:
Fourier analysis; Ers: total respiratory elastance; Rrs: total respiratory resistance; P: pressure; V: volume; V': flow; V", P': time
derivatives of V' and P.
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volume data obtained by integration of the flow signal,
and from the inaccuracy of the flow itself. If the
volume-related error were to dominate the picture, an
interesting approach would be to fit the data to a differentiated version of Equation (1), which eliminates the
need to compute V:
Pao' = Ers·V' + Rrs·V"

Paoi = P0 + Rrs·(V'i- Vo') + Ers (Vi - i·Vo'·dt)
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