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ABSTRACT: The forced oscillation technique (FOT) allows the measurement of
respiratory resistance (Rrs) and reactance (Xrs) and their associated coherence (y2).
To avoid unreliable data, it is usual to reject Rrs and Xrs measurements with a y2
<0.95. This procedure makes it difficult to obtain acceptable data at the lowest
frequencies of interest. The aim of this study was to derive expressions to com-
pute the random error of Rrs and Xrs from y2 and the number (N) of data blocks
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involved in a FOT measurement.

To this end, we developed theoretical equations for the variances and covari-
ances of the pressure and flow auto- and cross-spectra used to compute Rrs and Xrs.

Random errors of Rrs and Xrs were found to depend on the values of Rrs and
Xrs, and to be proportional to ((1-y2)/(2°N-y2))!’2, Reliable Rrs and Xrs data can be
obtained in measurements with low y2 by enlarging the data recording (i.e. N).

Therefore, the error equations derived may be useful to extend the frequency
band of the forced oscillation technique to frequencies lower than usual, charac-

terized by low coherence.
Eur Respir J 1997; 10: 685-689.

The forced oscillation technique (FOT) is a noninva-
sive method which allows assessment of respiratory res-
istance (Rrs) and reactance (Xrs) during spontaneous
breathing. This technique has been used increasingly in
recent years, and has been shown to be potentially use-
ful in different applications, such as bronchoconstric-
tion and bronchodilation tests [1-4], epidemiological
studies [5], anaesthesia and intensive care [6-8].

Most of the methodological aspects concerning the
FOT have already been studied, and technical recom-
mendations have recently been made [9]. However, one
of the issues that needs more clarification concerns the
criteria for assessing data reliability in FOT measure-
ments [9]. Indeed, the only expressions available [10—
12] to estimate the random errors in FOT data correspond
to the modulus and phase of impedance and not to the
conventional representation in terms of Rrs and Xrs. In
the absence of a direct method to quantify the errors of
Rrs and Xis, it is a common practice to use a conservative
criterion to reject measured data which are presumably
affected by a non-negligible error. The most widespread
criterion to warrant reliable Rrs and Xrs measurements
is to use the coherence function (y2) [10] to set a thres-
hold for the acceptance of the data: usually Rrs and Xrs
with associated y2 <0.95 are rejected. Such a procedure
provides data that are reasonably free from error [13].
Nevertheless, it suffers from the disadvantage of mak-
ing it difficult, or even impossible, to collect reliable Rrs
and Xrs data at frequencies with considerable interest
from a physiopathological viewpoint (below ~4 Hz in
healthy adults, and below =8 Hz in patients or in chil-
dren).
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The aim of this work was to derive equations that
would allow us to compute the random errors in mea-
sured Rrs and Xrs from the associated y2. These equa-
tions could be useful in the FOT, since the conventional
y? threshold criterion may be avoided, thereby making
it possible to obtain reliable estimates of Rrs and Xrs in
measurements with low coherence. This could extend
the frequency range of FOT to frequencies lower than
usual.

Errors of resistance and reactance

In most FOT applications, Rrs and Xrs are computed
from wide-band random or pseudorandom signals pro-
cessed by the cross-spectra method [9]. This data-pro-
cessing is widely used in system analysis [11], and was
first implemented in the field of respiratory mechanics
by MICHAELSON et al. [10] and LANDSER et al. [13]. Rrs
and Xrs are computed from the auto- and cross-spectra
of the recorded pressure and flow signals, which are
estimated by averaging the Fourier transforms of a
number (N) of independent data blocks. This method also
makes it possible to compute the associated coherence,
¥2, which is an indirect index of the signal-to-noise ratio
in the signals recorded at the different frequencies.

To deduce the expressions for the relative errors of
resistance (€(Rrs)) and reactance (e(Xrs)), we derived equa-
tions for the random errors of the real and imaginary
parts of a general transfer function measured by the
spectra analysis (Appendix). Taking into account that
respiratory impedance (Zrs = Rrs + j-Xrs; j2 = -1)) is a



686 R. FARRE ET AL.

Error %

O T T T T 1
0 0.2 04 0.6 0.8 1.0
Coherence
Fig. 1. — Error of Rrs and Xrs normalized to the modulus of imped-

ance, Equation (4), as a function of coherence for different numbers
of data blocks (N). —« —: N=4; : N=16; - - - - : N=64; — — —:
N=256. Rrs: resistance of the respiratory system; Xrs: reactance of
the respiratory system.

mechanical transfer function of the respiratory system rel-
ating flow and pressure, it follows from the Appendix
that the errors of the real (Rrs) and imaginary (Xrs) parts
of Zrs are:

e(Rrs) = ((1-y2)/(y2-2:N)) 2+ (1 +(Xrs/Rrs)?)1/? (1
6(X1s) = (1 P2 NYE(1+R/XD)2 (@)

By multiplying Equation (1) and (2) by Rrs and Xis,
respectively, and after algebraic rearrangements, the
absolute errors of resistance (Sp(Rrs)) and of reactance
(sp(Xrs)) were found to depend on the modulus of imped-
ance |Zrsl (IZrsl = (Rrs?2 + Xrs2)122) according to:

SD(Rrs) = sD(Xrs) = |Zrsl-((1-y2)/(y2-2-N))!1/2 3)

Therefore, the absolute errors of Rrs and Xrs normalized
to the modulus of impedance depend only on N and y2:

SD(Rrs)/|Zrsl= sp(Xrs)/|Zrsl = ((1-y2)/(y2-2-N))12  (4)

as shown in figure 1, where these errors are plotted as
a function of coherence for different lengths of the sig-
nal (i.e. N).

Discussion

In this work, we derived equations allowing us to esti-
mate the random errors of measured Rrs and Xrs by
applying the general theory of spectral analysis in the
FOT. In contrast to the approaches followed in other
works [13-15], where the analysis of errors in Rrs and
Xrs included both random and bias errors, we focused
attention on the random errors, on the assumption that
bias is minimized by means of the different procedures
proposed in the literature to correct for the main poten-
tial sources of bias error (poor frequency response of
transducers [16], shunt of the extrathoracic upper air-
ways [17], and correlated noises due to breathing [18,
19]). It is noteworthy that, in our analysis, we implic-
itly assumed the hypotheses of stationarity and linearity
of the respiratory system, as is usual in the field of the

FOT. Consequently, in the particular applications of FOT
where nonlinearities [20, 21] or nonstationarities [8] play
an important role, the effective Rrs, Xrs, y2 and their
derived error equations must be interpreted, carefully,
taking into account the characteristics of the system
and the measuring conditions [22]. However, the respir-
atory system seems to be reasonably linear and sta-
tionary [23, 24] in the conventional applications of FOT
to assess Rrs and Xrs in spontaneously breathing sub-
jects [9].

Random error in a given FOT measurement cannot
be minimized, since it appears as the result of comput-
ing Rrs and Xrs from a limited length of signals (i.e. N),
which are affected by a given level of measurement
noise. The equations derived in this work are intended
to estimate the errors, €(Rrs) and &(Xrs), from the Rrs,
Xrs and y2 values computed from the total number (N)
of data blocks collected, which are the best possible
estimates of Rrs, Xrs and y2. Errors of Rrs and Xrs could
also be assessed from the sp of N' different estimates
of Rrs and Xrs, each one computed by averaging N/N'
data blocks from the same pressure and flow data.
Nevertheless, this procedure is inadequate from the point
of view of the cross-spectra analysis. Indeed, the cross-
spectra method is based on the elimination of the effects
of the uncorrelated noises affecting the pressure and flow
signals by means of averaging the spectra of a theo-
retically infinite number of data blocks [10, 11]. There-
fore, the method is more efficient in providing reliable
estimates of Rrs and Xrs as N is increased. This fact is
illustrated by the most extreme case (N'=N), where par-
tial Rrs and Xrs estimates are computed by averaging
only one data block and, consequently, there is no noise-
cancelling effect of the cross-spectra method.

As shown by Equations (1) and (2), random errors of
Rrs and Xrs depend on the total number (N) of data
blocks averaged to estimate spectra, which corresponds
to the duration of the measurement, and on the value of
the coherence (y2), which indirectly reflects the signal-
to-noise ratio. On the one hand, as y2 approaches 1 the
random errors are progressively reduced, and when y2=1
the error would disappear (fig. 1). On the other hand,
as the number (N) of data blocks averaged increases
the random errors also decrease. In particular, figure 1
shows that for the usual coherence threshold (y2=0.95)
and number of blocks (N ~4-16) the errors in Rrs and
Xrs are reasonably low (=4-8%). Moreover, this figure
shows that increasing the length of the measurement
(i.e. enlarging N) would progressively reduce the ran-
dom error for any given value of y2. Consequently, the
use of the derived error equations may allow us to imple-
ment a FOT measurement procedure with a modified
rationale from the viewpoint of the assessment of data
reliability. Indeed, instead of performing a data acqui-
sition of fixed duration, computing Rrs, Xrs and y2 and
rejecting data with low coherence as usual, it is possible
to set a target error and to proceed with the data acqui-
sition (i.e. increasing N) until &(Rrs) and &(Xrs) reach the
target error level. As derived from Equation (4), to ensure
a given error (SD) in Rrs or Xrs, it is required that the
number of data blocks was N=(1-y2)/(2-v2)-(sp/|Zxsl)2.
This relationship is plotted in figure 2, showing the
length of data (N) required to achieve normalized errors
of 5, 10, 15 and 20% as a function of coherence.
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Fig. 2. — Number of data blocks (N) required to reduce normalized
errors of Rrs and Xrs to 5% (-« —), 10% ( ), 15% ( - - - -) and
20% (— — -) as a function of coherence. Rrs: resistance of the respi-

ratory system; Xrs: reactance of the respiratory system.

The most direct method of increasing N to reduce errors
in Rrs and Xrs is to enlarge the duration of the FOT mea-
surement. In this regard, it is interesting to note that,
for a given total length of pressure and flow data, N
could be increased by shortening each data block sub-
mitted to spectral analysis. Nevertheless, such a procedure
would reduce the frequency resolution in the estimation
of spectra. For instance, a total data length of 32 s (4,096
samples at a sampling frequency of 128 Hz) could be
divided into N=64 blocks of 0.5 s (64 samples) each, or
into N=16 blocks of 2 s (256 samples) each. The fre-
quency resolution in the spectra estimation would be of
2 and 0.5 Hz, respectively. The advantage of reducing
errors in Rrs and Xrs estimation in the first instance due
to a large N would be balanced by a reduction in the
frequency resolution in Rrs and Xrs. However, the errors
resulting from these two different data processing pro-
cedures could also be influenced by the possible dif-
ferent values of coherence found, since y2 depends on
the signal-to-noise ratio, which may vary depending on
the width of the frequency window in spectra estima-
tion [25].

Computing the error in Rrs and Xrs from N and y2
instead of setting a y2 threshold for accepting data may
be particularly useful in FOT measurements at low fre-
quencies in spontaneously breathing subjects. In this
application, y2 may fall to rather small values due to a
poor signal-to-noise ratio, as shown by a representative
example in figure 3. This figure plots Rrs, Xrs, y2 and
the errors of Rrs and Xrs between 1 and 5 Hz obtained in
a healthy subject as described in detail previously [26].
It is interesting to note that the errors in Rrs, Equation
(1), and in Xrs, Equation (2) were reasonable even at 1
Hz (e(Rrs) = 9.8% and &(Xrs) = 10.2%), although the
associated coherence (y2=0.60) was far below the typi-
cal threshold (y2=0.95) used in FOT measurements. This
example illustrates the potential interest of using the
errors of Rrs and Xrs as a criterion for acceptance of
FOT data. In this case, which is characterized by low
coherences (y2 0.60-0.85), recording a reasonable num-
ber of data blocks (N=64) made it possible to obtain
reliable Rrs and Xrs (fig. 3). By contrast, the conventional
rejection criterion based on a coherence threshold would
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Fig. 3. — Rrs and Xrs and the errors of Rrs and Xrs (top panel) esti-
mated from coherence (bottom panel) according to Equation (3). Rrs
and Xrs were computed from N=64 data blocks in a low-frequency
FOT measurement in a spontaneously breathing healthy subject. The
dashed line (bottom panel) indicates the conventional threshold (y2 =
0.95) for accepting data. FOT: forced oscillation technique; Rrs: resis-
tance of the respiratory system; Xrs: reactance of the respiratory sys-
tem.

make it impossible to accept any of the computed Rrs and
Xrs data.

Replacing the coherence threshold criterion with one
in which random errors of respiratory resistance and reac-
tance estimates are quantified may extend the applica-
tion of the forced oscillation technique to frequencies
that are lower than usual, provided that bias errors are
minimized [26].

Appendix: random errors of the real and
imaginary parts of a transfer function.

The transfer function (H) of a linear and stationary
system can be computed by means of the cross-spectra
method as: H=Gxy/Gxx; where Gxy is the cross-spec-
trum between input and output and Gxx is the auto-spec-
trum of the input. As Gxy is a complex magnitude
(Gxy=Cxy+j-Qxy) and Gxx is a real magnitude, the real
(R) and imaginary (I) parts of H can be expressed as:

R = Cxy/Gxx (A1)

I = Qxy/Gxx (A2)
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To compute the error in R, we derive the equation:
Cxy =R-Gxx, obtained from the expression for R in
Equation (Al):

ACxy = R-AGxx + Gxx*AR (A3)

By rearranging this equation and taking the squares of
both sides of the resulting equation, we obtain:

(Gxx*AR)2 = (ACxy)? + (R2-AGxx)? - (Ad)
2-R-ACxy- AGxx

Computing the expected values (E[-]) in this equation and
considering that the variance of a magnitude A (Var(A))
is Var(A)=E[(AA)?], and that the covariance of variables
A and B (Cov(A,B)) is Cov(A,B)=E[AA-AB)], Equation
(A4) leads to:

Gxx2:Var(R) = Var(Cxy) + R2-Var(Gxx) - (AS)
Z'R'COV(ny,Gxx)

The variances and covariances of the auto- and cross-
spectra in Equation (A5) can be expressed in terms of
the spectra values [11]:

Var(Cxy) = (Gxx*Gyy + Cxy? - Qxy2)/(2-N) (A6)
Var(Gxx) = Gxx?/N (A7)
COV(ny,Gxx) = ny'Gxx/N (A8)

where N is the number of data blocks involved in estima-
ting spectra. The reduction in the variance of spectra
estimates Equations (A6)—(AS8), when they are comput-
ed by multiplying 50% overlapped data blocks by opti-
mal windows, is negligible [27]. Replacing the variances
and the covariance in Equation (AS5) by their expres-
sions in Equations (A6)—(AS8), and after algebraic re-
arrangements, Equation (A5) can be rewritten as:

N-Var(R)/R2 = (Gxx'ny - |ny|2)/(2'R2'Gxx2) (A9)

By using the expressions of H and coherence (y2) in terms
of the spectra (H = Gxy/Gxx and 72 = IGxyl?/(Gxx- Gyy))
in Equation (A9), we can compute the relative error in
the real part (¢(R)=(Var(R)/R2)!2) as:

e(R) = ((1-y»)/(y>-2-N)12-(1 + (I/R)?)1~2 (A10)
Following a similar procedure from the expression of I
in Equation (A2), we can also compute the relative error
of the imaginary part of H (g()) as:

e(I) = ((1-y2)/(y2-2-N))12- (1 +(R/1)2)12 (A1)
The impact of using a coherence estimate instead of the
actual unknown value of y2 in Equations (A10) and (A11)
is small for the typical values of N and 2, since the
random error in coherence estimates is given [11] by:

e(y?) = (1-y)/y-(2/N) 12 (A 12)
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