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Abstract— Mechanical ventilators are used to provide life
support in patients with respiratory failure. Assessing au-
tonomic control during the ventilator weaning provides in-
formation about physiopathological imbalances. Autonomic
parameters can be derived and used to predict success in
discontinuing from the mechanical support. Time-frequency
analysis is used to derive cardiac and respiratory parameters,
as well as their evolution in time, during ventilator weaning
in 130 patients. Statistically significant differences have been
observed in autonomic parameters between patients who are
considered ready for spontaneous breathing and patients who
are not. A classification based on respiratory frequency, heart
rate and heart rate variability spectral components has been
proposed and has been able to correctly classify more than 80%
of the cases.

I. INTRODUCTION

One of the most challenging problems in intensive care is
the process of discontinuing mechanical ventilation (ventila-
tor weaning) from patients with respiratory failure. Previous
investigations reported that near 40% of the intensive care
unit (ICU) patients need mechanical ventilator for sustaining
their lives. Among them, 90% of the patients can be weaned
from the ventilator in several days while the other 5% -
15% of the patients need longer ventilator support. However,
ventilator support should be withdrawn promptly when no
longer necessary so as to reduce the likelihood of known
nosocomial complications and costs [1]. A failed weaning
trial is discomforting for the patient and may induce signifi-
cant cardiopulmonary distress. When mechanical ventilation
is discontinued, up to 25% of patients have respiratory dis-
tress severe enough to necessitate reinstitution of ventilatory
support [2]. Several studies have been reported on breathing
pattern variability assesment [3] - [6].

Heart rate variability (HRV) is used as a noninvasive
tool in the evaluation of altered autonomic nervous system

Manuscript received April 7,2008. This work was supported in part
by Ministerio de Educacién y Ciencia under grants TEC2007-63637 and
TEC2007-68076-C02-01 from the Spanish Government.

M. Orini is with CIBER de Bioingeniera, Biomateriales y Nanomedicina
(CIBER-BBN) from ISCIII, Spain, and with the Department of Bioengineer-
ing, Polytechnic University of Milan, Italy. michele@unizar.es

R. Bail6n is with GTC I3A, University of Zaragoza, Spain and CIBER-
BNN from ISCIII

B.F. Giraldo, M. Vallverdi and P. Caminal are with Dept. of ESAII,
Centre for Biomedical Engineering Research, Universitat Politecnica de
Catalunya (UPC), with CIBER-BBN and with Institut de Bioenginyeria de
Catalunya (IBEC), Spain. C. Pau Gargallo, 5, 08028, Barcelona, Spain.
beatriz.giraldo@upc.edu

S. Benito and I. Diaz are with Emergency Department, Hospital de la
Santa Creu i Sant Pau, Barcelona, Spain.

L. Mainardi is with the Department of Bioengineering, Polytechnic
University of Milan, Italy

978-1-4244-1815-2/08/$25.00 ©2008 IEEE.

[7]. In HRV spectrum, the Low Frequency (LF) range is
related to the sympathetic modulation, although its inter-
pretation is controversial. The High Frequency (HF) range
is linked to the parasympathetic activity and mainly due
to respiratory sinus arrhythmia. Since ventilator weaning
represents a period of transition from mechanical ventilation
to spontaneous breathing and is associated with a change
in autonomic activity, a change of HRV during weaning
is to be expected [8]. Ventilation can alter cardiovascular
function. These processes reflect the interaction between
myocardial reserve, ventricular pump function, blood flow
distribution, autonomic tone, lung volume and intrathoracic
pressure, among others. The final response to ventilatory
stress is dependent on the baseline cardiovascular state of the
subject [9]. Several methods have been developed to analyze
the cardiorespiratory coordination [10] - [12].

In this work, we study the cardio-respiratory interactions
during discontinuation from mechanical ventilation. The goal
is to assess whether differences exist in autonomic regulation
between patients who are considered ready for spontaneous
breathing and patients who are not. A classification based on
the respiratory frequency, heart rate and spectral components
of HRYV, is then proposed. To estimate the time course of
these cardio-respiratory parameters, their interactions and the
temporal evolution of the differences between the groups,
Time-Frequency analysis is used.

II. ANALYZED DATA

Electrocardiography (ECG) signal and respiratory flow
were measured in 130 patients on weaning trials from
mechanical ventilation (WEANDB data base). These pa-
tients were recorded in the Departments of Intensive Care
Medicine at Santa Creu i Sant Pau Hospital and Getafe
Hospital, according to a protocol approved by the local ethic
committees. Using clinical criteria based on the T-tube test,
the patients were classified into two groups: Group S, 91
patients with successful trials after 30 minutes, and Group
F, 39 patients who failed to maintain spontaneous breathing
and were reconnected after 30 minutes of weaning trial.

Respiratory flow was obtained using a pneumotachograph
connected to an endotraqueal tube. The pneumotach consists
of a Datex-Ohmeda monitor with a Variable-Reluctance
Transducer (Validyne Model MP45-1-871). The ECG signal
was obtained using a SpaceLabs Medical monitor. Both sig-
nals were recorded at a sampling frequency of 250 Hz during
30 minutes. The processing of the cardiac and respiratory
signals obtained the RR(k) and T, (k) series, containing
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the cardiac interbeat durations and the breath durations,
respectively.

I1I. METHODOLOGY
A. Cardio-respiratory parameters

The ECG signal and the respiratory flow are processed
in order to derive the temporal evolution of the cardio-
respiratory parameters shown in Table I.

The respiratory activity of the patients is evaluated study-
ing the respiratory frequency fi(n) and its instantaneous
variability fR(n) The respiratory frequency is computed as
the inverse of the series containing the breath duration,
resampled at 4 Hz. The respiratory frequency variability is
derived by highpass filtering f;(n) with a cut-off frequency
of 0.03 Hz.

In order to monitorize the cardiac activity, the heart rate h(n),
the HRV h(n), and the temporal evolution of its spectral
components are estimated. The heart rate is derived from
the QRS detection marks, following a method based on the
integral pulse frequency modulation (IPFM) model, which
also accounts for the presence of ectopic beats [13], using
spline interpolation of order five, and a sampling rate of 4
Hz. The HRV is obtained by highpass filtering #(n) with a
cut-off frequency of 0.03 Hz.

Time-frequency analysis (TF) is performed computing the
Smoothed Pseudo Wigner Ville Distribution (SPWVD) of
the (analytic) HRV signal [14]. The SPWVD is a modified
version of the Wigner Ville Distribution, where independent
kernels are used in order to reduce the presence of the
interference terms. Here, time smoothing is used with a
rectangular window of 25 seconds. Exponential window with
a decaying factor of 327! s7! and frequency resolution
512~! Hz is used for frequency smoothing.

The decomposition of the time-frequency spectra Syy(f,n)
is used to estimate the temporal evolution of LF and HF
components [15]. The HF component of the HRV is known to
be related with the parasympathetic system and consequently
with respiration. The respiratory frequency is then used to
improve the estimation of HF [16]. At every time n the time-
frequency spectra are divided in two bands:

[0.04 : f(n) —0.125] Hz
[fu(n) —0.125 : fi(n)+0.125] Hz

and the frequencies fir(n) and fir(n), and the amplitudes
Air(n) and Agr(n), of LF and HF are estimated as the global
maxima in both frequency bands.

Normalized amplitudes ALF(n) and AHF(n), which are known
to provide an estimation of the sympathovagal balance,
are also taken into account [17]. Normalization consists in
dividing the instantaneous amplitude of a component by the
sum of both components. The difference, e(n), between res-
piratory frequency and the frequency of the HF component of
HRYV is also estimated: in a normal physiological condition
fur(n) is an expression of the respiratory sinus arrhythmia,
so that a difference between fy(n) and f,:(n) may indicate
that a sort of equilibrium is getting lost.

LF band:
HF band:

TABLE I
CARDIO-RESPIRATORY PARAMETERS

Sfr(n) respiratory frequency
e () respiratory frequency variability
h(n) heart rate
fir(n) frequency of the LF component
Sur(n) frequency of the HF component

App(n) = Swv (fie,n) amplitude of the LF component

(
(

Aur(n) = Swv (fur,n) amplitude of the HF component
Ap(n) = W&"AF(") normalized amplitude of the LF component
AHP(n) =1-4, r(n) normalized amplitude of the HF component

e(n) = W error between fr(n) and fugr(n)

B. Statistical Analysis

The statistics shown in Table II are estimated for every

cardio-respiratory parameter. The Mann Whitney test is
then used to assess whether the statistics of the cardio-
respiratory parameters of patients belonging to the S and
F groups present any significant difference. Every statistic
and its corresponding p-value are first computed in the
whole weaning process and then in a running window five
minutes wide. Considering just the whole weaning trial
interval, the temporal information, provided by means of
time-frequency analysis, would be lost. The goal of using the
running window is to estimate, for every statistical parameter,
the interval where the biggest differences between the two
groups appear. In this way it is possible to detect local
significant differences, which may appear during just a part
of the process and that would not be detected by computing
the statistics for the entire duration of the trial.
Considering these parameters, stepwise multiple discriminant
analysis is used to classify the patients. Stepwise method
allows for the assessment of independent variables (here
the statistics of the cardio-respiratory parameters) contribute
significantly to the discriminant function. A first classifi-
cation (DA-1) is provided using the statistical parameters
computed considering the whole weaning trial. The sec-
ond classification (DA-2) is provided using the parameters
computed in the five minutes which, for every parameter,
maximize the statistical differences between the groups. This
second analysis is supposed to improve the hit ratio of the
classification.

TABLE II

STATISTICS
a Mean a®  Statndard Deviation
a™  Median a"  Interquartile Range
a®  Fifth Percentile a®”  Ninety-fifth Percentile
a®  Kurtosis a%*  Skewness
a®  Coeff of Variation
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Fig. 1. Temporal evolution of the LF and HF components of HRV.

IV. RESULTS

For every patient the temporal evolution of 10 cardio-
respiratory parameters is estimated (Table I).

As an example of decomposition of the TF spectrum, the
spectral parameters of the HRV of one patient belonging
to the F group are shown in Fig. 1. It is possible to
see that fix(n) and fi:(n) are quite stable, and that f,(n)
oscillates around f:(n) (Fig.1.a). For this patient there is
not a clear prevalence of one modulation over the other
one (Fig. 1.b): LF and HF components are both present and
they interchange the leading role during the entire trial (the
normalized amplitudes).

The central tendency and the dispersion of the parameters
are summarized using 9 statistics (Table II). In Fig. 2 the
median values of the respiratory frequency for all the patients
are shown. The median values are computed in a window
centered 8 minutes after the beginning of the trial. This is the
interval which maximizes the statistical differences between
the distribution of median values of groups S and F. The
patients who fail the weaning trial (right side) have a f(n)
significantly higher than the ones who are considered ready
for the discontinuation (p ~ 107>).

The differences between the two groups are assessed using
the Mann Whitney Test. In Table III the p-values (multiplied
by 1000) for every cardio-respiratory parameter and statistic
are shown. These p-values are computed considering the
whole duration of the weaning trial (about 30 minutes).
Significant differences between the two groups are observed
for the parameters h(n), fi(n), fR(n), fir(n), fur(n) and e(n).
The temporal evolution of the p-values is then obtained
applying the Mann Whitney Test on the statistics iteratively
computed in the running window. In Table IV the minimum
p-values and the temporal location of the corresponding
running window are shown.

In both classifications (DA-1 and DA-2), the choice of the
most relevant parameters to use as independent variables
in the discriminant function is performed using stepwise
analysis. In the first case, three parameters are used: f, h,
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Fig. 2. f@(n) for all the patients. Patients belonging to the F group are
observed to have higher f'(n) (p = 1073)

™ and 76.2% of the patients are correctly classified. In the
second case, seven parameters are used as_independents in
the discriminant function: f4, e®, h", f3, fR, e", Af.. Using
these parameters about 83% of the patients are correctly
classified. The classification matrix is shown in Table V,
where the first column refers to the kind of classification
(DA-1 or DA-2), S and F represent the classification as it was
performed by physicians and $ and F represent the predicted
classification performed by discriminant analysis. All ratios
refer to leave-one-out cross-validation.

TABLE III
Pp-VALUES (-10%) FOR THE WHOLE WEANING TRIAL

o 5 95 K Sk cv

m o gd g a a a a

a a a
h(n) 3 ns 4 ns 2 18 ns ns ns
fr(n) T ns F ns 4 T ns ns ns
Fr(n) ns ns ns ns ns ns ns 3 ns
fir(n) T F 2 T 20 1 16 ns ns
Sfur(n) | T ns f ns 1 T ns ns ns
Aip(n) | ns  ns ns ns ns ns ns ns ns
Aug(n) | ms ns ns ns ns ns ns NS NS
Ag(n) | ns ns ns ns ns ns  ns ns ns
AHF(n) ns ns ns ns ns ns ns ns ns
e(n) ns 13 ns ns ns 43 ns ns  ns

ns=p > 0.05; T = p < 0.001

V. DISCUSSION AND CONCLUSIONS

Which criteria are the best indicators of success in discon-
tinuation process is matter of debate. The goal of this study is
to assess whether respiratory and cardiac parameters can be
used as indicators of extubation readiness. The study involves
130 patients. After 30 minutes of spontaneous breathing trial,
91 patients were successfully extubated and placed in the S
group, while 39 were not considered ready for discontinua-
tion and were supplied with mechanical ventilation support.
They were placed in the F group. From the ECG and the
respiratory flow and by means of time-frequency analysis,
several cardiac and respiratory parameters are derived (Table
I). Smoothed Pseudo Wigner Ville distribution was chosen
for its high time-frequency resolution and for the good
interference terms attenuation which it provides. The time-
frequency spectra of HRV have been decomposed in order
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TABLE IV

MINIMUM p-VALUES (-103) (ABOVE), COMPUTED IN THE RUNNING
WINDOW AND ITS TEMPORAL LOCATION (BELOW).

ing shows that important differences exist in the autonomic
regulation between patients who are considered ready for
spontaneous breathing and patients who are not. A sequential
discriminant analysis based on these cardiac and respiratory
parameters has been able to correctly classify more then 80%
of the patients. This work can be considered a first step
toward the extraction of features which may allow automatic
recognition of subjects who are ready for extubation, features
which may support the right decision in discontinuation trial.
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a ao‘ llm alq aS a95 llK llSK acv
h(n) 1 ns 1 ns T 7 ns ns ns
24 25 2716
i T 15 7 34 F T I 10 46
fu(n) 7 4 8 122 260 T 17 17 26
; 8 39 3 33 28 45 5 I 18
Ju(n) 20 7 25 24 247 14 18 O 3
T T i + 6 T 2 9 9
fir(n) 24 24 15 160 25 24 200 200 23
T 46 T ns T T ns 2 19
) 8’ 3 8’ 4 26° 6 26
ns ns ns ns ns 44 16 6 1
A () %5 16 17 20
Aue(n) ns ns ns ns ns ns ;6" 24’ ;é’
A 27 ns 20 31 21 9 29 10 27
Awr () 20° 2000 18 160 22 18 190 13
A 27 ns 20 31 6 21 29 10 5
Aur(n) | 5 2000 18 25 16 18 19 22
ns 1 ns 13 5 6 ns 49 15
e(n) 26’ 12 20 26 17 17
ns=p > 0.05; T = p < 0.001

TABLE V
LEAVE-ONE-OUT VALIDATION FOR DA-1 AND DA-2

[%] S F global
S | 813 187
DAL b 359 6a1 | 702
S | 857 143
DA2Z p | 231 760 | 831

to track the temporal evolution of LF and HF components.
The respiratory frequency is used to define their frequency
bands and to improve their estimation. The respiratory fre-
quency, the heart rate and the frequency of the LF and HF
components of the two groups show significant differences
during the whole weaning trial. This reveals the important
role of both the branches of the autonomous nervous system
in the weaning success. The study of the evolution of the
p-values suggests that not all the 30 minutes of the trial are
equally useful in terms of decision for extubation. For most
of the significant parameters, the p-value reaches its global
minimum in the second part of the trial. A common feeling
of anxiety among all the patients at the beginning of the
weaning trial may explain the minor usefulness of the first
part: it may hide the difference between the ones who are
ready for spontaneous breathing and the ones who are not.
The amplitude of LF and HF components are not globally
relevant, unless they are normalized as A[‘F(n) and AHF(n).
Normalized amplitudes are observed to differ in the last half
of the trial, suggesting that the patients who succeed show,
at that time, a prevalently sympathetic modulation.

The tracking of cardio-respiratory parameters during wean-
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