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Abstract—In this paper a methodological approach for the
analysis of nonstationary heart rate variability (HRV) signals
using time-varying frequency bands based on respiratory fre-
quency is presented. Spectral analysis of HRV is accomplished
by means of the Smoothed Pseudo Wigner Ville distribution.
Different approaches to the definition of the low frequency (LF)
and high frequency (HF) bands are considered which involve
respiratory information, derived either from a respiratory
signal or from the ECG itself. Results are presented which
derive from recordings acquired during stress testing and
induced emotion experiments.

I. INTRODUCTION

Spectral analysis of heart rate variability (HRV) is widely
used as a non-invasive technique for the assessment of the
autonomic nervous system (ANS) activity on the heart and of
the balance between its two main branches, the sympathetic
and parasympathetic systems. Standards of measurement,
physiological interpretation and clinical use of HRV have
been published, involving three different components: a very
low frequency (VLF) component in the range between 0 and
0.04 Hz, a low frequency (LF) component between 0.04 and
0.15 Hz, and a high frequency (HF) component between 0.15
and 0.4 Hz [1]. The power in the LF band is considered
to be a measure of the sympathetic activity on the heart,
at least when expressed in normalized units, although its
interpretation is controversial, as e.g. when the respiratory
frequency lies in the LF band. The power in the HF band is
considered to be a measure of the parasympathetic activity
and mainly due to respiratory sinus arrhythmia (RSA).

The respiratory frequency is not restricted to the band from
0.15 to 0.4 Hz. For instance, the respiratory frequency can
be as low as 0.1 Hz during relaxation and as high as 0.7
Hz during intense exercise. In these situations the analysis
of HRV within the standard frequency bands would yield
inaccurate estimates of the ANS activity. This is of particular
importance in situations where the goal is to track changes in
sympathetic and parasympathetic balance, observed during,
e.g. stress testing, induced emotion experiments, Valsalva
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maneuver, and tilt testing. Several methods for nonstationary
analysis of HRV have been proposed in the literature [2].
Information of respiratory frequency has been included in
HRV analysis for the estimation of the parasympathetic
activity in different ways [3], [4], [5], [6].

The purpose of this paper is to introduce a method for
nonstationary HRV analysis, using time-varying frequency
bands related to the respiratory frequency. The proposed
method was originally developed in the context of stress
testing, but it is equally suitable for many other nonstationary
situations.

II. METHODS

A. Limitations of HRV analysis

Prior to any analysis of HRV there is a limitation that
should be taken into account. The intrinsic sampling fre-
quency of HRV is given by the heart rate (HR). As a result,
the maximum frequency with physiological meaning which
can be analyzed is defined as half the mean HR in the ana-
lyzed interval [7]; spectral components above this frequency
are due to spectrum repetitions. Another consequence of this
limitation is that when the respiratory frequency exceeds this
frequency, aliasing occurs already at the natural sampling of
the heart, which will be present even at frequencies below
half the mean HR.

B. Time-frequency analysis

An approach to analyze nonstationary HRV is the use of
time-frequency (TF) methods, which can be divided into
three main categories: nonparametric linear TF methods
based on linear filtering, including the short-time Fourier
transform [9], [8] and the wavelet transform [4], [5], nonpara-
metric quadratic TF representations, including the Wigner-
Ville distribution and its filtered versions [10], [11], [3], [12],
and parametric time-varying methods based on autoregres-
sive models with time-varying coefficients [13], [14], [15].

In this paper the Smoothed Pseudo Wigner-Ville distri-
bution (SPWVD) is preferred since it provides better time-
frequency resolution than nonparametric linear methods, an
independent control of time and frequency filtering, and
power estimates with lower variance than parametric meth-
ods when rapid changes occur [11]. The main drawback of
the SPWVD is the presence of cross-terms, which should be
suppressed by the time and frequency filtering.

The SPWVD of the discrete signal x(n) is defined by [16]
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where n and m are the discrete time and frequency indexes,
respectively, h(k) is the frequency smoothing symmetric
normed window of length 2N —1, g(p) is the time smoothing
symmetric normed window of length 2M — 1 and r,(n, k)

is the instantaneous autocorrelation function, defined as
re(n, k) = z(n+k)z*(n — k).

C. Frequency band definitions

As stated above the standard definitions of the LF and
HF bands are inappropriate when the respiratory frequency
is not restricted to 0.15-0.4 Hz. Different approaches can be
considered to overcome this limitation:

C.1 The HF band can be extended to include the whole
range of potential respiratory frequencies during the
recording [9], [4], [6]. The upper limit of the HF band
must be limited by half the mean HR.

C.2 The HF band can be centered on the respiratory fre-
quency [3], [5], [6]. The HF bandwidth can be con-
stant [3] or time-dependent [5], [6]. For example, in [5]
the HF bandwidth was defined from the power spectrum
of the respiratory signal.

In both approaches the LF band can be defined either
from its lower limit 0.04 Hz to the lower limit of the HF
band, or in its standard way (0.04-0.15 Hz), assuming that
the sympathetic activity always lies within this band. In the
latter case, a note of caution should be considered when the
respiratory frequency is lower than 0.15 Hz and the LF and
HF bands overlap.

The right choice of the frequency band definitions depends
to some extent on the application.

D. Respiratory information

The above frequency band definitions require the know-
ledge of respiratory information, which can be obtained
either from a simultaneously recorded respiratory signal or
from an ECG-derived respiratory signal [17]. The latter
option avoids direct recording of a respiratory signal, thus
being preferable during, e.g., stress testing.

III. RESULTS
A. Stress testing

The first application of the proposed methodology is the
analysis of HRV during stress testing. A database of stan-
dard 12-lead ECG and respiratory signals, simultaneously
recorded during stress testing at the University Hospital of
Lund, is used. The ECG is sampled at 1 kHz and the
respiratory signal at 50 Hz. The stress test was performed
on a bicycle ergometer whose intensity increased at a steady
rate each minute. The subjects were asked to cycle at a rate
of 60 rpm. A detailed description of the database is described
in [17].

The HRV signal is obtained as follows. First, QRS de-
tection marks are obtained by ARISTOTLE [18] using a rule

based on the QRS complex gravity center. The HR signal 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 [19]. Then, the mean HR signal is obtained by low-
pass filtering the signal with a cut-off frequency of 0.03 Hz.
Finally, the HRV signal is the result of subtracting the mean
HR from the instantaneous HR signal. The HRV signal is
resampled at 8 Hz.

The SPWVD is applied as in (1), z(n) being the analytic
signal of the HRV signal. A 12.625-second rectangular
window g(p) is used for time smoothing while an exponential
window h(k), with decaying factor 16~ s~! and frequency
resolution 128! Hz, is used for frequency smoothing.

In this application the standard LF band definition is
used, whereas the HF band is defined according to C.2, i.e.,
centered on the respiratory frequency with a bandwidth of
0.25 Hz (the standard HF bandwidth).

Figure 1 displays the SPWVD of a HRV signal during
a stress test. Half the mean HR, expressed in Hz, is su-
perimposed in solid line representing the upper limit for
HRYV analysis. Limits of the standard LF and HF bands are
plotted in dotted lines. The limits of the HF band, defined
in this application as centered on the respiratory frequency,
are shown in dashed lines.
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Fig. 1. The SPWVD of a HRV signal during a stress test. Half the mean
HR (in Hz) is plotted in solid line. Limits of the standard LF and HF bands
are plotted in dotted lines. The limits of the new HF band centered on the
respiratory frequency are shown in dashed lines.

It can be appreciated from Fig. 1 that the respiratory
frequency exceeds the upper limit of the standard HF band
from about second 400 to 700 of the stress test. Therefore,
analysis of HRV in the standard frequency bands would have
yielded an inaccurate interpretation of the evolution of the
parasympathetic activity. The new definition of the HF band
allows the tracking of the parasympathetic activity changes.
It can be observed that the power in the HF band decreases
during exercise, reflecting a parasympathetic withdrawal,
while it increases during recovery. The LF power exhibits
a similar behaviour. A decrease in LF power is observed
during exercise becoming nearly suspended when the exer-
cise intensity is maximal and no variability is observed in
the HR. At that point the HF power has been decreased but
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not suspended, maybe reflecting a mechanical stretch of the
sinus node due to respiration [20]. Once exercise finishes,
the increase in LF power may be attributed to sympathetic
activation and a rapid decrease in HR, which leaks from the
VLF to the LF band.

Another example is displayed in Fig. 2. Here the respi-
ratory frequency exceeds the standard HF band during most
of the stress test, further underlining the need for respiratory
frequency information to define the frequency bands in HRV
analysis.
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Fig. 2. The SPWVD of a HRV signal during a stress test, showing the

effect of the subject’s cycling at 60 rpm. Notation as in Fig. 1.

Note that in this case if the HF band would have been
defined using approach C.1, i.e., extended from 0.15 Hz to
half the mean HR, the power of the spurious component
at 1 Hz would have been interpreted as an increase in the
parasympathetic activity. However, this spurious component
is thought to be induced by the cycling of the subjects at 60
rpm, causing a synchronized rotation of the heart’s electrical
axis originating a variability of approximately 1 Hz in the
QRS detection marks. This spurious component has been
observed in some of the stress tests analyzed, being more
evident in cases of reduced RSA. It has also been noticed
that the power of this component is dependent on the leads
used for the QRS detection.

B. Induced emotion experiments

Another application is the analysis of HRV during in-
duced emotion experiments. A database of ECG, respiration,
blood pressure, skin temperature and galvanic skin response
has been recorded during induced emotion experiments at
University of Zaragoza. The limb ECG leads I, II and III
were recorded at 1 kHz and the respiratory signal at 125
Hz. Four emotions (sadness, anger, fear and happiness) were
induced by videos in two sessions of two emotions each.
Each emotion video was preceded by a relaxing video which
served as physiological parameters’ baseline, and followed
by another relaxing video to ensure that the subject’s physi-
ological parameters returned to the baseline.

The HRYV signal is obtained and analyzed in a way similar
to that described in Section III-A.

Figure 3(a) displays the SPWVD of a HRV signal during
an induced emotion experiment in which the beginning and

end of the emotion video which induced fear are plotted in
dotted line.
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Fig. 3. The SPWVD of (a) a HRV signal and (b) the simultaneous respira-
tory signal during an induced emotion experiment. The respiratory frequency
is superimposed on dashed line. Dotted lines indicate the beginning and end
of the emotion video which induced fear.

Standard analysis of HRV would have revealed a predomi-
nant sympathetic activity while a suspended parasympathetic
activity during both relaxing videos. During the fear-inducing
video, standard analysis of HRV would have shown a con-
siderably reduction of sympathetic activity as well as an
increase in parasympathetic activity. However, this analysis
does not take into account respiratory frequency information.

The analysis of the simultaneously recorded respiratory
signals reveals a respiratory frequency of about 0.1 Hz during
the relaxing videos and frequencies around 0.3 Hz during
the fear video. Figure 3(b) displays the SPWVD of the
simultaneous respiratory signal of the HRV signal shown in
Fig. 3(a). This result suggests that, in the relaxing videos, the
LF power accounts for both sympathetic activity and RSA,
thus invalidating the previous interpretations.

IV. DISCUSSION

The methodology proposed in this paper has been devel-
oped in the context of stress testing, whose characteristics
determine some of the choices made. However, it is general
and flexible enough to be applied to a variety of situations.

The spectral analysis of nonstationary HRV signals has
been addressed by means of the Smoothed Pseudo Wigner
Ville distribution because of its properties stated in Sec-
tion II-B, but other time-frequency methods can be applied
depending on the nonstationarity of the HRV.

Two approaches have been presented for the definition
of the HF band which accounts for respiratory frequency
information. The main limitation of the approach C.1 (from
0.15 Hz to half the mean HR) is that it may include HF
components nonrelated to the parasympathetic activity, as
shown in Fig. 2. That is the reason why approach C.2
(centered on respiratory frequency) is preferred in this paper.
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The HF bandwidth has been taken 0.25 Hz, as the standard
HF bandwidth. However, a bandwidth of 0.1 Hz was used
in [9], closer to the standard LF bandwidth. A different
approach is to considered a variable HF bandwidth, as
in [5] where it is defined from the power spectrum of the
respiratory signal. The main limitation of this approach is
that it requires the direct recording of respiratory signal,
which is not always suitable. If the bandwidth would be
estimated from the power spectrum of the HRV signal itself,
the much higher variability may yield inaccurate estimates.
Further analysis would be needed to determine the optimum
HF bandwidth.

In this paper, the standard LF band has been used. When
the respiratory frequency is below 0.15 Hz, the LF and
HF bands overlap so that estimates of sympathetic and
parasympathetic activities are no longer valid. In this sit-
uation, an entrainment between the two rhythms occurs and
the separation of the two activities is not trivial since non-
linear mechanisms and interactions are involved [21]. This
was exemplified in Section III-B. Different approaches have
been considered to define the LF band. In [9] the LF band
is defined from 0.04 Hz to the lower limit of the HF band.
This definition is inaccurate when respiratory frequency is
below 0.15 Hz. Another approach has been to define the
LF band from the HR power spectrum, searching for the
maximum in the region from 0.02 to 0.15 Hz and locating the
two minima surrounding the peak [5]. This approach has the
limitations of the high variability of the HR power spectrum
and the overlapping of the two rhythms when the respiratory
frequency is below 0.15 Hz.

It has made evident the need for the inclusion of respi-
ratory information in HRV analysis. However, this does not
require the direct recording of respiratory signal, since the
information needed can be derived from the ECG itself [17].

V. CONCLUSION

A methodological approach for the analysis of nonsta-
tionary HRV using time-varying frequency bands based on
respiratory frequency has been presented. The methodology
has been developed and applied in the context of stress
testing, although it is general enough to be applied to a
variety of situations, such as induced emotion experiments.

VI. ACKNOWLEDGMENTS

The authors are very grateful to Dr. Olle Pahlm and
Madeleine Nilsson, Department of Clinical Physiology, Lund
University Hospital, Sweden, for their collaboration in the
recording of the stress test data, and to Carlos Orrite, Teresa
Carmona and Juan José Gracia, Computer Vision Group,
Aragén Institute for Engineering Research, University of
Zaragoza, Spain, for his collaboration in the recording of
the induced emotion experiments.

REFERENCES

[1] TASK FORCE OF ESC AND NASPE, T. Heart rate variability.
Standards of measurement, physiological interpretation, and clinical
use. Eur. Heart J., vol. 17, 1996, pp. 354-381.

(2]

(3]

[4]

[5]

(6]

(71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

6677

L.T. Mainardi, A.M. Bianchi, and S. Cerutti. Time-frequency and time-
varying analysis for assessing the dynamic responses of cardiovascular
control. Critical Reviews in Biomed. Eng., vol. 30(1-2), 2002, pp. 181—
223.

S. Jasson, C. Médigue, P. Maison-Blanche, N. Montano, L. Meyer,
C. Vermeiren, P. Mansier, P. Coumel, A. Malliani, and B. Swyn-
ghedauw. Instant power spectrum analysis of heart rate variability
during orthostatic tilt using a time-/frequency-domain method. Circu-
lation, vol. 96(10), 1997, pp. 3521-3526.

E. Toledo, O. Gurevitz, H. Hod, M. Eldar, and S. Akselrod. Wavelet
analysis of instantaneous heart rate: a study of autonomic control
during thrombolysis. Am. J. Physiol. Regul. Integr. Comp. Physiol.,
vol. 284, 2003, pp. R1079-R1091.

Y. Goren, L.R. Davrath, I. Pinhas, E. Toledo, and S. Akselrod.
Individual time-dependent spectral boundaries for improved accuracy
in time-frequency analysis of heart rate variability. IEEE Trans.
Biomed. Eng., vol. 53(1), 2006, pp. 35—42.

R. Bail6n, L. Mainardi, and P. Laguna. “Time-frequency analysis of
heart rate variability during stress testing using “a priori” information
of respiratory frequency”. In Proc. Computers in Cardiology, vol. 33,
2006, pp. 169-172.

P. Laguna, G.B. Moody and R.G. Mark. Power spectral density
of unevenly sampled data by least-square analysis: performance and
application to heart rate signals. IEEE Trans. Biomed. Eng., vol. 45(6),
1998, pp. 698-715.

K. Martinmaki, H. Rusko, S. Saalasti, and J. Kettunen. Ability of
short-time Fourier transform method to detect transient changes in
vagal effects on hearts: a pharmacological blocking study. Am. J.
Physiol. Heart Circ. Physiol., vol. 290, 2006, pp. H2582-H2589.

L. Keselbrener and S. Akselrod. Selective discrete Fourier transform
algorithm for time-frequency analysis: method and application on
simulated and cardiovascular signals. IEEE Trans. Biomed. Eng., vol.
43(8), 1996, pp. 789-802.

P. Novak and V. Novak. Time/frequency mapping of the heart rate,
blood pressure and respiratory signals. Med. Biol. Eng. Comput, vol.
31(2), 1993, pp. 103-110.

S. Pola, A. Macerata, M. Emdin, and C. Marchesi. Estimation of the
power spectral density in non-stationary cardiovascular time series:
assessing the role of the time-frequency representations (TFR). IEEE
Trans. Biomed. Eng., vol. 43(1), 1996, pp. 46-59.

L.T. Mainardi, N. Montano, and S. Cerutti. Automatic decomposition
of Wigner distribution and its application to heart rate variability.
Methods Inf. Med., vol. 43, 2004, pp. 17-21.

A.M. Bianchi, L.T. Mainardi, C. Meloni, S. Chierchia, and S. Cerutti.
Continuous monitoring of the sympatho-vagal balance through spectral
analysis. Recursive autoregressive techniques for tracking transient
events in heart rate signals. IEEE Eng. Med. Biol. Mag., vol. 16(5),
1997, pp. 64-73.

L.T. Mainardi, A.M. Bianchi, R. Furlan, S. Piazza, R. Barbieri,
V. Virgilio, A. Malliani, and S. Cerutti. Multivariate time-variant iden-
tification of cardiovascular variability signals: a beat-to-beat spectral
parameter estimation in vasovagal syncope. IEEE Trans. Biomed. Eng,
vol. 44(10), 1997, pp. 978-989.

O. Meste, B. Khaddoumi, G. Blain, and S. Bermon. Time-varying
analysis methods and models for the respiratory and cardiac system
coupling in graded exercise. IEEE Trans. Biomed. Eng., vol. 52(11),
2005, pp. 1921-1930.

W. Martin and P. Flandrin. Wigner-Ville spectral analysis of nonsta-
tionary processes. IEEE Trans. ASSP, vol. 33, 1985, pp. 1461-1470.
R. Bailén, L. Sornmo, and P. Laguna. A robust method for ECG-
based estimation of the respiratory frequency during stress testing.
IEEE Trans. Biomed. Eng., vol. 53(7), 2006, pp. 1273-1285.

G.B. Moody and R.G. Mark. “Development and evaluation of a 2-lead
ECG analysis program”. In Proc. Computers in Cardiology, 1982, pp.
39-44.

J. Mateo and P. Laguna. Analysis of heart rate variability in the
presence of ectopic beats using the heart timing signal. IEEE Trans.
Biomed. Eng., vol. 50, 2003, pp. 334-343.

G. Blain, O. Meste, and S. Bermon. Influences of breathing patterns
on respiratory sinus arrhythmia in humans during exercise. Am. J.
Physiol. Heart Circ. Physiol., vol. 288, 2005, pp. H887-H895.

G. Baselli, A. Porta, and G. Ferrari. Models for the analysis of
cardiovascular variability signals. in Heart Rate Variability, M. Malik
and A.J. Camm, Eds. Armonk, NY: Futura, 1995, pp. 135-145.



	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print

