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Time-Frequency Representation of Cardiovascular Signals during
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Abstract—Altering cardiovascular oscillation is present
during various interventions, e.g. in autonomic tests.
Traditional spectral analysis suffers from nonstationary data
and poor time resolution when studying the dynamics and
frequency of cardiovascular signals. Smoothed pseudo Wigner-
Ville representation method was applied when analyzing
handgrip (HG) data of healthy men (n=11). Prevalent low
frequency (PLF) and LF/HF powers were estimated from the
time-frequency representation (TFR). According to the
experimental results, PLF increases during HG with both heart
rate interval (RRi) and systolic blood pressure (SBP) data. In
addition, TFR revealed the increasing LF power during the HG
with both RRi and SBP, while HF power increases with SBP
and decreases with RRi. This is interpreted as an altered
sympatho-vagal balance during the hand grip protocol.

I. INTRODUCTION

Cardiovascular signals such as heart rate interval (RRi)
and arterial blood pressure (BP) oscillates at different
frequencies, ranging from ultra low frequencies to high
frequencies (from 0.0001Hz up to 0.5Hz in humans).
Different oscillatory patterns are said to reflect a different
branches of autonomic nervous system [1]. These oscillatory
patterns have been popular among cardiovascular scientists
for decades. Traditional spectrum analysis has been an
important tool in studying oscillations of cardiovascular
signals [2, 3]. Besides being a powerful tools, one drawback
that traditional spectrum analysis suffers from, is the
assumption of stationary data. During interventions such as
autonomic tests and exercises, the data of measured
variables is not necessarily stationary, and thus the
traditional spectrum analysis methods should be applied
carefully. One method to overcome the problem with
nonstationary  signals is  newish  time-frequency
representation (TFR) methods [4, 5]. TFR methods are
advantageous in getting both time and frequency resolution
good, meaning that very fast changes can also be detectable.
Spontaneous fluctuation in arterial BP, Mayer waves,
occurs at 0.1Hz frequency in humans [6]. Mayer waves are
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defined as fluctuation in arterial pressure slower than
respiration that correlates most to peripheral sympathetic
drive [7]. Mayer waves are also present in systolic blood
pressure signal (SBP) and in RRi via the baroreflex loop.
The control of heart rate is a complex system,
parasympathetic  nervous  system  decelerating and
sympathetic system accelerating it. Due to the present Mayer
wave in RRi, the origin of low frequency (LF, 0.04-0.15Hz)
is the activation of the sympathetic branch. Parasympathetic
activation, however, has also been found present in LF range
[2]. Oscillation in high frequency (HF, 0.15-0.5Hz) area is
originating mainly from respiration reflecting the
parasympathetic branch of autonomic nervous system.
Although the amplitude of LF oscillation has been largely
studied, the mechanism that shifts the peak frequency in LF
range is unclear. The prevalent low frequency (PLF) is
determined as the frequency of maximum power in energy
spectrum [8]. An increased PLF of RRi oscillation in LF
range has been observed among cardiac patients with a
higher risk of cardiac death [8, 9]. Energy spectrum is
traditionally calculated via an autoregressive (AR) model or
Fast Fourier Transform (FFT) based method from data
sequence at the minimum length of 2min assuming the data
to be stationary [10]. The aims of this paper are the
following:

1) Apply time-frequency representation method to

analyze the LF spectral properties of RRi and SBP.

2) Study the dynamics and frequency of LF oscillations

during intervention using TFR.

II. METHODS
A. Data

The transient data for this study was obtained by static
hangrip exercise (HG) test. The study population consisted
of 11 healthy male volunteers (N=11, age 35+4 years,
weight 79+8kg, height 178+4cm). The study was performed
according to the Declaration of Helsinki, the Ethical
Committee of the Northern Ostrobothnia Hospital District,
Oulu, Finland, approved the protocol, and all the subjects
gave a written informed consent. The subjects lay in a supine
position in a quiet room for at least 15 minutes before data
collection and were instructed to breathe at a constant
metronome-guided frequency of 0.25 Hz at rest and during
the test. Electrocardiogram (ECG), (TEC-7700, Nihon
Kohden, Japan), continuous blood pressure from a finger of
the non-exercising arm (Finapres, Ohmeda, USA) and
respiration frequency data were collected with a PowerLab
data acquisition system (PowerLab/8SP, ADInstruments,
Australia) with a sampling frequency of 1,000 Hz.
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In the first protocol stage, baseline data were collected for
5 minutes. In the second stage, static HG exercises were
performed such that a subject holds a handgrip at 20% of
voluntary contraction for 5 minutes. During HG, the
sympathetic nervous system 1is activating, while the
parasympathetic system is withdrawing.

R-peaks were detected automatically using custom made
software with visual checking. Series of successive heart rate
intervals (RRi) was then formed. Series of systolic blood
pressure (SBP) values were obtained similarly (Fig. 2.). Both
time series, RRi and SBP, were then linearly interpolated at
the frequency of 2Hz and detrended using Savitzki-Golay
filter (polynomial order 3. framesize 51) such that
frequencies smaller than 0.04Hz were abolished. Signal
analysis was performed with Matlab (The MathWorks Inc.,
Natick, MA).

B. Time-Frequency Representation (TFR)

Several TFR methods exist. One well-known technique used
for analyzing of cardiovascular signals and applied in this
study is the Wigner-Ville distribution (WVD) [11, 12]. The
WVD is a Cohen’s class high-resolution representation of
the signal x(t) in time and frequency and defined as:

WYD(t f) = [ x(t+3)x (6= 2) e 2 ar %))
Because of quadratic nature of x(t), there are cross-terms
presence in WVD, which makes the interpretation of time-
frequency content more difficult. Hence, we used smoothed
pseudo WVD (SPWVD) instead:

SPWVD(t,f) =

2 h@ 2 g(s—t)x (s + g) x * (t - g) e 2T dsdr (2)
, where h(t) and g(s-t) are frequency and time smoothing
windows, respectively, that reduces the cross term effect.
The Hamming smoothing windows were 4 1samples for time
and 121 samples for frequency. Other window sizes were
also tested, but this combination seemed to reach good
resolution in both time and frequency with a reasonable
amount of noise in spectrum. TFR was calculated using
Time-Frequency toolbox [16].

C. Spectral indices

An estimate of the peak frequency in LF range (PLF) was
obtained by the following algorithm: Firstly, the mean of all
local TFR maxima values that were greater than 400ms2/Hz
and 4mmHg/Hz for RRi and SBP, respectively, were
calculated and defined as threshold values for PLF
calculation. Secondly, the PLF for each TFR protocol stage
was obtained as a mean frequency value from local TFR
maxima that are greater than this threshold. In this way, the
effect of noise-related variation in TFR is reduced. The
indices which were selected for PLF calculation is plotted in
Fig. 2 with red circles. As can been seen in Fig. 2, there are
lots of activity in many frequencies of the LF range which
may be due to complex regulating mechanism behind the
HR and BP. Therefore we decided to estimate the PLF by
averaging all the major peaks in the LF range.

TFR spectral power components were calculated as
relative values in both LF and HF area. The total power of

both bands is also given. In addition, an index describing the
sympathovagal balance, LF/HF ratio, is calculated. All
parameters were calculated for both RRi and SBP time
series. Results are presented as means + standard deviations
and PLF results also as boxplots. Differences between
protocols were tested with a Wilcoxon signed rank test.
Values p <0.05 were considered statistically significant. All
statistics were calculated using SPSS® software (SPSS Inc,
USA).

III. RESULTS AND DISCUSSION

TFR was displayed for illustration purposes as a 2-
dimensional image plot where data is scaled to the full scale
of RGB color map and as a 3-dimensional surface plot (Fig.
2.). Based on this visualization, the maximum sympathetic
response is reached during the last two minutes of the HG
test. Thus, the PLF and other spectral indices were
calculated during that interval (HG(end)). To have a same
range of data, the two minutes from baseline data were
correspondingly chosen (Baseline). In addition, we analyzed
the first two minutes of the handgrip test (HG(start)).
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Fig. 1. Boxplots for PLF frequencies: a) RRi and b) SBP.

PLF values are presented as boxplots in Fig. 1. and
numerically in Table I. PLF is increasing during the HG test
and reaches the statistical significance (p<0.05) during the
HG(end) for both RRi and SBP. Mean heart rates (HR) and
SBP values are presented in Table I. Both HR and SBP
increased during HG. Static HG exercise involves an
increased arterial pressure and heart rate due to increased
sympathetic activity and a vagal withdrawal [13][14].
Muscle metaboreflex is an interpretative mechanism
increasing sympathetic activity during static exercise [15].
Our results indicate that during sympathetic activation,
mainly caused by metaboreflex, frequency of oscillation
tends to increase.
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Fig. 2. Data presentation and SPWYV distributions for: a) RRi and b) SBP signals.

TABLEI

CHARACTERISTICS AND SPECTRAL INDICES
Parameter Baseline HG(start) HG(end)
HR [bpm] 62+7 66+ 8 70* 7
SBP [mmHg] 138+9 152+£19 156* £ 11
PLF(RRi) [Hz] 0.093 £0.007 0.099* £0.01  0.103* £0.011
PLF(SBP) [Hz] 0.081 £0.009 0.089+0.012 0.091* +£0.011
LF(RRi) [%] 41+15 46 + 16 54* +17
HF(RRi) [%] 58+15 53+16 46%+ 17
P(RRi) [ms2] 76076 £62990 47667 + 18862 61349 + 32688
LF(SBP) [%] 74£12 77+13 74 £ 15
HF(SBP) [%] 26+ 12 23+13 26+ 17
P(SBP) [mmHg] 246 + 144 227 + 104 360 + 204
LF/HF(RRi) [%] 81 %45 103 + 65 143* + 87
LF/HF(SBP) [%] 514 +363 663 + 785 788* + 430

* indicates p < 0.05 compared to baseline
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Fig. 3. Median LF and HF powers with 25% and 75% fractile curves
extracted from TFR as a function of time.
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Spectral indices are presented as means * standard
deviations in Table I. The median LF and HF components
with 25% and 75% fractile curves as a function of time
are presented in Fig. 3. Based on Fig. 3, the amplitude of
RRi and SBP oscillation in LF range increased during the
HG. RRi oscillation in HF range decreased, meaning the
withdrawal of the parasympathetic branch. On the other
hand, HF component of SBP slightly increased during the
test. LF/HF ratio increased in both RRi and SBP signals
during HG, indicating the shift to sympathetic activation.

IV. CONCLUSION

Smoothed pseudo Wigner-Ville representation method
was applied when analyzing handgrip data of healthy
men. Prevalent low frequency, LF and HF powers were
estimated from the time-frequency representation.

According to the results obtained, PLF increases during
HG with both heart rate interval and systolic blood
pressure data. In addition, TFR revealed the increasing LF
power during the HG with both RRi and SBP, while HF
power increases with SBP and decreases with RRi. This is
interpreted as an altered sympatho-vagal balance during
the handgrip protocol.
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