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ABSTRACT

Pulse transit time (PTT) and pulse wave velocity (PWV) are the markers most widely used to evaluate the
vascular effects of aging, hypertension, arterial stiffness and atherosclerosis. To calculate these markers it
is necessary to determine the location of the onset and systolic peak of the arterial pulse wave (APW). In
this paper, a method employed for electrocardiography (ECG) R peak detection, with a slight modification,
is applied for both the onset and systolic peak detections in APW. The method employs Shannon energy
envelope (SEE) estimator, Hilbert transform (HT) and moving average (MA) filter. The minimum value
and the positive zero-crossing points of the odd-symmetry function of the HT correspond to the locations
of the onset and systolic peak respectively. The algorithm was evaluated using expert’s annotations,
with 10 records of 5min length and different signal-to-noise ratios (15, 12 and 9dB) and achieved a
good performance and precision. When compared to, expert’s annotation, the algorithm detected these
fiducial points with average sensitivity, positive predictivity and accuracy of 100% and presented errors
less than 10 ms. In APW signals contaminated with noise in both cases the relative error is less than 2%
respect to pulse wave periods of 800 ms. The performance of algorithm was compared with both foot
approximation and adaptive threshold methods and the results show that the algorithm outperforms
theses reported methods with respect to manuals annotation. The results are promising, suggesting that
the method provides a simple but accurate onset and systolic peak detection and can be used in the
measurement of pulse transit time, pulse wave velocity and pulse rate variability.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The onset and systolic peak detection on PPG signals is used
to obtain relevant diagnostic markers such as pulse transit time

Photoplethysmography (PPG) is a simple and low-cost optical
technique that can be used to detect blood volume changes in
peripheral artery such as finger, toe, ear and forehead [1-5]. It has
been applied in many different clinical settings, including clini-
cal physiological monitoring, vascular assessment and autonomic
function [1]. There are little differences in PPG waveform according
to where it is measured, despite of all they have an onset and sys-
tolic peak points in common. The onset represents minimum blood
volume changes, which corresponds to the beginning of ventricular
contraction and blood ejection, and the systolic peak describes the
maximum blood volume changes, which means the end of blood
ejection.
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(PTT) and pulse wave velocity (PWV). These parameters are indi-
cators that enable to measure the propagation of the pulse wave
in the blood system. PTT and PWV are widely used to evaluated
the arterial stiffness [6,7], heart rate [8,9], blood pressure [10-14]
and atherosclerosis [15]. The quality of the PPG signal depends on
the location and the properties of the subject skin under measure-
ment, including the individual skin structure, the blood oxygen
saturation, blood flow rate, skin temperatures and the measuring
environment [ 16]. The process used to detect the onset and systolic
peak of PPG waveform is complicated due to these factors generate
several types of additive artifact which may be contained within
the PPG signals. The morphology of the pulse wave is also influ-
enced by some physiological conditions and disease processes that
in some cases can lead to not enough clarity in the determination
of the onset and the systolic peak of the PPG signal.

Several methods have been developed for this detection with
different levels of complexity which include adaptive threshold
[17], feature extraction [18], computer-based filtering [19], inter-
section of one and two tangent lines and derivative calculation [20].
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In most cases the detection of the onset and the systolic peak of the
PPG waveform are done separately, there are very few methods
that are used for both detections [21,22]. These methods include
derivative calculation combined with amplitude thresholds [21]
and adaptive threshold derived from the envelope of the PPG sig-
nal and filtering process [22]. In some cases these methods are
assisted by electrocardiographic (ECG) signal, which provides a
cost increment of medical equipment and makes difficult its clin-
ical applications in the Primary Health System. Moreover, given
the technical requirements of ECG measurements (electrodes and
others), the signal may not always be available in accident and
catastrophe sites or battlefields, or it may be beset with electrical
interferences [23].

Hilbert-transform (HT) has been widely used for the detection
of R peak in ECG signal [24-28]. In spite of the different morpholo-
gies of the QRS complex and different types of noise and artifacts
containing ECG signals, these methods achieved an accuracy, sen-
sitivity and positive predictive of detection greater than 98% [24].
Despite the benefits, there are not reported works about onset and
systolic peak detection on PPG signals employing HT. The aims of
the present work are: (i) propose a new application of the HT for
automatic onset and peak detection in the PPG signal, (ii) evaluate
the application with annotated records by trained observers, with
others published methods [17,20] and noise robustness.

The new application for the onset and systolic peak detection
is based on the Shannon energy envelope estimator and a sim-
ple peak-finding logic using the HT and moving average (MA). This
methodology was firstly proposed by Sabarimalai et al. [24] for the
detection of R peak in ECG.

The rest of this paper is organized as follows. In Section 2,
the four-stage onset and systolic peak detections methodology is
described in detail. We introduce here the preprocessor and the
automatic onset and systolic peak finding. The Section 3 shows
details about database and Section 4 describes the methodology
employed for the validation of the new application of HT. The exper-
imental results that demonstrate the effectiveness of the onset and
systolic peak finding schemes are presented in Section 5. Finally, in
Section 6, we conclude our study.

2. Methodology for onset and systolic peak detection

The method for the automatic onset and systolic peak detection
in pulse wave involves four stages, namely, (1) linear digital filter-
ing, (2) Shannon energy envelope extraction, (3) onset and systolic
peak finding logic, and (4) real onset and systolic peak locator. This
methodology is the same that proposed by Sabarimalai et al. [24]
for the ECG R peak detection but with some additions in finding
logic. Egs. (1)-(5) in this section are the same that Egs. (1), (2), (6),
(7), (9) of Ref. [24] respectively. The block diagram of the proposed
onset and systolic peak detection method is shown in Fig. 1.

Stage 1. Linear digital filtering. In this stage the method includes a
bandpass filter,an amplitude normalization and first-order forward
difference operation to remove the noise and baseline distortion in
PPG signal. The digital filtering is constructed using the 4th order
Chebyshev type I bandpass filter for the bandwidth of 0.5-16 Hz
then the first-order differentiation is calculated.

The first derivative of the PPG signal (dPPG) is calculated to
provide information about the slope of pulse wave. The differen-
tiation of the filtered PPG is implemented as

dn] = f[n+1] - f[n] (1)

which acts as a high-pass filter.

After the band-pass filtering and differentiation, we normalize
the differentiated PPG (dPPG) signal, d(n), by
d[n]
max¥_ ([[d[n]|])

d[n] = (2)

where N denotes the number of samples in PPG segment.

Stage 2. Shannon energy envelope extraction. Considering that in
the Ref.[24] was shown to Shannon energy leads to better detection
of the R peaks, in our case, after differentiation the dPPG signal is
passes through this nonlinear transformation. The main objective of
transformation is to use single-sided threshold mechanism and to
enhance the onset and systolic peak of the PPG signal. The Shannon
energy envelope of a normalized differentiated (dPPG) signal, d[n],
is computed applying

sln] = —d*[n]log(d*[n]) (3)

Then the Shannon energy envelope is filtered to smooth out the
spikes and noise bursts that is implemented using a rectangular
impulse response, h(k) of length M. Here, the filtering operation is
performed in both the forward and reverse directions, i.e., conv(s,
h)— s’ — reverse the data — s, — conv(s}, h) — s’ — reverse the
data —y [24].

This zero-phase filtering provides sharp peaks around onset and
systolic peak regions and smooth out spurious spikes. The smooth-
ness depends on the filter length L. The length of the filter is found
empirically. For sampling rate of 1000 samples/s, the filter length of
155 (samples) is found in this study. Experimental results demon-
strate that local maximum in a smooth Shannon energy envelope,
s[n], indicate approximate locations of the systolic peaks in a PPG
signal.

Stage 3. Onset and systolic peak finding logic. The proposed onset
and peak-finding technique is developed based on the Hilbert
transformation, drift removal, zero-crossing point (ZCP) detection
and minimum value (MV) detection. The HT is widely used for ana-
lyzing the instantaneous amplitude and frequency of the signal. The
HT of a real signal x(t) is computed using

2(t) = H[x(t)] = % x X(t) = l/ X® 4 (4)

T t-T
or it can be calculated according
R(t) = IFT[(Xf)] (5)

where IFT denotes the inverse Fourier transform X(f) is the (Fourier
transform) of the signal x(t).

In Ref. [24] the authors showed that positive zero-crossing (or
negative-to-positive transition) points of the odd-symmetry func-
tion correspond to locations of the peaks in the envelogram of the
HT and the performance of the peak-finding logic is excellent. In
our case, the method identifies accurate locations of the local max-
imum by detecting positive zero-crossing points in HT of the SE
envelope as in Ref. [24] and identifies the local minimum by detec-
ting minimum value in HT of the SE envelope. To remove the low
frequency (LF) drift due to the large peak-amplitude variation and
the baseline shift is applied a moving average (MA) filter. The LF
drift is removed by subtracting the filter output of the MA filter
from the original input. For our sample rate of 1000 samples/s, the
MA filter length (L) is 2501 samples equivalent to 2.5s. Here we
showed that the positive zero-crossing points of the odd-symmetry
function and the minimum value in Hilbert-transformation corre-
spond to locations of the systolic peak and the onset in PPG signal
respectively.

Stage 4. Real onset and systolic peak locator. The locations of the
local minimum and maximum are used as guides to find accurate
locations of the onset and systolic peak in PPG signals respectively.
The location of candidate onset and systolic peak may differ slightly
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