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a b s t r a c t

Photoplethysmography (PPG)-based temporal analyses have been widely used as a useful analytical

method in physiological and cardiovascular diagnosis. Most of temporal approaches of PPG are based on

detected peak points, peak and foot of PPG. The aim of presented study is the development of improved

peak detection algorithm of PPG waveform. The present study demonstrates a promising approach to

overcome respiration effect and to detect PPG peak. More extensive investigation is necessary to adapt

for the cardiovascular diseases, whose PPG morphology has different form.

& 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, photoplethysmography (PPG) is widely used in
cardiovascular and hemodynamic analysis [1]. PPG measures
blood volume changes at a peripheral artery such as finger, toe,
ear and forehead, and measured waveform has a little difference
according to where it measured [2–4]. Though the different
waveform is measured by measuring site, PPG waveform has a
bottom or foot (Vmin) and top or peak (Vmax) points in common.
Vmin represents minimum blood volume changes which corre-
sponds beginning of ventricular contraction and blood ejection, on
the other hands Vmax describes the maximum blood volume
changes which means the end of blood ejection. PPG is generated
by blood pressure and flow; however, it is an arbitrary unit signal
because PPG is easily affected by environmental conditions not
only sensor fitting method, but also skin condition, skin depth,
race, humidity and circumference brightness. From these char-
acteristics, it is hard to analyze using PPG amplitude, and PPG
analysis has mainly carried out with a timing analysis and
amplitude variability.

The most of PPG applications have been intensively studied
with temporal analysis such as pulse transit time (PTT) and pulse
wave velocity (PWV). PTT and PWV mean the time taken and the
speed, respectively, in the arterial pulse pressure wave to travel
from the aortic valve to a peripheral site. PTT and PWV are widely
used for physiological estimations such as arterial stiffness [5,6],
left ventricular ejection time (LVET) [7], left ventricular pre-

ejection period (LVPEP) [8,9] and blood pressure [10,11]. With the
development of temporal analysis based PPG applications, peak
detection methods of PPG have become not special but very
important issue in PPG temporal analysis because most of
temporal analysis depend on peak position.

PPG has a lesser sophisticated morphology than other
physiological signals and this also means peak detection of PPG
relatively easy because there are few specific points. However,
PPG could have an enormous baseline drift and wondering
followed by physiological condition and movement, moreover it
frequently happens. It was demonstrated that PPG contains
fluctuation caused by respiratory and sympathetic activity [12],
even arousal changes such as drowsiness causes PPG baseline
wandering or drift. These artifacts could be explained with the
three major interferences of PPG, motion artifact, respiration
effect and low perfusion. Motion artifact generally induces
baseline drift; however, it also could be a reason of amplifier
saturation which makes waveform loss. Respiration changes not
only heart rhythm but also thoracic pressure. Rhythmic change
followed by respiration is already known as respiratory sinus
arrhythmia [13], and thoracic pressure also could have an effect on
physical heart activity [14]. Therefore, PPG naturally contains a
respiratory component, and it is reflected on the baseline and
signal amplitude. With the low perfusion, which means weak
blood flow of arterial blood to a capillary bed, these artifacts
should be defined and removed for better detection.

Most of previous researches were performed with maximum
or minimum values detection of PPG waveform in classifying Vmax

and Vmin by detecting local maxima or minima detection method
(LCM) [15,16]. It is general acceptance that PPG is composed
with incident wave and reflected wave [17–25]. Considering on
respiration effect, the changes of reflected wave should be
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investigated. The amplitude and velocity of reflected wave could
be varied by respiratory activity, and it causes rapid changes of
PPG waveform [26]. It was demonstrated that the reflected wave
velocity becomes faster by increasing of age and vessel stiffness
[21,27], and it was appeared in PPG [28,29]. In other words, we
should discriminate the maximum position of incident wave from
reflected wave disturbances for more precise analysis. These
changes could be a reason of miss-detection of Vmax which closely
related to reflected wave. LCM method is hard to apply for rapid
changes of PPG waveform and different heart rate, and it also
contains time delay from its specific window-size. Since PPG is
frequently analyzed with ECG, in most cases, PPG peak detection
has depended on ECG-gated method. However, these attempts are
hard to use in the clinical application as well as it is increasing to
use PPG as a single reference such as respiration and heart rate
estimation [30].

The aim of the present study is summarized signal condition-
ing of PPG waveform and detection of Vmax and Vmin of
PPG waveform. Frequency analysis based filtering was used for
signal conditioning, and adaptive threshold (ADT) method
was developed for peak point detection. ADT method was

able to detect both Vmax and Vmin and evaluated by clinical
experiment.

2. Methods

2.1. Subject

Eighteen young and healthy subjects (11 male and seven
female, mean ages of 24.1 years, range 17–30 years, mean BMI of
23.2, range 18.5–30.1) were participated in experiment. The
subjects were normotensive (mean systolic/diastolic blood of
118/7076.3/5.6mmHg, range 100/63–140/8mmHg), and had no
known cardiovascular, neurological or respiratory disease. Prior to
the experiment, the subjects were requested to provide informa-
tion about their physical condition. Physical information such as
height and weight are also measured for demographical research
and summarized in Table 1. Every experiment was performed in a
typical sports medicine laboratory at an ambient room
temperature from 11 am to 6 pm. Drinking and smoking were
prohibited during 24 and 2 h before experiment, respectively.

Table 1
Demographic data for the subjects in this study.

Subject (male/female) Age (years) Height (cm) Weight (kg) BMI (kg/m2) SBPa (mmHg) DBPb (mmHg) HR (bpm)c

1 (M) 29 185

103

30.1 12475.7 7076.8 69.7077.23

2 (M) 30 172

81

27.6 13974.8 8174.9 82.8076.94

3 (M) 29 178

68

21.4 127713.7 7376.5 78.1072.22

4 (M) 28 175

78

25.3 12279.4 7172.2 61.9579.05

5 (M) 26 175

63

20.6 11073.5 6672.4 69.0273.26

6 (F) 26 161

57

22.2 10071.9 6372.0 57.0470.78

7 (F) 23 162

56

21.2 10173.7 6775.3 64.8774.07

8 (F) 21 161

60

23.1 10774.6 6573.4 79.7371.80

9 (M) 29 177

71

22.6 126710.7 7278.1 65.6573.29

10 (M) 24 171

68

23.1 13577.7 7277.4 68.8273.78

11 (M) 17 171

65

22.2 13178.4 6778.9 71.6072.97

12 (F) 22 159

47

18.5 10376.6 6874.7 78.9871.07

13 (M) 25 174

77

25.7 11979.3 7275.7 69.2171.74

14 (F) 22 163

55

20.5 10773.1 7475.6 80.1476.39

15 (M) 18 175

83

26.9 13479.1 7576.8 63.7075.16

16 (M) 23 172

71

24.2 14079.1 77712.5 56.4674.22

17 (F) 19 164

63

23.6 11072.9 6975.1 57.6075.30

18 (F) 21 160

60

23.6 12074.5 7575.7 61.4973.67

Male 25.374.5 17574.1 75711.2 24.572.9 12878.3 7276.6 68.3678.20

(range) (17–30) (171–185) (63–103) (20.6–30.1) (109–140) (66–80) (56.46–82.80)

Female 2272.2 16171.6 5771.9 21.871.9 10573.7 6874.4 69.53711.08

(range) (19–26) (159–164) (47–63) (18.5–23.6) (100–119) (63–75) (57.07–80.14)

Mean7SD 24.173.8 16977.7 67713.2 23.272.9 11876.3 7075.6 68.7779.20

(range) (17–30) (159–185) (46–103) (18.5–30.1) (100–140) (63–80) (56.46–82.80)

a Systolic blood pressure.
b Diastolic blood pressure.
c Heart rate (beat per minute).
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