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Abstract—Imaging photoplethysmography (iPPG) is
used to remotely measure the blood volume pulse using a
camera. Traditionally, it has been employed to estimate
heart and respiratory rates, and recently blood pressure and
oxygen saturation. Biomedical engineering researchers have
become increasingly interested in iPPG because of its
several advantages as comfort, non-invasive, simple, non-
stressful and inexpensive characteristics. Moreover, the
results of the waveform signal analysis obtained by the
conducted studies on contact PPG sensors made the use of
iPPG a more promising technique for early screening of
various atherosclerotic and cardiovascular pathologies.
iPPG waveform has not been studied before. In this paper
we process the iPPG signal obtained using a camera to
extract its waveform features such as areas and time
parameters. These features will make possible a non-contact
estimation of arterial stiffness and early diagnosis of many
cardiovascular pathologies. The obtained results show a
high correlation with those obtained by an approved contact
PPG sensor.

Keywords—photoplethysmography;  pulse  waveform;
signal processing; camera; facial video processing.
I.  INTRODUCTION
Photoplethysmography  (PPG) is an optical

noninvasive technique used to determine blood volume
changes in the microvascular bed of tissue [1]. The PPG
technology has been wused in wide range of
commercialized medical devices for the assessment of
heart rate, oxygen saturation, blood pressure and cardiac
output, autonomic function and also detection of
peripheral vascular pathologies [2]-[4]. However, in some
critical cases, such as burns, traumas, contagious diseases
and severe infections, the use of contact PPG sensor is not
always possible. Also contact sensors interfere with the
subject by producing a psychological stress which can
affect the measurement. These various limitations of
contact PPG make the use of contactless
photoplethysmography =~ more  attractive  for  the
measurement and the monitoring of cardiovascular data.
Imaging photoplethysmography allows to determine
physiological data such as blood volume pulse remotely,
without any skin contact. This is achieved by the analysis
of facial video based on subtle momentary changes in the
subject's skin color which are not noticeable to the human
eye. iIPPG has recently attracted increasing interest

especially in cardiac activity [5], [6] and respiratory
monitoring [7], [8] driven by the demand for low cost,
simple, portable, comfortable and non-stressful
technology. It was also used for the assessment of mental
stress [9], oxygen saturation [10]-[12] and blood pressure
measurements [13]-[15].

In this paper we present a particular pulse waveform
analysis based on the detection of iPPG from videos
recorded by a camera. The paper is organized as follow: a
first background section which describes the basics of
PPG and iPPG, their applications, limits and clinical
significances. In the second section we present the
proposed approach which is focused on the measurement
of iPPG signal using a camera, its processing and the
relevant waveform features extraction. Finally, results are
presented and discussed before the last section, where we
present conclusion and perspectives about this work.

Il.  BACKGROUND

Currently, to our knowledge, no systematic study has
been carried out in existing literature on iPPG signal
waveform analysis. For this reason, we review the existing
works on contact PPG waveform features and their
applications.

PPG waveform is affected by heartbeat, hemodynamic
properties and physiological conditions caused by the
change in the properties of arterioles. Such effect can be
noticed as distortion in the wave profiles [16]. Its analysis
is very interesting especially in blood circulation
assessment [17] and respiratory monitoring [18].
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Figure 1. Original PPG waveform features, CT: Crest time, PI:
Pulse interval, DT: Diastolic time, TA: Total area, Al: dotted area and
A2: Area with blue lines.



Fig. 1. represents a PPG signal wave of a healthy
subject. It was analyzed to extract several features by its
second derivative. Initially, Ozawa [19] introduced the use
of first and second derivatives to facilitate the
interpretation of the original PPG waves. The PPG
parameters shown in Fig. 1 can be listed as follows:

1. Crest time (CT) is the time from the foot of the PPG
wave to the systolic peak [20]-[22]. Alty et al proved
the CT can be an useful variable for cardiovascular
disease classification[20]. It details the early systolic
phase, which is due to the fast injection of blood
during systole. CT increases when vascular blood
flow resistance increases [14] .

2. Pulse interval (PI) is the time from the starting to the
ending points of PPG waveform. It can be used for
heart pulse rate measurement instead of the peak to
peak interval [16]. The ratio between pulse interval
and pulse amplitude provide an understanding of
cardiovascular system properties [25]. It is strongly
correlated to the assessment of heart rate variability
compared to R-R interval of ECG [26].

3. Diastolic time (DT) corresponds to the time from the
PPG waveform peak to its end.

4. Pulse area (PA) is calculated as the total area under
the waveform curve [16], [21], [24]. The blood vessel
elasticity, peripheral resistance and physiological
changes in ejection function modify the total pulse
area [21]. It also decreases with exercise [27].
Seitsonen et al. [28] found the PPG total area
response to skin incision to differ between movers
and non-movers.

5. Area 1 (Al) is the area measured under the curve
from the starting point to the dicrotic notch [21], [24].
It mainly reflects the systolic pulse wave
characteristics, which are influenced by cardiac
ejection function [29].

6. Area 2 (A2) is the area measured under the curve
from the dicrotic notch to the end of the waveform
[21], [24]. It reflects the diastolic pulse characteristics
which are affected by peripheral resistance and
arterial compliance [30].

I1l.  MATERIALS AND METHODS

A. Materials

In this study, a fast color Camera (Edmund Optics
EO-2223C) is used to record images at nominally 125
frames per second (fps) with 640 x 480 pixels resolution.
The three RGB channels are encoded with 8 bits per
pixel. Also, the illumination is controlled through two
LEDs panels (Neewer NL480). Light intensity is fixed at
80% from a maximum of 3360 lux/m and color
temperature at 3750 K. It is important to note that
exposure and white balance have been fixed in these
experiments. White balance locally regulates colors and
generates non-desired artifacts in webcam PPG signals
[7]. For results validation, an approved contact PPG

sensor (BVP-Flex/Pro by Thought Technologies Ltd.)
was used to record the earlobe PPG signal at a sampling
rate of 256 Hz.

B. iPPG signal extraction

The overall system is composed with both image and
signal processing. The fast camera parameters such as
zoom, brightness, contrast and color saturation are
controlled by the developed algorithm to save a sequence
of subject facial images for 60 seconds. Then image
processing operations are applied to isolate the forehead
pixels used as region of interest (ROI) for the extraction
of iPPG signals. The forehead and cheeks areas are rarely
covered by clothing or facial hair and correspond to ROI
with significant signal to noise ratio [31], [32]. Only the
green channel of the RGB forehead images is used for
signal extraction. Oxy- and deoxyhemoglobin have a
better wavelengths absorption coefficient between 540
and 577 nm, which correspond to yellow/green colors
wavelengths [33]. The raw iPPG signal is extracted using
a spatial average which transforms a set of pixels into a
scalar on green channel forehead image [7]. This
operation is applied on a set of n frames to generate n
scalar points succession which correspond to the raw
iPPG signal, as given in Fig. 2.
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Figure 2. Forehead raw iPPG signal obtained using camera

Raw traces are firstly detrended using a technique
based on a smoothness priors approach [34] then
interpolated to 256 Hz to get regular sampling rate. The
resulting iPPG signal was denoised by the use of a
Butterworth pass band filter. The cutoff frequencies range
is comprised between 0.5 and 3 Hz in order to facilitate
the feet and peaks detection (see Fig. 3). We note that the
PPG module delivers a filtered PPG signal.
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Figure 3. Raw PPG signal (orange) and filtered PPGi (blue), the
black markers correspond to the detected valleys



C. Waveform features extraction

Both the filtered iPPG and the contact PPG (ground
truth) signals undergo the same processing. We compute,
for each pulse wave, several features (see section I1). The
waves were cut according to the valleys (signal feet)
detection as shown in Fig. 3. A wave corresponds to the
curve located between two successive signal feet. Their
amplitudes were normalized between 0 and 1 because of
the amplitude of contact PPG is greater than iPPG and this
leads to a large differences in areas calculation. In
addition, and to improve features stability, we average
every 10 successive pulse waves (moving window of 10
waves for a step of one wave). The dicrotic notch has been
localized by a detection of the central maximum in the
second derivative of each pulse wave [19], as shown in
Fig.4 for iPPG and in Fig.5 for PPG waveforms. The
extraction method of each features has been detailed in
section Il.
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Figure 4. iPPG dicrotic notch detection, blue trace is the iPPG

waveform and yellow trace its second derivative.
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Figure 5. Contact PPG dicrotic notch detection, blue trace is the
PPG waveform and the yellow trace its second derivative.

D. Experimental setup

The experimental setup is illustrated on Fig. 6. During
the measurement, the participants were asked to sit and
stay still in front of the camera at a distance of
approximately 1 m. An RGB images sequence of 60
second length was recorded. Images were saved directly
as bmp format without any compression. These
experiments were performed indoor and using LED light
sources (Neewer NL480). For the validation of our results,
an approved contact PPG measurement module was
employed (see section IlI.A for details). PPG signal was
recorded from the earlobe at a sampling rate of 256 Hz.

Light source __

Webcam

PC

PPG signal
acquisition
module

g
PPG contact
sonsor

D

Figure 6.  Experimental setup

IV. RESULTS AND DISCUSSION

Fig. 7 shows the evolution of the extracted features
(see section Il) for each pulse wave. Red dashed lines
correspond to the reference PPG, measured from earlobe
with contact sensor, while blue solid lines to iPPG,
measured on the forehead with the fast camera. The
resulting traces were normalized by subtracting the mean
and dividing by the standard deviation.
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Figure 7.  extracted features evolution (presented in order CT, PI,

DT, TA, Al, A2), the red features traces are computed from the contact
PPG and the blue traces from contactless iPPG.

iPPG waveform analysis results are shown in Fig.7
where a complete 60 seconds signal was processed
without removing any distortion. The signal includes 47
successive waves that were analyzed and averaged to
obtain the 37 presented values for each feature.

The obtained results exhibit high correlation with
those obtained by an approved contact PPG sensor. We



notice that time features are more correlated than areas.
Pulse interval and diastolic time showed a very high
correlation coefficient as given in Table I. This can allow
an accurate contactless measurement of heart rate and
good understanding of cardiovascular system properties as
mentioned in [25]. Crest time has also shown a great
stability (see Fig. 7) and high correlation coefficient. In
Table I. CT values differs between both measurements.
We assume that this deviation is due to the pulse wave
shape andin particular to its curvature because the
measurements are made on two different sites, the contact
sensor being placed on earlobe while the camera measures
the iPPG in the forehead area. This parameter can be used
for remote evaluation and diagnosis of cardiac diseases
[20].

TABLE I. STATISTICAL ANALYSIS OF THE OBTAINED FEATURES
RESULTS
SuBJECT 1 SUBJECT 2
FEATURE

S PPG IPPG CORR PPG IPPG CORR
mean mean mean mean
+ std + std + std + std

CT(s) 0.09 0.30 0.87 0.10 0.31 0.83
+0.005 +0.01 +0.004 +0.01

PI (s) 1.32 1.32 0.96 1.07 1.07 0.95
+0.07 +0.08 +0.04 +0.05

DT (S) 1.22 1.08 0.95 0.97 0.75 0.94
+0.07 +0.06 +0.04 +0.03

PA 0.65 0.78 0.89 0.51 0.59 0.87
+0.03 +0.04 +0.02 +0.02

Al 0.26 0.37 0.86 0.24 0.38 0.87
+0.01 +0.25 +0.01 +0.01

A2 0.38 0.40 0.84 0.26 0.21 0.64
+0.02 +0.02 +0.01 +0.01

In addition, the presented correlation results of areas
are strongly acceptable. They correspond to the most
important features that can be used for several vascular
diseases diagnosis, which can allow arterial stiffness and
atherosclerosis assessment [29], [30] without any skin
contact. Area 2 correlation equals 0.64 for subject 2 (see
Table 1). This drop in correlationcan be due to motion
artifact.

Despite that the two waveforms are not extracted
from the same ROI, they also exhibit strong correlation.
These results open up prospects to use iPPG for the
assessment of several cardiovascular diseases.

V. CONCLUSION

In this study we have developed an approach to
analysis imaging photoplethysmography signal waveform.
We found that the extracted waveform features such as
crest time, pulse interval, diastolic time and areas are
strongly correlated to those extracted from contact
photoplethysmography signal. We have also quoted their
potential diagnostic applications. Therefore, this made the
use of iPPG more promising as contactless technonology
for early screening of various atherosclerotic and
cardiovascular pathologies. A non-contact diagnosis of

certain vascular diseases will be the subject of our future
work.
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