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Introduction

The heart rhythms accompanied by systole and diastole can 
change the blood volume in the vessels under the skin surface, 
and further alter the light absorption/reflection of vessels. Thus, 
the changes on the light absorption/reflection of vessels can be 
detected by a photoelectronic component. Based on this Photo-
Electronic Transformation (PET) principle [1] technologies for 
monitoring physiological parameters (like heart rate [2], Blood 
Pressure (BP) [3], respiratory rate [4] etc.,) have been developed. 
Among these technologies, Photoplethysmography Imaging (PPGi) 
is an emerging trend. PPGi is an evolved photoplethysmography 
(PPG) [5] with the merits of noncontact and remote sensing [6]. 
Particularly, for patients with skin injuries, refusing treatments or 
demanding long-term supervision, PPGi is an ideal preference to 
monitor their physiological parameters.

To acquire correct vital signs, three parts are needed in the 
PPGi system, which include video collection, image processing and  
algorithm to extract physiological information. There have been  
lots of reported works for each of them. For instance, studies about  

 
video collection are mainly focused on camera [7], light-source [8] 
and their spatial distribution [9]; nowadays, phone collected [10] 
and ambient light excited [11] PPGi signal collections have been 
realized. Image processing calculation is an inescapable step in PPGi 
technique, in order to get a correct and valuable waveform, lots of 
strategies have been exploited to enhance the Signal-to-Noise Ratio 
(SNR), such as the methods of motion compensation [12,13], Fourier 
Transform (FFT) [14], wavelet transform [15,16]. To facilitate 
PPGi’s applications, there are efforts in extracting physiological 
parameters from PPGi data. For examples, the value of relative 
oxygen saturation can be estimated by mapping multi-layered 
blood perfusion and structuring opto-physiological model [17]; the 
breathing frequency is tracked via differential signal processing 
algorithm with the maximized signals and the minimized noise 
[18]; based on head motions the pulse rate variability is extracted 
from blood volume pulse by fusing partial color channel signals of 
multiple imagers, source signal separation and the autoregressive 
model [19], etc. In conclusion, it has been demonstrated that PPGi is 
a potential and reliable vital sign monitoring technique [20].
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Nevertheless, PPGi is not as popular as PPG, because of its 
unsatisfactory waveform, stability and SNR which are inherent 
in its remote video collection. Although the SNR of PPGi can be 
improved by optimizing hardware configuration such as light 
source, camera, background, and so on [8,14,17] appropriate 
approaches to optimize the selection of the Region of Interest (ROI) 
and therefore enhance the PPGi SNR have not be explored yet. In 
this work, a scheme to optimize ROI selection is firstly proposed 
based on factitious hemoperfusion. The proposed ROI optimizing 
method is examined and analyzed through the comparisons of the 
waveform and SNR of the PPGi signals which are collected under 
the in-respective lights of red, green, blue and white. Afterwards, a 

SNR self-adaptive PPGi denoising method is developed based on the 
wavelet transform, Butterworth low-pass filter and median filter, 
the collected PPGi signals from the optimized ROI are pretreated 
by this method. The de-noised PPGi is ready for the following BP 
estimation. Lastly, the Windkessel model, a classical mathematical 
model of the cardiovascular system, is exploited to excavate 
physiology information (BP) from the de-noised PPGi signal, for the 
first time, to the best of our knowledge. Our proposed strategy of 
achieving BP from PPGi (BP-PPGi) is confirmed by evaluating the 
error rates of BP-PPGi with the measured ones by a commercial 
sphygmomanometer (BP-CSM). It is found that the best error rate 
(< 5%) is from the PPGi data at optimized ROI.

Materials and Method

PPGi System

Figure 1: Diagrams for the measuring setup (a) and ROI selection principle (b) of PPGi technology. In (a), the experimental 
setup includes the light source, phone and computer. The phone is used to capture and store the of-interest PPGi data. The 
light source is used to excite the desired irradiation, four kinds of light are examined in this work which are red, green, blue 
and white. The computer is used to execute the proposed algorithms to extract PPGi images and waveforms, as shown in 
(a). Moreover, the factitious hemoperfusion used for the ROI selection is illustrated by the rubber cord being tied around the 
elbow. In (b), there are four states of blood volume in vessel which are: <1> normal state, <2> the vessel is tightened and blood 
volume almost constant, <3> the tightened vessel is loosened and blood is poured into the vessel, <4> the vessel and blood in 
it are recovered to its normal state.

Our PPGi system adopting factitious hemoperfusion is 
illustrated in Figure 1a. The altered blood volume in the vessels 
caused by factitious hemoperfusion is illustrated in Figure 1b. 
There are three parts in this system, which are the illumination 
unit to generate the light beam, the photodetector (like camera, 
mobile phone, etc.) to detect the reflected light, and the computer to 
execute our proposed calculations. LEDs are used for illumination, 
and their colors are red (720 nm), green (530 nm), blue (480 nm) 
and white, respectively. They have tunable power from 0.5 W to 1 
W, and their radiating range can be up to 20 cm x 20 cm. A mobile 
smart phone (HONOR 9, HUAWEI, China) with 1920 x 1080 pixels 
and 30 frame s-1 is used as the photodetector, and the PPGi data 
can also be collected and stored by this phone. The collected data 
are analyzed by MATLAB R2014b 8.4.0. The geometry of the PPGi 
detection system is depicted in Figure 1a, the target object (some 
area of human body) is placed on the upper side of the system, the 
LEDs and the mobile smart phone are located at the same horizontal 
plane with the distance of about 4 cm. The distance between the 

target object and the plane coexisting with the LEDs and mobile 
phone is about 15 cm. The measuring time is around 30 seconds. 
Simultaneously, a parallel detection is executed to get BP-CSM using 
HEM7051 (OMRON, Japan), which functions as a control.

Decision of ROI

The decision for ROI selection is very important, since the blood 
volume and distribution in different body parts are distinctive, 
because of the deviations in the accumulating states of arteries, 
veins, and capillaries [21]. In the blood vessel intensive regions, the 
quantity of blood volume can be varied more obviously than that 
of other regions, then a stronger PPGi signal can be captured. The 
most commonly used ROIs are hand and forehead, because of their 
operational convenience and the vessels in them are dense and 
close to the heart. In this work, more efforts are made to optimize 
ROI from forehead and hand. Our approach for the ROI selection is 
described as follows. 
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Diagrams for the measuring setup (a) and ROI selection 
principle (b) of PPGi technology. In (a), the experimental setup 
includes the light source, phone and computer. The phone is used to 
capture and store the of-interest PPGi data. The light source is used 
to excite the desired irradiation, four kinds of light are examined 
in this work which are red, green, blue and white. The computer is 
used to execute the proposed algorithms to extract PPGi images and 
waveforms, as shown in (a). Moreover, the factitious hemoperfusion 
used for the ROI selection is illustrated by the rubber cord being 
tied around the elbow. In (b), there are four states of blood volume 
in vessel which are: <1> normal state,< 2> the vessel is tightened 
and blood volume almost constant, <3> the tightened vessel is 
loosened and blood is poured into the vessel, <4> the vessel and 
blood in it are recovered to its normal state.

Firstly, PPGi video is acquired from the forehead and the entire 
hand, through comparisons of their waveforms and SNR, then a 
better body part for PPGi analysis is confirmed. Secondly, to enhance 
the PPGi analyzing efficiency, accuracy and speed, we designed an 
interesting experiment for selecting a more optimized small-range 
ROI, by the method of amplifying instantaneous blood volume, 
named as factitious hemoperfusion here. As shown in Figure 1a, 
the factitious hemoperfusion is realized through tying a rubber 
cord around the elbow, for 10 to 15 seconds, and then loosening 
it. During the period of factitious hemoperfusion, the PPGi signals 
are collected. It is deduced there should be changed blood volume 
in the vessel of the tied body, as shown in Figure 1b [22]. In the 
state <1> which corresponds to the moment before factitious 
hemoperfusion, the blood vessel is normal state and PPGi signal can 
be got. In the state <2>, the blood vessel is tightened, and the blood 
volume in them is very small. At this state, the light absorbance in 
this region is lowered, and the slightly disturbed waveform of PPGi 
is detected. In the state <3>, at the moment of loosening the rubber 
cord, accompanied by the cardiac rhythm, a large amount of blood 
(more than the normal condition) is poured into the hand from the 
heart. With the increasing of blood volume in hand, the external 
light absorption can be increased greatly, and then reflected light 
collected by the camera is greatly reduced. Thus, the amplitude of 
the PPGi waveform is rapidly reduced, and ultimately restored to 
the original level (as shown in Figure 1b <4>). All in all, the changing 
of blood volume in Figure 1b will be different depending on vessel 
density, then the varied PPGi amplitude can be measured according 
to the principle of PPGi. So, we can look for the blood vessel dense 
regions through distinguishing the changed PPGi amplitudes, then 
the optimized ROI can be decided.

Self-Adaptive PPGi Denoising for SNR

The procedure in the proposed PPGi denoising method is 
outlined here: (1) original PPGi video data (in the format of .mp4) 
are read-in frame-by-frame as image data; (2) one-dimensional 
arrays of PPGi data are obtained by averaging pixels value of these 
image data, as shown by the part of video images and PPGi waveform 
of Figure1a; (3) the SNR of the data from (2) are calculated, and the 
calculation formula is as follows:

 
10

psSNR 10log
pn

=     ---------   Equation (1)

Among them, ps is signal power and pn is noise power; (4) 
by using the wavelet transform [23], burrs of data from (2) are 
removed; (5) if the value of SNR lower than the threshold value 
(20 at here), the Butterworth low-pass filtering [24] is used to 
filter high frequency noise (like odd-shaped noise peaks); on the 
contrary, if the SNR of (2) is more than 20, that means the high 
frequency noise is very small and this step can be omitted; (6) the 
median filter [25] is applied to eliminate an offset phenomenon and 
to make the waveforms smooth.

Blood Pressure Estimation

The BP estimation is conducted according to the Windkessel 
model which is a mathematical model established for the 
cardiovascular system. In this model, the arterial vascular 
circulatory system is compared to an equivalent circuit network. 
The systole of the heart is regarded as the input of the circuit, the 
BP is regarded as the voltage P, blood flow in blood vessel is seen as 
current I, the resistance of the blood vessel wall and the viscosity 
of the blood are taken as the resistance R, the capacity of the blood 
vessel is seen as the capacitance C. The current BP value is obtained 
based on fixed parameters R and C and the analyzed pulse wave 
data [26]. 

According to the Kirchhoff’s law, the mathematical model of the 
equivalent circuit is expressed as follows:[27]

P(t) dP(t)C I (t)
R dt

+ =  ------ Equation (2)

The values of the parameters R and C in equation 2 are directly 
related to the quality of the model. Based on the least square 
method, their values are fitted by the standard data from the 
University of Queensland Vital Signs Dataset [28]. 

Among them, the current I can be obtained according to 
equation 3, where the rising time Ts is the time from 10% of rising 
waveform amplitude to wave peak, the falling time Td is the time 
from wave peak to 10% of falling waveform amplitude and Tc = Ts+ 
Td : [27]

( )
0

60 sin
s

c
T

s

CTI
t T dtπ

=

∫
  -------- Equation (3)

Combining equations 2,3,  the mathematical expressions of the 
high BP and the low BP can be obtained, respectively: [27]

( )
2

2 2 2 2 1s sT RC T RCs
s ts

s

lT C RP P e e
T C R

∏
= + +

+ ∏
 ---------- Equation (4)

dT RC
d tdP P e=   ----------Equation (5)

In these equations, Pts (100 - 120 mmHg) is the initial high 
pressure, Ptd (70 - 90 mmHg) is the initial low pressure, Ps is the 
estimated high pressure, and Pd is the estimated low pressure.
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Results

In this proof-of-concept study, eight volunteers were randomly 
selected (two men and six women, between twenty and thirty-
five years old) and participated in the experiments, and many 

measurements were made for each of them. During PPGi detecting 
periods, they are asked to sit quietly and have a nature breath. 
Meanwhile, the parameters R and C are fitted by the standard data 
from the University of Queensland Vital Signs Dataset.

Selection of ROI

Figure 2: Results for the waveforms of forehead (a), entire hand (b) and their SNRs (c). In (a) and (b), the vertical axis is the pixel 
value of the image, and the horizontal axis is the number of captured image frame; the data of y-axis are calculated average 
values of each frame data. The experiment is executed in the same condition. In (c), the SNR values are averaged from ten times 
of measurements of three different volunteers which are randomly selected, and others have the similar results, and the error 
bars show their standard deviations.

Figure 3: Experiment results of factitious hemoperfusion under the illuminations of red (a), white (b), blue (c) and green (d). 
The PPGi data are displayed on the left side, while the photos during the experiments are displayed on the right side. Each of 
the images is divided into 16 ROIs named as R11 to R44. At the same time, the PPGi signals during the experiments of factitious 
hemoperfusion are divided to three phases including phase I (the moment of vessel being tightened), phase II (the moment of 
vessel being loosened) and phase III (the recovery of vessel).
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At first, the videos of forehead and entire hand were collected 
by PPGi. As shown in Figures 2a and 2b, there are whole waveforms 
of PPGi signal from averaged pixel value of forehead and entire 
hand and magnified local waveform in same time range (90 to 160 
frame approximately), which are shown by the insets. By comparing 
waveforms, the shape of the pulse wave from entire hand is more 
pronounced, as shown in the Figures 2a and 2b. Through the 
observations of the insets in Figures 2a and 2b, it is found that the 
pulse wave of forehead is submerged in noise and almost invisible, 
and in contrast, though the waveform of entire hand has a lot of 
small burrs, the pulse wave contained in it can still be identified. 
Furthermore, the calculated SNR from hand is greater than that 
from forehead, as shown in Figure 2c, which suggests that the PPGi 
signal from hand is more meaningful. Then, more exact selection 
of ROI from hand is executed under different lights’ illuminations 
according to the factitious hemoperfusion experiment mentioned 
in section 2.3. The video image of the entire hand is divided into 
16 parts (R11 to R44) to find a small-scaled dense vessel region. 
Further the collected video is divided into three phases according to 
the experimental method mentioned in section 2.3 and illustrated 
in Figure 1b: (I) the curb phase, (II) the instant of blood perfusion, 
and (III) the recovery process. The variations of PPGi waveforms 

can be seen in Figure 3a. These variations include: (1) In phase I, the 
blood volume of vessel has no significant change, and the normal 
waveform can be obtained; (2) In phase II, which is equivalent to 
the switching from <2> to <3> in Figure 1b, bloods are influxes into 
the vessel of hand, resulting in a greatly reduced in amplitude of 
waveform; (3) in phase III, the blood volume rapidly increases in the 
hand and the amplitude of waveform rises quickly and ends up in 
the normal state. It can be found that there are obvious differences 
among the divided parts. As shown in phase II of Figure 3a, the 
largest change in the instantaneous declining amplitude is obtained 
from R11 instead of other ROIs. The similar results are found in 
Figures 3b - 3d. Moreover, the illumination induced discrepancy is 
also found. For the illuminations of red, white and blue, there are 
consistent changing tendencies in the waveforms from different 
ROIs, as shown in Figures 3a-3c. However, for the green light in 
Figures 3d, the amplitude of waveforms in the first and fourth lines 
are rising, but in second and third lines, the waveforms are falling.

To increase the accuracy of the experimental results, the 
waveforms and the SNRs of R11, R23, and R24 are compared, 
respectively. As shown in Figures 4a-4c, the pulse wave of R11 is 
more obvious than that of R23 and R24, which is evidenced by the 
biggest SNR of R11 in Figure 4d.

Figure 4: Results for the waveforms of finger(a), central palm(b) and palmar root(c), and their SNRs(d). In (a), (b) and (c), 
based on average pixel value of respective region, the waveforms are obtained. In (d), the value of SNR is averaged from ten 
measurements of three different volunteers, and their error bars also were showed.

Self-Adaptive PPGi Denoise 

As shown in Figure 5a, the original waveform of PPGi signal from 
optimized ROI is obtained, in which the pulse wave is immersed in a 
large amount of noise. By comparing different levels and thresholds, 
the two-level Rig sure method of wavelet transform has better de-
noising results than others, and it is used to remove tiny glitches 
and make the waveform smoother, as shown in Figure 5b. Because 
the noises are in high-frequency, a Butterworth low-pass filter 
is constructed and used to filter out high-frequency noises, and 
at this point the waveform has become very smooth as shown in 
Figure 5c. Besides, the median filter is needed to eliminate inclined 
phenomenon, and Figure 5d shows the final result processed by the 
median filter.

Blood Pressure Estimation 

A MATLAB program was developed to extract single cycle 
signals and calculate Ts and Td, then calculate the corresponding 
I am using equation 3. Furthermore, according to the equations 
2 and 3 and the data sets in the database, the values of R and C 
were obtained, and they are R=212.103 ohms and C=0.847 F, 
respectively. Finally, R, C, Ts, Td and I were inserted into equations 
4,5 to estimate the high pressure (HP-PPGi) and low pressure (LP-
PPGi) values. To verify the suitability of the optimized ROI, the BP 
values of the forehead, finger, palm center, and palm root were 
calculated by the above-mentioned method, respectively. Further 
the calculated values of HP-PPGi and LP-PPGi are compared with 
the measured high pressure (HP-CSM) and low pressure (LP-CSM) 
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which are measured by CSM. The correlations of the calculated data 
with the measured ones are examined by the error rates, as shown 
in Figssure 6. The error rate is defined as “ |BP-CSM - BP-PPGi| / 
BP-CSM “, in which “BP” is HP and LP. It can be observed that lower 

error rates are from the ROIs of finger and palm root. According to 
the above results, it can be seen that the best error-rate comes from 
optimized RO can be controlled below 5%.

Figure 5: Results for the waveform of PPGi signal based on different denoising methods. In (a), the original waveform is 
obtained which derived from the video pixel mean. In (b), the wavelet transform is used to remove glitch noises. In (c), there 
is smooth waveform after high frequency noises are filtered by the Butterworth low-pass filter. In (d), in order to eliminate the 
baseline in the waveform, the median filter is applied.

Discussion

Since more distinct pulse wave with higher SNR can be 
collected from “hand” as shown in Figure 2, it is believed that 
“hand” is more suitable for PPGi analysis than “forehead”. Further 
experiments found discrepancies are also existed when ROIs in the 
hand are changed, no matter what kind of illuminations are used, 
as shown in Figure 3. It is deduced to be caused by the different 
vascular density in different ROIs, because the different blood 
volume in them can change the PPGi amplitude, as illustrated 
in Figure 1b. Moreover, for the observed difference caused by 
varied light sources in Figures 3a-3d , it is interpreted according 
to the references [28,29]. Because the oxygenated hemoglobin 
and deoxyhemoglobin in blood have more higher absorbance for 
green light, in phase II their concentrations are decreased by the 

injected blood. This lowered concentration is closely related to 
the density of blood vessels. In the compact district, like R11, the 
hemoglobin is diluted more than in the sparse area like R23, then 
less absorbance of green light is in the compact district, therefore 
the collected reflected-green light is increased, and the waveform 
shows an upward trend. This deduction demonstrates R11 is a 
vascular dense area. More comparisons performed for R11, R21, 
R24, R34, etc. in Figure 4 demonstrate, there are more distinct pulse 
wave and higher SNR in R11, in consequence, R11 is determined as 
the optimized ROI [29,30].The effect of the self-adaptive denosing 
method is confirmed by Figure 5, based on the filtered PPGi signals 
from different ROIs (the forehead, finger R11, palm center R23, 
and palm root R24), the best calculated BP value are from R11, as 
shown in Figure 6, because the error rates of R11 are lower than 
other regions.

Figure 6: The deviation between calculated BP values for 8 volunteers and measured data are evaluated by using the error 
rates of HP (a) and LP (b). In (a) and (b), the calculated data are from different ROIs: forehead, finger, palm center and palm 
root. Error bars are the standard deviation for the average values (n=10).
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Conclusion

The major improvement of this study is that it provided an 
optimization method for the ROI selection one the basis of factitious 
hemoperfusion for the purpose of increasing the PPGi signals’ SNR 
and the accuracy of physiological parameters (blood pressure as a 
proof-of-concept), which are extracted from PPGi. The effectiveness 
of the proposed method was demonstrated by the agreements of 
the results from the repeated ROI optimizing experiments under 
four kinds of illuminations which are red, green, blue and white. 
Furthermore, a SNR self-adaptive PPGi denoising method was 
proposed and used to get ideal PPGi signal. Finally, the ROI optimized 
PPGi analysing method and self-adaptive PPGi denoising approach 
were integrated with Windkessel mathematical model to estimate 
BP. The error rate of the estimated BP from the optimized ROI is less 
than 5%. Our next stage of this work is to test our ROI optimization 
method with more human subjects and also investigate its clinical 
performance. We believe that our method is beneficial to PPGi as 
well as its applications for vital signs’ monitoring in clinical and 
domestic medicine.
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