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Background
Arterial blood pressure (ABP) is a very important clinical parameter, and numerous 
attempts have been made for continuous non-invasive measurements of ABP. The term 
of blood pressure (BP) usually refers to brachial arterial pressure because major vessels 
are located on the upper left or right arm to take blood away from the heart, moreover 
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ingful statistically significance (P < 0.05).
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limitation of diastolic pressure tracing. However, the result shows that the proposed 
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brachial pressure measurement has an advantage of non-invasive measurement. BP 
waveform analysis and synthesis have been investigated from BP and flow analysis, and 
it is the general consensus that BP waveform is consisted with the combination of the 
incident wave transmitted directly from the left ventricle to the finger and the reflected 
wave from the sites of impedance mismatch mainly in lower body [1, 2].

Several observations demonstrate that the amplitude and timing of wave reflections 
are directly related to the elastic properties of the arterial tree, stiffness index and time 
delay between the incident and reflected wave peaks are an example to estimate arterial 
stiffness [3]. The contour of the ascending aortic pressure wave has been classified by 
analyzing the reflected wave amplitude and temporal characteristics [4–6]. These clas-
sifications, however, are in close agreement with the age-related four classes of photop-
lethysmography (PPG) contour [7]. Moreover, it was demonstrated the age-related trend 
towards PPG contour triangulation [8], and showed the similar shape changes compared 
with the pressure wave. These results imply that PPG contour is dominantly controlled 
by pressure waveform, and contains cardiovascular information which includes vessel 
stiffness and BP.

Morphological analysis of PPG has been applied in vascular assessment such as vas-
cular disease [9–11], aging [7, 8, 12, 13], and arterial compliance [14]. Though PPG 
morphologies have been provided abundant information for cardiovascular analysis, it 
is difficult to find literatures of BP estimation method performed by PPG morphology 
characteristic analysis. In most of previous researches, PPG has been used for BP meas-
urement, not as a separated method of its waveform characteristics, but as a tool for the 
detection of blood volume change related to other devices in specific conditions.

PPG-based non-invasive BP monitoring may be a promising, however, it has not 
allowed for the clinical application at this time because there still are lacking points for 
estimation BP from PPG [15]. Most of PPG-based BP estimations were based on sur-
rogate pulse measures of BP, which includes tracking beat-to-beat changes in pressure 
using the pulse transit time (PTT) [16–20] or pulse arrival time (PAT) [21–23] and 
PTT or PAT was usually calculated between the ECG-R wave and the foot of the PPG 
waveform for analysis. In recent research which based on deep belief network restricted 
Boltzmann machine (DBN-RBM), PPG-based BP estimation shows inadequate perfor-
mance in BP estimation from intrinsic variability and wide limits of agreement [15]. 
Another research, which estimates BP by combining PTT and various PPG morphology 
characteristic such as PTT, time ratio of systole to diastole, area ratio of systole to dias-
tole, time span of PPG cycle and diastolic duration, combined analysis, confirmed that 
the morphological characteristic could improve the accuracy of BP estimation. However, 
it also contains clinically significant errors [24].

Modified volume-oscillometric technique [25, 26] and hydrostatic method [27] is 
another BP estimation technique based on PPG sensor and two micro-electro mechani-
cal systems (MEMS) accelerometers. Finapres™ (FINger Arterial PRESsure) and Por-
tapres™ technology, which are regarded as a representative PPG-based BP measurement 
method [28, 29], provides continuous non-invasive BP recording from finger and is 
widely used, however it substantially measures BP not by PPG waveform but by volume-
clamp method. Finger pressure is actually measured by finger cuff, and PPG is used as an 
auxiliary device to check whether blood volume is changed or not.
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Because PPG waveform means the amount of blood in measuring spot and amount 
of blood is closely related to blood flow, PPG waveform should be influenced by pres-
sure waveform which generates flow. Moreover, many of PPG applications are related to 
the angiological analysis of blood vessel [30]. From these characteristics of PPG, in this 
literature, we postulated that PPG could contain BP index and it may be related to blood 
vessel movements. In investigating blood vessel movement and PPG waveform, first 
derivative and second derivative PPG was applied to consider of flow-pressure relation-
ship. It was proposed the first derivative-based flow waveform derivation method [31] 
and demonstrated derived flow has a very similar shape compared with Doppler flow 
waveforms [32]. Second derivation PPG, usually referred as the second derivative of the 
photoplethysmogram waveform (SDPTG) [13], means the acceleration of blood volume 
changes, and it means instantaneous power of blood circulation.

The proposed method aims to enhance BP estimation from PPG by using analyzing of 
PPG morphology and inspection of BP-related features. Our study was designed to (1) 
analyze first and second derivative PPG waveform and find the meaning of the hemody-
namic changes, (2) set up the proper model to extract pressure-related parameters, and 
(3) assess whether derived indexes can help to identify measured BP with experimental 
data.

Methods
Generally, PPG was measured the reflected or transmitted signal at a minute spot, in 
other words pressure gradient could be approximated with the derivative of pressure in 
PPG measurement. Moreover, it has been regarded as the second derivative as accel-
eration PPG and it implies the rate of change of pressure components in PPG [33]. To 
validate of derivative characteristics and BP relationship, modeling and evaluation was 
performed by approximated modeling, derivative analysis and experimental assessment 
in order.

Vessel wall movement and approximated model

The reflected wave is represented as not a single pulse wave, but a multiple waves which 
are less sharply peaked and more spread out in time. It was already showing the pres-
sure wave propagation with completely and incompletely occluded tube, and multi-
ple reflected waves were found in both cases [34]. PPG waveform is also influenced by 
multiple reflected waves, however, no reflected wave could have an influence to inci-
dent wave but first reflected wave. Except on first reflected wave, reflected waves used 
to be found in the latter decreases and these waves disturb the incident wave analysis. 
Therefore PPG waveform is reconstructed with incident wave and first reflected wave 
in approximated model. The approximated model could not represent PPG waveform 
exactly, but it is helpful in the macroscopic analysis of pressure changes. Figure 1 shows 
the approximated model for conceptual of PPG waveform. Figure 1a represents normo-
tensive PPG waveform and b shows the waveform in hypertension.

According to blood flow, blood vessel wall moves. It was observed by Doppler method 
that pulsatile flow, which is generated by heart cycle, directly affect vasoconstriction 
and vasodilatation [35]. The blood vessel is an elastic tube. Thus, inner volumes and ves-
sel diameter could be varied by pressure gradients. Figure 1c–h represents vessel wall 
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movement and pressure difference of the input (Pi), measurement spot (Pm) and output 
(Po). The systolic pressure is propagated to vessel in the early-systole period (Fig.  1c), 
and blood volume increases rapidly because pressure difference is large between Pi 
and Pm. Blood volume is also increased in the late-systole period (Fig. 1d), however the 
blood volume change rate is decreased by the diminishing of the pressure gradients. 
Figure 1e, f shows early-diastole and late-diastole vessel wall movement respectively. In 
early-diastole, the pressure gradient is increased between Pm and Po, and rapid outflow is 
occurred. Outflow is diminished by decreasing of the pressure gradient between Pm and 
Po. Figure 1g, h shows that effect of the reflected wave. Po is increased by reflected wave, 
and it causes the decrease of output pressure gradients. This change suppresses output 
flow, thus increasing of blood volume at measurement spot. Pressure gradient inversion 
causes late-upward peak as the case may be (Fig. 1g). Multiple reflect waves are succes-
sively arrived, and Po and blood volume are fluctuated by each wave in late-reflection 
period (Fig. 1h). In the approximated model, late-reflection period is ignored.

Derivative analysis

Derivative-based analysis provides an evidence for pressure-flow analysis. The veloc-
ity of blood volume change, index of flow, could be derived by first derivation [32]. The 

Fig. 1 An example of an approximated model of conceptual PPG waveform and vessel wall movements. 
a An example of approximated model of a normotensive waveform (SBP 115 mmHg, subject no. 9, b pre-
hypertensive waveform (SBP 137 mmHg, subject no. 11). A, B, C, D, A′, B′, C′ and D′ are classified by vessel 
wall movement, and Pi, Pm and Po mean input, measurement spot and output pressure respectively. c Early-
systole (period A), d late-systole (period B), (e) early-diastole (period C), f late-diastole and start of reflected 
wave (period D), g early-reflection and Po > Pi in normotensive case (period A′ and B′), h late-reflection 
(period C′ and D′), multiple reflected waves are arrived in order, period C′ and D′ are represented alternately
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second derivative of PPG represents the acceleration of blood volume change, and it 
could be regarded with the rate of pressure gradient change. Figure 2 shows an example 
of the PPG approximated model waveform about actual human subjects and its deriva-
tives. Beat segmentation was performed prior to derivative analysis, and each beat was 
extracted between the feet of PPG. Then, it was divided into four different sections by 
derivatives polarities, first and second character means the polarity of 1st derivative and 
2nd derivative, respectively (‘P’ is positive and ‘N’ is negative).

The general PPG waveform is composed with PP–PN–NN–NP combinations. There 
are two combinations in Fig. 2, and first and second combination is occurred by inci-
dent and reflected wave respectively. PP and PN of second combinations could be disap-
peared in hypertensive subject (Fig. 1b). Though first derivative provides information for 
the amount of blood volume, it is hard to know the direction of the pressure gradient. 
Considering that the PPG measures the blood volume changes, first derivative means 
the increase and decrease of blood volume at a measuring spot. Therefore, the positive 
and negative value of first derivative means the increase and the decrease of blood vol-
ume, respectively. Second derivative provide the rate of blood volume changes which 
related to existence of opposite pressure. The positive value of second derivative means 
faster changes of blood volume and negative value means slower changes of blood vol-
ume. Fast change means the large pressure difference between inlet and outlet, but slow 
change means the small pressure difference between both sides. From the pressure-
flow relationship, flow is generated by the difference of inlet and outlet pressures. From 
this analysis, two different combinations of first derivative and second derivative were 
grouped to identify dominant pressure gradient. Table 1 shows the section information 
and physical meanings. Dominant pressure means the primary pressure related to blood 

Fig. 2 PPG and its derivatives of actual human subjects. Each section was divided from the polarities of 
derivatives (e.g., PN mean the combination of positive 1st derivative and negative 2nd derivative). First deriva-
tive implies the velocity index of blood volume change and second derivative means acceleration of blood 
volume changes. PPi, PNi, NNi and NPi are based on incident wave, and PPr, PNr, NNr and NPr are occurred 
from reflected wave
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flow, and sub-dominant pressure means the counter-effective pressure which assists or 
disturbs blood flow meaningfully.

BP is closely related with outward pressure in the vessel, and it is discriminated with 
propagated pressure in axial direction. Pi, Pm and Po reflect systolic pressure in axial 
direction, exerted pressure by the walls of blood vessels and diastolic blood pressure 
(DBP) respectively. Especially, Pm is affected by not only the systolic blood pressure 
(SBP), but also the pulse pressure (PP) which means the difference of the SBP and DBP. 
Pi, Pm and Po could be described by derivative method. Period A–D′ in Fig. 1 completely 
corresponds to derivative section PPi–NPr. From Table 1, NNi section is composed with 
both the end of systolic effect which related on SBP and the start of the reflected wave 
effect. This contains the two important points. First, NNi section is composed with both 
systolic activity (incident wave) and reflected wave, and NNi section is defined by the 
reflected wave arrival time, which related on angiological parameter such as arterial 
stiffness and total peripheral resistance, which is closely related to BP change. From the 
previous study, it is already demonstrated that the reflected wave arrival time is closely 
related to the vascular characteristics, including pressure-related factors [36–38]. Con-
sidering that these characteristics, it is possible to analyze that the NNi section more 
close to the BP with reflected wave arrival time, especially SBP and PP than any other 
sections.

Because the length of each segment interval could be affected by subject’s heart rate, 
the length of a cyclic combination of the segmentation result, lPNi +  lNNi +  lNPi, is 
used for the normalization. Subject’s height, h, is also used as an alternative distance to 
the approximate path length of the measuring spot. Therefore, we formulated the pres-
sure index (PI) as an arrival time or velocity related parameter of the reflected wave, and 
it was as follows:

where h means height of each subject and lPPi, lPNi, lNNi and lNPi represents the time 
interval of PPi, PNi, NNi and NPi.

(1)PI =
(

lNNi + lNPi

lPNi + lNNi + lNPi

)

· h

Table 1 Section information and physical meaning for each section

Section 1st 
deriva-
tive

2nd deriva-
tive

Blood 
volume

Rate of bold 
volume change

Dominant 
pressure

Sub-
dominant 
pressure

Remarks

PPi Positive Positive Increase Increase (faster) Pi – Early-systole

PNi Negative Decrease (slower) Pi Pm Late-systole

NNi Negative Negative Decrease Decrease (slower) Pm – Early-diastole

NPi Positive Increase (faster) Pm Po Late-diastole

PPr Positive Positive Increase Increase (faster) Po – Early-reflec-
tion

PNr Negative Decrease (slower) Po Pm

NNr Negative Negative Decrease Decrease (slower) Pm – Late-reflection

NPr Positive Increase (faster) Pm Po
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Experiment

Proposed PI was assessed in 25 young and healthy subjects (9 male and 16 female, mean 
ages of 22.5 ± 3.1 years, range 17–29 years). No subject had a previous history of cardio-
vascular disease or was receiving vasoactive drugs. Every experiment was performed in a 
typical laboratory at an ambient room temperature from 11 a.m. to 6 p.m. Drinking and 
smoking were prohibited during 24 and 2 h before experiment respectively. Experimen-
tal protocol was approved by the Ethic Committee of Wonju Christian Hospital. Subject 
characteristics are given in Table 2.

PPG was measured by MP150 (Biopac™ Inc., USA) on left index finger by TSD100B, 
plethysmography transducer. Omron HEM-907 was used for BP measurement. PPG 
measurement system includes a 0.05 Hz single pole roll-off high pass filters, 10 Hz low 
pass filter and 60 Hz notch filter for noise reduction. Amplifier specification is as fol-
lows; output range: ±10 V, noise voltage: 0.5 µVrms.

Every data was measured in the supine position. Both PPG and BP were measured at 
the left hand, and BP was measured before and after PPG measurement. After BP meas-
urement cuff was removed to prevent any occlusion of vessel. Before signal acquisition, 
every subject had 5-min relaxation period in the supine position to allay subject’s excita-
tions. PPG was measured with 5-min length, and BP was measured before and after PPG 
measurement and averaged. MATLAB 2008b (The MathWorks, Inc., Natick, MA, USA) 
and SPSS (ver. 12.0, SPSS Inc., IL, USA) was used for signal analysis and statistical analy-
sis respectively.

Results
Sectionization by derivatives

Before sectionization, preprocessing, feature detection and pulse shape extraction were 
carried out. In preprocessing stage, PPG waveform was filtered using 2nd order Butter-
worth bandpass filter which passband is 0.5–10 Hz to remove high-frequency noise and 
low-frequency noise like motion artifact or respiratory movement noise. Then, we used 
adaptive threshold peak detection method for feature detection [39]. Because those sec-
tions are defined within pulse duration and that pulse duration is based on a maximum 
diastolic point, we detected lower peaks of PPG waveform before dividing sections.

Ten beat segments were randomly selected from each subject for sectionization, and 
section lengths were ensemble averaged to calculate average section length. The Pear-
son’s correlation was used to find a correlation between at least two continuous vari-
ables, and it was calculated between PI and SBP, DBP, PP and MAP for PI evaluation. PP 
and MAP are described in (2) and (3) respectively.

In sectionization, different numbers of sections were found in different subjects. These 
differences are also found in each beat of the same subject; however variation has been 
just a little and the number of sections from the incident wave was fixed at four. Figure 3 
shows sectionization results of actual human subjects for the (a) hypotensive (systolic 

(2)PP = SBP − DBP

(3)MAP = DBP+
1

3
PP
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pressure/diastolic pressure: 97/60 mmHg, subject no. 21) and (b) pre-hypertensive (sys-
tolic pressure/diastolic pressure: 137/72  mmHg, subject no. 16). It was ignored that 
reflected wave section because the approximated model which is consisted with a single 
incident and reflected wave was adapted.

Statistical analysis

Both sectional modeling and PI correlation coefficient were analyzed to verify our 
hypothesis related to pressure components. It was not found the statistically significant 
correlation in sectional analysis except in NNi section. In this paper, hypothesis means 
estimate of PI by modeling. Thus, separate control group verification is not necessary. In 
NNi section, SBP and PP, and MAP satisfied P < 0.01 and P < 0.05 respectively. Meaning-
ful correlation coefficient in NNi section was represented as −0.501 (SBP) and −0.548 
(PP). Calculated PI shows the highest correlation coefficient against each sectional 
length. A correlation coefficient of PI shows 0.826 (SBP), 0.852 (PP) and 0.601 (MAP), 
and all of these have meaningful statistically significance (P < 0.01). Figure 4 represents 

Table 2 Subject characteristics

Subject 
no.

Gender Age Height 
(cm)

Weight 
(kg)

BMI (kg/
m2)

SBP 
(mmHg)

DBP 
(mmHg)

PP 
(mmHg)

MAP 
(mmHg)

Subject 1 M 29 178 68.1 21.4 119 72 47 88

Subject 2 M 26 175 63.2 20.6 111 63 48 79

Subject 3 F 26 160.8 57.4 22.2 102 63 39 76

Subject 4 F 21 160.7 59.7 23.1 101 63 38 76

Subject 5 M 29 176.9 70.8 22.6 123 68 55 86

Subject 6 M 24 171.1 67.9 23.1 131 67 64 88

Subject 7 M 20 171.4 65.4 22.2 134 67 67 89

Subject 8 F 22 159.3 47.2 18.5 101 63 38 76

Subject 9 M 25 173.5 77.4 25.7 115 69 46 84

Subject 10 F 22 162.9 54.6 20.5 105 67 38 80

Subject 11 M 23 171.7 71.4 24.2 137 72 65 94

Subject 12 F 25 163.9 65.1 24.2 104 66 38 79

Subject 13 F 19 163.8 63.4 23.6 110 61 49 77

Subject 14 F 21 159.9 60.4 23.6 123 76 47 92

Subject 15 F 19 157.2 52.3 21.1 102 69 33 80

Subject 16 F 22 162.2 65.5 24.7 109 76 33 87

Subject 17 F 23 162.1 59.6 22.6 109 72 37 84

Subject 18 F 19 151.7 53.1 23 108 75 33 86

Subject 19 F 19 153.9 51.4 21.7 96 58 38 71

Subject 20 M 24 169.7 59.5 20.6 131 67 64 88

Subject 21 F 21 159.6 56.1 22 103 60 43 74

Subject 22 F 21 153.2 48.7 20.7 93 65 28 74

Subject 23 F 19 157.1 40.6 16.4 103 65 38 78

Subject 24 F 20 156.6 57 23 113 75 38 88

Subject 25 M 23 162.8 49.5 18.6 108 68 40 81

Mean 22.5 163.8 59.4 22.0 111.6 67.5 44.2 82.2

SD 3.0 7.6 8.7 2.1 12.1 5.0 11.0 6.2

Min 29 178 77.4 25.7 137 76 67 93.7

Max 19 151.7 40.6 16.4 93 58 28 70.7
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the correlation between PI and pressures [(a) SBP vs. PI, (b) DBP vs. PI, (c) PP vs. PI, (d) 
MAP vs. PI]. Solid line means linear regression of plotting data and 95% of confidence 
intervals. We used the ordinary least squares-based linear regression which minimizes 
the sum of squared residuals, and confidence interval was calculated with (4) where ȳ is 
an average estimated value, n is a number of samples and σ is a standard deviation of the 
estimated value.

Discussion
Hypothesizes validation

From the analytical results, it was appeared that (1) sectional ratio of NNi is statisti-
cally significantly related on BPs such as SBP and PP, but the relationship was not found 
in other section, (2) proposed PI is statistically significantly correlated with BPs, and 
it reflects SBP and PP more than other pressures. These results correspond with our 
hypothesizes respectively: NNi section dominantly reflects SBP and PP, and the combi-
nation of incident and reflected wave morphology is affected by BP. NNi length tended 
to show shorter sectional length by increasing of SBP and PP. From Fig. 1 and Table 1, 
NNi is defined by ‘decrease blood volume’ and ‘decrease blood volume change veloc-
ity’. These mean that the period of NNi is started at the moment that outflow becomes 
more than inflow and is finished the moment that the outflow velocity is decreased by 

(4)95%CI = ȳ± 1.96
σ

√
n

Fig. 3 Sectionization results of PPG waveform for actual human subjects. a PPG from hypotensive subject 
(SBP/DBP: 96/58 mmHg, subject no. 19), b PPG from hypertensive subject (SBP/DBP: 137/72 mmHg, subject 
no. 11)
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opposite pressure wave. Here, the moment that the amount of outflow excess inflow 
could be happened at the maximum systolic pressure and an opposite pressure wave 
which decreases the outflow velocity could be regarded as a reflected wave. Therefore, 
it could be postulated that NNi indirectly reflects the time interval between maximum 
systolic pressure and that the reflected wave becomes effective.

Considering that NNi is determined from the moment that outflow becomes more 
than inflow to the moment that the outflow velocity is decreased by opposite pressure 
wave, it could be postulated that NNi indirectly reflects the time interval between maxi-
mum systolic pressure and that the reflected wave becomes effective. From the previ-
ous study, it is already demonstrated that reflected wave arrival time is closely related 
to vascular characteristics, including pressure-related factors [36–38], and this research 
shows the proposed PI based on sectioned waveform could be a statistically signifi-
cant marker of BP in normotensive subject. Considering the definition of NNi length, 
the faster reflected pulse wave velocity becomes, the shorter NNi length is presented. In 

Fig. 4 Graph to show correlation between blood pressures and derived pressure index (PI). a Systolic blood 
pressure (SBP) versus PI, b diastolic blood pressure (DBP) versus PI, c pulse pressure (PP) versus PI, d mean 
arterial pressure (MAP) versus PI; times symbol is data point; solid line is linear regression curve; dashed line is 
95% confidence interval (n.u. null unit)
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other words, NNi becomes shorter when reflected wave is arriving earlier, and NNi and 
reflected wave velocity has a reciprocal relationship. Therefore, it is a reasonable result 
that NNi which implies a reflected wave velocity shows negative correlation coefficient, 
which means the higher BP, the shorter section interval. However, in Table 3, low corre-
lation coefficient (R = −0.501) between NNi and SBP represents the uncertainty of PPG 
morphology. PPG morphology, especially sectional length could be affected by heart rate 
and measuring distance, and this means the normalized parameter should be needed. 
Therefore, the PI was normalized by a cyclic combination of segmented waveform. PI 
is formulated by multiplying NNi ratio in the incident wave and height to describe the 
wave dispersion by measuring distance. In this procedure, we define NNi as a specified 
region of reflected waveform and PI as a kind of index term of reflected wave arrival 
time. We also adapt h as an approximated path length of subject, and reflect to define 
PI. Consequently, PI shows improved correlation with SBP and PP, and it provides the 
appropriateness of our hypothesizes. There is an additional considerable point is that the 
high correlation coefficient of PP. In the result of correlation test, PP and SBP show sig-
nificance with PI, and correlation coefficient of PP is slightly higher than SBP. This result 
might be interpreted as that PI reflects well PP and that high correlation of SBP comes 
from SBP = PP + DBP. However, this postulation should be investigated with arterial 
stiffness and needs to be validated by further researches.

In DBP case, suggested method could not show statistically significance results. BP 
estimation of this paper is based on an approximated model which consists of single 
incident and reflected wave. Here, incident and reflect wave is naturally generated by the 
pulsatile activity of heart and peripheral reflection. In other words, there is a little ambi-
guity in DBP estimation using pulsatile components because pulsatile is more closely 
related to the systolic activity than diastolic activity. Therefore, in this literature, the cor-
relation value of DBP was not high compared with the correlation value of SBP.

Limitations

The purpose of this research is for the intermittent use of BP estimation rather than 
continuous BP monitoring. Therefore, we randomly sampled individual pulses of sig-
nal which recorded in resting condition, then compared estimated pressure-related val-
ues with average BP of pre- and post-recording. It means that the proposed method is 
focused on the tendency of BP but it is not validated in analyzing the respiratory vari-
ability which is observed in continuous BP monitoring.

Table 3 Correlation coefficient between each segment and pressures

*** P < 0.001; ** P < 0.01; * P < 0.05

SBP DBP PP MAP

PPi −0.092 −0.258 0.017 −0.199

PNi −0.330 −0.412* −0.174 −0.436*

NNi 0.501** −0.005 0.548** 0.327

NPi 0.206 −0.181 0.309 0.036

h 0.703** 0.171 0.736** 0.514**

PI 0.826*** 0.122 0.852*** 0.601**
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This study has other important limitations, however, mostly stemming from its small 
subject size. PPG morphology could be affected by not only BP, but also aging [40], vessel 
stiffness [41, 42], cardiovascular diseases and other hemodynamic properties. Moreover, 
it could be varied by vasoactive drugs or endothelial function [3, 43]. Especially, factor 
which closely related to the arterial stiffness needs to be investigated sophisticatedly 
because it could effect on the wave reflection; therefore, much larger sample set includ-
ing a wide range of age and BP would be needed in the future research. In Allen’s review, 
we can find the various factors in changing PPG morphology [30]. In this literature, we 
only focused on the macroscopic morphology of PPG waveform based on reflected wave 
analysis. Reflected wave naturally includes the angiological characteristics like vessel 
stiffness, and this approach may have a meaning as a simple approach to BP. However, 
this approach not yet provide a sophisticated estimation for the separated analysis of 
various subject’s physiological characteristics. For example, subjects who have the car-
diovascular diseases and receive vasoactive drugs were excluded in this paper. Therefore, 
proposed method may not be adaptable to cardiac and vascular patients, and it should 
be solved by detailed and specified parameter centered experiment such as patient group 
test pharmacological test.

Also, the morphology of PPG waveform could vary due to other physiological factors, 
such as spring clip pressure, cardiac output, airway pressure, venous pressures and fluid 
responsiveness. Changes of photoplethysmographic morphology could be interpreted in 
terms of earlier arrival of a pressure wave reflected from the peripheral circulation [7, 
12]. Therefore, it should be studied about the interaction between reflected wave and 
variation factors for practical application using the proposed index in the future works.

Concluding remarks

Results from the present study highlight the PPG morphological analysis based on pres-
sure-flow relationship and correlation analysis between BP and derived parameter. It is 
appeared that proposed estimation index is statistically significantly correlated (P < 0.05) 
with SBP (R =  0.826), PP (R =  0.852) and MAP (R =  0.601). This is a novel study to 
analyze between PPG morphology and BP without any other assistive devices, and it 
may be applied to further researches based on PPG and BP analysis. Unfortunately, cur-
rent study could not explain clearly to the DBP and which pressure component would 
most suitably be estimated using the technique. Moreover, this study has some insuf-
ficiency to use in practice, which is stemmed from a limited subject group. However, we 
expect that this study could be an effective way of BP estimation by additional angiologi-
cal and pharmacological experiment. Currently, cuff less BP measurement technique, 
PTT-based measurement technique, has been well studied however; it requires multi-
devices which are ECG and PPG. Moreover, PTT-based BP estimation has a limitation 
for SBP and DBP estimation because it could provide only a variable, PTT. Thus, if an 
additional parameter like our proposed parameter adapted to an existing method PTT, 
BP estimation would be enhanced. Also, our further study would make a possible to 
estimate BP with only PPG. We strongly believe that our proposed study could provide 
potential techniques for the more accuracy BP estimation and the more efficiency for BP 
measurement.



Page 13 of 14Shin and Min  BioMed Eng OnLine  (2017) 16:10 

Abbreviations
ABP: arterial blood pressure; BP: blood pressure; ECG: electrocardiogram; DBP: diastolic blood pressure; MAP: mean 
arterial pressure; MEMS: micro-electro mechanical systems; PAT: pulse arrival time; PI: pressure index; PPG: photoplethys-
mography; PTT: pulse transmit time; SBP: systolic blood pressure; SDPTG: second derivative of the photoplethysmogram 
waveform.

Authors’ contributions
HS designed the framework of research and investigation of BP by morphological analysis of PPG. And, he wrote the 
manuscript. SDM contributed to verifying of proposed research method and participated in study and coordination. 
Both authors read and approved the final manuscript.

Author details
1 Healthcare Solution Laboratory, Department of Biomedical Engineering, Chonnam National University, 502, 3rd Eng. 
Bldg., 50 Daehak-ro, Yeosu, South Korea. 2 Department of Medical IT Engineering, College of Medical Science, Soonchun-
hyang University, 22, Soonchunhyang-ro, Eumnae-ri, Sinchang-myeon, Asan-si, Chungcheongnam-do, Republic of Korea. 

Acknowledgements
This research was supported from the MSIP (Ministry of Science, ICT and Future Planning), Korea, under the ITRC (Infor-
mation Technology Research Center) support program, which has Grant No. IITP-2016-H8601-16-1009 supervised by the 
IITP (Institute for Information and communications Technology Promotion). This work was supported by the Soonchun-
hyang University Research Fund (No. 20130599).

Competing interests
Both authors declare that they have no competing interests.

Availability of data and supporting materials
Supporting materials: MP150 (Biopac™ Inc., USA) was used for measuring PPG, Omron HEM-907 was used for measuring 
BP, MATLAB2008b (The MathWorks, Inc., Natick, MA, USA), SPSS (ver.12.0, SPSS Inc., IL, USA) was used for signal analysis 
and statistical analysis respectively, and data will not be shared.

Ethics approval and consent to participate
Before the experiment, written informed consent was obtained from each participant. Our study followed the guidelines 
of the Institutional Review Board fo Wonju Christian Hospital, Yonsei University Wonju College of Medicine.

Received: 6 June 2016   Accepted: 19 December 2016

References
 1. Milnor WR. Hemodynamics. Baltimore: William & Wilkins; 1982.
 2. O’Rourke MF. Vascular impedance in studies of arterial and cardiac function. Physiol Rev. 1982;62(2):570–623.
 3. Millasseau SC, Kelly RP, Ritter JM, Chowienczyk PJ. Determination of age-related increases in large artery stiffness by 

digital pulse contour analysis. Clin Sci. 2002;103(4):371–7.
 4. Murgo JP, Westerhof N, Giolma JP, Altobelli SA. Aortic input impedance in normal man: relationship to pressure 

wave forms. Circulation. 1980;62(1):105–16.
 5. Nichols W, Avolio AP, Kelly RP. Effects of age and of hypertension on wave travel and reflection. In: O’Rourke M, Safar 

M, Dzau V, editors. Arterial Vesodilation: Mechanism and Therapy. London: Edward Arnold; 1993. p. 23–40.
 6. Nichols WW, Pepine CJ. Ventricular/vascular interaction in health and heart failure. Compr Ther. 1992;18(7):12–9.
 7. Dawber TR, Thomas HE Jr, McNamara PM. Characteristics of the dicrotic notch of the arterial pulse wave in coronary 

heart disease. Angiology. 1973;24(4):244–55.
 8. Allen J, Murray A. Age-related changes in the characteristics of the photoplethysmographic pulse shape at various 

body sites. Physiol Meas. 2003;24(2):297.
 9. Allen J, Murray A. Development of a neural network screening aid for diagnosing lower limb peripheral vascular 

disease from photoelectric plethysmography pulse waveforms. Physiol Meas. 1993;14(1):13–22.
 10. Oliva I, Roztocil K. Toe pulse wave analysis in obliterating atherosclerosis. Angiology. 1983;34(9):610–9.
 11. Simonson E. Photoelectric plethysmography; methods, normal standards, and clinical application. Geriatrics. 

1956;11(10):425–33.
 12. Millasseau SC, Ritter JM, Takazawa K, Chowienczyk PJ. Contour analysis of the photoplethysmographic pulse meas-

ured at the finger. J Hypertens. 2006;24(8):1449–56.
 13. Takazawa K, Tanaka N, Fujita M, Matsuoka O, Saiki T, Aikawa M, Tamura S, Ibukiyama C. Assessment of vasoac-

tive agents and vascular aging by the second derivative of photoplethysmogram waveform. Hypertension. 
1998;32(2):365–70.

 14. Lopez-Beltran E, Blackshear P, Finkelstein S, Cohn J. Non-invasive studies of peripheral vascular compliance using a 
non-occluding photoplethysmographic method. Med Biol Eng Comput. 1998;36(6):748–53.

 15. Ruiz-Rodríguez JC, Ruiz-Sanmartín A, Ribas V, Caballero J, García-Roche A, Riera J, Nuvials X, de Nadal M, de Sola-
Morales O, Serra J. Innovative continuous non-invasive cuffless blood pressure monitoring based on photoplethys-
mography technology. Intensive Care Med. 2013;39(9):1618–25.

 16. Allen RA, Schneider JA, Davidson DM, Winchester MA, Taylor CB. The covariation of blood pressure and pulse transit 
time in hypertensive patients. Psychophysiology. 1981;18(3):301–6.

 17. Geddes L, Voelz M, Babbs C, Bourland J, Tacker W. Pulse transit time as an indicator of arterial blood pressure. Psy-
chophysiology. 1981;18(1):71–4.



Page 14 of 14Shin and Min  BioMed Eng OnLine  (2017) 16:10 

 18. Naschitz JE, Bezobchuk S, Mussafia-Priselac R, Sundick S, Dreyfuss D, Khorshidi I, Karidis A, Manor H, Nagar M, Peck 
ER, et al. Pulse transit time by R-wave-gated infrared photoplethysmography: review of the literature and personal 
experience. J Clin Monit Comput. 2004;18(5–6):333–42.

 19. Obrist PA, Light KC, McCubbin JA, Hutcheson JS, Hoffer JL. Pulse transit time: relationship to blood pressure and 
myocardial performance. Psychophysiology. 1979;16(3):292–301.

 20. Payne RA, Symeonides CN, Webb DJ, Maxwell SR. Pulse transit time measured from the ECG: an unreliable marker of 
beat-to-beat blood pressure. J Appl Physiol. 2006;100(1):136–41.

 21. Chen MW, Kobayashi T, Ichikawa S, Takeuchi Y, Togawa T. Continuous estimation of systolic blood pressure using the 
pulse arrival time and intermittent calibration. Med Biol Eng Comput. 2000;38(5):569–74.

 22. Geddes L, Voelz M, James S, Reiner D. Pulse arrival time as a method of obtaining systolic and diastolic blood pres-
sure indirectly. Med Biol Eng Comput. 1981;19(5):671–2.

 23. Wippermann CF, Schranz D, Huth RG. Evaluation of the pulse wave arrival time as a marker for blood pressure 
changes in critically ill infants and children. J Clin Monit. 1995;11(5):324–8.

 24. Li Y, Wang Z, Zhang L, Yang X, Song J. Characters available in photoplethysmogram for blood pressure estimation: 
beyond the pulse transit time. Australas Phys Eng Sci Med. 2014;37(2):367–76.

 25. Shaltis PA, Reisner A, Asada HH. Wearable, cuff-less PPG-based blood pressure monitor with novel height sensor. In: 
Conference proceedings: annual international conference of the IEEE Engineering in Medicine and Biology Society, 
vol 1. 2006; p. 908–11.

 26. Shaltis PA, Reisner AT, Asada HH. Cuffless blood pressure monitoring using hydrostatic pressure changes. IEEE Trans 
Bio-med Eng. 2008;55(6):1775.

 27. McCombie DB, Shaltis PA, Reisner AT, Asada H. Adaptive hydrostatic blood pressure calibration: development of a 
wearable, autonomous pulse wave velocity blood pressure monitor. In: Conference proceedings: annual interna-
tional conference of the IEEE Engineering in Medicine and Biology Society, vol 2007. 2007. p. 370–3.

 28. Penaz J. Photoelectric measurement of blood pressure, volume and flow in the finger. In: 10th international confer-
ence on medical and biological engineering, Dresden, Germany, p. 104. 1973.

 29. Wibmer T, Denner C, Fischer C, Schildge B, Rudiger S, Kropf-Sanchen C, Rottbauer W, Schumann C. Blood pres-
sure monitoring during exercise: comparison of pulse transit time and volume clamp methods. Blood Press. 
2015;24(6):353–60.

 30. Allen J. Photoplethysmography and its application in clinical physiological measurement. Physiol Meas. 
2007;28(3):R1–39.

 31. Cook LB. Extracting arterial flow waveforms from pulse oximeter waveforms apparatus. Anaesthesia. 
2001;56(6):551–5.

 32. Wisely NA, Cook LB. Arterial flow waveforms from pulse oximetry compared with measured Doppler flow wave-
forms apparatus. Anaesthesia. 2001;56(6):556–61.

 33. Takada H, Washino K, Harrell JS, Iwata H. Acceleration plethysmography to evaluate aging effect in cardiovascular 
system. Using new criteria of four wave patterns. Med Prog Technol. 1995;21(4):205–10.

 34. O’Rourke MF, Yaginuma T. Wave reflections and the arterial pulse. Arch Intern Med. 1984;144(2):366–71.
 35. Brands PJ, Hoeks AP, Willigers J, Willekes C, Reneman RS. An integrated system for the non-invasive assess-

ment of vessel wall and hemodynamic properties of large arteries by means of ultrasound. Eur J Ultrasound. 
1999;9(3):257–66.

 36. Brewer LC, Chai HS, Bailey KR, Kullo IJ. Measures of arterial stiffness and wave reflection are associated with walking 
distance in patients with peripheral arterial disease. Atherosclerosis. 2007;191(2):384–90.

 37. London G, Guerin A, Pannier B, Marchais S, Benetos A, Safar M. Increased systolic pressure in chronic uremia. Role of 
arterial wave reflections. Hypertension. 1992;20(1):10–9.

 38. Westerhof N, O’Rourke MF. Haemodynamic basis for the development of left ventricular failure in systolic hyperten-
sion and for its logical therapy. J Hypertens. 1995;13(9):943–52.

 39. Shin HS, Lee C, Lee M. Adaptive threshold method for the peak detection of photoplethysmographic waveform. 
Comput Biol Med. 2009;39(12):1145–52.

 40. Bortolotto LA, Blacher J, Kondo T, Takazawa K, Safar ME. Assessment of vascular aging and atherosclerosis in 
hypertensive subjects: second derivative of photoplethysmogram versus pulse wave velocity. Am J Hypertens. 
2000;13(2):165–71.

 41. Alty SR, Angarita-Jaimes N, Millasseau SC, Chowienczyk PJ. Predicting arterial stiffness from the digital volume pulse 
waveform. IEEE Trans Bio-med Eng. 2007;54(12):2268–75.

 42. Brillante DG, O’sullivan AJ, Howes LG. Arterial stiffness indices in healthy volunteers using non-invasive digital pho-
toplethysmography. Blood Press. 2008;17(2):116–23.

 43. Chowienczyk PJ, Kelly RP, MacCallum H, Millasseau SC, Andersson TL, Gosling RG, Ritter JM, Änggård EE. Photop-
lethysmographic assessment of pulse wave reflection: blunted response to endothelium-dependent beta2-adren-
ergic vasodilation in type II diabetes mellitus. J Am Coll Cardiol. 1999;34(7):2007–14.


	Feasibility study for the non-invasive blood pressure estimation based on ppg morphology: normotensive subject study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Vessel wall movement and approximated model
	Derivative analysis
	Experiment

	Results
	Sectionization by derivatives
	Statistical analysis

	Discussion
	Hypothesizes validation
	Limitations
	Concluding remarks

	Authors’ contributions
	References




