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Abstract :Unobtrusive methods to monitor blood pressure variability emerges a significant biomarker of cardiovascular control mechanisms. Short-term blood pressure
fluctuations might have a prognostic relevance, predicting
organ damage and cardiovascular events. There are evidences of positive correlation between increased blood pressure
variability, higher average blood pressure level and age.
However, until now increased blood pressure variability
indexes are not utilized in the clinical practice. One of the
preventing factors is unavailability of long-term unobtrusive
methods for continuous blood pressure registration. Goldstandard 24h blood pressure monitoring with 15 min intervals provides information on blood pressure fluctuations
occurring in the “very low” frequency range, whereas the
higher-frequency components of blood pressure variability
go undetected and can only be assessed with a beat-to-beat
measurement technique. The pulse volume waves unobtrusively registered as Photoplethysmogram is an attractive
alternative to represent ongoing changes in the body hemodynamics. The primary goal of the research was to investigate correlations between the variability of blood pressure
parameters and indexes extracted from the model-based
analysis of Photoplethysmogram signal. The algorithms for
tracking the systolic edge slopes of Photoplethysmogram
were investigated primarily. Parametric models (linear and
hyperbolic tangent) were fitted continuously over time to
detected systolic edges of the hemodynamic pulses. Algorithms for tracking the extracted parameters over time were
developed in Matlab software. The preliminary results of
experiments show small association between extracted
Photoplethysmogram parameters and blood pressure variation during the tilt table test.

Introduction
When our heart beats and blood pumped into body, blood
moves and gives a pressure to the wall of the blood vessels
that strength of this pressure is called blood pressure (BP).
Ideally a normal blood pressure is 120/80 systolic (highest
pressure)-diastolic pressure (lowest pressure), but when these normal pressure varying in ranges of higher and lower
numbers such as 140 systolic and 100 diastolic situation
called hypertension, similarly less than normal blood pressure causing hypotension see in Error! Reference source
not found..These pressure fluctuate from normal to high
time by time called blood pressure variation. BP variability

is also defined as the average variation of BP throughout the
day, quantitated as the standard deviation of ambulatory BP.
It is increased in hypertensive individuals and increases with
aging.
The measurement of BPV is helpful to understand and diagnose the function of the cardiovascular system, various indirect methods of measuring BP such as Riva-Rocca’s,
oscillometric, ultrasound, and tonometry. Different noninvasive methods utilizing PPG wave analysis devices. Such
measurements reveal the systolic pressure in a specific instant of time. These methods do not require inflation and
following deflation, which is time consuming and prevents
continuous measurement. Moreover, for convenient measurements, the time interval for measurements should be at
least 2 minute.

Literature analysis
There are strong relations between blood pressure and cardiovascular diseases which represents 50% of the world’s
cause of death by CV diseases [1].The normal pattern of
blood pressure is decrease of around10%−20% during the
night, which resemble with hours of sleep, and is referred to
as dipping. While a non-dipping pattern is seen in which the
normal night sleep fall of pressure is absent. In order to recognize dipping and non-dipping pattern SBP, DBP and mean
blood pressure (MBP) taken account that is accurately accessed by 24-hour ambulatory monitor. While mean arterial
pressure (MAP) used as the BP index for confirmation of
dipping status [2]. Therefore to recognize dipping and nondipping pattern of BP, various methods are there we can use
diary card entry method. Where we observe the10% cut off
fall of sleep time BP for dippers, if it’s less than 10% cut off
in sleep time BP, person is non-dipper.

Figure 1, 24 hour ambulatory blood pressure monitoring 1
1

http://www.vectordiagnostics.ca/blood-pressure-monitor/
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24-hour ABPM is a self-operated device that recorded BP by
using the oscillometric method and gives rate of heart variability over 30 minutes for 24 hours. Average BP of sleep BP
measured, the time patient came in to bed and till the time
patient move of bed and also awaken BP, average BP measurement recorded during day. With this device nocturnal
SBP fall calculated with, 100*[1- sleep SBP/day time SBP
ratio]. Differentiate the patients with the nocturnal fall, extreme dippers when nocturnal SBP fall is ≥ 20%, dippers
when the fall is ≥10%, no dippers when it is ≥ 0% [7].
This device removes biasness and gives information on BP
levels and heart rate all the day. The big recordings obtain
during the patient's activities provides true BP, also helpful
for the diagnosis of hypertension. Commercial availability of
Holter type BP devices is presented in Table 1

pressure pulse wave and measure the blood pressure [9].
There are several signals of Sphygmograph that did not explains the strength of the arterial pulse, associated with force
over an area of the artery wall that quantify indirectly for the
development of the brachial cuff and the auscultator technique to produce the sphygmomanometer [10].

Figure 2, Triditional E J Marey sphygmograph [10]
Table 1 Commercial 24h ambulatory monitors

Product
Name
Holter with
CUFF
(CM1203)

Function type
ambulatory
NIBP data can
be recorded
once

Product Description

Price
Range
$479.95

and portable,
friendly interface,

The very first recordings of the arterial pulse contour were
made in 1863 by E J Marey with Traditional sphygmomanometer Figure 2 was a big wooden device, measure brachial
cuff systolic and diastolic pressure used to quantify levels of
arterial pressure.
Shortcomings of sphygmograph [11]:
 Cuff pressure is dependent on the transduction pro-

range: adult,
pediatric.
CONTEC
Abpm50

Ambulatory
NIBP data can
be recorded
once.

range: adult,
pediatric,
neonatal

cess, while there fidelity cannot be determined.
$195.80
($195)

Problems with existing methods for blood
pressure variability







Causing discomfort, particularly at night during
sleep because of cuff see in Figure
Need to use reluctantly by some patients, especially for repeat measurements.
Cost implications see Table 1 Price range.
Reproducibility is not perfect.
Possibility of inaccurate measurement readings
while activity.
Inability to detect genuine art factual measurements

Cuff-less solutions for blood pressure
variability estimation
Sphygmograph
This device used for graphically recording of form, strength,
and variations of the arterial pulse, introduced in 1854 by
Karl von Vierordt Use, non-invasive device to record the



Cuff pressure underestimate true arterial systolic
pressure that is independent to device with increased variability at monitoring time.



Wide variation in pulse pressure observes with scatter in systolic pressure.

Vascular unloading technique – (Penaz
Method)
Penaz et al, explained the principle of “unloaded arterial
wall”, in this method arterial pulsation observed by photoplethysmography in a finger with a pressure cuff [12]. Instrument based on the volume clamp method of the blood
volume under an inflatable finger cuff with an infrared photo
plethysmography which is placed inside the cuff, on top of
the finger and detector another side that detect and transfer
signal to control system that is connected to counter pressure
can see in Figure 3.The finger cuff is connected to a small
box like device connected to the hand. It has pneumatic
valve, a pressure transducer, and electronics for the
plethysmography. The blood volume visualize by the
plethysmography is clamped to a set point value by appropriately adjusting cuff pressure in parallel with intra-arterial
pressure with an electro pneumatic servo system.
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Measurements of PAT have several applications e.g. estimation of arterial blood pressure, bar reflex sensitivity, cardiac
output
[17].
Electrocardiogram
(ECG)
and
Photoplethysmogram (PPG) are often used for PAT estimation. There are many definitions of PAT on the basis of the
measured time interval (See Figure 5).

Figure 3, Vascular unloading technique Error! Reference source
not found.

Digital CNAP-technology
Continuous non-invasive AP (Arterial pressure) measurements by a new device called CNAP TM (CN Systems
Medizintechnik AG, Graz, Austria) commercially available.
Figure 4 showing cuff with two arterial sites with finger
gives oscillometric measurements with detection of fast
changes in AP during interventional endoscopy. This device
monitors blood pressure also on volume clamp method, in
ﬁnger. Where blood ﬂow oscillations sensed by the ﬁnger
cuff to continuous pulse pressure waveforms and beat-tobeat values of AP [13]

Figure 5, Peak of the ECG R-wave to a fiducially point on the
PPG up slope [18]

PAT based on the high quality PPG signal with clearly visible fiducially points on the PPG waveform. However, in
case of, orthostatic test subject movement is involved [18].

Pulse transit time (PTT) based blood pressure estimation
Pulse transit time is the time taken by a pulse wave to travel
among two arterial sites. Blood pressure directly proportional to the speed of arterial pressure wave travels. A rise in
blood pressure causes vascular tone to increase and that
makes the arterial wall stiffer causing the PTT shortens Error! Reference source not found. an example (See inFigure
6).

Figure 4, Finger and translates blood ﬂow oscillations in CNAP
[13]

Shortcomings of CNAP [14]:
 Since AP changes during the measurement period
may increase the size of the measurement error.
 This evaluation protocols may partly not be applicable to continuous non-invasive AP measurements.

Pulse arrival time (PAT) based blood pressure estimation

Figure 6, Example of PTT with finger PPG and toe PPG in
comparison with ECG Error! Reference source not found.

Pulse arrival time (PAT) is the time period which is needed
for a pulse wave to travel the distance from the heart to any
site of the body (e.g. finger, forehead, earlobe, and toe).
27
VARIABILITY INVESTIGATION OF BLOOD PRESSURE ESTIMATES EXTRACTED FROM PHOTOPLETHYSMOGRAM

ISSN:2321-1156
International Journal of Innovative Research in Technology & Science(IJIRTS)
Effect of vascular changes on the PPG sigAnalysis of effects of blood pressure
nal at different hand elevations
on systolic edge of PPG pulse
Effect of rising edge in different age of
people
Zahedi et al. described a windkessel model to verify the effect of PPG pulse rising edge and peak position. He has chosen 20 to 59 years old subjects, on the basis of PPG amplitude and systolic diastolic pressure, found peripheral pulse
shows steep rise and early peak in young subject, on other
hand slope becomes blunted in older age people as we can
see in Figure 7 Error! Reference source not found. it’s
slowly becoming blunted in different age people.

Hickey et al, explains venous and arterial effects from the
photoplethysmographic signal PPG signals from the left
index finger. On the hand to 50 cm under heart level, ac and
dc both PPG amplitudes from the finger decreased. While,
on raising the arm above heart level ac and dc PPG amplitudes increased see in Figure 9 Error! Reference source
not found..

Figure 9 (a) the unaltered PPG signals and (b) PPG signals
approximately the same amplitude

Figure 7 Single PPG pulse, three subjects from different age
group Error! Reference source not found.

The Windkessel model (McDonald 1974) is describe hemodynamics relationship between aortic blood flow and pressure in vascular system. Circuit work like a first-order lowpass filters (Figure 8). Such a filter transfer stepwise changes
in pressure with some delay, Zahedi et al, Error! Reference
source not found. chosen the signal for analysis and its recording location.
Various scientists use such circuit for describe the blood
flow system through the heart, organs and supplying vessels
[6]. In Figure 8 each segment has been calculated based on
relating diameter, length and thickness of vessels.

Figure 8 10-Elements Windkessel model Error! Reference source
not found.

In systolic phase Figure 9 we can see that all three waveforms representing sharp systolic peak. However, the time
from the foot of the wave to the systolic peak is less when
the hand is at −50 cm than at heart level or elevated by 50
cm. Error! Reference source not found..
In the diastolic phase there are sharp differences the diastolic
slope in the −50 cm PPG signal declines rapidly from the
systolic peak from the heart level position dichroitic notch is
visible Figure 9 b). At heart level, a fluctuation point, related
with the diacritic notch and peak, is visible, while in the elevated position the dichroitic notch is not clearly visible and
not differentiable from the systolic peak.

Nonlinear relationship between diameter of
the artery and blood pressure
Dhawan et al. explain the diameter of arteries increased with
increasing intraluminal pressure. Where, at normal pressures, the ratio of change in diameter: change in pressure
was significantly lower in arteries effect in repeatedly breed
RB than from age-matched virgins rats Figure 10.
Similarly Jessica et al Error! Reference source not found.,
explains in wild type (WT) and mice with one elastin allele
younger ones have Vessel inner diameters are similar at
physiological blood pressures in comparison of aorta inner
diameters of adult WT and Eln mice Figure 11. So increasing arterial inner diameter with an increase in blood pressure
is necessary to maintain cardiac output green lines show the
diameter of the wild type artery at physiological systolic (S)
and diastolic (D) pressures
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>

(5)

From (5) and Figure 10 we can see compliance c1 higher at
lower pressure and c2 lower at higher pressure. So we could
conclude for different age people, in different age group
compliance will be different Such as in older people due to
rigidity in their wall compliance will be higher while in
middle age people its moderate and in young people less so
diameter will be big gives rise sharp peak in pulse peak Error! Reference source not found..

Figure 10, Blood vessel diameter versus blood pressure

.

Preprocessing
ECG and PPG signals were band pass filtered with 12-30 Hz
and 0.15-20 Hz filters, respectively. We used Pan-Tomkins
algorithm for RR intervals detection. These intervals were
used for PPG signal segmentation into pulses for subsequent
estimation of raising front slopes of PPG pulses.

Estimates of raising front slope of PPG
pulses

Figure 11, Blood vessel diameter versus blood pressure in
younger and older mice

Where from Zahedi et al. described increase in the arterial
blood volume dV, is increase the arterial blood pressure
(dP). The compliance will decrease with age progression
because of changes in the elastin and collagen content of the
arterial wall Error! Reference source not found..
So similarly we assume as pressure increases diameter increases but until saturation where diameter stops increasing.
The parameter values for every section have calculated
based on equations of diameter, length and thickness of
blood vessels Error! Reference source not found.. Arterial
rigidity can be characterized by the arterial compliance C,
defined by (1)

Peak position:
The first slope estimate was proposed by Zahedi Error!
Reference source not found. peak position method, peripheral pulse shows a rise in younger subjects. With age, the
slope becomes blunted in older people, the rise is slow and
the pulse peak appears later (Figure 12). Results were verified by a 10-element Windkessel model.

(1)

Suppose we have compliance C1 (2) and C2 (3)

C1 
C2 

d1
p

d 2
p

∆V1=∆d1.L>
∆d2.=∆V2

(2)

Figure 12, PPG signal pulses definition

PPG derivative-based
(3)

(4)

The second slope estimate was proposed by Pilt , the slope
of the PPG signal rising front calculation in Pilt estimation
was derived from already existing study by Zahedi et al Error! Reference source not found. The first derivative signal
x[m] (m sample number) it was calculated from the PPG
signal x[m]. For each return, point m was obtained from the
first derivative signal of PPG. Moreover, the amplitude of
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the PPG signal PPG amplitude was calculated for every recurrence (Figure 13). The slope of the raising front of the
PPG signal Sr was calculated for each recurrence as:

Hyperbolic tangent parameterization of systolic edges of
PPG pulses is exemplified in Figure 15:

(6)
Where:
– the first PPG derivative, APPG – amplitude of
PPG signal pulse, fd – sampling frequency.

Figure 15 Examples: tanh functions with changing parameter σ
(a), fitting of the lines to systolic edges of PPG pulses (b)

Figure 13 PPG signal x[n] (a) and first derivative of the PPG
signal x′ [m] (b) with detected sample number Error! Reference
source not found.

Model based estimates
As the third and fourth slope estimates, we propose to parameterize systolic edge with line and hyperbolic tangent
functions and to use parameters a and σ as slope parameters:

(7)
(8)
Linear parameterization of systolic edges of PPG pulses is
exemplified in Figure 14:

In Figure 15 only the middle part of tanh function is used for
fitting. The tanh function parameters (A, µ, σ and C) are
estimated by optimization technique (least squares algorithm). The parameter σ is associated with the slope of systolic edge of PPG pulses and will be used as the surrogate
parameter for blood pressure.

Equipment, Data and Agreement
Evaluation
Equipment
Data was acquired by using two synchronized physiological
signals recording systems. ECG, PPG and ACC signals were
acquired by using Cardioholter6.2-8E78 (BMII, Lithuania)
Figure 16 (b). Continuous blood pressures were acquired by
a non-invasive continuous finger blood pressure measurement and recording system Portapres Model-2 (Finapres
Medical Systems B. V., Netherlands) see in Figure .(c) BP
signal sampling frequency was 100 Hz

Tilt table Canaletto Pro (a)
Figure 14 Examples: line slope as the function of parameter a
(a), fitting of the lines to systolic edges of PPG pulses (b)
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Protocol
Table 4 Data recording during orthostatic test (Protocol), position and time duration

Time Duration
10 Min
1 min
5 min
1 min
5 min

Cardioholter6.2-8E78 (b)

Position of Test (5-Intervals)
Early supine, I interval
tilting positions, II interval
Standing, III interval
tilting positions, IV interval
late supine, V interval

Agreement evaluation
The agreement of different methods for blood pressure variability estimation was evaluated by time (correlation function) and frequency (coherence function) domain analysis.

Maxima of cross-correlation function

Portapres Model-2 (c)
Figure 16, Tilt table Canaletto Pro (a), Cardioholter6.28E78 (b), and reference equipment Portapres Model-2 (c)

Cross-correlations function estimating time domain similarity between time series, used in the analysis of multiple time
series. Cross-correlation analysis is a generalization of linear
correlation analysis. Measure of the strength of the correlation is given by the correlation coefficient,

(6)

Table 2 Devices used to record PPG ,ECG and ACC signals
with site of recording and sampling frequency

Device Type
Cardioholter6.28E78(BMII,Lithuania)

Portapres Model-2

Signal
Type
ECG,
PPG
and
ACC
BP signal

Sampling
Friequency
ECG-500Hz,
PPG - 250
Hz and ACC
- 50
100 Hz

Site
Finger

Finger

Where N pairs of values (xK,yK) and their respective means
are and . And L is delay, When the two variables x and y
are perfectly correlated, r= 1. If they are perfectly anti correlated, r= -1. If they are completely uncorrelated= 0.

Magnitude squared coherence
Data
Tilt table test data was used to evaluate the proposed methodology. We investigated the recordings from 14 volunteers
(10 female, 4 male) aged 19 – 30 years (Table 2). The subjects were recommended not to take any substances that influencing cardiovascular system (alcohol, caffeine) and
smoking for 6 h before the examination. They were normal,
not obese and not taking medication for the duration of the
study.
Table 3 Characteristics of the subjects (mean± standard deviation)

Subjects (n) =14
Age (year)
Height (cm)
Weight (kg)
BMI (body mass index)
(kg/m2)

25.65 ± 2.50
174.94±9.96
67.47 ± 10.67
21.98 ± 2.27

The magnitude squared coherence estimate is a frequency
domain measure. Its values can vary between 0 and 1 and
indicates how well the process x corresponds to process y at
each frequency. The magnitude squared coherence is a function of the power spectral densities. Suppose cross-power
Sxy (
can be interpreted like correlation between x(n)
and y(n) at a given frequency. The normalized cross power
spectrum is defined in (7):
(7)
This is known as the coherence function. Normalization is
done with the square root of the two power spectra. While,
the magnitude coherence squared coherence is given in (8):
(8)
And its range is defined by

(9)
≤1

(9)
31

VARIABILITY INVESTIGATION OF BLOOD PRESSURE ESTIMATES EXTRACTED FROM PHOTOPLETHYSMOGRAM

ISSN:2321-1156
International Journal of Innovative Research in Technology & Science(IJIRTS)
Results
Time domain analysis
Figure 17 below shows examples of registered multimodal
signals for all duration of tilt table test a) ECG signal, b)
PPG signal and c) BP signal between 600 to 1000 sec subject is in tilt position, where and excerpts of signals showing
during supine position Figure 17 a) and tilting positions b). It
can be observed that ECG amplitude does not depend on
subject position either in tilting and supine position. While
PPG amplitude decreases during tilt position and BP amplitude increases during tilt position.
Figure 18 shows example of time course of extracted PPG
and BP parameters for one subject where we could observe
in a) PATderiv amplitude decreasing in supine position then
increasing in tilt position, in b) PATfoot in tilt position amplitude increasing in tilt position and decreases in supine. In
Spilt parameter, amplitude decreases in tilt position. Similarly
in parameter Sa, Sσ and SBP amplitude increases in tilt position and decreases in supine position while Pilt parameter
Spilt amplitude is decreasing in tilt position that is not showing ideal calibration.

Figure 18 PPG and BP parameters for one subject

Scatter diagram are shown in Figure 19 explaining observed
correlation with SBP, DBP and BPPP with all the design
parameters and SBP gives quite well correlation prominently
with Spilt and SBP, while with DBP also had good correlation
in PATderv and Spilt. On other hand, BP PP was not having
very good correlations. So for further estimation of blood
pressure scatter diagram showing better correlation of SBP
with Pilt parameter Spilt, so we could use obtained correlation
between SBP and Spilt for estimation.

Figure 19 Scatter diagram of SBP, DBP and BP PP with designed parameters

Figure 17 Example of registered multimodal signals for one
subject: supine position (a) tilt position (b)

In Correlation matrix shown below in Table 5 between estimates (mean ± std) we have got a strong (positive) linear
relationship between PATfoot and PATderiv with 0.89±0.05
followed by SBP and BP PP with 0.66±0.18 Similarly a
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moderate relationship observed in between Spilt and in design
parameter Sσ with 0.5±0.24.On other hand a correlation
found in between DBP and SBP with 0.59±0.15 and BPPP
and SPilt with 0.40±0.13. Also Pilt parameter and SBP with
0.34±0.09, giving a significant correlation result in order to
apply for blood pressure monitoring. Remaining our designed parameter with SBP didn’t give significant correlation.
Table 5 Correlation matrix (mean ± std)
PAT
DerM
ax

PAT

PATFo
ot

SPilt

Sa

Sσ

SBP

DBP

BP
PP

1

0.89±
0.05

0.24±
0.12

0.19±
0.04

0.11±
0.05

0.19±
0.08

0.20±
0.10

0.19±
0.09

-

1

0.21±
0.10

SPilt

-

-

1

0.01±
0.03
0.31±
0.14

Sa

-

-

-

1

0.21±
0.06
0.54±
0.19
0.24±
0.10

Sσ

-

-

-

-

1

0.16±
0.07
0.34±
0.09
0.26±
0.11
0.26±
0.06

SBP

-

-

-

-

-

1

.18±0
.09
0.39±
0.12
0.32±
0.17
0.33±
0.15
0.59±
0.15

DBP

-

-

-

-

-

-

1

0.18±
0.08
0.40±
0.13
0.24±
0.10
0.19±
0.06
0.66±
0.18
0.32±
0.11

BP
PP

-

-

-

-

-

-

-

DerM
ax

PAT
Foot

Frequency domain analysis
Magnitude square can be considered as frequency domain
counterpart of cross-correlation coefficient. The magnitude
squared coherence for two signals describing heart rate and
systolic arterial pressure. From experiment and their result
shown in that the two parameters are strongly correlated
around 0.1 Hz since the magnitude square coherence is
around 0.8, with SBP PATFoot and SBP PATderv had the same
coherence. PATFoot and PATderv gives good correlation with
all the parameters Similarly our designed parameters with
SBP Sσ gives moderate correlated around 0.1 Hz since the
magnitude square coherence 0.6 and SBP Sa around 0.1Hz
since the magnitude square coherence is obtain around 0.5.
These results show that our method poorly agrees with the
reference method.

Figure 20 Magnitude squared coherence of designed
parameters for one subject

Discussion, Conclusions

Results shows that correlations between the variability of blood pressure parameters and indexes extracted
from
the
model-based
analysis
of
Photoplethysmogram signal, Pilt and Zahedi’s estimates are evidences of positive correlation between
increased blood pressure variability, higher average
blood pressure level and age. Taking in account these
two Pilt’s and Zahedis rising edge estimation, our
1
parametric models (linear and hyperbolic tangent) are
fitted continuously over time to detected systolic
edges of the hemodynamic pulses in time domain
analysis. Correlation matrix between estimates (mean ± std)
show a strong relationship between already known parameters PATfoot and PATderiv with 0.89±0.05 followed by SPilt
(Pilt parameter) and Sσ (0.54±0.19.While in our designed
parameter Sσ and Sa we have got correlation with systolic
blood pressure was 0.26±0.11and 0.26±0.06 respectively.
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