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Cardiovascular System Modeling Using Windkessel Segmentation Model
Based on Photoplethysmography Measurements of Fingers and Toes

Abstract

Background: Photoplethysmography (PPG) contains information about the health condition of
the heart and blood vessels. Cardiovascular system modeling using PPG signal measurements can
represent, analyze, and predict the cardiovascular system. Methods: This study aims to make a
cardiovascular system model using a Windkessel model by dividing the blood vessels into seven
segments. This process involves the PPG signal of the fingertips and toes for further analysis to
obtain the condition of the elasticity of the blood vessels as the main parameter. The method is to
find the Resistance, Inductance, and Capacitance (RLC) value of each segment of the body through
the equivalent equation between the electronic unit and the cardiovascular unit. The modeling made
is focused on PPG parameters in the form of stiffness index, the time delay (At), and augmentation
index. Results: The results of the model simulation using PSpice were then compared with the results
of measuring the PPG signal to analyze changes in the behavior of the PPG signal taken from ten
healthy people with an average age of 46 years, compared to ten cardiac patients with an average age
of 48 years. It is found that decreasing 20% of capacitance value and the arterial stiffness parameter
will close to cardiac patients’ data. Compared with the measurement results, the correlation of the
PPG signal in the simulation model is more than 0.9. Conclusions: The proposed model is expected
to be used in the early detection of arterial stiffness. It can also be used to study the dynamics of the
cardiovascular system, including changes in blood flow velocity and blood pressure.
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Although ECG has been implemented
through many improvements lately, users’
flexibility, portability, and convenience
are considered low.*® The wuse of
bio-electrodes attached to specific locations
on the human body will reduce the
flexibility and comfort of the user. Thus,
photoplethysmography (PPG) emerged as
an alternative measurement of heart rate
monitors,’! especially in measuring heart
rate variability.[”

Introduction

Cardiovascular disease (CVD) is the leading
cause of death in the world. Hypertension is
clinically considered a significant factor in
CVD. Hypertension is generally caused by
age and lifestyle factors, such as smoking,
consuming unhealthy food products,
obesity, low physical activity, and alcohol
consumption; these factors will then cause
dysfunction in the endothelial layer. The
endothelial layer under the arteries consists

of a single layer of cells and elastic tissue,
especially collagen. Endothelial dysfunction
is a result of fat accumulation in the
arteries, which causes the arteries to lose
their elasticity. Those with hardening of
the arteries are characterized by high blood
pressure or hypertension.!'*]

Electrocardiogram (ECG) device is usually
used in monitoring cardiovascular health.
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PPG is a method of measuring blood
circulation volume using an affordable
and feasible optical instrument. PPG is
often used to monitor heart rate with
noninvasive technology using infrared rays
and a photodetector on the surface of the
skin. In addition, to show the approximate
heart rate, the PPG signal contains some
important information regarding human
health conditions.®? The PPG signal can
be used to evaluate a variety of CVDs,
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including vascular stiffness, and the stiffness index (SI), as
a parameter of vascular stiffness, can be analyzed for early
detection of disease with potential soon.”!!!

To study the cardiovascular system, it is necessary to
make a mathematical model based on the anatomical and
physiological data of an individual patient."*'*) The model
is a tool to simplify the real system so that its function can
be better understood with the ultimate goal of making a
medical device that is cheaper and more effective. One of
the simple cardiovascular system models that can be used as
decision support in clinical practice is the lumped parameter
model. The cardiovascular system is modeled as a set of
resistor (R), inductor (L), and capacitor (C) (electrical
equivalent) circuits or modeled with the Windkessel (WK)
model as an air chamber.['>17]

The two-element WK model consists of R and C, which
models the entire arterial system in terms of pressure and
blood flow. Because it is very simple, this model cannot
describe the propagation of the waves and their reflections
that occur in body tissues.!'™!) The three-element WK
model adds a resistor after the RC circuit as the impedance
of the arterial system. The resistor acts as the total
characteristic impedance, and the capacitor is stored to
represent the elastic body tissue.?*?!! The addition of a
resistor to the three-clement WK significantly improves
the accuracy of simulating systolic and diastolic pressures
in the aorta.”” Another WK-3 element model is to arrange
the resistor and capacitor in series.””! Both of these models
cannot show wave reflection because of the elasticity of the
blood vessel walls. To increase accuracy, WK-4 element
was made by adding an inductor representing the inertia
of the blood flow. The use of this inertia reduces the error
of the input impedance.?*?” The WK-2, WK-3, and WK-4
models have weaknesses in explaining the pressure from
the venous side so that models with 5 and 6 elements are
made, which provide a better description of the venous
system.?®!

One-segment WK model that represents the entire vascular
system is deemed insufficient to simulate the arterial
system, so a multi-segmented model is made to represent
the branches in the arteries. The blood vessels are divided
into several segments and made as a series of R, L, and C,
according to the characteristics of each segment.?*3"

To the best of our knowledge, from several existing WK
models, ranging from two elements to multi-compartment,
there is no reflection on the diastolic part, and there is no
simulation on the toes using PPG signal analysis. As it
is known that blood is also pumped through the arteries

of the legs, therefore, in this study, a WK model with
segmentation was analyzed to simulate PPG waves on the
fingertips and toes to understand the reflection wave to
the function of the cardiovascular system both upper and
lower body vessels in a noninvasive manner. In this study,
the cardiovascular system was modeled as an electrical
circuit. This can express a distinct mechanical property
of the blood vessels. In this study, blood vessels were
modeled into seven segments which represent the main
arteries in the human body. WK model is proposed with
seven segments consisting of a series of R, L, and C. The
parameters are arranged according to the classification
of arterial segmentation. Segment-1 represents the
fingertip, while segment-7 represents the toes. The heart is
represented between segment-3 and segment-4. The other
segments represent the blood vessels of the arms and legs.
The determination of PPG signal parameters is done by
comparing the PPG signal measured in healthy persons
with the PPG signal measured in cardiac catheterization
patients, which can be used as a supporting tool for early
detection of CVD in the future.

Materials and Methods

This research consists of two methodological stages. The
first stage is the stage of collecting data used as reference
data from the model by first conducting statistical
tests (analysis of variance [ANOVA] test) to ensure that the
data can be used as a reference. The second stage is the
development of the WK segmentation model based on the
physiology of blood vessels.

Several processes were carried out in collecting data,
including PPG recording, signal preprocessing, and peak
detection using first and second derivatives until the PPG
parameter is obtained, as shown in Figure 1. In modeling
the vascular system proposed in this study, modeling the
WK circuit, which is equivalent to the vascular system.
Figure 2 shows the proposed vascular modeling process.

Data collection

This study analyzed PPG signals in healthy person and
cardiac patient. Healthy adult subjects were selected with
the criteria of having normal blood pressure and normal
cholesterol. Meanwhile, cardiac patients were selected
based on the criteria for patients who would undergo
cardiac catheterization surgery. Subjects involved in the
study were aged between 46 and 48 years. The number
of samples involved in this study is based on the Slovin
formula. With parameters, (1) the proportion of heart
disease cases in Indonesia is 1.5%,1%%2 (2) the confidence
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Figure 1: The stages in feature extraction of Photoplethysmography signal

Journal of Medical Signals & Sensors | Volume 12 | Issue 3 | July-September 2022 193



[Downloaded free from http://www.jmssjournal.net on Saturday, July 30, 2022, IP: 176.102.243.7]

Dewi, et al.: Cardiovascular modeling using windkessel segmentation

level is 95%, and (3) alpha = 0.05. The data were collected
from ten healthy persons and ten cardiac patients from
Diagnostic and Cardiac Center Hasan Sadikin General
Hospital Bandung recorded using noninvasive vascular
analyzer (NIVA) device. NIVA is a noninvasive medical
device with a pressure sensor and PPG sensor to analyze
blood vessel health condition developed by the Biomedical
Engineering Expertise Group, Bandung Institute of
Technology. The person was measured while a person was
lying down position so that heart and measured body part
were in a parallel position. PPG sensor was placed at the
fingertip and toes. The data recording was held for around
1 min, as seen in Figure 3.

Photoplethysmography

The principle of the PPG sensor involves optical detection
from blood volume change in a microvascular layer. PPG
sensor monitors light intensity through the reflection or
transmission from the light source, which emits through
human skin tissue and then enters the light detector. The
artery vessel contains a higher volume of blood in the
systolic phase than in the diastolic phase. Figure 4 shows
the measurement result of a healthy person using a PPG
sensor in the NIVA device. The first peak shows that the
systolic phase and the second peak indicates the diastolic
phase, which is blood sent from the deflation process of the
artery vessel wall.l**!

Figure 5 shows the PPG signal measured using NIVA at
the tip of the little toe of a healthy person. In the second
phase, the diastolic phase is not visible. This is because the
distance between heart and toes is relatively farther than
the distance between heart and fingertip.
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Morphologically, the PPG signal could provide some
information on the general condition of the blood vessel.
Waveform arises from the pressure of the left ventricle to
the fingertip, as shown in Figure 6.! The delay time (A#) is
the time between the first peak, i.e., the systolic peak, and
the second peak, i.e., the diastolic peak. The systolic peak
is the moving-forward wave of the left ventricle, which
moves directly to the fingertip. However, the diastolic peak
arises from the deflation of the artery vessel and the left
ventricle pressure transmitted to the lower part of the body
and then reflected as a reflection wave to the fingertip,
as seen in Figure 7.81 The length of this path could be
assumed as the proportional height of the persons.!'”

Stiffness index

An objective assessment on the artery stiffness is crucial
in the early detection of CVD. When the artery vessels get
stiff, the bloodstream beneath will flow faster.*3! Artery
stiffness could be assessed through PPG signal morphology;
delay time (A#) between systolic peak and second peak
or low diastolic peak indicates that there is already a
stiffening artery. Based on Equation 1, it is known that
the SI is comparable to subject height (H) in centimeters
proportionally and inversely proportional to delay time (A¢)
in seconds. The measurement unit of SI is cm/s.B¢

H
SI = Y 1)
Besides using the equations of SI, the assessment on the
artery stiffness could also be analyzed through Equation
2 as augmentation index (Al), by comparing the height of

systolic peak (x) in mV to diastolic peak (y) in mV.

Al == @)

Figure 3: Recording fingertip and toe photoplethysmography signals using
noninvasive vascular analyzer
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Figure 4: Fingertip photoplethysmography signal was taken by using
noninvasive vascular analyzer

Figure 5: Toes photoplethysmography signal was taken by using
noninvasive vascular analyzer
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Figure 6: Sample morphology of photoplethysmography signal of healthy
persons

To detect systolic and diastolic peaks using PPG signal,
first and second derivative methods were used. The first
derivative was used to obtain the peak of systolic, and the
second derivative was used to obtain the peak of diastolic.
This method is highly required since, in the case of the
stiffness artery, the location of the diastolic peak is close to
the systolic peak so that it could not be seen clearly. From
Figure 5, the systolic peak is on the x axis, which is the
intersection of the first derivative, while the diastolic peak
is on the x axis, which is the second minimum peak of the
second derivative.?740

SI and Al are the functions of reflected waves affected
by wave speed, as seen in Equation 3. In arteriosclerosis,
transit time (Af) will decrease if the length of the track is
(/) similar in cm, then the wave speed (v) in cm/s increases.
From the Equation 4, with the vessel thickness (%), the
blood density (p) in kg/m/s, and the vessel radius (r) in cm,
the modulus young (£) in dyne/cm or the artery stiffness
will increase if wave speed is increase.**

A=l 3)
v

V= E_h (4)
2pr
Windkessel model

Arteries system modeling is highly needed to assess the
stiffness level of the artery vessel. WK model is a simple
model of the blood circulation system that is illustrated
in the form of electrical circuits. WK is derived from the
German language that means air chamber. Otto Frank
introduced the first WK model in 1899, and it was only
made up of resistor (R) and capacitor (C).* In 1982,
Buratini then added an inductor (L).?"#*%1 In 2007, Edmond
Zaheldi concluded that the capacitor was closely related
to artery stiffness, as written in Equation 5. Capacitor or

orward wave

SuAbject 0 0.5 1 15 2 25 3

Time (s)

Figure 7: Forward and reflected waves on photoplethysmography signal

compliance (C) is affected by blood volume (dv) and blood
pressure (dg). In constant blood pressure, the capacitor
depends on the blood volume, when the wall radius of
artery vessels gets narrow due to the thickened artery wall
that may cause vessel stiffness. Thus, the decrease in blood

volume will lower the capacitance of the capacitor. ]
c=2* )
dq

This model equals to artery system with a hydraulic circuit,
which consists of a pump, air chamber, and pipe. When the
water is pumped, it will enter the chamber, and air in the
chamber will press in entire directions. When there is no
pressure from the pump, the pressure from the chamber will
trigger the pipe’s water flow. This principle is quite similar to
the blood circulation system, where the heart functions as the
pump that circulates blood to artery vessels as its channel.
Artery vessels have similar elasticity and extensibility to the
air chamber or an elastic reservoir. When the pump exerts
pressure, the liquid will compress the air in the air chamber
and when the pump stops, the liquid will still flow due
to the compressed air. The same as blood vessels, it will
release the pressure stored when the heart is pumping so
that blood continues to flow when the heart is not pumping.
In the electrical circuits, the heart is assumed as a voltage
source that is connected to the diodes to generate half of
the sinusoid signal. Vessels’ elasticity and extendibility are
illustrated as a capacitor which functions as a capacitor that,
in the beginning, is used as charge retention that releases
its charge when there is no flowing voltage. The resistor is
illustrated as the obstacles of the pipe that is passed by the
blood. Human blood vessel consists of a lot of segments and
branches. The different diameter of each segment has caused
different resistance value. The inductor is illustrated as the
inertia of the bloodstream.?

WK model has a compliance or capacitor component that
refers to the vessels’ elasticity, extendibility, resistance,
and inertia. The illustration of WK model can be seen in
Figure 8a. The voltage source is AC wave with a frequency
of 1.2 Hz that is in compliance with a heart period of around
0.8 s as a normal pulse for a healthy person. AC source is
passing a diode to generate a signal with amplitude 150 mV
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that is compatible with the heart signal that is half of the
sinusoid signal. The heart signal was then passed through
the RLC circuit. From the picture, three segments of R, L,
and C circuits were used in the direction of fingers, resulting
in the signal caught by fingers, as seen in Figure 8b.*”! This
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segment modeled is only a bloodstream coming from the
heart and passing to the subclavian artery, brachial artery,
radial, and ulnar artery. The software used to simulate the
model is Pspice from Cadence.

Simulation result of three-segment WK modeling can
be seen in Figure 8b. The first line is the voltage source
output and diodes that are illustrated with the heart signal.
The second line is the output of the subclavian artery and
the third line is the brachial artery, while the last is the
radial and ulnar artery. In this model simulation, the last
output does not show any reflection in the diastolic phase.
Therefore, segments were then added for the lower part of
body so that the reflection of diastolic phase was obtained
as in the Figure 9.

Results and Discussion
Model simulations

The cardiovascular system model from OD to 3D had
been widely performed. It can be seen in the study on the
cardiovascular model road map."8! WK model or lump model
or 0D model has been commonly used in a variety of fields
on cardiovascular, from basic research on cardiovascular
to the analysis of artificial cardiovascular. The full model
of the blood circulation system and its parameter settings

b : ) i 4 ” was simulated by using CelIML language.*”! Meanwhile,
Figure 8: (a) Three-element Windkessel model, (b) result of model simulation any model with varying location and the amount of R, L,
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Figure 9: (a) Four segments Windkessel model, (b) result of model simulation
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and C components or WK with three or four elements can
be seen in several studies.’” For the simulation of several
WK models (WK-2, WK-3, and WK-4), there was no
reflection seen in the diastolic part, and there has not been
any simulation on toes based on PPG signal.

Therefore, this study created a WK model with
segmentation to simulate PPG waves in fingertips and
toes. The human body was classified into seven segments
comprised three segments for the ventricle to the upper part
of the body to fingers and four segments for the ventricle
to the lower part of the body to feet. Each segment was
three-element WK model, which consisted of R, L, and C
circulation. The R component represents the resistance of
the blood vessels, whose value depends on blood viscosity,
radius, and vessel length. The L component is the inertia of
blood flow, whose value depends on blood density, radius,
and vessel length. The C component represents the storage
in which the blood vessels will experience shrinkage and
expansion according to the thickness of the walls of the
vessels, modulus young, radius, and vessel length according
to Equations 7 and 8. The equality relationship between the
mechanical properties of the cardiovascular and electrical
systems can be seen in Table 1,°U while the values for R,
L, and C obtained from the vessel physiological references
can be seen in Table 2.

Table 1: The equivalent table between electronic units
and cardiovascular units
Cardiovascular unit Electronic parameter units

0.01 ml/Pa 1 uF (compliance - capacitance)
1 Pa.s¥ml 1 uH (inertia - inductor)

1 Pa.s/ml 1 kQ (resistance - resistance)
Blood viscosity (n) 1050 kg/m?

Blood density (p) 0.0035 kg/m.s

8ul
B ©
9l
L= A’ )
3
- 32”1;hl ®

By entering the values of the components R, L, and C
into the model and then simulating using PSipce as seen
in Figure 10, the simulation results are obtained as seen
in Figure 11. The blue color is the PPG signal on the
fingertips, while the red color is the PPG signal on the toes.
The shape of the signal has shown similarities to the PPG
signal measured using NIVA. According to the American
Heart Association standards for fingertips 120/80 mmHg
and feet 168/112 mmHg for toes, there is a systolic phase
and a diastolic phase.

Photoplethysmography parameter measurement

From the results of PPG wave measurements, waveform
analysis was carried out so that the parameters of
blood vessel stiffness were obtained. The parameters
of vascular stiffness were obtained from the derivative
results as shown in Table 3 for ten healthy people. The
PPG parameter table for cardiac patients can be seen in
Table 4. To find that the data have a significant difference
in the measurement, ANOVA is used both in fingertips
and toes with the results P < 0.05 as shown in Table 5.
It can be concluded that the data of healthy people and
cardiac patients have significant differences so that further
analysis can be carried out.

From the data of healthy people and cardiac patients,
there are differences for all parameters of vessel stiffness.

Table 2: Vessel segmentation, vessel physiological specification, and RLC values

Arterial segment Segment Anatomical components Length Radius Thickness Modulus young R (Q) L(H) C (uF)
number model I(em) r(cm) h(cm) E (dyn/cm)
Fingertip  Radial and ulnar artery 36.30 0.22 0.13 6.40 1.57k  564.29 0.21
Brachial artery 20.80 0.32 0.06 4.00 202.15 152.83 1.37
Subclavian artery 16.50 0.84 0.11 4.00 3.46 17.81 10.67
bdominal Torachid and abdominal aorta ~ 42.40 0.95 0.12 4.00 5.31 3535 3697
Toe Iliac 20.20 0.36 0.06 4.00 122.56 117.27 1.80
Femoral artery 34.80 0.23 0.05 8.00 1.34k 509.62 0.48
Tibial artery 41.90 0.13 0.07 13.00 1495k 1.86k 0.04
RLC - Resistance, Inductance, and Capacitance
%4 13
/ AnAA s AR At /
S BL SBa
b: 3 T &g 3
.
Figure 10: Seven-segment arterial vessel modeling with the three-element Windkessel model
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Table 3: Photoplethysmography parameter of the measurement result of 10 healthy persons

Age (years) h (cm)

PPG parameter on fingertip

PPG parameter on toes

x (mV) y(@mV) Dt (s) Al SI(ecm/s) x(mV) y@mV) Dt(s) Al SI (cm/s)
36 173 2.45 1.04 0.36 0.42 466.67 0.88 0.07 0.63 0.07 274.60
64 152 3.85 1.76 0.46 0.46 330.43 3.68 0.24 0.50 0.06 304.00
45 152 4.62 1.33 0.43 0.29 346.51 1.23 0.06 0.72 0.05 211.11
43 154 3.89 2.31 0.42 0.59 369.05 0.83 0.05 0.53 0.05 290.57
41 142 5.94 0.26 0.58 0.04 262.07 0.62 0.05 0.66 0.07 215.15
33 149 2.58 1.14 0.38 0.44 423.68 1.01 0.13 0.42 0.13 354.76
62 155 3.12 1.36 0.36 0.44 480.56 1.55 0.04 0.58 0.02 267.24
50 161 3.47 1.28 0.29 0.37 586.21 2.15 0.07 0.61 0.03 263.93
48 168 5.16 1.57 0.43 0.3 330.23 0.41 0.03 0.67 0.07 250.75
40 170 5.46 241 0.37 0.44 416.22 0.67 0.04 0.67 0.05 253.73
46+10.22  158+10.06 4.05+1.21 1.45+0.62 0.41+0.08 0.38+0.15 401.16+93.67 1.30+0.98 0.08+0.06 0.60+0.09 0.06+0.03 268.58+42.06

PPG - Photoplethysmography; SD - Standard deviation; SI - Stiffness index; Al - Augmentation index; Dt - The time delay

Table 4: Photoplethysmography parameter of the measurement result of 10 cardiac patients

Patient  Age(years) h (cm) PPG parameter on fingertip PPG parameter on toes
x (V) y(V) Dt(s) Al SI(cm/s)  x (V) y(V) Dt(s) Al SI (cm/s)

1 47 154 1.85 0.61 0.37 0.33 481.08 0.76 0.22 0.46 0.29 334.78
2 45 178 2.82 1.40 0.21 0.50 757.14 4.81 0.56 0.41 0.11 434.15
3 58 149 2.64 0.71 0.37 0.27 402.70 2.93 0.36 0.48 0.12 310.42
4 48 159 2.98 1.96 0.29 0.66 531.03 3.01 0.45 0.52 0.15 305.77
5 51 150 2.54 2.56 0.20 1.01 850.00 2.72 0.55 0.46 0.20 326.09
6 55 170 3.26 1.03 0.22 0.32 772.73 3.8 0.61 0.42 0.16 404.76
7 51 167 3.41 2.05 0.36 0.60 416.67 1.49 0.18 0.52 0.12 321.15
8 38 148 5.76 1.87 0.23 0.32 726.09 1.53 0.27 0.56 0.17 264.29
9 56 159 3.55 2.93 0.32 0.83 462.50 1.20 0.16 0.43 0.13 369.77
10 33 170 8.04 3.25 0.27 0.40 588.89 0.95 0.21 0.43 0.22 395.35
Mean 48 160 3.69 1.84 0.28 0.52 598.88 232 0.36 0.47 0.17 346.65
SD 7.93 10.41 1.84 0.91 0.07 0.25 164.45 1.34 0.17 0.05 0.06 52.62

PPG - Photoplethysmography; SD - Standard deviation; SI — Stiffness index; Al - Augmentation index; Dt - The time delay

Table 5: ANOVA test result

F P
Fingertip
Dt (s) 14.4451 0.0013*
Al 2.528 0.1293
SI (cm/s) 10.9148 0.0039*
Toes
Dt (s) 15.3358 0.0010*
Al 28.3002 0.0000*
ST (cm/s) 13.4309 0.0017*

*P<0.05. SI - Stiffness index; Al - Augmentation index; Dt - The
time delay

This can be seen clearly in the picture of the average
measurement results between healthy people and cardiac
patients. A comparison PPG signal between healthy
people and cardiac patients can be seen in Table 6. For
fingertip, the mean signals can be seen in normal people,
the second peak of fingertip PPG signal is clearly
visible, whereas, in heart patients, the second peak of

198

PPG signal is not clearly visible. After being analyzed
using the second derivative, the value of the second
peak of the PPG signal is obtained. The figure shows
that the second peak for heart patients came earlier than
the second peak for healthy people. From this, it can
be concluded that the blood vessels of cardiac patients
have decreased elasticity so that they appear earlier than
healthy people.

At the tip of the toe, the PPG signal in the patient is seen
as the reflection of the second peak is quite clear. From the
patient’s PPG signal, it was found that the Al was greater
than the PPG signal in normal people and with smaller than
normal people. The PPG signal at the tip of the toe does
not have a reflected wave. The wave at the tip of the toe
is a forward wave that is pumped from the heart without
experiencing a reflection from the abdominal branches.
Thus, to calculate the SI parameter, the estimation of the
second peak wave (reflection result) is taken based on the
delta time between the first peak and the second peak on
the PPG fingertip.
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Photoplethysmography parameter simulation

Tables 7 and 8 show the results of the stiffness parameters
of the model for fingertips and toes. Based on Equation 8§,
the smaller value of C, the value of Young’s modulus (E),
which represents the value of elasticity, becomes increase.
Increasing the value of E means that the strain value of the
vessels is getting smaller, so it can be concluded that the
blood vessels are stiff. Hence, in this research, the value of
C was changed to obtain the parameters of arterial stiffness
in the cardiac patient’s model. Moreover, it is found that by
reducing 20% of all C values, the parameter value of the
model is close to the actual parameters. Using the Pearson’s
correlation method, the simulation result on this model has
a high correlation r > 0.9 which can be seen in Table 9.

Table 6: Photoplethysmography signal comparison
between healthy people and cardiac patients

Conclusions

This study has simulated a vascular model using an
electric circuit with the WK approach. From this study, it
can be concluded that the PPG signal of the fingertips and
toes contains information on the health condition of blood
vessels. Through PPG signal analysis, the stiffness of blood
vessels can be determined as a reference for detecting
CVD in the near future. Thus, a model of the arterial
blood vessels of the human body’s circulatory system can
be constructed using measurement data. One simple model
is the 0D model or lump model known as the WK model.
This model uses an electric circuit with passive components
consisting of R, L, and C components. R and L represent
the magnitude of the PPG signal; meanwhile, C represents
the elasticity of blood vessels. By dividing the arteries into
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Table 7: Photoplethysmography parameter of the measurement result of 10 healthy persons
PPG parameter Fingertip Toes
PPG signal Output model Derror PPG signal Output model Derror
X (mV) 4.05+1.2 4.69 1.3+0.9 7.48
y (mV) 1.45+0.6 1.87 0.08+0.06 0.52
Dt (s) 0.41+0.08 0.44 0.07 0.60+0.09 0.56 0.07
Al 0.38+0.15 0.40 0.05 0.06+0.03 0.07 0.16
SI (cm/s) 401+93 365.71 0.09 268442 288.23 0.07
h (cm) 158+10 160 158+10 160
PPG - Photoplethysmography; SI - Stiffness index; Al - Augmentation index; Dt - The time delay
Table 8: Photoplethysmography parameter of the measurement result of 10 patient
PPG parameter Fingertip Toes
PPG signal Output model Derror PPG signal Output model Derror
x (mV) 3.69£1.8 5.76 2.32+1.3 10.30
y (mV) 1.84+0.9 3.19 0.36+0.17 1.60
Dt (s) 0.28+0.07 0.26 0.07 0.47+0.05 0.46 0.02
Al 0.52+0.25 0.55 0.05 0.17+0.06 0.16 0.06
SI (cm/s) 598+164 608.01 0.02 346+52 345.46 0.00
h (cm) 160+10 160 160+10 160

PPG - Photoplethysmography; SI - Stiffness index; Al - Augmentation index; Dt - The time delay
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Table 9: Correlation between photoplethysmography
signal and output model

Healthy fingertip Healthy toes
100 =omih 80 :x\:ﬁ“
>
£ >50
O ime)
Correlation 0.9614 T e
Correlation 0.9567
Patient fingertip Patient toes
v === "
50
> 2
£
R e
Correlation 0.9509 Correlation 0.9642

seven segments, a blood vessel simulation is created or
what is commonly known as the WK segmentation model.
This model can simulate the PPG measurement signal of
fingers and toes with a correlation value above 0.9. From
the developed model, it is found that there is a relationship
between the capacitance value of the WK model and the
vessel stiffness parameter. From this study, it is known that
if the capacitance decreases by 20% will increase the risk
of CVD. The WK model with this kind of segmentation
is expected to be used in the early detection of arterial
stiffness, and then, it can be used to study the dynamics
of the cardiovascular system, including changes in blood
flow velocity and blood pressure. The WK segmentation
model is a simple model that is accurate in providing an
approach to describe the cardiovascular system. However,
in this modeling, the wave propagation in each segment
has not been explained. For future improvements, other
body segments can be added to make it more detailed, and
another important thing is the comparison with patients
with heart health disorders. Observations in the healthy
group and the cardiac patient group need statistical tests
and validation using a classification algorithm to determine
the strength of the proposed modeling method. This study
is expected to be used to complement the features of NIVA
in predicting the pattern of wave flow in blood vessels.
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