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Abstract

This Final Degree Project aims to implement the cardiorespiratory system
through Object-Oriented Programming and use a double electrical analogy to fa-

cilitate its implementation and interpretation.

First, an introductory study of the physiology and anatomy of the cardiores-
piratory system is carried out, both the respiratory and cardiac parts, as well as

the relationship between the two systems.

Subsequently, a mathematical model sased on differential equations that rep-
resent the cardiovascular and respiratory parts separately is presented, allowing
for a subsequent interconnection between the two models. In turn, the cardiopul-
monary system, which will already be formed by the connection between the two
systems, will be subjected to functional tests under normal conditions during rest
and exercise and pathological conditions such as pulmonary obstruction and aor-

tic regurgitation.

The main advantage of subjecting the pulmonary and cardiovascular systems
to pathology is to show how these systems affect one to another and their conse-

quences.

Finally, the model can be employed in research and by specialists to compre-

hend the cardiorespiratory function and their tight relationship.

Keywords: Cardiovascular system, Pulmonary system, Electric analo-

gies, Block diagram, Object Oriented Programming



Resumen

Este Proyecto Fin de Grado pretende implementar el sistema cardiorrespirato-
rio a través de la Programacion Orientada a Objetos y utilizar una doble analogia

eléctrica para facilitar su implementacion e interpretacion.

En primer lugar, se realiza un estudio introductorio de la fisiologia y anatomia
del sistema cardiorrespiratorio, tanto de la parte respiratoria como de la cardiaca,

asi como de la relacion entre ambos sistemas.

Posteriormente, se presenta un modelo matematico basado en ecuaciones difer-
enciales que representan las partes cardiovascular y respiratoria por separado, lo
que permite una posterior interconexiéon entre ambos modelos. A su vez, el sis-
tema cardiopulmonar, que ya estara formado por la conexion entre los dos sis-
temas, sera sometido a pruebas funcionales en condiciones normales durante el
reposo y el ejercicio, y en condiciones patologicas como la obstruccion pulmonar

y la regurgitacion adrtica.

La principal ventaja de someter a los sistemas pulmonar y cardiovascular a
una patologia es mostrar como estos sistemas se afectan mutuamente y sus con-

secuencias.

Por ultimo, el modelo puede ser utilizado en la investigaciéon y por los espe-

cialistas para comprender la funcion cardiorrespiratoria y su estrecha relacion.

Palabras Clave: Sistema cardiovascular, Sistema respiratorio, Analogias

eléctricas, Diagrama de bloques, Programacién Orientada a Objetos
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1 Introduction

Introduction

1.1 Motivation

In the 21st century, non-communicable diseases, including cardiovascular diseases, chronic
respiratory diseases, cancers and diabetes, are the leading cause of death. Cardiovascular dis-
eases alone accounted for 17.7 million deaths in 2015, representing 31% of all deaths worldwide
[WHO, 2017]. In addition, in terms of respiratory diseases, the chronic obstructive pulmonary
disease cause the death of 3 million people in 2016, the third most lethal disease, among others

[Forum, 2017].

On a physiological level, the cardiovascular and respiratory systems are closely related
as the heart and lungs are responsible for providing oxygen to the body and removing waste
substances. Therefore, according to recent studies, patients with respiratory diseases such as
chronic obstructive pulmonary disease tend to develop cardiovascular diseases [Carter et al.,

2019].

Moreover, with the emergence of new tobacco products such as e-cigarettes, the possibil-
ity of getting cardiopulmonary diseases has incremented. Just in Spain, 54 thousand death
were related to people over 34 years of age who died because of this disease in particular. This
numbers represent the 13.7% of total mortality in 2016 [Pérez-Rios et al., 2020]. That is just a
mere example of why it is still necessary to continuously gain knowledge in this area, in order

to develop better therapies.

The use of mathematical models has contributed to a greater extent to gain an insight of

the internal process that take place at cardiovascular and pulmonary level. That is why a
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mathematical model based approach has been followed in this Final Degree Project.

1.2 Objectives

The Final Degree Project aims to use an electro-hydraulic and mechanic-electrical analo-
ges to model the cardiovascular and respiratory systems [Tsai and Lee, 2011; Lee and Tsai,

2013] using the SIMSCAPE physical modelling environment.

It should be noted that this project is in the same line of study of David Cuesta Merino
Final Degree Project [Cuesta Merino, 2016], which fundamentally contributes to the use of
the electrical analogies mentioned before. Moreover, the design will be subjected to different

respiratory and cardiovascular pathologies, which will be analyzed and studied in-depth.

The objective here is to provide the clinician with a piece of key information by designing
a simple mathematical model of the cardiorespiratory system also by facilitating the testing
of severe pathological circumstances. This will enable the clinicians with and easy-to-use

computational tool to get insight of the cardiorespiratory performance.

1.3 State of the art

Different interpreted mathematical models of cardiorespiratory system can be found in
literature as [Albanese et al., 2016],[Tsai and Lee, 2011] and software simulations packages

have been employed to show the performance in physiologic and pathological.
Another studies that integrate mathematical models of cardiorespiratory control have
showed to test the consequences of variable exercise load in patients [Barzel et al., 2015] and

also under cardiac insufficiency [Batzel et al., 2005].

To conclude this section,it is noteworthy to mention that many mathematical lumped mod-

els have been developed in literature [Kappel, 2012].

The simplicity shown in our particular analogy-based application permits the clinicians to
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asses different cardiopulmonary conditions and help them to take better decisions.

1.4 Structure of the document

The following document is organized to be as straightforward as possible to comprehend

his structure. It is divided into the next parts:

« Chapter 1: Presents an introduction states the justification and motivation of this Final

Degree Project.

« Chapter 2: An anatomical-physiological description of the cardiovascular and pul-

monary system is given, and physiological links these two systems.

« Chapter 3: This section consists of the use of electrical analogies to express system

dynamics.
« Chapter 4: This section consists of a brief description of the modelling tools.

« Chapter 5: This chapter consists of the description and understanding of the differential
equations that make up cardiopulmonary system as well as their implementations in

SIMULINK and SIMSCAPE.

« Chapter 6: In this section, the system is subjected to various types of simulated phys-

iopathologic situations and a performance analysis.

« Chapter 7 and 8: A discussion of the results obtained in the previous section is given,

as well as possible future lines of research.

1.5 Technologies used

The primary technology used in this project is MATLAB, specifically SIMULINK and SIM-
SCAPE.

SIMULINK is a block diagram environment used to design systems with multidomain mod-
els. While SIMULINK allows the creation of physical models [“Simscape”, n.d.].

In this work, the Electrical Library has been the one that has been employed together with
the Physical Signal Library to connect with SIMULINK.



Physical Model of the Cardiopulmonary System and his Interactions using SIMSCAPE




2 Cardiopulmonary physiology

Cardiopulmonary
physiology

2.1 Cardiovascular system

The heart is one of the essential organs in the human body and is the centre of the cardio-
vascular system; without it, humans could not be able to be alive. A simple way of seeing the
heart is as a ball inside the chest that contracts from the top until the bottom, repeating itself

a billion times. Thus, in reality, it is more complex than that.

It is placed in the thoracic cavity, also known as the chest, in the mediastinum (the space
between the lungs), behind and to the left of the sternum (Figure 2.1). As a result, the heart lies

on the diaphragm in the thoracic cavity, which is encircled by the pericardium [Peate, 2015].

=
g‘{(my

. Arch of aorta
Superior vena cava

Pulmonary trunk

Base of heart

Right lung

Pleura Left lung

(cut to reveal lung inside)

Pericardium (cut)

Apex of heart
Diaphragm

Source: Peate I, Wild K & Nair M (eds) Nursing Practice: Knowledge and Care (2014)

Figure 2.1: Representation of the heart location in the human body

The heart is made up of four chambers (Figure 2.2) whose primary functions are to supply
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the rest of the body with oxygen and clean all the waste produced by the cells, specifically:

+ Left atrium is responsible for receiving the oxygenated blood from the lungs and pump-

ing it inside the left ventricle.

Right atrium is responsible for receiving the deoxygenated blood from the body and

pumping it inside the right ventricle.

Left ventricle pumps the deoxygenated blood to the rest of the body.

Right ventricle pumps the oxygenated blood to the lungs.

Left atrium

Superior
vena cava

Pulmonary

Right atrium

Interventricular
septum

Right ventricle

Inferior
vena cava

Descending
aorta

Left ventricle

Source: Peate I, Wild K & Nair M (eds) Nursing Practice: Knowledge and Care (2014)

Figure 2.2: Representation of the heart parts

2.1.1 Blood circulation and heart contraction

It is essential to mention the blood circulation of the heart and its contraction mechanism

to comprehend this complex machine’s operation better.

The process starts when the oxygenated blood (blood high in O, content) that comes from

the lungs is being emptied from the pulmonary veins into the left atrium; meanwhile, at the
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same time, the deoxygenated blood (blood low in CO, content) enters the heart through the
inferior and superior vena cava into the right atrium. Once the atria are full, the atrial sys-
tole (contraction of the heart chambers) forces the tricuspid valve (connecting the right atrium
with the right ventricle) and the mitral valve (connecting the left atrium with the left ventricle)
to open, then when the ventricles are full both valves shut, this prevents blood from flowing

backwards into the atria [Luisada and MacCanon, 1972].

The next step is the contraction of the ventricles creating the ventricular systole while the
atria are in diastole (relaxation of the heart chambers while they are being filled with blood),
this forces the opening of the pulmonary and aortic valves pumping the blood to the lungs

and the body respectively (Figure 2.3).

Airial systole

o R

Isovolumic
ventricular
contraction

Ventricular
diastole

_

Figure 2.3: Cardiac cycle [Peate, 2015]

—

Ventricular systole

2.2 Respiratory system

This system contains another of the most critical organs in the human body: the lungs;
without them, human beings can not breathe. In this case, there are two good defined sections:

the upper respiratory tract and the lower respiratory tract.
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The upper respiratory tract includes the mouth, nose, nasal cavity, and throat. This com-
ponent of the system warms, filters, and moistens the air that is inhaled [Peate, 2015]. The
larynx, trachea, right and left main bronchi, and all the elements of both lungs constitute the

lower respiratory tract (Figure 2.4).

In an anathomical level, the lungs are divided into different regions called lobes; in the right
lung, there are three lobes, and in the left one, there are two because the heart is occupying
the space of the third one. Each lung is surrounded by a parietal and visceral membrane.
Moreover, they are located on either side of the heart in the chest cavity; simultaneously, they

are encircled and protected by the rib cage.

Capilllary beds

Paranasal sinuses

| Frontal I Sphenoid ‘ Connective P

tissue I

Nose

MNasal cavity
Nasal conchae
Nasal vestibule {—

Alveolar a
sacs |

Alvealar .
duct “-\\L),
Mucous 2

giand T e

Mucnsal__,_»-—g‘
lining b4

Pharynx

— Larynx—

Epiglottis
Thyroid cartilage
Cricoid cartilage

Oral
cavity
{ | — Esophagus

Pulmonary artery Alveoli
Pulmonary vein Atrium

Vocal folds

Trachea
Carina of trachea

Tracheal and bronchi

Main bronchi fings

Lingular division bronchi

Right lung — Leftlung —
Superior lobe Superior lobe
Apex of left lung
Oblique fissure
Cardiac notch

Lingula of lung

Horizontal fissure

Oblique fissure |

Middle lobe
Inferior lobe

Inferior lobe

Diaphragm ——

Superior
Inferior
Middle

Lobar bronchus

Figure 2.4: Parts of the respiratory system [Wikipedia, 2022d]

From the nasal cavity, air passes through the pharynx and the larynx as it makes its way
to the trachea, which is later divided into the two primary bronchi: the right and left lung. In
the lungs, the air is split into the bronchi, each one of the two bronchi divides into secondary

bronchi, then into tertiary bronchi, and these keep dividing and creating smaller and smaller
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diameter bronchioles. The terminal bronchioles keep dividing themselves into respiratory
bronchioles, and these subdivide into several alveolar ducts.

At the end of each duct, there are approximately 100 alveolar sacs, each of them contain-
ing 20 to 30 alveoli [Molnar, 2015]. The lungs alveoli are their functional units; moreover, a
network of pulmonary capillaries surrounds each alveolus, and each alveolus is lined with a

thin layer of tissue, which is essential for the diffusion of gases [Scanlon and Sanders, 2006].

2.2.1 The process of breathing

Pulmonary ventilation is commonly known as breathing, which takes place during the
process of inspiration through which atmospheric air is drawn in, and exhalation by which

the alveolar air is released out (Figure 2.5).

———

/ 7 0\ \ r Chest expands Chest contracts
OSSN 4

/

Diaphragm

=4

" //\WJ S ‘—%D\ﬁphragm contracts
| |

Inhalation Exhalation

Source: Peate | & Nair M Fundamentals of Anatomy and Physiology for Student Nurses (2011)

Figure 2.5: The process of inhalation and exhalation

The gradient pressure between the lungs and the atmosphere is responsible for moving air
into the lungs, and the same is valid for moving air from the lungs into the atmosphere. When
the pressure inside the lungs is below the ambient pressure, inspiration occurs. At the same
time, expiration occurs when the intra-pulmonary pressure exceeds the ambient pressure.

Inspiration starts with the contraction of the diaphragm, helping to increase the pul-
monary volume. As the pulmonary volume rises, the intra-pulmonary pressure decreases
below atmospheric pressure, forcing air to pass through the lungs. The thoracic volume and,

thus, the pulmonary volume are reduced when the diaphragm relaxes. The same process re-
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peats cyclically.

2.3 Relation between cardiovascular and respiratory system

The relationship between the respiratory and pulmonary system can be related through
two processes: gas exchange and blood gas transport [Tortora and Derrickson, 2013], these

processes themselves represent respiration and oxygen transport in the blood.

2.3.1 Gas exchange

The gas exchange takes place in the lungs between the air coming to the alveoli and the
pulmonary capillaries through the alveolocapillary membrane. To do so, the diffusion of the
gases has to happen which is carried our passively, depending on the partial pressure of oxy-
gen (O,) and carbon dioxide (CO,). As the partial pressure of O, is greater than that of the
pulmonary capillaries, the O, passes into the capillaries until the partial pressure of the O, is
equalised on both sides of the alveolocapillary membrane [Pérez de la Plaza and Fernandez
Espinosa, 2018].

Diftusion of CO, takes place in the opposite direction. As the partial pressure of CO, in the
capillaries is higher than in the alveoli, it diffuses into the alveoli until the pressures equalise

on both sides of the alveolocapillary membrane (Figure 2.6).

80
Inspiratory
Reserve
Volume
(IRV) Inspiratory
Capacity
a (1C)
{ vital
E 3 Capacity
~ Vo) Total
Tidal Lung
(] Volume Capacity
E (TV or vr) (TLO)
=3 30
g Expiratory
Reserve
Volume
(ERV) Functional
Residual
15 Capacity
(FRC)
Residual Residual
Volume Volume
(RV) (RV)
0

Figure 2.6: Lung volumes and capacities [Wikipedia, 2022b]
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2.3.2 Oxygen transport in the blood

Once gases enter the bloodstream they dissolve in plasma,from which 97% of O, is trans-
ported by haemoglobin (Hb) forming oxyhaemoglobin, the remaining 3% of oxygen is trans-
ported dissolved in the plasma, and from here it is distributed through the bloodstream to all

the cells of the organism (Figure 2.7).

The partial pressure of O, is higher in the blood cells than in the tissue cells, which facil-
itates its diffusion. The affinity of haemoglobin to bind with oxygen increases when there is

an increase in the partial pressure of O, and a decrease in the partial pressure of CO,.

Most CO, is transported bound to Hb, forming carboxyhaemoglobin. A small part is dis-
solved in the plasma as a solute or in the form of ions. The CO, exchange process is carried
out in the same way as O, exchange, but in reverse. The partial pressure of CO, in tissues is
higher than in blood cells, which facilitates its diffusion into the bloodstream until it reaches

the capillaries [Pérez de la Plaza and Fernandez Espinosa, 2018].

co, 0,
elimination uptake

Lung
Systemic >< Systemic
; —N\— !
veins arteries

Pulmonary
capillaries

Metabolic Metabolic

2 02
40 mL/L 50 mLL

Systemic
capillaries

CO; production 0, use
by cells Tissue by cells

Figure 2.7: Exchange and transport of O, and CO, [Koeppen and Stanton, 2017]
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2.3.3 Interactions between the two systems

Cardiovascular and respiratory systems are tightly related to each other so that certain

pathologies present in one of these systems affect the other.

1. Exercise

Aerobic exercise training leads to cardiovascular changes increasing the hear beat and
breathing frequency. The most important adaptation is the improvement in maximal
cardiac output which is the result of an enlargement in cardiac dimension (meaning
that the resistance of the vessels drops because of the need to supply the organism with
nutrient) and an increase in blood volume, allowing for greater filling of the ventricles
and a consequent larger stroke volume. In parallel with the greater maximal cardiac
output, the perfusion capacity of the muscle is increased, permitting for greater oxygen

delivery [Hellsten and Nyberg, 2016].

2. Aortic valve regurgitation

Also known as aortic insufficiency, this problem occurs when the mitral valve does not
close entirely but remains slightly open, causing a backflow of blood into the left ven-

tricle.

Aortic regurgitation characterizes by a sudden exposure of the left ventricle provoking
an increased level of blood it should contain, causing an acute rise in the left ventricle
end-diastolic pressure (LVEDP) leading to a pulmonary capillaries wedge and left atrial
pressure increase that cause pulmonary edema. Moreover, it is likely the appearance of
mitral valve regurgitation after submitting the left ventricle continuous stress increasing

the chances of pulmonary edema [Soltesz and Carabello, 2017].

Pulmonary edema is: “A buildup of fluid in the alveoli (air spaces) in the lungs. This
keeps oxygen from getting into the blood. Pulmonary edema is usually caused by heart
problems, but it can also be caused by high blood pressure, pneumonia, certain toxins
and medicines, or living at a high altitude. Symptoms include coughing, shortness of

breath, and trouble exercising” [National Cancer Institute, n.d.].
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Mital valve regurgitation is prone to the generation of pulmonary hypertension. Pul-
monary hypertension [PH] implies a high pressure in the pulmonary arteries leading to

the reduction of the total lung capacity (TLC) and forced vital capacity (FVC) (Figure 2.6).

TLC is the amount of air the lung can hold, while FVC is the maximum volume of air a
person can exhale after completely inhaling it inside the lungs. Furthermore, a decrease
in the volume the lungs can hold may occur because of the displacement of lung tissue

[Low et al., 2015].

. Pulmonary obstruction

There are several pulmonary diseases but relative to the pulmonary obstruction there
is a chronic pulmonary disease called COPD, the acronym for Chronic Obstructive Pul-
monary Disease. COPD is characterized by a limitation of the airflow that is not wholly
regressive and, due to an unusual inflammatory response of the system, it is frequently

progressive [Han et al., 2007].

First of all, there is a need to explain what is ejection fraction: “Ejection fraction (EF) is
a measurement, expressed as a percentage, of how much blood the left ventricle pumps
out with each contraction”[ American Health Association, 2022]. It is considered a nor-
mal EF for a heart between 50-70%, between 41-49% it is considered to be in the margin

while <40% then a heart failure or cardiomyopathy can be established.

According to the study conducted by [Rutten et al., 2006] about the prevalence of heart
failure or left ventricular ejection fraction (LVEF) in patients with COPD, the percentage

of LVEF is lower than 40-50% even in some cases, reaching a range of 18-25%.

With the information provided in the previous articles, the [Swamy et al., 2009] study
can be better interpreted. In this article, the author performs a series of monitorings on
dogs to collect how aortic pressure changes with varying LVEF. Although not directly

related to humans, it gives a good insight into the relationship between LVEF and aortic
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pressure.

The conclusion shown in Figure 2.8 and Figure 2.9 is when the EF percentage is high the

aortic pressure increases as well. It can be said it is a directly proportional relationship.
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Figure 2.8: Aortic pressure wave for different ranges of EF [Swamy et al., 2009]

Number of EDV range HR range MAP range EF RMSE EDV RMSE
Dog comparisons EF range (%) (mL) (beats/min) (mmHg) (%) (mL)
1 7 53-90 28-46 103-132 67-156 8.5 8.6
2 9 33-84 17-29 94-174 60-94 6.1 1.9
3 10 56-74 21-25 147179 58-118 41 4.5
4 10 52-69 18-23 107-144 42-82 3.4 4.3
5 17 37-74 10-15 60-172 36-116 55 1.4
6 9 43-74 13-18 80-140 53-128 58 3.3
Total 62 33-90 10-46 60-179 36-156 5.6 4.1

EF is left ventricular ejection fraction; EDV, left ventricular end-diastolic volume; HR, heart rate; MAP, mean aortic pressure; and RMSE,
root-mean-squared-error. The EF and EDV ranges were established with the reference echocardiographic measurements.

Figure 2.9: Quantitative results of the data obtained of the dogs [Swamy et al., 2009]
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Usage of analogies
in systems
modelling

Conserning the cardiovascular system, the heart at mechanical level would represent a
pump pushing blood to the rest of the arteries and veins; meanwhile, the veins and arter-
ies would be branching pipelines. Having this in mind, a basic formulation of an equivalent
hydraulic model would be direct.

Following the same reasoning, lungs perform as mechanical system that push the air in
and out during inspiration and expiration provoking the air displacement. Thus, both, could be
modelled as mechanical systems, and from here, by using analogies, an electric circuit is easier
to be implemented. Therefore, it is said that two systems are analogous to each other when
even though the systems are physically different and their mathematical model are represented

by the same type of differential equations.

3.1 The hydraulic analogy

The hydraulic analogy consists of implementing electric circuits applying hydraulic com-
ponents or the other way around. The idea behind this concept is that electricity, which essen-
tially is the flow of the electrons, can be seen as a fluid flowing through a wire. Nevertheless,
it must be applied carefully and keep the fact that electricity and water must behave simi-
larly. If this feature does not occur, it might lead to the wrong analogous implementation and
posterior conclusion of the results[Akers et al., 2006].

Table 3.1 summarizes the analogy between hydraulic circuits and electric circuits.
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Electric Hydraulic
Wires A pipe with water
Electric potential Pressure
Voltage Potential difference
Current Volume flow rate
Ideal voltage source Dynamic pump
Resistor A constriction in the middle of the pipe
Capacitor A thick-walled balloon at each end of the pipe
Inductor A heavy paddle wheel in the current
Diode One-way check valve

Table 3.1: Electric-hydraulic components and physical quantities comparison

All the information provided in the Table 3.2 represents the equivalence between the equa-

tions of the hydraulic and electric systems.

Electric equations Hydraulic equations
Voltage ¢|[V] Pressure p [Pa]
Charge q [C] Volume V [m?]

Current I [A=C/s] Flow rate ¢y [m?/s]
Current density j [A/m?] Velocity v [m/s]
Electric resistance R [€?] | Hydraulic resistance R [€2]

Table 3.2: Similarities between electric and hydraulic systems

In fluid mechanics, the Poiseuille’s law describes how pressure and driven flow behave
hydraulically in a circular channel. In the same way, Ohm’s law characterizes the voltage
drop and electric current in a resistive conductor in an electric circuit. When the pressure drop
is equivalent to the voltage drop, the volumetric flow rate to the current, and the hydraulic

resistance to the electric resistance, these two laws correlate[Oh et al., 2012] (Figure 3.1).
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Figure 3.1: Comparison between Poiseuille and Ohm law [Oh et al., 2012]

3.2 The mechanical-electrical analogy

The mechanical-electrical analogy helps with the implementation of the mechanical sys-

tem through the use of an equivalent electrical circuit.

The advantage of employing electro-mechanical analogies is that analytical modelling is

significantly simplified when a network of electrical elements is considered, and mechanical

values are directly incorporated into the electrical model by applying the analogy [Zagrai,

2007].

From all the elements listed in the Table 3.3, which are comparable variables from one

system to another one, three of them define a distinct activity in the circuit: resistance, in-

ductance and capacitor [Olson, 1958] whose analogous equations can be seen in the Table

3.4.

Electric variables

Mechanical variables

Voltage e [v]

Force f /[dyn]

Current i [A]

Linear velocity & [cm/s]

Charge q [C]

Displacement x [cm]

Electrical Resistance rg[()]

Mechanical Resistance ry[]

Electrical Capacitance Cg[F]

Compliance Cy;[em - dyn]

Inductance L [H]

Mass m [g]

Electrical Impedance sg|[(}]

Mechanical Impedance z,;[()]

Table 3.3: Mechanical-electrical variables
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Element Electric equation | Mechanical equation
: : d’z
Resistance Rz(t) mes
Inductance Ld;—(tt) bfl—f
Capacitance & [i(t)dt kx

Table 3.4: Electric-Mechanic equations [Olson, 1958]

In the Figure 3.2 it is shown an example of how a the mechanical system can be built as
an RLC circuit using the analogy.In this specific example all the components get changed as

mass/inductor, spring/resistor and dumper/capacitor.

Mechanicl Electrical
System — System
f(r)
x(t) W
Mass
Resistance R

Inductance |

|
o |
I v. (1)
I in
I
Spmg§ ? b | l Capacitance C
Damper I ) T

Figure 3.2: The damper mass spring model and the RCL circuit [Badr, 2017]

3.3 Windkessel Model

The Windkessel Model [Catanho et al., 2012] represents the heart and systemic arterial
system as a closed hydraulic system where the pump compresses the water out of the cham-

ber thanks to the air of its inside.

Exist three different basic Windkessel models, which are created by a combination of Resis-
tor (R), Capacitor (C'), Resistor(R) and Inductor(L) elements with two, three or four elements
(Figure 3.3). Besides, there are two variable components, the input function i(¢) which is the
blood flow and output function w(t) that is the blood pressure [Hauser et al., 2012]. Here
R refers to the total peripheral resistance, C' is the compliance of veins,  can represent the
pulmonary or aortic valve.

From the three models in Figure 3.3, where 2WM, 3WM and 4WM represent the number
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Figure 3.3: Three different Windkessel models [Hlavac, 2004]

of components that constitutes the circuit, the one that allows to get the most realistic bio-
logical response is the third one ( Figure 1c). The fact that makes him give a better response
is the precede of the inductance (L) whose function is to works as the inertia of blood flow,

meanwhile the other two neglected its presence [Hlavac, 2004].

Taking the previous section as a premise, some models implement the inductance in se-
ries or in parallel for the case of three-element windkessel, which are transformed into four-
element windkessel with some adjustments (Figure 3.4). The W4S has the R¢, aortic resis-
tance, and L connected in series in comparison to the 4MW, meanwhile, in IVW, the series
connection for C and R, stands for atrial viscoelasticity, and their connection in parallel with

R, creates the viscoelastic windkessel.

It is proven that W4S and IVW give better data information than 4WM, especially for kids.
The difference between them is the interpretation of the impedance in terms of the elastic and

resistive properties [Burattini and Bini, 2011].

PPN AN —
c—— R
w4s

Figure 3.4: Inductance implemented in three-element windkessel[Burattini and Bini, 2011]
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Simulation
environment

MATLARB is a numerical computing system that offers an integrated development environ-
ment with its own programming language. Moreover, this project will make use of one of the
essential tools in MATLAB, known as Simulink, and within Simulink, the library of Simscape

will be utilized to create the electric circuits.

In industry and academia, MATLAB is used by millions of engineers and scientists for
a variety of applications, including deep learning and machine learning, signal processing
and communications, image and video processing, control systems, test and measurement,

computational finance, and computational biology [MathWorks, n.d.].

4.1 The SIMULINK environment

Simulink is a multidomain simulation and Model-Based Design block diagram environ-
ment. It helps with embedded system design, simulation, automatic code creation, and con-
tinuous testing and verification. It is compatible with MATLAB, so it allows to use of MAT-
LAB techniques in the models and export simulation results to MATLAB for further analysis
[The MathWorks, 2013]. Furthermore, Simulink is a dynamic systems graphical modelling
and simulation platform. It enables making block diagrams, in which blocks represent system

components. A block might be a physical part, a tiny system, or a function.

Simulink provides a set of block libraries, organized by functionality in the Library Browser
(Figure 4.1). In this case, the libraries used are the, Commonly Used Blocks, Continuous, Math

Operations, Sources and Sink to visualize the results.
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Figure 4.1: Simulink Library Browser [The MathWorks, 2013]

4.2 The SIMSCAPE environment

Simscape allows to create physical component models based on physical connections that
work with block diagrams and other modelling elements. By arranging key components the
system permit to create electric motors, bridge rectifiers, hydraulic actuators, and refrigera-

tion systems [Mathworks and Drive, 2020].

Simscape contains the Foundation Library from where it is easy to implement the elec-
tric representation of the system; it will be necessary to use the Electrical part of the Library.
This subsection has three main components, the Electrical Elements, Electrical Sensors and
Electrical Sources (Figure 4.2a). The Electrical Elements enable to use of resistors, indicators,
capacitors, diodes, variable resistors, et cetera. Electrical Sensors help to measure the electric
current in a specific point of the circuit, same as the voltage; finally, the Electrical Sources

supply, for example, controlled voltage or current.

Moreover, as well as in Simulink, the program, through a Physical Signals Library, helps
in creating mathematical operations like add, divide, product, et cetera (Figure 4.2c). Besides
these elements, some blocks allow the connection of different components of Simulink and

Simscape and vice versa (Figure 4.2b).
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It is crucial to note that the system will not work if it is not connected to an appropiated

solver because without that one, Simscape could not carry out the mathematical operations

that constitute the circuit.

L i . 2
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HE, e I A
Mutual Inductor Op-Amp Open Circuit Resistor
4 X
| |
Rotational Switch Thermal Resistor Translational
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Converter Converter
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Figure 4.2: Different essential blocks of Simscape to model the Cardiopulmonary System
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Modelling of the

cardiopulmonary
system

The following sections will show object-oriented and diagram block modelling of the car-
diovascular and pulmonary system using the analogy system explained in section 3 and the

simulation tools in the section 4.

5.1 Modelling of the Cardiovascular System

The dynamics of the the blood circulation through the heart and the rest of the body can
be represented as an electric analogous circuit (Figure 5.1). The circuit used is described in

[Tsai and Lee, 2011] and consists of a simplified arrangement of several components:

AC power supply (P, (1)) : The driving force by the left ventricle.

Diode (D) : The function of aortic semilunar valve.

Resistor 1R, : The resistance of the aorta.

Resistor R, : The overall peripheral resistance.

« Inductance L : The overall inertia of blood.

Capacitor C' : The overall compliance of the arterial system.
where:

« P,.(t) : The blood pressure of the aorta.

25



Physical Model of the Cardiopulmonary System and his Interactions using SIMSCAPE

« Py, (t) : The blood pressure of peripheral artery.
e Qurt(t) : The overall blood flow rate.

« Qr,(t) : Blood flow through R;.

« Qr(t) : Blood flow through L.

« Qr,(t) : Blood flow through R,.

« Qc(t) : Blood flow through C.

Qgry (D)
Qare(t) . e
s Pae(® AN Pper (1)
D| - L L 4
Y'Y Y
D %
QL(t)

@ P, (1) Qc(t)\L cT Hzé Qgra ()

Figure 5.1: Representation of the cardiovascular circuit

The first step to get the equations of our system is to establish the Kirchhoff’s Current Law
(Equation 5.1), which states the current entering a node is the sum of the currents leaving it,

that stands for this summation, from there it is extrapolated to the equation of (),,+ (Equation

5.2).
Z:II+IQ+..+In:0 (5.1)
i=1
Qart(t) = Qr, (1) + QL(t) = Qr, (1) + Qo (t) (5.2)
. . C Vo
Following the previous premise,it is necessary to apply the Ohm law where I =  in case of
the resistance, % = % for the inductance and I = C ‘fi—‘t/ for the capacitor, that is:
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Part(t) B Ppe'r(t)

Qn, (1) =~ 53
L) 2 (Poalt) ~ Brl1) (5.4)
Qr,(t) = Pp;%;z(t) (5.5)
The whole set of equations of the system would be as follows:
Qunll) = Qult) + Q1) — Quelt) = Qu(t) + 2Tl 5
Port(t) = Pper(t) + Ri(Qare(t) — QL(2)) (5.7)
ll) = (@) - Qna() — P = & (Quui - ) o)

Besides, to simulate the behaviour of the diode that represents aortic semilunar valve, a
proper function will be implemented as the Equation 5.9 where V;, R,,,, R,¢; represent the

forward voltage, on resistance and off resistance respectively.

v Ve RonRorr) i 4y > Vs
)

Qart = fton (59)
URoff ifv S Vf.

Once the differential equations are well defined, it is necessary to give every circuit com-

ponent a parametric value. The values can be seen in the Table 5.1.

Cardiovascular parameters
Pv(t) Pv(t) = 120(sin(7erRt)10
frr (hear beat rate at rest) 1.25 [Hz]
R 0.03 [©)]
L 0.005 [H]
Ry 1.2 [Q]
C 1[F]

Table 5.1: Values of the components of the cardiovascular system
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5.2 Modelling of the Pulmonary System

The air intake, air inlet and air outlet will be done through the circuit described in [Tsai

and Lee, 2011] (Figure 5.2).

Q Lg (t} .
— LLg B, (t)

@ Bg (D) chg{t} Clg —— RL;E QRLg(:tj'

Figure 5.2: Representation of the respiratory circuit

The system is going to be composed of :

AC power supply (P, (t)) : The driving force for the respiratory cycle formulated as

the pressure at the lung .

+ Inductance LL, : The overall inertia of the airflow.

Resistor RL, : The overall resistance of the airflow.

Capacitor C'L, : The overall compliance of the alveoli.
where:

« P,(t) : The overall pulmonary pressure.
* Qr,(t) : The overall air volume flow rate.
 Qg,(t) : Air flow rate through Ry, .

« Qc,(t) : Air flow rate through Cp,.
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Taking the same approach as in the case of the cardiovascular system, the Kirchhoff’s Cur-

rent Law will be applied as well as Ohm law. Now the equations of the circuit will be:

dQr,(t) 1

dt _LLQ(PLQ(t)_Pp(t)) (5.10)
5 _ 1 dP(t) _ 1 0
A — @ - on ) — A - o (e - ) e

In Table 5.2 are represented the parametric values of the whole model.

Pulmonary parameters
PLg (t) PLg (t) = (Sil’l(27TfBFt)
fur (breath frequency at rest) 0.25 [H~]
LL, 1074[H]
RL, 2.55x1073[]
CL, 1.45x1074[F]

Table 5.2: Values of the components of the pulmonary system

5.3 Modelling of the Cardiopulmonary Interactions

The interconnection between the two systems will be made on the basis of three conditions,
the first involving progressive physical exercise, the second involving pulmonary obstruction

and the third involving aortic regurgitation.

5.3.1 Exercise mode

From walking to any task, physical exercise is mainly driven by the respiratory system,
which takes in oxygen, and by the cardiovascular system as the heart that transports that
oxygen to the muscles, allowing the body to move.

During exercise there is an increase in heart rate H (¢) which is proportional to the oxygen
demand required by the body, this correlation implies that H(t) = oM Ro,(t) + b where
M Ro,, in turn, is proportional to the workload M Ro, (t) = M Ry,, 4+ pW (t). What it means
to say is, the more physical activity that is being performed, the more work is needed to supply
the organism, resulting in the work (17 (¢)) being the basis for implementing this particular

experience.
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Taking that for granted, when physical activity increases and with it the oxygen consump-

tion, two key conditions are established [Kappel et al., 1997]:
« There is an increase in heart rate fypr
o A decrease in aortic resistance R;

For the first condition, the increase of the heart rate can be expressed as:

furn(W) = fur + 0.75W (5.12)

where the greater is the W higher is the frequency to accomplish that work.

The second condition is the decrease in the aortic resistance, so a variable resistance that

allows this changes must be taken into account.

In the previous basic circuit without the interconnection relationships, the R; is held con-
stant since the heart is not stressed. Therefore, a variable resistance (R;,) is defined, where

the more W is needed less is the aortic impedance [Kappel et al., 1997].

Rln = (Rl - lein)e_aw + lein (513)

Table 5.3 contain the corresponding values where Rj,,;, is the minimum value the impedance

can get and a is a constant.

New impedance parameters
Rymin [©] 0.03
a 2

Table 5.3: Impedance parameters for the exercise

As for the relation between cardiac and pulmonary function during normal condicions

exercise, a proportional rate is set, that is:

Jnp _ 5, Frin = Jrsn (5.14)

fBF 5
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Finally, simulation of different physical conditions such as walking and running can be
implemented by increasing the value of the workload (1), measured as a percentage. Table

5.4 shows the different set for variable W values.

Exercise modes

Resting (W=0) | Walking (W=0.33) | Running (W=1)
Ry, [ 0.03 0.019 0.011
fHRn[HZ] 1.25 1.5 2
fBFn[HZ] 0.25 0.3 0.4

Table 5.4: Values obtained for different exercise modes

5.3.2 Pulmonary obstruction

As it was explained in section 2.3.3, severe pulmonary obstruction (COPD) is characterized
by the limitations of the airflow rate within the lungs. Specifically, COPD can cause pulmonary
hypertension, which represents an increment of pressure in the pulmonary arteries, leading
to hypertrophy dilatation and failure of the right ventricle [Alvarez et al., 2008].

Moreover, COPD can cause increased hypoxaemia, an abnormally low partial pressure
of oxygen in arterial blood leading to heart rate variability. It is important to mention that
the heart rate frequency has a saturation point caused by the fact that the heart reaches a
maximum number of beats per minute [Diamantis et al., 2017].

With this information the key points to characterize this effect are:
« Cardiac insufficiency due to the failure of the left ventricle causing the drop of Pv
« Increase of the heart rate with a saturation limit

Furthermore, to represent different saturation levels, it is necessary to make changes in
the resistance L , assuming a mild or moderate pulmonary obstruction where RL, is two

or four times respectively the normal value [Alvarez et al., 2008].

First of all, the implementation of the cardiac insufficiency is represented in:

Ayn =130 — K, RL, (5.15)
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where K, (Table 5.5) is a constant that depends on the level saturation of the lungs to

reduce the ventricular pressure.

Amplitude parameter
Ko \ 3846

Table 5.5: Amplitude parameters that define the change in the driving force by the left ventricle

Second, the heart frequency also increases so the new frequency frrops, the pulmonary

obstruction is defined depending on a variable that same variable, presented as:

fHRobs = fHRn(W)KobS(RLg) (516)

Koy = 1.6(1 — 737725 L0) (5.17)

Now, the parametric values associated to the level of obstruction is defined in the Table

5.6.
Obstruction levels
Normal Mild (2R L) Moderate (4RL,)
A, 120 110 90
fHRobs [HZ] 1.24 1.7 1.96

Table 5.6: Values obtained for different pulmonary obstruction levels

5.3.3 Aortic regurgitation

As explained before, aortic regurgitation results from blood flowing back into the left ven-
tricle due to poor closure of the aortic valve and consequent heart failure, which causes a poor
blood supply to the body. At the same time, this failure is the cause of respiratory dyspnoea
[Kappel et al., 1997]. Dyspnoea is shortness of breath or breathlessness and is the most striking
feature of heart failure.

Because there is not a good supply of nutrients to the rest of the body due to regurgitation,
the muscles that are part of breathing, such as the diaphragm, do not receive enough energy to
perform their function. In other words, there is a decrease in muscle blood flow and an increase
in muscle stiffness. Therefore, the elements necessary for the characterizing of regurgitation

are defined as follows [Batzel et al., 2005]:
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» Areduction of Pr, (t) causing the reduction of blood flow in the respiratory muscles

«+ Anincrease in respiratory resistance (R L) causing an additional obstructive effect due

to muscle stiffness.

In order to implement this effect the variable amplitude for P;, () has been stated as:

PLg (t) = ALg<Roff)8in(27TfBFt) (5.18)

Ar,(Ropy) = 0.85 4 0.15(1 — e~ flerr) (5.19)

R, refers to the aortic valve closure, so regurgitation will be analysed by changing the
R, s values. It is worth mentioning that 12, ;s presents a saturation curve where values above
100 € imply that the valve is completely closed. This is why the Py () depends on this pa-

rameter, as it is a way to relate the valve opening to its effects at the pulmonary level.
The second element to be designed is the increase of the stiffness of the musculature

through RL,. For this purpose, a multiplicative factor K., is proposed, since the aortic valve

opening increases so does the respiratory resistance due to muscle stiffness, that is:

RLgTeg = RLgKreg (ROff) (5.20)

Kreg(Rogy) = 1+ 2.02¢706Fers (5.21)

Finally, the parametric values set to characterize the aortic regurgitation are shown in

Table 5.7.
Grades of aortic regurgitation
Normal Mild (R, f=1) Moderate Severe
(Rof=100) (Rosr=05) | (Ros=0.25)
AL, 1 0.945 0.909 0.883
RLy/eq (2] 0.00255 0.00538 0.00637 0.00698

Table 5.7: Values obtained for different degrees of aortic regurgitation
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5.4 Block-diagram Model of Cardiopulmonary System in SIMULINK

This section will present the block diagram model of the two main systems in SIMULINK.

5.4.1 Cardiovascular block model

Combining the equations (5.7) and (5.8) the data from the Table 5.1 the model can be imple-
mented in SIMULINK. Thus, Figure 5.3 shows the cardiovascular system and Figure 5.4 each
of its differentiated parts.

Figure 5.3: SIMULINK block diagram of the cardiovascular system using the differential equations

Pper(t) — Blood pressure of the peripheral artery

-
. . Gar
Diode — Semilun: alve

{t)
e
w Pper(l Pper(t)

™\ w
]
] ) =

Py(t) —» Driving force by the left ventricle
Par

Figure 5.4: Differentiation of the different sections of the SIMULINK block diagram of Cardiovascular
System

When the left atrium is filled with blood, the systole takes place forcing the mitral valve to
open and starts the process of filling the left ventricle. By the time the filling process finished,

the systole of the ventricle happens (P, (t)) forcing the semilunar valve (D) to open while the

mitral valve is closed.
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5 Modelling of the cardiopulmonary system

The sudden filling and subsequent emptying of the aorta causes the pressure in the aorta
to vary (P,,+(t)). In the meantime, the pressure drop in the peripheral artery, which is respon-

sible for transporting blood to the body, (B, (1)).

Figure 5.5 shows every single block separately. To be more precise, Figure 5.5a represents
the building of the P,(t) from the Table 5.1 using a sine wave block. Meanwhile Figure 5.5b

constitutes the assembling of the code provided in the Equation 5.9.

Lastly, Figure 5.5¢ is the block model the representation of Equation 5.7 while Figure 5.5d

is the implementation of the Equation 5.8.

4 ™
/\/ » I
> u b Pyit)
10
. A

Py(t) — Driving force by the left ventricle

(a)
Diode — Semilunar valve
i
p+
Pwi(t) N
. »l|>001 vy

Part(t) lI »—

(b)
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Py, (t) — Blood pressure of the peripheral artery

Qart(t) L
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l
’—FW - ’ > 5
Ppert Pper(t)

(d)
Figure 5.5: Representation of all the blocks of the cardiovascular system
5.4.2 Pulmonary block model

Combining Equation 5.10, Equation 5.11 and Table 5.2 it results in the pulmonary system
in SIMULINK as is shown in Figure 5.6.

/\/ PLg(t) o :t % QLg(
Ly
oot

| =

Figure 5.6: SIMULINK block diagram of the pulmonary system using the differential equations

Figure 5.7 represents each of its differentiated parts of the system separately.
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L . ) = The overall air volume flow rate
Py, (t) - Driving force for the respiratory cycle @, (©) = The ove € ] e

= PLQ“)} { ok

T | —

QLg(t)

o "

T | -

Figure 5.7: Differentiation of the different sections of the SIMULINK block diagram of Pulmonary Sys-
tem

The process begins when the alveolar pressure (P, (t)) is small making the air flow through
the trachea and lungs ()1, ()) creating a higher lung pressure (F,(t)) until the exhalation takes

place, this process being repeated indefinitely.

Figure 5.8 represents the three blocks that constitute the system. The Figure 5.8a in im-
plemented through data of Table 5.2 while Figure 5.8b and Figure 5.8c represent Equation 5.10

and Equation 5.11 respectively.

Py, (t) — Driving force for the respiratory cycle

1
"y PLg(!) J

(@)
Q, (t) = The overall air volume flow rate
4 N
PLg(t)
P+ 1
— - ’m’ gl
N o’
(b)
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|

aLg(t) L
+ n 1 Fp(t)

(©
Figure 5.8: Representation of all the blocks of the pulmonary system in SIMULINK

5.5 Oriented Object Model of Cardiopulmonary System in SIMSCAPE

This part of the document deals with the representation of the cardiovascular system

through the Object-Oriented Model.

5.5.1 Cardiovascular System

Through the implementation of the systems in SIMULINK, a block diagram has been cre-
ated in SIMSCAPE, which will be explained step by step in the following section.

Figure 5.9: Block diagram of the pulmonary system

Clearly, several interconnected blocks can be distinguished from each other whose mission

is the transport of the oxygenated blood from the left ventricle to the rest of the body.
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5 Modelling of the cardiopulmonary system

The driving force by the left ventricle (Figure 5.10) is built with P, (¢) using the same sine
wave block as in SIMULINK. The difference here is that it requires a Controlled Voltage Source
(CVS) to supply the pulping mechanism. In general, Figure 5.10 gives a reference to the systolic

and diastolic movement of the left ventricle.

/\/‘L:u" b ,.‘

Figure 5.10: Block - Driving force of the left ventricle

Starting from Equation 5.7, the left ventricle pressure is created (Figure 5.11a) but it needs a
Voltage Sensor (VS) (Figure 5.11b) to measure the pressure drop from the left ventricle driving

force to the aortic valve.

\. i

Scope

. »

(a) Block - Left ventricle pressure )
(b) Electric analogy of the left ventricle pres-

sure

Figure 5.11: Left ventricle pressure

The advantage of SIMSCAPE with respect to SIMULINK is that there is no need to define

a different pressure equation because applying the same Sensor in different sections of the
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circuit will quickly provide the measured values. Meanwhile, in SIMULINK, it would be nec-

essary to implement in this case the Equation 5.8.

Aortic valve (Figure 5.12a) uses the diode block in SIMSCAPE (Figure 5.12b) taking away
the need to create the diode block from Equation 5.9. The diode controls the blood passage
to the aorta after the aortic pressure is big enough to open, letting the aperture of the aortic

valve and the passage of the blood flow.

(b) Electric analogy of diode

(a) Block - Mitral valve

Figure 5.12: Aortic valve

As in the case of measuring the pressure values, a SIMSCAPE Current Sensor (CS) block
(Figure 5.13b) will be needed to obtain the blood flow rate block (Figure 5.13a). Therefore, once
again, in the block diagram, there is no need to implement the differential equations, in this

case, expressed in the Equation 5.6.

Scope

+

., - »

(a) Block - Blood flow rate
(b) Electric analogy of blood flow

Figure 5.13: Blood flow rate

Figure 5.14 is an analogous 4-element-windkessel model discussed in section 3 where the
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electric necessary components parts are built up in parallel.

AN
4 : |
Hvrs |

Figure 5.14: Electric analogy of the Windkessel model

Last but not least, Figure 5.15 is made up of two elements: aortic pressure and peripheral
pressure. The two are composed of a Voltage sensor connected to the circuit whose function
is to measure the aortic and peripheral pressures. Both are based on differential equations 5.7

and 5.8.

| L/

i

(a) Block - Aortic pressure

(b) Block - Peripheral pressure

Figure 5.15: Aortic pressure and Peripheral pressure

5.5.2 Pulmonary System

A similar approach as with the cardiovascular system has been employed to implement

the pulmonary compartment model in SIMSCAPE (Figure 5.16).
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Air Volume Flow Rate (QLg)

s

LLg

ClLg

!
[

Pulmonary Prassura

PLgit)

Kix) = 0

Figure 5.16: Block diagram of the pulmonary system

An air pressure generator has been used to create the respiratory cycle (Figure 5.17).

~

|
O,

'L

Figure 5.17: SIMSCAPE - Driving force of the respiratory cycle

Ny

PLgit)

For the measurement of air volume that is entering the lungs a sensor block has been used

(Figure 5.18).

The third block comprehend an electric analogy where it can mimic the airway RL, and

the lung inertance L L, (Figure 5.19) [Ghafarian et al., 2016].

The last brick of this pulmonary scheme is the the one that modulates the pulmonary
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pressure (Figure 5.20) as describen in the Equation 5.11.

~

Figure 5.18: SIMSCAPE - Air volume flow rate

RlLg
ClLg

Figure 5.19: Electric analogy connected of the pulmonary system

. v,

Figure 5.20: SIMSCAPE - Pulmonary pressure
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5.6 Oriented Object Model of Cardiopulmonary Interactions in SIM-
SCAPE

The main use of this section is the implementation of the interactions between the cardio-

vascular and pulmonary systems using SIMSCAPE.

5.6.1 Exercise model

For the creation of the different physical activities such as rest, walking or running, the

model in Figure 5.21 and Figure 5.24 has been implemented at cardiopulmonary level.

Paripheral Atery Pressure (Resting)

=

Left Venticular Pressure (Resting)

y@

. v

rate fre-
quency depending on
the workload module

(a) Driving force by the left ventricle depending on the (b) Hear
workload module

Figure 5.22: Exercise interconnecting elements
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5 Modelling of the cardiopulmonary system

Because of the changes in Figure 5.22 in the system model are external to the electric cir-
cuit, Equation 5.12 is represented in Figure 5.22b, creating the new frequency that changes
with the percentage of work needed. Moreover, this same frequency is taken to generate the

same kind of input to the cardiovascular system, as is shown in Figure 5.22a.

Another factor that has been implemented is the variable resistor (Figure 5.23a), where the

input it is receiving is Equation 5.13 which is depicted in Figure 5.23b getting R1 as output.

(a) Variable electric resistance

aWi—p o# P R1-R1_min
+

N e D

R1

R1_min

(b) Variable resistance module

Figure 5.23: Variable impedance in the cardiovascular system

The pulmonary system would is represented as shown in Figure 5.24, taking as input the
frequency of cardiovascular system conveniently modulated (Figure 5.25). However, the dif-
ference is that the interrelation of Equation 5.14 is also being implemented giving PLg as

output.
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Air Volume Flow Rate (Resting) d

A

LLg

+
RL
© IT ’
. T
‘ Pulmonary Pressure (Resting)

(x)=0 =
A 4

Figure 5.24: Pulmonary model in exercise conditions

I—

4 »CD

PLg

5
5 s

\ v,

Figure 5.25: Driving force of the alveoli depending on workload module

5.6.2 Pulmonary obstruction

Lung obstruction at the level of modelling the pulmonary system increase the value of
RL, (Figure 5.26). However, the cardiovascular system is related to the pulmonary system

through these changes in resistance.

Also the ventricular pressure is affected as said in Equation 5.15 (Figure 5.27a) together

with changes in heart rate through the K, constant proposed in Equation 5.17 (Figure 5.27b).

46



5 Modelling of the cardiopulmonary system

Blood Flow Rate (Resting)

\i\/lrﬁ

Aortic Pressure (Resting)
Left Venricular Pressure (Resing)|
) = O

0

Poriphoral Atery Pressure (Restin

i

Figure 5.26: Pulmonary obstruction cardiovascular system

ut

4
@—b uz fen

1

(a) Ventricular pressure drop with a variable amplitude module

(b) Heart beat rate change module

Figure 5.27: Left ventricle driving force in pulmonary obstruction

5.6.3 Aortic regurgitation

As mentioned before, aortic regurgitation will involve a change in R, so for the pul-
monary system Figure 5.28 represent the decrease in blood flow to the muscles and the in-
crease in muscle stiffness (Figure 5.29 and 5.30). For the last case, it is necessary to implement

a variable resistor Equation 5.20 and 5.21.
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e

LLg

+ |

O

r
; [

] 1
fx)=0

PLg(t)
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Figure 5.28: Aortic regurgitation in pulmonary system
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Figure 5.29: Decrease in the muscle blood flow module
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Figure 5.30: Increase of the muscle stiffness module

48
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Experiences and
results

6.1 Results in physiological conditions

C

a

6

The purpose of this section is to test the system’s performance under normal exercise
onditions and validate the obtained results. For the sake of comparison, the results of [Tsai
nd Lee, 2011] are going to be used thought out.

.1.1 Normal conditions

The first analysis to start with is that of the response obtained from the cardiovascular sys-

tem. As an overview of the whole system at the pressure level is shown in Figure 6.1,showing:

left ventricular pressure, aortic pressure and peripheral pressure.

Blood Pressure (mmHg)

Left Ventricular Pressure (Resting), Aortic Pressure (Resting), Peripheral Artery Pressure (Resting)

2
Time (secs)

05 1 15 25 3 35 4

Figure 6.1: Pressures evolution in normal conditions

First of all, is exhibited an increment of left ventricle pressure since it is filled with blood
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coming from the left atrium. When the pressure reaches the point of 70 mmHg approximately
the aortic valve opens and the left ventricle contracts, known as left ventricle systole, starts
reaching a maximum level of pressure of 120 mmHg and conniving the following ejection
of the blood to the aorta. This implies that the left ventricle pressure, when it reaches the
top, starts to decrease as well as the aortic pressure because the blood flow rate (Figure 6.2)
decreases. It is important to mention that in the blood movement does not start until the aortic

valve opens and drops when it closes.

Blood Flow Rate (Resting)
|

)

Blood Flow Rate (mL / sec

| |
05 1 15 2 25 3 35
Time (secs)

Figure 6.2: Blood flow rate in normal conditions

After a certain point around 110 mmHg, takes place the aortic valve closure, creating the
diastole of the left ventricle. The diastole generates a pressure drop above 0 mmHg, some

blood remains the left ventricle.

When diastole occurs, the blood flow rate in the aorta drops completely until the cycle
of systole and diastole repeats (Figure 6.2). As a note, the maximum peak of blood that goes

through the aorta is around 750 mmHg/sec.

Meanwhile, the vessels in peripheral circulation experience the same pressure drops and
rises as the aorta. In particular, aortic valve closures are not visible in the peripheral pressure,
as the pressure drops until the heart again ejects the blood out of the heart. Figure 6.3 and

6.5 show the left ventricle pressure and aortic and peripheral pressure evolution respectively,
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revealing their cyclic behaviour.

Left Ventricular Pressure (Resting)
]

Blood Pressure (mmHg)
2 8
I [

|

2
Time (secs)

Figure 6.3: Left ventricle pressure in normal conditions

Aottic Pressure (Resting)

Aorlic Pressure (Resting)

Blood Pressure (mmHg)

2 25 3 35
Time (secs)

Figure 6.4: Aortic pressure in normal conditions

Regarding the pulmonary system, once the air starts entering the lungs, due to the differ-
ence between the atmospheric pressure and the lungs, besides other factors, the pulmonary

pressure is starting to increase until the volume flow rate reaches the maximum amount,

around 400 mmHg, creating the inspiration.

51



Physical Model of the Cardiopulmonary System and his Interactions using SIMSCAPE

Peripheral Artery Pressure (Resting)
|

Peripheral Artery Pressure (Resting)

Blood Pressure (mmHg)

2
Time (secs)

Figure 6.5: Normal condition peripheral pressure

Meanwhile, the expiration produces the release of air, decreasing the pressure and air vol-
ume in the lungs. The tidal volume, which is the volume stored during inspiration is 500 mL

in normal conditions [Figure 6.6 and 6.7].

Results obtained in normal conditions are in agreement with those of [Tsai and Lee, 2011]

and with physiological values that can be find in literature and textbooks.

Air Volume Flow Rate (Resting)
I

Air Volume Flow Rae (Resting)

Air Volume Flow Rate (mL / secs)

0 05 1 15 2 25 3 35
Time (secs)

Figure 6.6: Air volume flow rate in normal conditions
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Vig(h)

] )|

Air Volume inside the Lung (mL)

S

Figure 6.7: Air volume inside the lung in normal conditions

6.1.2 Exercise conditions

As previously was defined, during physical exercise, there is an increase in heart rate and,
in turn, a decrease in aortic resistance. Therefore, coupled effect for the respiratory and pul-
monary systems will be analysed. For the simulation of physical activity corresponding to

walking and running, W values of 33% and 100% respectively have been taken (see Table 5.4).

Left Ventricular Pressure (Running), Left Ventricular Pressure (Walkingg)

8
I

Blood Pressure (mmHg)
2

T
/AR AR
/AN IS SNIAUYANVINS UVIA N

25 3 35

05 1 15 2
Time (secs)

Figure 6.8: Exercise conditions for the left ventricle pressure

In Figure 6.8 are shown left ventricular pressure in both walking and running conditions,
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while Figure 6.9 represents the aortic pressure in both activities, the increase in heart rate is
mainly highlighted in these figures. The leading cause of the increased frequency is the need
to increase the amount of oxygen in the blood during the exercise. It is also visible the decrease
of the aortic resistance in Figure 6.10 which shows the blood flow through the aorta. In fact

the blood flow frequency increases and also does the aortic blood flow.

Aortic Pressure (Running), Aortic Pressure (Walking)

Blood Pressure (mmHg)
& 2

2
Time (secs)

o 05 1 15 25 3 35

Figure 6.9: Exercise conditions for the aortic pressure

The increased flow rate causes more blood to carry oxygen to the rest of the body, thus
increasing ATP production, and creating a greater energy source since the more work a person
does during exercise, the more energy will be consumed in terms of oxygen and nutrients

carried out by the circulation system.

Blood Flow Rate (Walking), Blood Flow Rate (Running)
I I

Blood Flow Rate (mL / secs)

05 T 15 2 25 3 35 4
Time (secs)

Figure 6.10: Exercise conditions for the blood flow rate
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Concerning the pulmonary system, the pulmonar frequency also increases as in cardiac
level, as seen in Figure 6.11, where the air volume flow rate continues to reach 400 mmHg,
but with increased frequency. However, the maximum air volume reached decreases to 410
mmHg and almost 305 mmHg (Figure 6.12). In that case, this does not imply that the volume

is less than before, but it is proportionally the same.

Air Volume Flow Rate (Walking), Air Volume Flow Rate (Running)
I

Air Volume Flow Rate (Walking)
Air Volume Flow Rate (Running)

Air Volume Flow Rate (mL / sec)

2
Time (secs)

Figure 6.11: Exercise conditions for the air volume flow rate

Air Volume within the Lung (Waling), Air Volume within the Lung (Running)
I I I
450(—

Air Volume within the Lung (Waling)
Air Volume within the Lung (Running)

Air Volume inside the Lung (mL)

Sob— |
0 05 1 15 2
Time (secs)

Figure 6.12: Exercise conditions for the air volume within the lung
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6.2 Results in pathological conditions

After checking that the system interacts appropriately, the most interesting part is to check
how the pathologies of one system affect the other and vice versa. Therefore two tests will be

performed: aortic valve regurgitation and chronic obstructive pulmonary disease.

6.2.1 Aortic valve regurgitation

For the study of aortic regurgitation, the values obtained for different cases of R, ; will be
compared, as mentioned in Table 5.7. The ratio between the maximum and minimum blood
flow rate can be expressed as a percentage of %’T’m, giving the severity of regurgitation.
In case of mild aortic regurgitation the percentage obtained of regurgitation volume is set to
9.45% and for the severe case of regurgitation has been set to 27%.

Tests will be performed in case of mild and severe regurgitation as the results obtained are
much clearer. Moreover, the model will function properly when the blood flow reduction and

increased respiratory resistance collateral effects are appreciated.

When comparing the two cases of aortic regurgitation, it is concluded that, in the case of
the cardiovascular system, the more severe is the valve incompetence, the more blood flows
back into the left ventricle during ventricular diastole (Figure 6.13). In turn, there is an in-
creased blood flow rate and even earlier ejection of blood into the aorta. This is because the
left ventricle is occupied by the remaining blood (not a hundred per cent of the oxygenated
blood is ejected by the ventricle), plus the blood that has returned to the ventricle. Therefore,
as the left ventricle is receiving blood from the left atrium, a blood push and pressure increase
in the ventricle causes the systole of the ventricle before it should occur under normal condi-

tions and at a lower pressure (Figure 6.14).

Meanwhile, as the pulmonary system is not receiving enough blood from the heart, there
is a stiffening of the muscles that form part of respiration. This stiffening results in the indi-
vidual’s ability to breathe air much lower than in normal conditions, leading to fatigue and

even severe cases of asphyxia.
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As shown in Figure 6.15, the air volume flow rate in severe cases has decreased almost
four times compared to normal conditions, which implies that the air volume inside the lungs

decreases as well (Figure 6.16) due to the increase of pulmonary resistance RL,.

Blood Flow Rate (Severe), Blood Flow Rate (Mild)

Blood Flow Rale (Severe)
Blood Flow Rate (Mild)

JN I //A /A
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g
I

Blood Flow Rate (mL / secs)

400 — i
05 1 15

2 25 3 35
Time (secs)

Figure 6.13: Blood flow rate in the aortic valve regurgitation

Aortic Pressure (Severe), Aortic Pressure (Mild)

Aoriic Pressure (Severe)

——— Aortic Pressure (Mild)
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Blood Pressure (mmHg)

05 1 15 25 3 35 4

2
Time (secs)

Figure 6.14: Aortic pressure in the aortic valve regurgitation

Much more severe cases of regurgitation than those proposed here could be envisaged.
However, these would be unfeasible as the person would probably either be dying of asphyxia

or no longer alive.
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Air Volume Flow Rate (Severe), Air Volume Flow Rate (Mild)
]

‘Air Volume Flow Rale (Severe)
00— Air Volume Flow Rale (Mild)

150]

Air Volume Flow Rate (mL / sec)

-100)

-150)

2
Time (secs)

Figure 6.15: Air volume flow rate in the aortic valve regurgitation

Air Volume within the Lung (Mild), Air Volume within the Lung (Severe)
I ]
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Air Volume ithin the Lung (Severe)
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Figure 6.16: Air volume in the aortic valve regurgitation

6.2.2 Chronic Obstructive Pulmonary Disease

Lung obstruction, as mentioned in the previous chapter, consists of the variation of the
pulmonary resistance RL,. Therefore, to simulate the cases of mild and moderate obstruc-

tion, the values in Table 5.6 will be used.

At the pulmonary level, the higher is the respiratory resistance, the lower the amount of air

that can be taken in during inspiration and stretching (Figure 6.17), which is entirely normal
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since obstruction of the airways decreases the air volume (Figure 6.18) or, in other words, the

capacity of air that the lungs can hold.

Air Volume Flow Rate (Mild), Air Volume Flow Rate (Moderate)

Air Volume Flow Rate (Mild)
Air Volume Flow Rate (Moderate)

Air Volume Flow Rate (mL / sec)

0 05 1 15 2 25 3
Time (secs)

Figure 6.17: Air volume flow rate in the chronic obstructive pulmonary disease

Air Volume within the Lung (Mild), Air Volume within the Lung (Moderate)
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Figure 6.18: Air volume in the chronic obstructive pulmonary disease

Meanwhile, at the cardiovascular level, there is an increase in heart rate as the heart tries
to supply the rest of the body with nutrients as quickly as possible (Figure 6.20). However,
this increase in heart rate cannot be progressive as it will reach a point where the heart cannot

beat any faster, leading to its failure.
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Another relevant aspect is the heart failure caused by COPD, which causes the pressure
in the heart to drop progressively depending on the degree of COPD. That is because the left
ventricle begins to fail as the progression of the disease gets permanent. After all, the heart
is a muscle that needs to be nourished with oxygen and eliminate waste substances, but the
lung is not performing its function well, and neither is the rest of the system.

Aortic Pressure (Mild), Aortic Pressure )

Blood Pressure (mmHg)

05 1 15 2 25 3 35 4
Time (secs)

Figure 6.19: Aortic pressure in the aortic chronic obstructive pulmonary disease

Blood Flow Rate (Mid), Blood Flow Rate (Moderate)

Blood Flow Rate (Moderate)
1200(—
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Blood Flow Rate (mL / secs)

2
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Figure 6.20: Blood flow rate in the chronic obstructive pulmonary disease

An additional effect can be notices referring blood flow rate which exhibits a decreasing

due to the oxygen rumination (Figure 6.17).
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The results obtained during aortic regurgitation and pulmonary obstruction can be as-
sumed as valid from thequalitative point of view, according to [Kappel, 2012] and [Batzel et

al., 2005].

61



Physical Model of the Cardiopulmonary System and his Interactions using SIMSCAPE

62



7 Conclusions and future lines of study

Conclusions and
future lines of study

7.1 Conclusions

The main objectives of this Final Degree Project was to model a cardiovascular system,
which consisted of implementing the cardiovascular and pulmonary systems separately and
then interconnecting the two systems to observe how they affect each other. All of this has
been accomplished building a block diagram using SIMULINK, and within this, implementing

the same system through electrical analogies using SIMSCAPE.

The main advantage of building a model of the cardiopulmonary system dynamics is the
possibility for the physician to visualise how a malfunction in the heart affects the lung or
vice versa, without the need for the patient to undergo any test. The second advantage of this
model is that the system is implemented through Object-Oriented Programming. This implies
that the physician, or appropriate personnel, does not require prior knowledge of hydraulics

or analogies to interpret the system’s results.

7.2 Future lines of study

It is important to clarify that this Final Degree Project constructs a straightforward car-
diopulmonary system, as the most significant complexity is found in the interconnections in
the cardiorespiratory system. Therefore, a possible study would consist of increasing the sys-
tem’s complexity,considering a more complex model including gas exchange at the pulmonary

and vascular level.
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Another implementation would be the introduction of controllers such as PID to be able
to control either the performance of an left ventricle assisted devices or an air flow ventilator

by by using the cardiopulmonary model here developed as a benchmark.
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Conclusiones y
lineas futuras

8.1 Conclusiones

El objetivo principal de este Trabajo de Fin de Grado ha sido modelar un sistema cardio-
vascular, lo que ha consistido en implementar los sistemas cardiovascular y pulmonar por
separado y posteriormente interconectar ambos sistemas para observar como se afectan mu-
tuamente. Todo ello se ha llevado a cabo construyendo un diagrama de bloques utilizando
SIMULINK, y dentro de éste, implementando el mismo sistema mediante analogias eléctricas

utilizando SIMSCAPE.

La principal ventaja de construir un modelo de la dinamica del sistema cardiopulmonar es
la posibilidad de que el médico visualice como un mal funcionamiento del corazon afecta al
pulmon o viceversa, sin necesidad de que el paciente se someta a ninguna prueba. La segunda
ventaja de este modelo es que el sistema se implementa mediante programacién orientada a
objetos. Esto implica que el médico, o el personal adecuado, no necesita tener conocimientos

previos de hidraulica o analogia para interpretar los resultados del sistema.

8.2 Lineas futuras

Es importante aclarar que este Trabajo de Fin de Grado construye un sistema cardiopul-
monar sencillo, ya que la complejidad mas significativa se encuentra en las interconexiones
del sistema cardiorrespiratorio. Por lo tanto, un posible estudio consistiria en aumentar la
complejidad del sistema, considerando un modelo mas complejo que incluya el intercambio

de gases a nivel pulmonar y vascular.
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Otra implementacion seria la introduccién de controladores como el PID para poder con-
trolar el funcionamiento de un dispositivo asistido por el ventriculo izquierdo o un ventilador

de flujo de aire utilizando el modelo cardiopulmonar aqui desarrollado como referencia.
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