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Abstract

A lumped-parameter model of the circulatory system was developed in the Simulink envi-
ronment. The model focused on cardiopulmonary mechanical interaction during artificial
lung ventilation. The cardiopulmonary interaction was expressed by terms of changes in
pleural and alveolar pressures as well as changes in pulmonary capillary resistance with
lung volume variations. Positive (end-expiratory) pressure artificial ventilation increased
the pressure in thorax, including pleural pressure and pressure in large systemic veins.
Higher lung volumes increased resistance of pulmonary blood vessels. The circulatory
model was linked to a model of a lung ventilator to serve as a basis for an intensive-care
training simulator. The compound model was tested with different end-expiratory alveolar
pressure levels. A decrease in cardiac output was observed in the model, but the reduc-
tion was greater than values reported in literature. This might be explained by absence of

further autoregulatory mechanisms (as sympaticus stimulation) in the model.

Abstrakt

V prostiedi Simulink byl vyvinut model obéhového systému se soustedénymi parametry
zaméfeny na kardiopulmonarni mechanickou interakci pfi umélé plicni ventilaci. Kardio-
pulmonadrni interakce byla vyjadfena zménami v pleurdlnim a alveolarnim tlaku a zménami
odporu plicnich kapildr s ménicim se objemem plic. Pietlakova ventilace zvySovala tlak
v hrudniku, v€etné pleurdlniho tlaku a tlaku ve velych systémovych zilach. ZvySeny ob-
jem plic zvétSoval odpor plicnich cév. Obéhovy model byl propojen s modelem plicniho
ventilatoru, aby slouZily jako zdklad simulatoru pro vyuku akutni mediciny. Spojeny mo-
del byl testovan pfi rizném endexpiracnim tlaku v alveolach. V modelu bylo pozorovano
snizeni srde¢niho vydeje, ale tento pokles byl vétsi nez uvadi literatura. Pfi¢inou miize byt

absence autoregulacnich mechanismi (napf. aktivace sympatiku) v modelu.
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Chapter 1
Introduction

Artificial lung ventilation of a human patient differs significantly from normal breathing.
Non-physiological conditions occur within the ventilated body, and although the artificial
ventilation itself often presents a vital and unreplaceable component of modern treatment,
its impact on the body may be potentially harmful. The main objective of the Artificial
ventilation simulator project was to build a computer program based on mathematical
models—a training tool, which would help students of medicine (especially those inter-
ested in intensive care units) to understand factors accompanying provision of the artifi-
cial ventilation and to practice their skills in acute medicine. As a part of the project, this
master’s thesis focuses on the relation between the respiratory system and the circulatory

system under the conditions of artificial ventilation.

1.1 Motivation

There are two basic ways the lung ventilation affects the blood circulation: through gas
exchange, which is the main purpose of the respiratory system, and through mechanical
means, mainly intrathoracic pressure, i.e., the pressure within the thoracic cavity, which is

strongly influenced by the pressure in lungs and which, in turn, influences blood flow.

Air flow is directly proportional to the pressure gradient. Under normal conditions,
inspiration is an active process in which the diaphragm and thoracic cage muscles con-
tract while increasing volume of the intrathoracic cavity and lung volume, thus decreasing
the alveolar pressure below the atmospheric pressure. That enables the air to enter the
lungs. On the other hand, expiration is passive because of the elastic recoil of the lungs,

ultimately balancing the alveolar and atmospheric pressure. Due to increased volume of
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the intrathoracic cavity, the intrathoracic pressure during inspiration is negative. This so-

called thoracic pump helps to draw blood from systemic veins into the chest [[1].

When artificial ventilation is applied, the situation changes dramatically. The muscles
are relaxed, and the pressure gradient necessary for breathing is provided by a machine,
which literally inflates the lungs using pressure higher than the ambient one (so-called
positive-pressure ventilation). During inspiration, the mouth pressure is set above the
alveolar pressure, and the gas flows inside the lungs, whereas during expiration the pro-
cess is reversed. The result is positive intrathoracic pressure, which cancels the thoracic
pump effect. Moreover, increased lung volume extends pulmonary capillaries [2]], there-
fore reduces their diameter and elevates pulmonary vascular resistance. Both described
mechanisms ultimately lead to reduction of cardiac outpulﬂ which is not the desired state
especially in case of anaesthetized patients. These problems are even augmented if the
pressure in the mouth remains above atmospheric pressure during the whole respiratory
cycle. This was described by Cournard et al. [3] as early as in 1948, but “[t]he cardio-
vascular effects of [positive-pressure ventilation] . .. continue to cause problems in clinical
practice and, after another half century of investigation, the effects remain incompletely
elucidated.” [1]].

1.2 Objectives and Approach

Although the principles of cardiopulmonary interaction under artificial ventilation are well
known, details and individual importance of the mechanisms has been discussed until re-
cent time [4], [5]. The complexity of the topic is probably the reason why there are very
few published models dealing with the issue. In fact, no suitable model was found, which
would describe directly the relation between the circulatory system and the respiratory
system with a ventilator. For this reason I decided to enhance a circulatory model that
partially takes artificial ventilation into account and to make changes that would allow
connection of a lung ventilator model, which was developed simultaneously in another
diploma thesis. As gas exchange between the lungs and the pulmonary blood vessels
depends strongly on blood flow in pulmonary capillaries, I focused primarily on the me-
chanical cardiopulmonary interaction, which influences the blood flow. Therefore, the
broad assignment of this diploma thesis was ultimately reduced to a more specific objec-

tive: to propose and design a model of mechanical cardiopulmonary interaction, which

!volume of blood per time unit expelled into the body by heart
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would integrate a lung ventilator simulator, and to show how artificial ventilation affects

blood circulation, mainly cardiac output.

The thesis describes how the model was evolved from published works and which

physiological effects were considered:

e Chapter 2] summarizes basic principles of blood circulation and respiration. Then,
artificial ventilation is introduced and the fundamental difference between sponta-
neous breathing, and mechanical ventilation is explained. Finally, the two main
areas of mechanical cardiopulmonary interaction are detailed: thoracic pump and

pulmonary vessels.

e In Chapter [3] available models are considered. A structure of an adopted model
is presented, and lumped parameter concept is explained. Finally, first version of
the assembled model—model 1—is implemented and tested. This version focuses

mainly on pleural pressure impact.

e Chapter[|is devoted to possible model improvements. Parameters of the model are
adjusted so that the performance of the new version—model 2 (stage 1)—during
spontaneous breathing follows basic physiological data more accurately. In the sec-
ond part of this chapter roles of lung volume and alveolar pressure are considered in
model 2 (stage 2). A function which connects lung volume and hydraulic resistance

in pulmonary capillaries is suggested.

e Chapter[5]describes how the ventilator model was attached to model 2 (stage 2) and
the behavior of the compound model. Changes in cardiac output were compared

with results published in physiological literature.

e Finally, Chapter [6]suggests which further steps should be taken for enhancement of

the model.

All computer simulations were performed in the Matlab/Simulink environment, and the

models can be found on the enclosed CD.
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Chapter 2
Physiological Background

Before analysis and improvement of available models, the structure and function of the
blood circulatory system and the respiratory system will be briefly summarized. Fur-
thermore, their mutual influence shall be discussed as well as the impact of the artificial

ventilation.

2.1 Elementary Hemodynamics

Despite complex physiological relations within the human body, let us focus only on a few
physical quantities. For the purpose of this study, elementary physical relations seem to

be sufficient, without demand of any deeper discussion of fluid dynamics.

2.1.1 Pressure, Flow, and Resistance

The rate of fluid flow F (ml-s~!) between two places in a tube is proportional to the pres-

sure differencem AP (mmHg) between the two locations:

F="— 2.1)

where R (mmHg-s-ml~!) denotes the hydraulic resistance, in particular the friction be-

tween the fluid and tube walls. Assuming laminar flow in (large) blood vessels, one can

L All pressure values, unless stated otherwise, will be given relative to the atmospheric pressure. In this

thesis the torr (mmHg) is used as a pressure unit—see Appendix EI for further details.

5
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derive from Poiseuille’s law that:

_8Im

R—=—_
rt’

(2.2)
where / (cm) is the tube length, 1 (mmHg - s) is the viscosity of blood and r (cm) is the
tube diameter. As total circulatory length and blood viscosity change only a little [6], it
is apparent how important the vessel diameter is for the resistance and thus for the blood

flow.

2.1.2 Pressure, Volume, and Compliance

While blood flow depends on the pressure difference within blood vessels AP, the volume
of blood V (ml) stored in a vessel is determined by the transmural pressure P;,,—the pres-
sure difference across the vessel wall, i.e., between the inside and the outside of the vessel.
Hence, a very important parameter of a blood vessel is the compliance C (ml-mmHg 1),

which describes how blood volume changes with change in transmural pressure, that is:

_av
dPy

C (2.3)
Compliance of a vessel is given mainly by the structure of its wall, therefore different
vessels (arteries, large veins, etc.) may distend to very different volumes at the same

positive transmural pressure.

2.2 Blood Circulation

The continuous function of the cardiovascular system is essential for the human body. It
enables material exchange throughout the body, and generally helps to maintain home-

ostasis of the organism.

2.2.1 The Circulatory System: Structure and Function

The blood circulation connects all body tissues, not only carrying blood gases between
the lungs and cells, but also having a prominent role in bringing vital supplies (nutrients)

to tissue and taking away cellular wastes. It largely participates on fluid distribution in

21t connects the digestive tract and liver, enabling nutrient processing.
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close cooperation with the lymphatic system. Moreover, it supports communication within
the body through the hormones, it is an integral part of the immune system, and helps to

control body temperature.

The cardiovascular system is driven by the heart muscle, a tirelessly working pump
divided into two halves, the left heart and the right heart, each with two chambers: an
atrium and a ventricle. Normally, blood moves only from an atrium to a ventricle, and
not in the opposite direction. Generally, the one-way direction of the blood flow in the
organism (as depicted in Fig. is ensured by the system of valves, of which the most
notable are inside the heart. The blood vessels connect the right and the left heart by two

circulation sets: pulmonary circulation and systemic circulation.

In the pulmonary circulation the blood flows from the right ventricle to the pulmonary
arteries and further to the lungs. In the pulmonary capillaries blood loses carbon dioxide,

binds oxygen, and returns to the left atrium through the pulmonary veins.

The much larger systemic circulation, which takes place between the left ventricle and
the right atrium, brings oxygenated blood to body tissues and extracts carbon dioxide
there. Blood from the left ventricle enters the aorta, the largest of the systemic arteries.
The aorta is gradually left by smaller arteries: The ascending arteries supply upper parts
of the body, most notably the brain. The abdominal aorta carries blood to lower parts
where most of the internal organs are. After passing through the network of systemic
capillaries, blood returns to the heart via systemic veins. The two biggest, venae cavaﬂ
take blood back to the chest and the right atrium. A special part of the systemic circulation,
the coronary circulation between the aorta and the right atrium, supplies the heart muscle

itself.

2.2.2 The Heart

The heart lies in the middle of thorax, behind sternum. It has already been implied that
the organ is separated into the left heart and the right heart, and that there is no direct flow
between them: Blood from venae cavae enters the right atrium, then flows into the right
ventricle, and is ejected to the pulmonary arteries. Blood from the pulmonary veins flows

into the left atrium, then to the left ventricle and is expelled to the aorta.

To prevent blood from flowing backwards through the heart, atrioventricular valves

(tricuspid valve in the right heart and bicuspid—or mitral—valve in the left heart) open

3Vena cava inferior runs from the upper part of a body and Vena cava superior comes from the lower

parts. Together they collect all blood from the systemic circulation, except from the coronary circulation.
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Fig. 2.1. Overview of cardiovascular system anatomy. Printed with permission of Pearson Educa-
tion, Inc. Source: [[7].

only if the pressure within an atrium is bigger than the pressure inside a ventricle. Simi-
larly, semilunar valves (pulmonary valve and aortic valve) close if pressure in the arteries

exceeds ventricular pressure.

Regular and repeated contraction of the cardiac muscle cells induces the cardiac cycle
and propels the blood in the heart, so that it moves in the circulatory system. The mecha-
nism or the origins of the heart muscle cells contraction do not need to be described into
detail here. Just let us say that some myocardial cells (called the autorhythmic cells) have
a special ability to generate action potential spontaneously without signals from the neu-
ral system. The pacemaker cells send electrical signal periodically through the electrical
conduction system to different parts of the heart. This causes coordinated contractions of

the muscle. The heart under normal conditions works as a never-resting pump.
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The cardiac cycle

Between two heartbeats, atriums and ventricles undergo a series of events (Fig. which
ultimately move blood forward in the circulatory system. Both the left and the right heart
contract and relax at the same time, even though blood from the left heart is ejected under
much bigger pressure than blood from the right heart. The periods of contraction and

relaxation are called systole and diastole, respectively.

At the beginning of a new cycle, in late diastole, atriums and ventricles are relaxed.
The ventricular pressure decreases below the atrial pressure; blood accumulated in atriums
opens the atrioventricular valves and starts filling the ventricles, which increase their vol-
ume. Then, atriums contract and push small amount of blood into the relaxed ventricles,

which are already partially filled.

After a brief moment, ventricular volume reaches its maximum, and ventricles begin to
contract. The intraventricular pressure rises quickly, and the atrioventricular valves close.
Before the ventricular pressure exceeds the pressure in arteries, the semilunar valves are
closed as well, the heart muscle tension is increasing, and the contraction is isovolumic.
Finally, the semilunar valves open, and as the ventricular pressure keeps raising, blood is

ejected into arteries.

During ventricular diastole, the ventricular pressure falls below the arterial pressure.
Blood, which starts to flow back from arteries to ventricles, now closes the semilunar
valves, and the phase of isovolumic ventricular relaxation occurs. The atriums and the

ventricles are relaxed again.

The cardiac cycle is often described by the pressure-volume relation in the left ventricle

(Fig. [2.3) and divided into four stages:

Period of filling. Pressure in the left ventricle is on its minimum slightly above 0 mmHg.
Blood starts filling the ventricle and flows in until the end of atrial systole. As the
ventricle is in diastole, the intraventricular pressure rises only to about 5 mmHg,
but volume of the ventricle increases from 45-65 ml to its maximum of about 115-

135 m]lﬂ which is called the end-diastolic volume.

Isovolumic contraction. During systole the pressure rises to about 80 mmHg. Both the
atrioventricular valve and the aortic valve are closed, thus the ventricular volume

remains unchanged.

“The higher values are given by [7] for a 70-kg man at rest. The lower values are given by [6].
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Fig. 2.2. Mechanical events in the heart and the pressure in the aorta, the left ventricle, and the left
atrium during the cardiac cycle. A/B: aortic valve opens/closes, C/D: mitral valve closes/opens.
Printed with permission of Pearson Education, Inc. Source: [7].

Ejection. Blood is pushed into the aorta. During the ejection phase the intraventricular
pressure ascents up to about 120 mmHg. The ventricular volume in the end returns

back to its minimum (the end-systolic volume).

Isovolumic relaxation. The ventricle is in diastole. The valves are closed again; the vol-

ume does not change, and the pressure drops towards 0 mmHg.

The difference between the end-diastolic and the end-systolic volume is the stroke
volume—the amount of blood that the heart ejects into the aorta in one cardiac cycle.
A typical value is 70 ml; however, the more cardiac muscle is stretched, the stronger it
contracts, and so, according to Frank-Starling law of the heart, the stroke volume rises
with the end-diastolic volume. In other words, the more blood comes to the left heart, the
greater is the volume that the heart pumps to the aorta within one stroke, and vice versa.

This is related to the role of veins that will be discussed later.
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Fig. 2.3. Left ventricular pressure-volume changes during one cardiac cycle. A/B: mitral valve
opens/closes, C/D: aortic opens/closes. Printed with permission of Pearson Education, Inc. Source:

7.
2.2.3 Blood Vessels

Blood vessels may be divided according to their composition and function into three ma-
jor groups: High-pressure arteries (and arterioles) take blood away from the heart, thin
capillaries run through tissues and are the place of material exchange, and low-pressure
veins (preceded by venules), which return blood back to the heart. The size (diameter) of

the blood vessels varies greatly, as can be seen in Table [2.1]

Table 2.1. The average diameter of blood vessels. Source: [7].

Artery | Arteriole | Capillary | Venule Vein
4.0mm | 30.0 um 80um | 20.0 um | 5.0 mm

Mechanical properties of blood vessels depend on their tissue composition, in particu-
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lar on the amount of smooth muscle and elastic fibers in the vessel wall. Vascular smooth
muscle is usually partially contracted, but can change its tone and thus alter the diame-
ter of blood vessels (so-called vasoconstriction and vasodilation). The elastic fibers (and

fibrous connective tissue) affect flexibility and recoil of the vessels.

Systemic arteries contain large amount of smooth muscle and elastic and fibrous tissue.
This makes their walls tense and stiff. They stretch (only) under high blood pressure
originating from the left heart ventricle, and once the ventricle relaxes, the significant
elastic recoil of arterial walls pushes blood further to the circulatory system. In other
words, the energy stored in arterial walls is used to keep continuous driving pressure at the
time of the ventricular filling. The same effect in pulmonary arteries is much smaller as

they operate under lower pressure and are less distensible.

Arterioles are high-resistance vessels with very little elastic tissue, but large amount
of smooth muscle. The muscle layer enables large-scale constriction and dilation, and
in this way the divergent blood flow is controlled and distributed to various body tissues
according to their momentary needs. A typical blood distribution in the resting body is in
Table

Table 2.2. Typical distribution of total blood flow (approximately 5000—5600 ml-min~') in the
body at rest. Sources: [6], [7].

Systemic circulation Brain 14%
Coronary circulation 4%

Liver and digestive tract 27%

Kidneys 20%
Skeletal muscle 21%
Skin 5%
Bone and other tissues 9%
Pulmonary circulation ~ Lungs 100%

In a network of about ten billion capillaries [6], water and materials like nutrients or
cell waste are exchanged between the plasma, intersticial fluid, and cells. Thin walls of
capillaries allow easy diffusion of substances, but contain no muscle or elastic tissue, and
so capillaries can hardly change their diameter. In fact, the blood flow through a single
capillary is not steady, as the vessel is very narrow and has diameter comparable with red
blood cell dimensions. But due to the high number of vessels one can assume that there is

some average flow rate and average blood pressure in capillaries.

From tissues, the blood returns to the heart through a convergent system of venules and
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veins. As vessels diameter increases, elastic tissue and smooth muscle tissue appear again.
However, venous walls are thinner than in arteries, have less elastic tissue, and therefore
they can swell more freely than arteries. Due to greater flexibility, veins can also collapse
more easily and can even shut themselves to blood flow. On the other hand, veins, which
are large in size, hold normally more than half of all blood in the body (see Table [2.3)), and

the vessels serve as blood reservoir in the circulatory system.

Table 2.3. Volumes of blood in different parts of circulation expressed in % of total blood volume.
The total blood volume is about 5000 ml. Source: [6].

Systemic vessels Arteries 13%
Arterioles and capillaries 7%
Veins 64%
Heart 7%
Pulmonary vessels 9%

2.2.4 Cardiac Output and Venous Return

Cardiac output Q (ml-s~! or ml-min~") is the amount of blood pumped by the left ventricle
into the aorteﬂ in given time. Very often it is expressed in milliliters per minute. All blood
in the body has to flow through the heart, so cardiac output is a significant parameter as it
represents the overall blood flow through the circulatory system. An average adult person
at rest has the cardiac output about 5000-5600 ml/min, but this can raise up to 7 times
during exercise [6], [7]. Cardiac output is a product of heart rate (min—') and stroke
volume (ml). It has already been explained how the stroke volume strongly depends on
the end-diastolic volume. Therefore, cardiac output is determined primarily by the total
blood flow from tissues, or in other words by venous return—the inflow from systemic

veins to the right atrium.

Like any other flow, venous return depends on pressure gradient, i.e., the difference
between the pressures in systemic veins and the right atrial pressure, and on the resistance
of vascular vessels. There are many factors that affect venous return. For example, a
great impact has a so-called (skeletal) muscle pump, made by leg muscles which compress

veins during movement of the body, increasing peripheral venous pressure and driving

>In fact, under standard conditions, the pumped volume should be the same for both ventricles. As one
can see in Table[2.2] all the blood flows through pulmonary circulation, so the cardiac output is essentially

the pulmonary blood flow.
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blood into the heart [7]. A very important respiratory pump will be discussed later on in

section

Low cardiac output

Reduced cardiac output indicates a pathological situation when oxygen supply of the cells
and removal of metabolic waste may not be fast enough. Very low cardiac output is closely
related to the circulatory shock, a serious failure of the circulatory system, when insuffi-
cient perfusion of tissues may lead to their progressive damage and ultimately to death.

Low cardiac output is often an immediate cause of the failure [6].

The reasons for pathologically low cardiac output are divided into cardiac abnormali-
ties and peripheral factors. The instances of the former ones may be myocardial infraction
or arrhythmias. Low cardiac output due to low venous return has several causes—for ex-
ample severe bleeding or allergic reaction resulting in vasodilation. Also, high pressure in
the right atrium holds blood in the veins. If the right atrial pressure raises up to 7 mmHg,

the venous return is stopped entirely [6].

Another important factor of low cardiac output is easy collapse of large veins. Vena
cava may collapse if blood pressure inside the vessel falls below the intrathoracic pressure
[8]. Similarly, negative pressure (i.e., subatmospheric pressure) in the right atrium does
not increase the venous return, because it “sucks the walls of the veins together where they

enter the chest” [6]].

2.2.5 Blood Pressure

Blood pressure progressively decreases as blood moves through the circulatory system.
The highest values are reached in the aorta (during ventricular systole) and systemic ar-
teries. Then the pressure falls down along the way to the right atrium where it is approxi-

mately zero as can be seen in Table [2.4

According to a phase of the cardiac cycle, the pressure in the aorta oscillates between
about 120 mmHg (systolic pressure) and 80 mmHg (diastolic pressure). The difference,
called pulse pressure is affected by the stroke volume. Due to the inertia of blood, the
pressure wave progresses further into the circulatory system, but because of resistance and
compliance of blood vessels, the pulsations are damped by the time they reach capillar-
ies. A similar arrangement as in the systemic circulation can be found in the pulmonary

circulation, but the pressure amplitude is notably smaller, yielding the mean pulmonary
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arterial pressure approximately 15-16 mmHg. Then the pulmonary circulation pressure
falls on the way to the left atrium (Table[2.3).

Table 2.4. Typical pressures in the systemic circulation of a recumbent human. Sources: [6], [9].

Vessels Pressure (mmHg)
Aorta and large arteries 100 (mean)

120 (systolic)

80 (diastolic)
Capillaries 17 (average)

35 (arteriolar end)

10 (venous end)

Peripheral Veins 4-6
Venae cavae 2
Right Atrium 0-1

Table 2.5. Typical pressures in the pulmonary circulation of a recumbent human. Source: [6]].

Vessel Pressure (mmHg)

Pulmonary artery 15 (mean)
25 (systolic)
8 (diastolic)

Capillaries 7 (average)

Veins and left atrium 1-6 (mean: 2)

2.2.6 Circulatory System Regulation

The central mechanism which regulates blood pressure is the baroreceptor reflex. Barore-
ceptors are stretch-sensitive sensors placed in the walls of the carotid arterieﬂ and the
aorta. A blood pressure change in the vessels causes a change in the rate of a signal that
the sensors send to the cardiovascular control center in medulla oblongata in the brain.
From there, arteriolar vasodilatation/vasoconstriction and the heart rate and contraction

are regulated, so that the original blood pressure level is restored. Besides this system,

Stake blood to the brain
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there are various other regulatory mechanisms, either local (arterioles regulate blood flow

to tissues) or systemic (for example, the kidneys help to maintain body fluid balance) [7].

2.3 Respiration

Two primary functions of the respiratory system are to provide gas exchange between the
atmosphere and the blood and to help regulate body pH through the level of carbon dioxide
(COy). The human metabolism requires a continuous supply of oxygen (O) and removal
of CO,. The bulk of this need is satisfied by breathing. The term external respiration is
used for the movement of gases between the outer environment and cells of the body[’}

This can be divided [7] into four two-way processes:

1. The exchange of air between the atmosphere and the alveoli (called ventilation, this

involves both inspiration and expiration).

2. The exchange of O, and CO; (and possibly other gases) between the lungs and the
blood.

3. The blood transport of O, and CO;.

4. The exchange of gases between blood and cells.

Further, the first stage—ventilation—will be focused.

2.3.1 Anatomy of the Respiratory System
The airways

The respiratory system consists of several parts, divided into the upper respiratory tract
and the lower respiratory tract. The first one includes the mouth, nasal cavity, pharynx,
and larynx. The lower respiratory tract, enclosed in the thorax, starts with the trachea,
which splits into two primary bronchi. Each bronchus divides into smaller bronchi as it
enters a lung. Trachea and bronchi are semirigid tubes. In the lungs bronchi splits again
into collapsible smooth muscle bronchioles which ultimately end in alveoli. The diameter

of the airways decreases from 15-25 mm of the trachea to 0.2—0.3 mm in alveoli [7]], [10].

"Whereas the cellular respiration means the intracellular consumption of oxygen and production of

carbon dioxide.
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The pulmonary tree also may be described according to its divisions or generations.
The trachea is the generation 0, and in every next generation, a passageway is forked
into two or more smaller tubes. The primary bronchi are the generation 1 (first division),
smaller bronchi form generations 2-11. Bronchioles farther branches up to the generation
23 where in the respiratory bronchioles the conducting zone changes to the respiratory

zone [7].

Alveoli

Alveoli (generation 24) are the primary site of gas exchange realized as a process of dif-
fusion. There are several hundreds of millions alveolar sacks in each lung [11]. Each
alveolus is made of a thin layer of epithelial cells and covered by an ample network of
pulmonary capillaries. Some of the epithelial cells produce a secretion called surfactant,

which is necessary for easy lung expansion into the thorax (see below).

Thoracic cavity and lungs

The thoracic (or chest) cavity, or the thorax, is the space between the spine and the rib
cage. The cavity is covered by muscles of which the largest one, the diaphragm, shapes
the cavity floor. The external and internal intercostal muscles connect the ribs. Besides
the pericardial sack with the heart, a substantial part of the thoracic cavity is filled with

two pleural cavities, each containing a lung and surrounded by a pleural sack.

The lungs are cone shaped soft-tissue organs with most of their volume occupied by
air-filled alveoli. There are no muscles in the lungs, but elastin and collagen fibers main-
tain elasticity of the organs [7]. The right lung and left lung are divided into three and
two macroscopic lobes, respectively. The base of the lungs lies on the diaphragm, but

otherwise they practically hang or better float freely in the thoracic cavity.

The pleural sack itself is made of two elastic pleural membranes with a very thin
pleural fluid in the intrapleural space between them. The outer layer of the pleural sack
lines the boundaries of the chest cavity, and the inner layer forms the outline of a lung.
This double-layer configuration not only allows a lung to slide within the pleural cavity,
but also holds a lung always at least partially stretched due to the cohesiveness of the

pleural fluid, which holds together the pleural membranes [7]].
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2.3.2 Mechanics of Breathing

At rest, between breaths, the pressure inside the airways is the same as the atmospheric
pressure, that is 0 mmHgﬂ Under normal conditions, respiration is an active process,
in which movement of the diaphragm and muscles of the thoracic cage creates pressure
gradient, and thus enables air to flow into or out of the lungs following principles similar

to those mentioned in section 2.1

Without any muscles in the lungs, the lung movement cannot be controlled directly.
However, the hydrogen bonds in the pleural fluid hold the pleural membranes together, so
the lungs basically follow the expanding thorax. This is enhanced by the surfactant in the
alveoli which decreases the surface tension of the alveolar fluid. On the other hand, the
elastic lung fibers tend to contract if stretched, which creates—together with the air-fluid

surface tension in alveoli— a recoil force in the lungs [6].

During inspiration, the diaphragm contracts (Fig. and moves downward, therefore
increasing volume of the thoracic cavity. This is supported, to much less extent (about 30%
of the total volume change), by the external intercostal muscles which pull the rib cage
and sternum forward [7]. As the chest and lungs enlarge, alveolar pressure (the pressure
inside the alveoli) decreases below —1 mmHg, and the air flows into the lung. After about
2 seconds the lungs are filled with air, and the alveolar and atmospheric pressures are

balanced again [7]].

Expiration, on the other hand, is passive during quiet breathing; the inspiratory mus-
cles relaxe, and due to the elastic recoil the lungs shrink. The alveolar pressure raises
to over 1 mmHg and therefore the air leaves the lungs, ultimately leveling the alveolar
and atmospheric pressure again. The expiration may be active if the expiratory muscles
(the intercostal and abdominal muscles) are employed. For an adult, according to [7], the
normal respiratory rate is 12-20 breaths per minute for quiet breathing and up to 3040

breaths per minute for active expiration.

Pleural pressure

The lung ability to stretch with expanding thorax (lung complianceﬂ) and to collapse back
(elasticity) affects pleural pressure in the intrapleural spacﬂ (Fig. . At the beginning

8 All pressure values, unless stated otherwise, will be given relative to the atmospheric pressure.

9The meaning of this parameter is the same as in Here, the transmural pressure is called transpul-
monary pressure

10Called intrathoracic pressure, t0o.
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Fig. 2.4. Movement of the diaphragm during breathing. a: at rest, b: inspiration, c: expiration.
Printed with permission of Pearson Education, Inc. Source: [7]].

of inspiration, the antagonizing fluid bonds and recoil forces plus a slight suction of excess
fluid [6] causes that the pleural pressure is about —3 mmHg. When the thorax moves
outwards, the resisting recoil forces increase, and the pleural pressure is lowered down to
—6 mmHg (at rest). The pressure returns back to —3 mmHg at the end of the respiratory

cycle, but remains always negative because of the sealed intrapleural space [/].

2.3.3 Lung Volumes

The total volume of air in the lungs or tofal lung capacity can be divided into four parts.
During quiet breathing, there is actually only a small change of lung volume. The dif-
ference between normal inspiration and expiration is the tidal volume. The inspiratory
reserve volume is added if a person inspires with full force. The expiratory reserve vol-
ume, on the other hand, is the volume of the remaining air that can expired forcefully. But
even after that there is some air left in the lungs—the residual volume. Often, the term
functional residual capacity (FRC) is used for the volume of air remaining in the lungs at

the end of normal expiration. Typical FRC values can be found in Table 2.6
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Fig. 2.5. Pressure changes during quiet breathing. Printed with permission of Pearson Education,
Inc. Source: [7].

Table 2.6. Typical lung volumes and capacities for a 70-kg man with total lung capacity of 5800 ml.
Source: [7].

Inspiratory reserve volume: 3000 ml 3500 ml

Tidal volume: 500 ml (inspiratory capacity)
Expiratory reserve volume: 1100 ml 2300 ml

Residual volume: 1200 ml | (functional residual capacity)

2.4 Artificial Ventilation

Artificial ventilation is a substitution or a support of spontaneous breathing by external
forces when respiratory muscles are not working properly or blood oxygenation is insuf-
ficient. A machine (ventilator) is employed in case of anesthesia with paralysis, intensive
care, or treatment of chronic ventilatory failure. When possible, the artificial ventilation is
applied in such a way that it assists rather than completely replaces patient’s own breath-
ing. However, in all the three mentioned situations the basic method is intermittent positive

pressure ventilation [1]].
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2.4.1 Principle of Positive Pressure Ventilation

During inspiration, the ventilator provides the necessary pressure gradient by setting mouth
or airway pressure above alveolar pressure, allowing air to flow into lungs. The process
is reversed during expiration—the pressure in the mouth is decreased below the alveolar
pressure [1]. No matter if the airway pressure at the end of expiration is leveled with the
ambient pressure or if it is higher, note the principal difference between the mechanics of

spontaneous breathing and positive pressure ventilation:

Normally, the necessary pressure gradient for air flow is acquired as a result of thorax
expansion and recoil; the alveolar pressure oscillates around 0 mmHg, and the intratho-
racic pressure falls deeply into negative. During positive pressure ventilation, however, the
thorax movement is caused by lung inflation. Alveoli are inflated above ambient pressure,
and pressure in lungs does not fall under zero. Expanding lungs push thorax away, and
pleural pressure is higher than under physiological conditions [[12]]. If normally the change
of alveolar pressure depends on the change of pleural pressure, during artificial ventila-
tion the situation is reversed, and it is the pressure in alveoli that determines intrathoracic

pressure.

2.4.2 Patterns and Modes of Artificial Ventilation

The inspiration/expiration control may be based on time, volume, or pressure cyclingE]
[1], and so there are various patterns of air delivery during artificial ventilation. The
mouth pressure curve may have for example a simple square wave (constant pressure) or
sine wave profile. Widely used is the constant flow rate pattern. Currently, electronically
controlled ventilators offer more advanced modes with greater cooperation with the patient
and with accurate control of the gas pressure and flow. Also, high frequency ventilation
(HFV) with frequencies 1-50 Hz [1]] is a subject to research as it might be more protective

towards the respiratory system due to lower pressure amplitudes [[13]].

PEEP

The situation when the pressure in the upper airways remains always positive (related to
the atmospheric pressure), even at the end of expiration, may be induced in order to prevent
decrease in the functional residual capacity which is common during general anaesthesia.

By contrast, intrinsic PEEPH occurs when residual end-expiratory alveolar pressure re-

"'The machine terminates inspiration when a watched parameter reaches preset value.
121t is alseo called dynamic hyperinflation.
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mains raised because of inadequate expiration time during artificial ventilation [1]].

PEEP helps to prevent collapse of the alveoli, and thus engages more lung units and
improves arterial oxygenation. Enhancing distribution of lung ventilation, it also improves
lung compliance [14]. For these reasons, the application of PEEP may also be considered

as a treatment of the Acute respiratory distress syndrome (ARDS).

2.4.3 Acute Respiratory Distress Syndrome

Acute lung injury is a kind of parenchymal (inflammatory) lung disease. It can lead to pul-
monary edema (flooding of alveoli) and therefore to severe gas exchange problems which
evolve hypoxemiﬁ and may result in multiple organ failure. The worst form, ARDS,
has estimated mortality around 50 per cent [[1]. During the development of ARDS, the
integrity of the blood-gas barrier is harmed, and fluid leaks from capillaries to alveoli.
Surfactant production is limited, and some areas of alveoli collapse with impact on ven-
tilation and perfusion. The lung compliance is reduced as well. Artificial ventilation is a

necessary component of ARDS treatment [1]], [[15].

2.4.4 Risks of Artificial Ventilation

Positive pressure which occurs during the artificial ventilation in lungs and chest cavity is
quite different from physiological conditions. That is to say, besides therapeutical advan-
tages, PEEP, and especially intrinsic PEEP, poses some risks for a patient. The governing

parameters seem to be mean alveolar pressure and mean intrathoracic pressure [/1]].

Barotrauma, i.e., lung damage caused by high transmural pressure gradient, may ap-
pear after long high airway pressure ventilation. Barotrauma or volutrauma (i.e., damage
by excess volume) may be a result of intrinsic PEEP as alveoli can safely enlarge only
to certain volume [[14]. On the other hand, a wise application of moderate PEEP reduces
the risk of barotrauma [1]]. Significant cardiovascular consequences of positive pressure

ventilation will be discussed in the next section.

Binsufficient oxygen supply
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2.5 Cardiopulmonary Interactions

The relation between respiratory and circulatory system consists not only of their func-
tional connection (i.e., in gas exchange), but, naturally, also of their physical proximity
inside the thorax. The cardiopulmonary mechanical interaction plays its vital role dur-
ing spontaneous breathing, but also transfers non-physiological conditions in artificially

ventilated lungs into the circulatory system.

There are two main reasons why mechanical interaction shall be considered: First,
pulmonary vessels and large systemic veins are susceptible to external pressure. Second,
change of lung volume affects shape and resistance of pulmonary vessels. As a result,
during positive pressure ventilation, especially with PEEP, increased alveolar pressure and
subsequent positive mean intrathoracic pressure may cause undesirable obstruction to the
left heart filling. Consequently, cardiac output, importance of which was explained in
section is reduced, since “the heart cannot pump blood that does not flow into it” [6]].

Systemic arterial pressure decreases, too [12].

2.5.1 Thoracic Pump

During spontaneous inspiration, the contracting diaphragm compresses abdomen and there-
fore raises pressure in abdominal veins. More importantly, as thorax expands, pleural
pressure decreases and so does the pressure in the inferior vena cava. The result is the
higher pressure gradient between abdomen and thoracic cavity. This so-called respiratory
(or thoracic) pump helps to draw blood from systemic veins into the thorax and the right
atrium [[7]].

However, during positive-pressure ventilation the elevated intrathoracic pressure is
transferred to large systemic veins within thorax, so the pressure inside inferior vena cava
is higher. Therefore the thoracic pump effect is canceled, and venous return reduced. The
right-ventricle filling is decreased; consequently, blood flow towards the left heart is lower.

Left ventricular end-diastolic volume is reduced, and the cardiac output falls [[1].

2.5.2 Pulmonary Circulation and Breathing

As can be seen from Tables[2.2]and[2.5] the pulmonary circulation is normally a high flow,
low-pressure system, which implies low pulmonary vascular resistance (PVR). However,
pulmonary vessels are usually passive and highly susceptible to outer mechanical factors,

and the resistance changes with variations in external pressure and lung volume.
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External pressure and pulmonary vessels

Due to their high compliance, which is about seven times higher than in the systemic cir-
culatory vessels [[16], a change in transmural pressure, caused by the external pressure,
largely influences pulmonary vessels’ diameter and thus their volume and resistance. Ac-
cording to their location in the lungs, the pulmonary vessels can be divided to alveolar and
extraalveolar. The alveolar vessels, mostly capillaries, lie within alveolar walls and there-
fore are largely influenced by the alveolar pressure. An increase in the alveolar pressure
decreases the transmural pressure gradient, hence raises the resistance of alveolar vessels
[2], [17]. The extraalveolar vessels, i.e., mainly pulmonary arteries and veins, are placed
in the space between alveoli, being more sensitive to alteration in the pleural pressure,

rather than in the alveolar pressure [8]], [[16].

Lung volume effect on pulmonary vascular resistance

Since the pulmonary circulation is tightly connected with lungs, changes in lung volume
play an important, yet complicated role in PVR. During lung inflation, the alveolar vessels
are stretched as expanding alveoli increase volume; the vessel diameter decreases and
resistance grows. On the other hand, walls of extraalveolar vessels are drawn apart as
they hang between alveoli [2], and their diameter enlarges (Fig.[2.6). When lung volume
decreases, the effect is opposite: now resistance of the extraalveolar vessels raises as they
collapse, but the alveolar vessels have larger diameter.

The contradicting behavior of lung vessels produces so-called U-shape relationship
between PVR and lung volume. Above FRC, extraalveolar resistance does not change as
much as the resistance of alveolar vessels, and the total PVR grows with increasing lung
volume. Below FRC, however, the collapse of extraalveolar vessels outweighs distension

of alveolar vessels and thus PVR grows with decreasing lung volume [[16]], [17].

PVR during positive-pressure ventilation

The relation between lung volume and total PVR changes when positive-pressure venti-
lation is applied. The falling part of U-shape curve is missing, and with increasing lung
volume the pulmonary resistance only raises. In addition, this growth of the total resis-
tance is steeper than in case of normal breathing because of the greater compression of
alveolar vessels [[16].

Elevated PVR leads to higher blood accumulation in the right ventricle. Systolic pres-

sure in the thin-walled chamber is not high enough to overcome increased resistance, the
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Fig. 2.6. Influence of lung expansion on alveolar and extra-alveolar vasculature. Source: [18]].

right-ventricle output is lower, and as a result the left heart filling decreases. In this way
high airway pressure, PEEP, or lung hyperinflation further contribute to cardiac output
reduction [[1]], [[16].
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Chapter 3
Basic Model Assembling

The first steps in building a new model of cardiopulmonary interaction were to find, adopt,
and test a proper model which had already been published. In this chapter such a model
will be presented and described. Some minor changes, clarifications, and corrections were

made based on other models, and the model was implemented as model 1.

3.1 Available Models

Lung ventilation as well as the circulatory system have been depicted in many elaborated
models. Still, it appears that not many published models have dealt with the complexity of
the cardiopulmonary interaction. There are many models of the respiratory system; some
of them work under physiological conditions, for example the model of Renotte et al. [19],
others, like the model of Polak and Mroczka [20] or the model of Rozanek [13]], consider
the effect of artificial ventilation. Unfortunately, these models usually do not extend their
concern to blood circulation. Likewise, broad research has been conducted in the field of
blood circulation modeling, but many models (e.g., the model of Korakianitis and Shi [21]
or the model of Danielsen and Ottesen [22]]) do not take ventilation into account at all.
And in the field of cardiopulmonary interaction, more attention has been paid to gas ex-
change (for example in the model of Christiansen and Draby [10] or in the model of

Chiari et al. [23]]) than to mechanical effects and relations.

Therefore, it turned out to be a rather difficult task to find published models that would
attempt to describe how the thoracic and alveolar pressure affects hemodynamic param-
eters during positive-pressure artificial ventilation. Finally, I chose two models (or better

two groups of models) for closer analysis and further work:

27
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First, De Lazzari et al. [12] studied the compound effect of mechanical ventilation and
Hemopumlﬂ assistance in a lumped parameter model of blood circulation, where the mean
pleural (intrathoracic) pressure P, is brought to compartments inside the thoracic cavity.
Two blood circulation models precede [[12]: Ursino [24] provided the basic structure and
parameter values for most parts of the model in [12]. This was further developed by
Magosso et al. [25] mainly by detaching the systemic thoracic veins section placed in

a thoracic chamber, which is subject to intrathoracic pressure.

Second, the large model of Lu et al. [8] is claimed by its authors to be “...the first
example of a truly integrative model of the cardiopulmonary system.” This model employs
previous models of airway mechanics [26], gas exchange [27]], and blood circulation [28]
by the same group of authors. The primary purpose of the model was to test the response
of the cardiopulmonary system to Valsalva maneuver, which can be described as forced
expiration against a glottiﬂ closed for about 30 seconds. Increased airway pressure leads
to Valsalva effect—a phased circulatory response including reduced ventricular filling [[1].
This model was used as the main basis for the set of models developed at the University
of Washington [29]].

3.1.1 Model Selection

The basic feature of both models which made them interesting for this work is that they
detach a special section of thoracic veins (or venae cavae). The model of Lu et al. [8] has
obviously some advantages over the models of De Lazzari et al. [12] or Magosso [25].
Beside the gas exchange issue, it particularly offers more detailed description of vein
behavior (nonlinear pressure-volume characteristics) and focuses more thoroughly on pul-
monary circulation. Nonetheless, I found the model of De Lazzari et al. to be more

suitable as an initial background model for the purpose of my work for three reasons:

Artificial ventilation. Although Valsalva response targeted in the model of Lu et al. is in

some way similar to the effect of positive-pressure ventilation (increased airway and

pleural pressures), the model of De Lazzari et al. was used explicitly to investigate

the role of artificial ventilation.

Modularity. The model of De Lazzari et al. has simpler structure than model of Lu et al.

This might appear as an disadvantage, but in fact for the scope of my work it seemed

' A mechanical heart support in a form of a miniature rotary pump in the left ventricle.
2The space between vocal folds.


CARDIOSIM
Evidenziato

CARDIOSIM
Evidenziato

CARDIOSIM
Sottolineato
CARDIOSIM(C) -- Software Simulator of the Cardiovascular System developed at the Institute of Clinica Physiology -UOS of Rome- National Research Council (C.N.R.) Italy.

CARDIOSIM
Commento su testo
CARDIOSIM(C) -- Software Simulator of the Cardiovascular System developed at the Institute of Clinica Physiology -UOS of Rome- National Research Council (C.N.R.) Italy.

CARDIOSIM
Sottolineato

CARDIOSIM
Sottolineato


3.2. RLC LUMPED PARAMETER CONCEPT 29

to be more reasonable to start with limited concept and gradually extend it, if pos-
sible. The series of models of which [12]] is the last one contains some features
that are not essential for the function of the basic structure, but which were added
and tested in some of the models. For example, pleural pressure P, is not pre-
sented by Ursino [24], is constant in [12], and is time-dependent in the model of
Magosso et al. [25]]. If a new airway model was planned to test, the open-structure

concept seemed beneficial.

Clear description. The description of some model elements and parameters in the model
of Lu et al. [8] is a little ambiguous. In particular, it is not clear if the interaction of
pleural pressure and the vena cava compartment is examined and what the magni-
tude of pulmonary capillary resistance is . On the other hand, the simple structure
of [12] with description provided by [24]] and [25]] suggested reduced risk of misun-

derstanding.

Having that said, some parts of the model of Lu et al. were still important and useful for

further development of the model.

3.2 RLC Lumped Parameter Concept

Regardless of the construction specifications of considered models, all of them are lumped
parameter models. They divide circulatory system into finite number of distinct sections
described by several scalar parameters. Spatial variations inside a compartment are ig-
nored. In studied models, the basic element is an RLC or RC compartment. That is,
each section is characterized by a hydraulic resistance R, a compliance C, and sometimes
an inertance L (mmHg-s>-ml~!). The meaning of hydraulic resistance and compliance
can be derived from section Relations within a compartment and between adjacent

compartments are represented by equationsE] for blood flow F, volume V, and pressure P.

The resistance R; reflects pressure energy losses [24] between compartments i and i+ 1
with pressures P; and P;; 1, respectively. The inertance L; accounts for the effect of blood
flow inertia. Therefore, balance of forces in the ith compartment can be stated for blood
outflow F; as:

dr; 1

E—E'(E—HH—RFJ (3.1

3The equations are principally the same in all mentioned models, varying only in details.
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Usually, inertance vanishes in compartments with supposed low blood acceleration. Then,

(3.1)) changes to a form similar to (2.1):

_ P, — Py

F;
R;

(3.2)

The compliance C; describes relation between pressure inside the ith compartment

and stored blood volume. Assuming constant compliance, it comes immediately from

(2.3) that:

Vi=CiPiyn,i+Vu, (3.3)

where V,; is unstressed volume, and transmural pressure P, ; is the difference between

pressure P; inside a compartment and external pressure P,y;:

Ptm,i =P — Pext. (34)

Conservation of mass in the compartment i is expressed as:

av;
= = Fi- —F (3.5)

where F;_; is inflow from a preceding compartment i — 1. From (3.3)) and (3.5) is:

AP, i 1
% = (Fi1—F) (3.6)
l
and therefore
dP; 1
— — ¢ (F1—F) (3.7)
l

for constant external pressure P,,;.

3.2.1 Electrical Analogy

Although the RLC compartment concept is basically a hydraulic model, and we will keep
original names of parameters and variables will be kept. One can see a clear electrical
analogy here: voltage replaced by pressure, current as flow rate, electric charge in role

of volume. Compliance and inertance may be substituted by capacitance and inductance,
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respectively. Resistances have the same role in both approaches. An RLC compartment is

shown in Fig. For lungs, an electroacoustical analogy can be used in the same way
[13]].

F.. P R L Fi

Fig. 3.1. RLC compartment scheme. See text for closer description.

3.3 Adopted Model Description

The model presented in [12] is a closed-loop circulatory model consisting of seven main
sections. The right heart section and the left heart section are connected through the pul-
monary section. Systemic circulation is divided into the systemic section and the systemic
thoracic veins section. The coronary section is parallel to the two systemic sections and
connects the heart sections directly as does the coronary bed in a real body. The hemop-
ump section, which mimics the mechanical heart assistance, is connected to the left ven-

tricle.

3.3.1 Heart Sections

The left and the right heart sections have identical structure and differ only in parameter
values. Each heart section is divided into an atrial compartment and a ventricular com-
partment. The atrial compartments are normal RC compartments, only with added valves
(i.e., diodes in the electrical analogy) between atriums and ventricles. In other words, in

this model both atriums are passive. The ventricles, on the other hand, are the true motor
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of the circulatory system model. They exhibit contractile activity and are described by
a time-varying elastance{z_fl and resistance for which I used functions provided in [24]:
In the model, the heart is shown as a pulsatile pump with the isometric ventricular

pressure:

Pmax - (P(t) 'Emax' (Vv - va) + [1 - (P(t)] 'PO . (ekE.VV - 1) (38)

where E,,,x 18 the ventricle elastance at maximum contraction, V, is the ventricle instan-
taneous volume, V,,, is the ventricle unstressed volume, and Py and kg are constant pa-
rameters characterizing an exponential function. The first term in (3.8) refers to the linear
pressure-volume function at the end systole (the maximum contraction), and the second

term describes the exponential run during diastole.

Propulsion of the heart pump (the pacemaker) comes from ¢(¢), called “the ventricle

activation function”, in this case a squared half-sine wave:

sin’ [%—: u(t)] for 0 <u(t) < Ty /T
0 for Ty /T <u(t) <1

o(t) = (3.9)

where T is the heart period and Tjy, is the duration of systole. Finally, u(¢) is a dimen-
sionless variable, having u = 0 at the beginning of systole. The u(¢) rises linearly to u = 1
throughout the cardiac cycle, then resets back to zero and so on. Heart rate was assumed

to be constant in this adaptation.

The instantaneous ventricular pressure P, is given as:

P, =P, —R,F, (3.10)
where R, is viscous resistance of the ventricle, and F, is the ventricular output (cardiac

output in case of the left ventricle). The ventricular resistance R, is proportional to P,

that is:

Ry = kg - P (3.11)

The outflow F; is set to zero if P, is not greater than pressure in an arterial compart-

ment P,,;. This simulates an ideal semilunar valve. Similarly, flow F, from an atrium with

“Elastance is just a reciprocal of compliance.
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pressure P, is non-zero only if P, > P, which mimics an atrioventricular valve. Note that

since the non-zero ventricular output is defined as:

F, = e _“art (3.12)

from comes P, = P, if F;, > 0 and P, = Py, €lse.

3.3.2 Blood Vessel Sections

For the scope of this work, the hemopump section was clearly redundant and I also left
out the coronary section as unimportant, thus the simplified structure was almost the same
as given in [25] (Fig.[3.2). The pulmonary section is divided into one RLC compartment
(pulmonary arterial) and two RC compartments (pulmonary peripheral and pulmonary
venous) in a series. The systemic section is made of the systemic arterial compartment
(RLC) followed by a combination of three parallel branches (splanchnic, extrasplanchnic
and active muscle). Each branch consists of two RC compartments: peripheral (capil-
laries) and venous. Flow from all the branches converge at the systemic thoracic veins

section—a single RC compartment—and continues to the right heart section.

Pressure in every RLC or RC section is governed by except for the pressure in

the splanchnic venous compartment where:

Py, = [VI_VM,SV_ Z‘/li| (3.13)

1
Cov £V
Here, V; is the total amount of blood in the body (the sum of all volumes in the model),

Viu,sv 1 unstressed volume in the splanchnic venous compartment, and V; comes from (3.3]).

The total blood circulation volume is held constant at V; = 5300 ml.

3.3.3 External Pressure

The systemic thoracic veins section along with all the heart and pulmonary sections are
placed inside the thoracic chamber (Fig. [3.2). That means their external pressure Py
equals the pleural pressure P,;, whereas other sections have external pressure equal to the
atmospheric pressure, that is 0 mmHg. In [12], the mean (constant) intrathoracic pressure

is applied.
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abkan
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Fig. 3.2. Structure of circulatory model with intrathoracic pressure (P, in the picture) and three
branches in the systemic section. Depicted conductance G, and intramuscular pressure P, were
not used in the assembled model. Source: [23]].

The equations in [[12] follow @), but volume in sections within the thorax is obtained
as:
Vi = Ci(Pum,i + Pp1) + Viu,i. (3.14)

In other words, it is not the transmural pressure, but the pressure inside the blood vessels
that is used for the volume calculation. This would actually cause increase in blood volume

with increasing pressure outside the vessels, and this does not seem to correspond with
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physical reality. I assumed this to be, most likely, a typographical error in the published
article, and I further adhered to (3.3)) as this is supported for example by [28].

3.4 Implementation of Model 1

For computer implementation of model 1, the Matlab/Simulink environment was used.
The model may be found in a file modell.mdl on an enclosed CD. The model composi-
tion keeps the structure described above; there are five main sections further divided into

compartments and the ventricle activation block, which generates functions u(¢) and then

o(t) (Fig.B.3).
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s
()

4
t(s)

Fig. 3.3. Ventricle activation functions u(z) and @(¢)—a 5-s run. Heart period set to 7 = 0.833 s.
See text for further description.
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Functions in every compartment are based on definitions from section Transmural
pressures were used as state variables as in [28]. A block communicates with its precursor
by sending back the pressure signal P; and with its successor by sending forward blood
flow signal F;. Due to their parallel connection to the systemic arterial compartment, all
systemic peripheral compartments are assumed to have the same pressure Ps,. Every block
also sends its total volume V; to the splanchnic venous section for the calculation of F,.

Due to ambiguities in referred articles, all equations used are summarized in Appendix [B]

Most R, L, and C parameter values in this model are taken from [24] as well as values
of constants in the heart sections. Some of the parameters were altered or added in [25].

All used parameters and variables with their values are listed in Appendix [D]

3.4.1 Role of Ventricular Pressures

It was unclear if ventricular pressures from (3.8)) and (3.10) should be treated as intramural
or transmural. The article [24]], from which the equations come, does not make any differ-
ence in this as it does not use intrathoracic pressure at all. The heart chamber description
in [12] is very short, but in the equation for cardiac output there is pleural pressure added
to the instantaneous left ventricular pressure, which suggests that the ventricular pressure
is transmural. The difference between transmural and intramural version may be clarified

through selected equations for the left heart presented in Table

Table 3.1. Selected equations of the left heart section in the transmural (left) and intramural (right)
version, i.e., with isometric and instantaneous pressures treated as transmural or intramural. See
Appendix [B]and sections [3.2]and [3.3|for detailed explanation of variables and constants used.

Transmural version Intramural version

Ptm,lv = Pmax,lv — Ry Fjy Py, = Pmax,lv — Ry Fjy
Fla — (Ptm,la - Ptm,lv)/Rla Fla — (Ptm,la +Ppl - Plv)/Rla

Flv — (Pmax,lv +Ppl - Psart)/Rlv Flv — (Pmax,lv - Psart)/Rlv

Although the difference in equations does not seem to be fundamental, the results
of tests conducted for both variants (Table [3.2)) showed that the intramural version was
unacceptable as all measured parameters rise with rising pleural pressure, and values for
normal conditions of P, = —4 mmHg were too low. This was most likely caused by
left-atrial flow F,; in the transmural version there is:

Pinja— Pty Pimja+ RivFry — Prax v

P _ , (3.15)
fa Rla Rla
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whereas in the intramural version the flow is:

Ptm,la + Ppl — Py, Ptm,la + Ppl + Ry Fp, — Pmax,lv
F.= R = R .
la la

(3.16)

The calculation of P,y , is the same in both versions, but with increasing pleural pres-
sure Py the left-atrial flow raises in the intramural version of the model, which has the
unfavorable effect of increased pressures and volumes. Therefore, ventricular isometric
and instantaneous pressures were treated as transmural pressures in the final version of

model 1.

Table 3.2. Maximal left ventricular pressure Py, ., and end-diastolic volume V}, .4 produced by
model 1 in transmural and ventricular version of the heart equations. Tested for both negative and
positive mean pleural pressure P.

Py (mmHg) Parameter Transmural | Intramural
4 Piy jnax (mmHg) 141.8 106.5
Viv,ea (ml) 145.5 108.5
4 Ppy jnax (mmHg) 118.3 151
Viv,ea (ml) 115.7 150.5

3.4.2 Test of Model 1

Before further model enhancement, the basic function of model 1 needed to be veri-
fied. Model behavior was tested under physiological conditions and with increasing in-
trathoracic pressure. Normal value of mean pleural pressure in the body without positive-
pressure ventilation was assumed to be P,; = —4 mmHg. This value is given in [6] and
roughly corresponds to the graph in Fig. Mean pleural pressure was then raised in
steps of 1 mmHg up to 5 mmHg, which is the value suggested by [12] according to exper-
imental results from [30]]. In Simulink, each simulation was run for 120 s of simulation
time with ode45 (Dormand-Price) solver and variable step with maximum step size 0.01 s.
Under zero initial conditions, the model needed about 30 seconds of simulation time to

reach steady state.
First, pressure P;, and volume V;, in the left ventricle were observed under normal

conditions together with systemic arterial pressure Ps,,;. The resulting left-ventricular and

systemic atrial pressure graph depicted in Fig. [3.4] and the pressure-volume diagram in
Fig[3.5|may be compared with Fig.[2.2]and Fig. respectively, in section [2.2]
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Fig. 3.4. Left-ventricular pressure P, (blue) and systemic arterial pressure Py,,s (red) in model 1.
Simulation with mean pleural pressure P, = —4 mmHg.
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Fig. 3.5. Left-ventricular pressure-volume diagram for model 1. Mean pleural pressure P, =
—4 mmHg. Data taken between time #; = 80 s and t, = 82 s of simulation.
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Second, the reaction of model 1 to increased pleural pressure was observed. Left end-
diastolic volume, cardiac outputﬂ and mean systemic arterial pressure were taken. Mean
systemic arterial pressure was estimated as Py, = Psart a + (Psart,s — Psart.a) /3. Psart,s and
Py 4 are systolic and diastolic arterial pressure, respectively. The results can be found in
Table [3.3]and may be compared with data in section[2.2]

Table 3.3. Static characteristics for mean pleural pressure P, changing between —4 and +4 mmHg
in model 1: End-diastolic volume V}, .4, cardiac output Q, and mean systemic arterial pressure P

Pp (mmHg) V. eq (ml) Q (mlmin~") Py, (mmHg)
-4 141.8 6016 110.3
-3 142.3 5873 108.5
-2 138.9 5724 106.7
-1 135.4 5568 104.7
0 131.8 5405 102.6
+1 128.0 5234 100.3
+2 124.0 5057 97.9
+3 120.0 4872 95.4
+4 115.7 4576 92.8
+5 111.3 4474 89.9

Performed tests showed that model 1 worked with exaggerated rates of the observed
parameters. The supposed trend of decreasing cardiac output and systemic arterial pres-

sure was followed (Fig. [3.6), but further improvements were necessary.

>In this work, the instantaneous outflow from the left ventricle is denoted F;,. Cardiac output Q is total

outflow for certain time period, calculated from F,.
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Fig. 3.6. Systemic arterial pressure in model 1. Simulation with mean pleural pressure -4 mmHg

(blue), 0 mmHg (red), and +4 mmHg (green).
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Chapter 4
Model Enhancement

Tests run on model 1 showed that changes in parameter values and possibly in structure
were necessary. Also, the cardiopulmonary relation was represented rather weakly only
by mean (constant) pleural pressure P,. Therefore, I attempted to improve the model
performance and accuracy in several steps, which involved both structural and parameter
changes. A new model, model 2, was developed in two phases: stage I and stage In
the first stage, the objective was to simplify the model where it was impractically complex,
and to reach better correspondence between results generated by the model and standard
parameter values reported in physiological sources for normal breathing. In the second
stage, more complex connection between the respiratory system and the circulatory system
was suggested and implemented. The equations describing the model are summarized in
Appendix [C] In Appendix [D] all new parameter values can be found and compared with
the old ones. The final circulatory model structure is depicted in Fig. in Appendix

4.1 Stage 1: Model Performance Correction

In the first phase, some constant parameter values were altered, and minor to medium-
scale structure changes were conducted. No outer factor other than the pleural pressure

Py, was used.

4.1.1 Simplification of the Systemic Section

The active muscle compartments (peripheral and venous) were not important for the ob-

jective of the model. Therefore, in order to make the model as plain and fast as possible,

"Implemented models can be found as model12_1.md1 and model2_2.mdl on the enclosed CD.

43
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I decided to leave these out. The new structure of systemic circulation is the same as
published in [31], only without special abdominal pressure. As for the combination of
the systemic thoracic veins section and two parallel branches within the systemic section
(splanchnic and extrasplanchnic compartments) there were no extra list of parameter val-
ues (R, L, V,) published, I derived them from [24] and [25]] so that:

1. The systemic thoracic veins compartment remains unchanged.

2. Resistances in the systemic section were set to the same values as in [24]. Adding
small Ry, in a series only slightly changes total resistance of the systemic circula-
tion between systemic arteries and the right atrium, which is called total peripheral
vascular resistance, from 1.058 mmHg-s-ml~! to 1.063 mmHg-s-ml~!. This fully

matches the value given in [6]], which is 1 mmHg-s-ml~!.

3. Compliances in extrasplanchnic and active muscle peripheral compartments were
summed to form new extrasplanchnic peripheral compliance. New extrasplanchnic
venous compliance was set in an analogous way. Now extrasplanchnic compliances
are the same as in [24]], and the sum of all systemic compliances is equal in model 2
and in [24]], too.

4. Unstressed volumes have the same values as in [24]]. That means that extrasplanch-

nic and active muscle values were merged.

4.1.2 Parameter Adjustment

Results obtained in section [3.4{ showed too high levels of cardiac output and systemic arte-
rial pressure for P,; = —4 mmHg (basal conditions). The standard values for these param-
eters are supposed to be about 5400 ml-min~"! instead of 6016 ml-min—! and 100 mmHg
instead of 110.3 mmHg. One can see in Table [3.3] that the desired values generates the
model at P,; = 0 mmHg or slightly more. In other words, despite being used by De Laz-
zari et al. [12] and in [25]], the parameter values adopted from [24] do not properly reflect
pressure differences between thorax and the rest of the body. Therefore, before turning
one’s attention to the cardiopulmonary interaction itself, it seemed necessary to attempt
better parameter adjustment. Although composed mostly of first-order ordinary differ-
ential equations, the model built contains some non-linear functions in the heart, and it
turned out to be rather tricky to reach the desired output. The final settings are a result of
many trials; however, the intentions and steps taken for the change of parameters can be

described at least.
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The presented model certainly cannot simulate the work of blood circulation system
into precise details. Nevertheless, I tried to reach at least fair performance in basic phys-
iological parameters, keeping in mind the cardiopulmonary scope of the model. The ob-
jectives for P,; = —4 mmHg basically followed data from Chapter@] and additional infor-

mation found in [6]]. The priorities were to reach:

1. cardiac output about 5400 ml-min~! (90 ml-s™1);

2. mean systemic atrial pressure Py,,; = 100 mmHg and left ventricle pressure-volume
relation similar to Fig.[2.3}

3. pulmonary capillary pressure (represented by P,,) about 7 mmHg;
4. pressure in venae cavae Py, about 2 mmHg;

5. pulmonary capillary volume (represented by V),,) about 70 ml.

Starting with the data describing model 1 performance (Tables[d.Tjand[4.2)), I gradually
improved the model behavior in four areas: systemic circulation, the pulmonary section,
volumes, and left-heart parameters. If possible, the compliances were not changed. Resis-
tances were estimated in a similar way as in [32]]: as the (expected) pressure drop divided

by cardiac output.

Table 4.1. Intramural pressure in compartments of model 1. Presented is the lowest (min), highest
(max), or average (avg) pressure in last 23 s of the simulation (120 s).

P (mmHg)

min max avg
Iv 1.1 141.8
sart 94.6 141.8 110.3
sp - - 102.2
sv/ev - - 3.6/3.6
stv - - 2.4
ra - - 1.9
v -1.0 27.0 -
part 11.6 27.0 16.4
PP - - 15.4
pv - - 6.4
la - - 59
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Table 4.2. Blood flow (cardiac output) Q (ml-min~') and selected volumes (ml) in model 1: end-
systolic (Vj,,s) and end-diastolic (V},.4) volume in the left ventricle, total volume in the heart
(Vieart); total volume in systemic arteries (Vi) and veins (V,); pulmonary arterial (V}q;), periph-
eral (V,,) and venous volume (V),,).

Viv,es 62.1
Vlv,ed 145.5
Vheart 655.5
Viart 304
Vi 2848.8
Viart 16.5
Vop 235.6
Vi 385.2
0 6016

Changes in Systemic Circulation

Preserving blood flow of about 90 ml-s~! while adding 4 mmHg to the pressure gradient
between systemic arteries and the right atrium required to increase the total peripheral
vascular resistance by about 0.044 mmHg-s-ml~!. At the same time, the desired pres-
sure drop between systemic thoracic veins and the right atrium was 1-2 mmHg which
yielded Ry, ~ 0.013 mmHg-s-mI*I. Pressure in venae cavae should have been about
2 mmHg; hence, some changes in systemic arterial and venous resistances were neces-
sary. Finally, the changes were: Ry.; = 0.055 mmHg-s-ml~!, Ry, = 0.132 mmHg-s-ml~!,
R., = 0.056 mmHg-s-ml_l, and Ry, = 0.014 mmHg-s-ml_l. The total peripheral vascular

resistance was raised from 1.063 mmHg-s-ml~! to 1.095 mmHg-s-ml~!.

Changes in Pulmonary Circulation

In model 1, the total pulmonary resistance is 0.118 mmHg-s-ml~!. This seemed satisfac-
tory although [6] reports a little higher value (0.14-0.16 mmHg-s-ml~!). The real problem
was high pulmonary peripheral pressure P,,,, which was intended to be used for expression
of pressure in the pulmonary capillaries. Simple increase in pulmonary arterial resistance
Rpar With concurrent decrease of R, only raised systolic pressure in the right ventricle
and did not bring the desired effect. In the end, I decided to split the pulmonary periph-
eral compartment into two parts: the pulmonary arterioles (pao) and pulmonary capillar-

ies (pc). Such an arrangement, originating from [28], not only allowed finer control of
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pressure drop across the pulmonary circulation, but also opened the possibility of future
pulmonary shunt modeling. In the pulmonary compartments, resistances were changed to
Rparr = 0.04 mmHg-s-ml~!, Rpao = 0.045 mmHg-s-ml~!, R,e = 0.025 mmHg-s-ml~!,
and R,, = 0.015 mmHg-s-ml~!, which yields the total pulmonary vascular resistance
0.125 mmHg-s-ml~!. To keep a reasonable blood flow, both compliances of the two mid-
dle compartments (Cpqo and Cp.) had to be decreased from C,, = 5.80 ml-mran’1 to

4.0 ml-mmHg .

Changes in Volumes

According to [6], blood volume in the lungs is about 9% of the total blood volume in
the body, that is 450 ml out of 5000 ml. Of that volume, about 70 ml is in pulmonary
capillaries, and the rest is equally distributed in arteries and veins. As the model has the
total blood volume 5300 ml, of which 9% is 477 ml, I assumed 77 ml in the pulmonary
capillaries, 200 ml in the pulmonary veins, and 200 ml together in pulmonary arteries and
arterioles. In order to reach that objective, unstressed volume in the pulmonary arteries
was kept zero, Vy, pao = 123 ml (transferred from V), Vi, pc = 30 ml, and V,, 5, = 0 ml.
To balance such settings, remaining 50 ml were divided among systemic splanchnic and

extrasplanchnic venous compartments.

Changes in Heart Parameters

Only one parameter in the heart sections was changed: In the left ventricle I raised Py,

from 1.5 to 1.57 to avoid negative left-ventricular diastolic pressure.

4.1.3 Upgraded Model Performance

For P,; = —4 mmHg, the new version of the model, model 2 (stage 1), exhibits perfor-
mance more similar to standard physiological values presented in Chapter [2than model 1.
This can be verified by data in Tables4.3|and[4.4] The left-atrial pressure-volume diagram
(Fig 4.I) may be compared with the results of model 1 (Fig. [3.5). The new parameter

settings maintains the trend of systemic arterial pressure decrease with increasing pleural

pressure (Fig. 4.2]and Table 4.5).
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Table 4.3. Intramural pressure in compartments of model 2 (stage 1). Presented is the lowest (min),
highest (max), or average (avg) pressure in the last 23 s of the simulation (120 s).

P (mmHg)

min max avg
Iv 0.1 127.3 -
sart 86.8 127.3 100.3
sp - - 93.6
svlev - - 5.9/5.9
stv - - 2.4
ra - - 1.1
v -1.4 28.6 -
part 8.1 28.6 15.0
pao - - 11.7
pc - - 7.7
pv - - 55
la - - 4.0

Table 4.4. Blood flow (cardiac output) Q (ml'min~!) and selected volumes (ml) in model 2
(stage 1): end-systolic (V}, ¢s) and end-diastolic (V},,.¢) volume in the left ventricle, total volume in
the heart (Vj,eqrs); total volume in systemic arteries (Vyq) and veins (V,); pulmonary arterial (V,qr1),
arteriolar (V)q0, capillary (V) and venous volume (V),,).

Vives 57.1
Vived 131.1
Vieart 578.5
Vsart 27.6
v, 3084.4
Voart + Vpao 200.4
Ve 76.8
Vo 240.6
0 5333
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Fig. 4.1. Left-ventricular pressure-volume diagram for model 2 (stage 1). Mean pleural pressure
P,y = —4 mmHg. Data taken in time from #; = 80 s to #, = 82 s of the simulation.

Table 4.5. Static characteristics for mean pleural pressure P, changing between —4 and +4 mmHg
in model 2 (stage 1): End-diastolic volume V}, .4, cardiac output Q, and mean systemic arterial
pressure Py,

Py (mmHg)  Vipeg (m) Q@ (mlmin~') Py, (mmHg)
-4 131.1 5333 1003
-3 127.9 5190 98.5
-2 124.6 5041 96.6
-1 121.2 4888 94.5

0 117.7 4729 92.4
+1 114.0 4565 90.2
+2 110.3 4395 87.9
+3 106.5 4219 85.5
+4 102.5 4038 83.0
+5 98.4 3851 80.4
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Fig. 4.2. Systemic arterial pressure in model 2 (stage 1). Simulation with mean pleural pressure -4
mmHg (blue), 0 mmHg (red), and +4 mmHg (green).

4.2 Stage 2: Lung Influence Modelling

In section [2.5] two main areas of cardiopulmonary mechanical interaction are described.
With the basic model functioning and mimicking the thoracic pump, the next step was to
look closely at the pulmonary circulation section. In this phase, lung volume and alveolar
pressure effect was incorporated into the model, and the concept of pulmonary shunt was

taken into account, too.

4.2.1 Alveolar Pressure

As stated in section [2.5] alveolar vessels are more influenced by alveolar pressure than
by pleural pressure. Thus, in the pulmonary capillary compartment alveolar pressure P,
was employed as the external pressure in the same way as in [27]. Now the pulmonary

capillary intramural pressure P is:

Ppc:Ptm.,pc +Palv (41)

where Py, p 18 the pulmonary capillary transmural pressure. In all other pulmonary com-

partments, pleural pressure R, remains in a role of the external pressure.
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4.2.2 Pulmonary Shunt

A part of blood passing through the pulmonary capillaries is not oxygenated due to low
ventilation/perfusion ratiaﬂ that is, because lung ventilation is inadequate for blood flow
in some parts of the lungs. Even under normal ventilation/perfusion ratio, a fraction of
blood—about 2%—in the pulmonary circulation flows through bronchial vessels and not

through alveolar capillaries. This is called the physiologic shunt [6].

The pulmonary shunt was modeled in [28] and [8] as an additional branch connecting
directly the pulmonary arteriolar and pulmonary venous compartment. The only element
in this branch is a hydraulic resistance. I adopted this concept (the new structure is in
Fig.|.3)), therefore the outflow from the pulmonary arteriolar compartment is divided into
Fpa0,pv, Wwhich mimics the shunted blood, and F),4, pc, Which leads towards the pulmonary
capillaries. In [28]], the ratio of the flows is about 0.011. Keeping the same relation
together with unchanged values of R, and R, yielded pulmonary shunt resistance R ; =
6.43 mmHg-s-ml ™.

Res
VWW
%Cpaﬂ - Cpao %Cpc — va
Po — Po — Pay— Po —

Fig. 4.3. Structure of the pulmonary section in model 2 (stage 2). See text for closer description.

4.2.3 Lung volume and PVR

The final change in the model regards lung air volume and its relation to pulmonary vas-
cular resistance (PVR). It was explained in section how PVR raises with increased
lung volume. According to the results of experiments published in [33], the changes in
resistance are by far the greatest in the middle segment of the pulmonary vessels. This con-

clusion was reflected in [8] where the capillary resistance R is a function of the alveolar

2The concept of the ventilation/perfusion ratio matches alveolar ventilation and blood flow in pulmonary

capillaries.
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VolumeEI Va:

Va \?
Rpe :R,,Qo(V ) . 4.2)
A,max

Here, R is called the magnitude of pulmonary capillary resistance and Vj jq 1s the
maximal alveolar volume. Though corresponding with the U-shape relationship men-
tioned above, this formula has serious disadvantages: First, it designates an upper bound
for the capillary resistance most likely without considering the artificial ventilation option.
Second, values of R and Vj 4, are not provided in [8]]. Because of these ambiguities

I decided to derive a new function, which would describe the volume-resistance relation.

The rise of pulmonary vascular resistance with lung inflation has been examined for a
long timeﬂ; however, in many published articles PVR is plotted as a function of transpul-
monary pressure (for instance in [33]], [34], [35]) rather than lung volume. Nevertheless,
in [36] the direct relation between PVR and lung volume is presented in the form of a plot
of relative pulmonary vascular resistance as a function of relative lung volume (in per-
cent of total lung capacity TLC). From this curve I attempted to estimate the pulmonary

capillary resistance as a function of lung volume R ¢ (Viyng):

1. Coordinates of nine points from the plot were taken, starting from volume of 0.4-TLC,
which should be the volume of functional residual capacity (2300 ml out of 5800 ml,
see Table [2.6)).

2. Absolute values were estimated from acquired relative values: In x-axis, TLC was
supposed to be 5800 ml. In y-axis, PVR in model 2 settled on 0.124 mmHg-s-m]~!
after previous improvements. As this simulated normal breathing, I estimated the
lung volume to be equal to FRC plus half of the tidal volume, hence 2550 ml
(0.44-TLC). This corresponds to relative PVR of 0.3850 in the original graph.

3. A second-degree polynomial that fits the data best in a least-square sense was found

using a Matlab script.

4. The relation between PVR (R,,,,,) and the pulmonary capillary resistance R, 1S

(Rpao + Rpe)Rps
Rpao + Rpc + Rps

Rpulm = Rpart +va- (4~3)

3The alveolar volume is volume in the alveolar region (compartment) of the airway/lung mechanics

model used in [8]].
“usually on dogs or cats
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Since Rps > (Rpao + Rpc), the equation (4.3) can be simplified to
Rpulm = Rpart +Rpao +Rpc +Rpw (44)

and so R pC(Vl,mg) can be derived from Rpyg by subtracting a constant value of resis-

tance.
The final formula for the pulmonary capillary resistance was therefore estimated as:

Rpe(Viung) = 2.89922-1077V;7,, . — 1.35128 - 1077V + 1.58430 (4.5)

where V), is the instantaneous total lung volume. The estimated function is in Fig. @

A script used for the polynomial calculation is attached in Appendix [E]

35 T T T T T T

N
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Fig. 4.4. Pulmonary capillary resistance as a function of lung volume in model 2 (stage 2).

4.2.4 Test of Stage 2

Model 2 (stage 2) was first tested without any model of lungs or ventilation available.
For the test of normal breathing, I left P,; = —4 mmHg. Alveolar pressure was set at
P,y = 0 mmHg, and lung volume was held at constant value V¢ = 2550 ml. As can be
seen in Tables [4.6|and [4.7] the results of model 2 (stage 2) are almost identical to stage 1.

The recent changes did not worsen the performance of the model.
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Table 4.6. Intramural pressure in compartments of model 2 (stage 2). Presented is the lowest (min),
highest (max), or average (avg) pressure in last 23 s of the simulation (120 s).

P (mmHg)

min max avg
Iv 0.1 128.0 -
sart 87.3 128.0 100.9
sp - - 94.2
svlev - - 6.0/5.9
stv - - 24
ra - - 1.2
rv -1.3 28.7 -
part 8.1 28.7 15.0
pao - - 11.7
pc - - 1.7
pv - - 5.6
la - - 4.2

Table 4.7. Blood flow (cardiac output) Q (ml-min~!) and selected volumes (ml) in model 2
(stage 2): end-systolic (V}, ¢s) and end-diastolic (V}, ¢¢) volume in the left ventricle, total volume
in the heart (Vjeqr¢); total volume in the systemic arteries (Vi,,,) and veins (V,); pulmonary arterial
(Vpart), arteriolar (V,q,, capillary (V,.) and venous volume (V).

Viy.es (ml) 57.3
Vivea (ml) 131.8
Viear (ml) 582.6
Vsare (ml) 27.8
V, (ml) 3071.7
Vipart + Vpao (ml) 200.3
Vpe (ml) 76.8
Vpy (ml) 2432
Q (ml-min~ 1) 5365




Chapter 5

Model Test and Evaluation

After final modifications described in the previous chapter, the performance of model 2
(stage 2) needed to be evaluated, mainly its ability to react to changes in lung ventilation.
The model requires three basic input variables: the pleural pressure P, the alveolar pres-
sure P, and the lung volume P,;,. In thorax, pleural and alveolar pressures are related
in a non-trivial manner; hence, at this stage tests could not have been executed without
a model of lung ventilation. First, a simple simulation of normal breathing was added to
model 2. Second, a reaction of the model to positive-pressure ventilation was examined.
At this point, the circulatory system model was connected to a model of artificial lung

ventilation by Rusz [37] called the linear ventilator.

5.1 Test Objectives and Methods

The purpose of the experiment was to inspect how model 2 simulates cardiopulmonary
mechanical interaction during artificial ventilation; that is, how the cardiac output and
some other variables in the circulatory model change if spontaneous breathing is replaced
by mechanical ventilation. As for the observed variables, besides the cardiac output Q,
the average pulmonary capillary pressure P, and the systemic arterial pressure Py, Were
measured as model 2 output with respect to the end-expiratory alveolar pressure Py, gE.
Moreover, from lung ventilation parameters the average pleural pressure P, was also
recorded as well as lung volumes at the end of expiration and inspiration, Vg cxp and

Viung,insp> respectively. The test had three parts:

1. Spontaneous breathing was simulated in order to obtain basic (reference) values of

the parameters. In comparison with tests in the previous chapter, this time the inputs
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were time-varying functions.

2. Linear ventilator was attached to the circulatory model, and the model internal pa-
rameters were adjusted so that the air volume in the lungs was similar to the volume
set during the spontaneous breathing . Then, artificial ventilation with zero end-

expiratory pressure (ZEEP) was simulated.

3. The ventilator setting was changed so that positive-end expiratory pressure (PEEP)

was induced.

In all the steps, a simulation ran for 120 s (of the simulation time) and the data were taken
in the last 60 s.

5.1.1 Spontaneous Breathing

As the lung ventilator does not simulate spontaneous breathing, a brief test how model 2
can handle time-dependent inputs required to build some functions mimicking Py, Py,
and Vj,,,. I tried to make these functions similar to the form presented in Fig. @ The
alveolar pressure function P, was simulated as a sine wave with the mean value of
0 mmHg and an amplitude 1.1 mmHg. Also, the lung volume V},,, was modeled as a
sine wave function with the mean value of 2550 ml and an amplitude of 250 ml, so the
end-expiratory lung volume corresponds with typical functional residual capacity, and the

tidal volume is 500 ml. For the pleural pressure Py, a function used in [25] was adapted:

Ppl,insp for 0 < S(t) < Ti/Tresp
Ppl(t) = Pplmp for Ti/Tresp < s(t) < (Ti+ Te)/Tresp (5.1)

Ppl,max for (T; + Te)/Tresp < S(t) S 1

where

Ppl.,insp = Ppl,max - (Pplmax - Ppl,min) ’

(P plomax — P, p
T.

Lmi
Ppl,exp = Ppl,max - mm) ) (Z + 71, — S(t) ) Tresp)
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are pleural pressures during inspiration and expiration, respectively. In (5.1), there is:

Py max = —2.9mmHg. . . the maximal pleural pressure
Py min = —6mmHg. .. the minimal pleural pressure
Tyesp = 4s. . . the respiratory period
T; = 1.6s.. . the inspiration time

T, = 1.4s. . .the expiration time

The function s(¢) periodically rises from O to 1 in the same way as u(7) in section At

the beginning of inspiration s = 0.

5.1.2 The Ventilator

The linear ventilator model by Jan Rusz combines a model of a lung ventilator and a
model of the respiratory system. Four ventilator parameters (the inspiration time, inspira-
tion pause, expiration time, and one cycle flow) and two lung parameters (the pulmonary
pressure and the chest wall pressure) may be adjusted. Other 18 parameters are consid-
ered internal. The Simulink file with model 2 (stage 2) mode12_2.md1 was altered so that
a subsystem block with the linear ventilator was attached. Now it is possible to switch
between the spontaneous breathing block and the linear ventilator block. In the linear
ventilator a few minor adjustments were made: The chest wall pressure Pygs was changed
from 2.14 kPa to 1.45 kPa and an internal constant C;, was changed from 2.4 1-)kPa~! to
3 1-)kPa~! for better adjustment of initial lung volume. Names of output variables were
altered to match with the description used in the circulatory part of model 2, and one cycle
flow input parameter was renamed from Q,,ax to CF;,ax because of possible confusion

with the cardiac output Q.

The default setting of the ventilator produced intermittent positive-pressure ventilation
with zero end-expiratory pressure; that is, with respiratory pressure and alveolar pressure
returning to ambient pressure at the end of each respiratory cycle. This was used for the
initial measurement with the ventilator. As the ventilator does not offer easy switch to
positive end-expiratory pressure, I reached such an output by prolonging the inspiration
time 7;, shortening the expiration time 7,, and changing the cycle flow CF,,,. In this
way, the end-expiratory alveolar pressure was raised to values up to 15 cmH,O while lung

volume was changing only within a 1-liter range.
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5.2 Results

Table shows settings of the ventilator, which were used for reaching desired end-
expiratory alveolar pressure, and lung volumes produced by the ventilator or the spon-
taneous breathing module. In Table [5.2] there are mean pressures in the pleural cavity,
pulmonary capillary compartment, and systemic arterial compartment listed together with
resulting cardiac output. The units of alveolar pressure (cmH;O) were chosen as the most

typical ones used in cited source materials.

In Figure [5.1] cardiac output produced by the model with the lung ventilator attached
(for various ZEEP or PEEP settings) is related to the output measured in the spontaneous
breathing mode. Figure shows systemic arterial pressure as produced by model 2
(stage 2) for three levels of the pleural pressure P,;. The highest pressure was measured
during the spontaneous breathing simulation, the other two runs were acquired when the

lung ventilator and PEEP were applied.

Table 5.1. End-expiratory alveolar pressure Py, gr and lung end-expiratory and end-inspiratory
volumes Vg exp and Vi insp as results of various ventilator settings of inspiration time 7;, expira-
tion time 7, and cycle flow CF,,. In the first line, the output of the spontaneous breathing module
is given. The second line presents the default ventilator setting (ZEEP).

Tilsl T.()  Chux (5™ Viwger M)  Viunginsy M) Paer cmH0)
- - - 2300 2800 0
1.00 2.50 0.50 2329 2679 0.2
1.50 2.00 0.40 2399 2871 0.5
2.00 1.50 0.40 2545 3174 1.1
2.33 1.17 0.40 2695 3385 1.9
2.45 1.05 0.40 2765 3464 2.4
2.85 0.65 0.40 3085 3730 49
3.05 0.45 0.40 3315 3865 7.2
3.10 0.40 0.50 3669 4308 10.0
3.20 0.30 0.50 3862 4393 12.2
3.25 0.25 0.55 4144 4653 15.0
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Table 5.2. The mean pulmonary capillary pressure ch, mean systemic arterial pressure Py, and
cardiac output Q as results of various end-expiratory alveolar pressure Py, g settings. The mean
pleural pressure Py, is also listed. In the first line, Py, g and Py, are produced by the spontaneous
breathing section. Further, the linear ventilator section was employed. The second line presents the
default ventilator setting (ZEEP) although the end-expiratory pressure did not fall exactly to zero.

Palv,EE (cmHQO) Fpl (mmHg) ch (mmHg) Psarl (mmHg) Q (ml'minil)
0 -4.1 8.2 98.9 5352
0.2 -0.9 9.0 93.1 4902
0.5 -0.2 10.8 90.6 4734
1.1 1.0 15.3 85.4 4388
1.9 2.0 19.7 80.3 4066
2.4 2.4 21.8 78.0 3924
4.9 3.8 30.2 68.9 3362
7.2 4.5 34.8 63.9 3051
10.0 6.4 42.7 53.8 2414
12.2 6.9 44.6 51.2 2249
15.0 8.1 47.5 46.2 1922
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Fig. 5.1. The cardiac output Q (related to the cardiac output value during spontaneous breathing,
5352 ml-min 1) as a function of positive end-expiratory pressure .
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Fig. 5.2. Systemic arterial pressure in model 2 (stage 2) combined with the linear ventilator. Simu-
lation with mean pleural pressure of -4 mmHg (blue), 0 mmHg (red) and +4 mmHg (green). Data
taken from tests of spontaneous breathing, PEEP 0.5 cmH,, and PEEP 4.9 cmH,O, respectively.

5.3 Discussion

The pulmonary capillary resistance curve Rpc(Vl,mg) yields for V., = 2550 ml lower re-
sistance than 0.04 mmHg-s-ml~! supposed during the original construction of model 2.
That explains minor differences between the results for spontaneous breathing in sections
and Cardiac output Q = 5352 ml-min—!, however, can be considered as a satis-

factory reference value.

The model exhibits decreasing cardiac output (and systemic arterial pressure). For
ZEEP or very low PEEP, the model shows about 8.4% decrease in cardiac output com-
pared to spontaneous breathing. This is similar, yet smaller, decrease than the published
values: 10% in anaesthetized patients without pulmonary pathology [1]] and 11% in nor-
mal dogs [38]]. For higher PEEP values, results of model 2 (stage 2) differ significantly
from reported values—predicted cardiac output falls faster than laboratory experiments
had suggested: In the classic paper of Cournard et al. [3l], PEEP of about 5.5 cmH,O
caused cardiac output decrease of about 15%. Lumb [1] mentions 18% and 36% fall for
PEEP of 9 cmH,0O and PEEP of 16 cmH»O, respectively. Cassidy et al. reported 20%
cardiac output decrease for PEEP of 10 cmH,O in healthy adult humans [39]. In normal
dogs, the decrease was 26% with PEEP of 5 cmH,O, 42% with PEEP of 10 cmH;0, and
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49% with PEEP of 15 cmH,0. On the contrary, the model shows decrease of 38% with
PEEP 5 cmH,0, 55% with PEEP 10 cmH,O, and 64% with PEEP 15 cmH,O (Fig.[5.1).

I conclude that a very important factor that contributes to the excessive cardiac output
decrease is the large lung volume produced by linear ventilator. According to [1], PEEP
of 10 cmH;0 increases functional residual capacity by about 500 ml, depending on lung
compliance. For the same level of PEEP, FRC in the model is increased by more than
1300 ml. The impact of lung volume is also apparent from values of the mean pleural
pressure. For the same pleural pressure, cardiac output and the mean systemic arterial
pressure fall faster in model 2 (stage 2) than in model 2 (stage 1), which does not consider

volume-dependent pulmonary resistance (Tables 4.5]and [5.2)).

The linear ventilator provides a very good simulation of artificial ventilation with zero
end-expiratory pressure. Nevertheless, it does not offer any simple setting for PEEP.
Changes in the inspiratory/expiratory (I/E) ratio were used for reaching such a mode. In
fact, inverse I/E ratio induces intrinsic PEEP, so this way is not illogical. In [40], the I/E
ratio of 2:1 was compared to the normal artificial ventilation with I/E ratio of 1:2, and the
reported decrease in cardiac output was about 20%. In a similar situation the model shows
a decrease of 17%. However, for PEEP higher than 5 cmH,O extremely short expiratory

times were utilized which might have contributed to overly high lung volume.

Finally, the reaction of the circulatory system to the cardiac output reduction might
have been seriously distorted in the model. The role of the baroreceptor regulation in
the circulatory system in maintaining homeostasis was completely omitted as, according
to [1], PEEP causes inhibition of cardiovascular regulatory centers. However, a partial
recovering of cardiac output within 60 minutes was observed after initial decrease [39]]
due to increased heart rate. Since the heart rate was kept constant in the presented model,

such a partial cardiac output recovery was impossible here.
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Chapter 6
Conclusions

A functional model of the cardiopulmonary circulation has been assembled by integrating
a circulatory model with a model of a mechanical ventilator. The circulatory model design
was the primary objective of this thesis; the model of a mechanical ventilator and respi-
ratory system was provided by Jan Rusz. The circulatory model incorporated two major
features: pleural pressure influencing transmural pressure of blood vessels within thorax
and the pulmonary capillary compartment, which is affected by alveolar pressure and lung
volume. Whereas the concept of extramural pressures in thorax could have been adopted
from published articles, a function that connects lung volume and pulmonary capillary
resistance had to be estimated from physiological data as no such suitable function was

available.

Parameters of the circulatory model were adjusted so that its basic variables (cardiac
output, arterial pressures, etc.) adhere to typical physiological values during a spontaneous
breathing test. A simulation of artificial ventilation confirmed the expected trend: cardiac
output and systemic arterial pressure were decreasing with rising end-expiratory alveolar
pressure and pleural pressure. For zero end-expiratory pressure the model predicted 8.4%
decrease in cardiac output. Compared to about 10% decrease reported in literature, I find
this result satisfactory considering that the cardiopulmonary interaction was simplified to
two effects and that the circulatory system was discretized into a few compartments. On
the other hand, the experiments with elevated end-expiratory pressure provided results
significantly different from desired values—the cardiac output decrease in the model was
more than two times larger than reported in literature. Besides the missing baroreceptor
regulation this may be a result of either exaggerated lung volume produced by the linear
ventilator or too sensitive reaction of the pulmonary resistance to lung volume increase.

However, as the circulatory model cannot be properly tested without the model of a venti-
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lator, the possible causes cannot be separated. In this sense the results are inconclusive.

6.1 Future Work Recommendations

For further development of the artificial ventilation simulator, the following recommenda-

tions on future work are suggested:

e Possibly the greatest simplification of the model presented in this thesis is a constant

resistance of systemic blood vessels, mainly of the large veins. In the model, all
obstacles to blood flow in thoracic veins are concentrated into elevated pressure,
as in [12]] and [25]. Some experiments indicate that PEEP reduces venous return
by increasing venous resistance rather than lowering driving pressure gradient [4],
[S] although there are contradictory conclusions on the rate of large vein collapse.
Therefore further research of pressure-varying venous resistance is recommended

for model enhancement.

The role of pressure in abdomen during spontaneous breathing and positive-pressure
ventilation might be considered as its change is an integral part of the thoracic pump.
The systemic section division in splanchnic and extrasplanchnic branch provides a

basis for the abdominal pressure addition.

The reaction of the heart to artificial ventilation might be examined and modeled.
Although contractility of the left ventricle is probably not affected by positive in-
trathoracic pressure, interventricular septunﬂ may shift to the left due to increased

pulmonary circulatory resistance causing decrease in left-ventricular compliance

[LL].

The heart rate has been kept constant so far, and the role of the baroreceptor reflex in
the circulatory system has been ignored. The absence of autoregulatory mechanisms
such as sympathetic activation might have contributed to excessive fall in cardiac
output; thus, integration of the baroreceptor regulation might be considered. There
is no regulation presented in the model of De Lazzari et al. [12]], but the baroreceptor

reflex was modeled by Ursino [24]].

Cerebral flow was excluded from the circulatory model. However, PEEP increases
intracranial pressure [14]; hence, a more complex simulator should pay attention to
blood flow to the brain, which takes about 14% of the overall blood flow (Table[2.2]

I'The wall separating heart ventricles.
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e Greater integration of individual model components is vital for further model im-
provement. Spontaneous breathing and mechanical ventilation should utilize a com-
mon respiratory system model; therefore, the comparison of both types of breathing
may be more precise, and the effect of varying pulmonary compliance on cardiac
output may be studied. For example, PEEP effect on cardiac output is different in
healthy lungs and in patients with ARDS as diseased lungs have reduced pulmonary
compliance, which limits the rise in pleural pressure [1]]. Ventilation-induced lung
injuries—barotrauma, volutrauma, or structural damage to the pulmonary vascular

wall [16]—might be simulated.

e The linear ventilator used for simulations works outstandingly with zero-end expi-
ratory pressure option. However, as it does not provide easy selection of any PEEP
mode, the ventilator settings utilized for the experiments might have been dissimilar
to the settings typically used. Enhancing functions of the ventilator may contribute

to more accurate simulation of PEEP ventilation and its cardiovascular impact.

e Regional differences and contribution of gravity were omitted in the presented model,
which assumes a ventilated human in the supine position. But positive-pressure in-
flation enhances these differences [16] along vertical axis of the recumbent human,
so regional division of lungs should be considered. More importantly, more de-
tailed division of lungs, both from the respiratory and from the circulatory side,
would allow simulating various pathological conditions which influence the venti-

lation/perfusion ratio in various lung regions.

e Finally, gas exchange is a great part of the cardiopulmonary interaction topic. Arti-
ficial ventilation does not change arterial oxygenation significantly in patients with
healthy lungs [1]], but as was described in section [2.4] PEEP recruits collapsed lung

units and improves blood oxygenation during lung diseases like ARDS.
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Appendix A
Pressure Unit Conversion

There are several units used for expressing pressure values. The pascal (Pa) is the standard
SI unit; however, in physiology and medicine, the millimeter of mercury (mmHg)—also
called the torr (Torr)—seems to be the most common unit. Sometimes, for example in [6]],
the centimeter of water (cmH;O) is used, too. In Table below, the mutual conversion

between the units is provided.

Table A.1. Approximate unit conversion for the millimeter of mercury (conventional), pascal,
centimeter of water (conventional) and the standard atmosphere. Source: [41].

mmHg Pa cmH,O atm
1 133.32 136 | 1.32:1073
7.50-1073 1 0.01 |9.87-107°
7.36-107! 98.07 1 9.68-1074
760 101.33-10° | 1033.23 1
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Appendix B

Equations of Model 1

The equations given below completely describe model 1. The meaning of the variables

and parameters is explained in sections [3.2] and [3.3] Parameter values are provided in

Appendix D]

B.1 Blood Vessel Sections

B.1.1 Pulmonary section

Vo = Voart +Vpp+Vpy

Pulmonary arterial compartment

dP, 1
tg;part - Cpart . (an - Fpart)
dFpart 1
dt = Lpart : (Ptm,part - Ptm7pp - RpartFpart)

Pulmonary peripheral compartment

dPim,pp 1
T = C_pp : (Fpart _Fpp)
Pim,pp — Prm,pv
Fpp =

RPP

73

Vpart = CpartPtm,part + Vu.,part

Vop = CppPim,pp + Vu,pp
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Pulmonary venous compartment

dPtm,pv 1

=_— (F,,—F
dt va ( pp PV)
va _ Ptm,p\}e_ le,la

pv

B.1.2 Systemic Section

Fs=Fy+ Foo + Fy

Systemic arterial compartment

dPtm,sart 1

va - vaPtm,pv + Vu,pv

= : (Flv - Emrt) Psgre = Ptm,sart

dt Csart

Vsart = Csart Psart + Vu,sart dt

Splanchnic peripheral compartment

dle,sp — 1

'(Fsart_Fsp_Fep_Fmp>

Vsp = CspPsp + Vmstv

Extrasplanchnic peripheral compartment

Pep = Py,

Vep = CepPsp + Vu,ep

Active muscle peripheral compartment

Pup=Psp

Vinp = CopPsp +Vimp

dFsar o

1

Lsart

: (Psart - Psp - RsarlEvart)

Psp = Ptm,sp
P, —P.
Fsp _ spR %
sp
Pep = Ptm,ep
P, — P,
Fep _ spR ev
ep
Pmp = Ptm,mp
Fmp _ Psp - va

Rup



B.2. HEART SECTIONS

Active muscle venous compartment

dle my 1
L A (F,, —F
dt Conv (Fop = F)

va =GPy + Vu,mv

Extrasplanchnic venous compartment

Splanchnic venous compartment

Vv = Viest — Vsart — Vmp — Vinw — Vep —Ver — VSP

1
Ptm,sv - C_ ' (st - Vu,sv)

sV

Psv - Ptm7sv

B.1.3 Systemic Thoracic Veins Section

Systemic thoracic veins compartment

dPtm Sty 1
22— _— . (F.—F
dt Cpy (Fs = Fiwv)

Vstv - Cstthm7stv + Vu,stv

B.2 Heart Sections

B.2.1 Ventricle Activation

o) =4 " P
0

75
va - Ptm,mv
Ey = Py — Py,
Ry
Py = le,ev
Fev _ Pev_Pstv
Rey

Vrest:Vt_Vl_Vr_Vp_Vstv

EW — PSVR_PSIV
SV

Py, = Ptm,stv + Ppl

Ptm,stv - Ptm,ra

Evtv - R
sty

sin? {“-T -u<t>} for 0 < u(t) < Tyys/T
for Ty /T <u(t) <1

1
u(t) = frac [/7 dt} where frac(x) =x—|x] forx>0

u(0)=0
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B.2.2 Right Heart Section

Vi=Via+ Vi
Right atrial compartment
dP, 1
;n;’m - C_ : (Fstv - Fra) Vra - CraPtha + Vu,ra
ra

o Ptha - Ptm7rv

F,
ra Rm

if Py ra > Py v, Otherwise Fry = 0

Right ventricular compartment

Pmax,rv — (P(t) 'Emax,rv . (Vrv - Vu,rv) + [1 - (P(t)] 'PO,rv : (ekE’rv'Vrv - 1)

d Vi
dt

Ptm,rv = Pmax,rv — Ry Fyy

=F,—F, Ry = kR,rv * Prnax.rv

. Pmax,rv - sz,part
Fpy = .
rv

if Puax,rv > Pim,part, otherwise Fr, =0

B.2.3 Left Heart Section

Vi=Via+Viy
Left atrial compartment
dP,. 1
% = 5 : (va - Fla) Vla = ClaPtm,la + Vu,la
a

P, — P, . .
F, = w if Py 1 > P 1y, otherwise F, = 0
la
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Left ventricular compartment

Pmax,lv = (P<t) 'Emax,lv : (Vlv - Vu,lv) + [1 - (P(l)] : PO,lv : (ekE’lV.Vlv - 1)

dv
d L= Fla - Flv Rlv = kR,lv : Pmax,lv
t
Ptm,lv = Pmax,lv - RlvFlv Ppl = Ptm,lv +Ppl

(Pmax,lv + Ppl) - Psart

F., =
lv Rlv

if (Pax,iv + Pp1) > Pyart, otherwise Fj, = 0



78

APPENDIX B. EQUATIONS OF MODEL 1



Appendix C

Equations of Model 2

The equations given below describe the pulmonary section and the systemic section of
model 2. The systemic thoracic section and both heart sections are not included as their
structure is identical with model 1 (see Appendix [B]). The meaning of the variables and
parameters is explained in sections and Parameter values are provided in Ap-
pendix [D] In the pulmonary section, the model structure is different for model 2 (stage 1)

and model 2 (stage 2). This is reflected in the corresponding equations.
C.1 Blood Vessel Sections
C.1.1 Pulmonary section

Vp = Vpart + Vpao =+ Vpc + va

Pulmonary arterial compartment

dP, 1
zz;parz _ c . (Frart - Fpart) Vpart = CpanP,m,par, + Vu-,part
part
deart 1
dt - Lpart . (me,par[ N Ptm,pp o RpartFpar[)
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Pulmonary arteriolar compartment

Stage 1
dP, 1
t;lzpao — c . (Fpart — Fpao)
pao
F _ Ptm,pao - Ptm,pc
pao Rpao
Stage 2
dP, 1
tcrlnlzpao - C : (Fpart - Fpao,pv - Fpao,pc)
pao
F _ (Ptm,pao +Ppl)_va
pao,pv Rps

Pulmonary capillary compartment

Stage 1
dPtm,pc 1
T g e
P, —P,
ch — tmapCRpC tm,pv
Stage 2
dPtm7pc 1
T G e
Pyc— P,
ch pc pv
Rpc'(Vlung)

Vpao = CpaOP tm,pao + Vu, pao

Vpao = Cpaoptm,pao + Vmpao

(Ptm7pao +Ppl) _Ppc
Rps

Fpao,pe =

Vpc = CpcPtm,pc + Vu,pc

Vpc = Cpcle,pc + Vu,pc

Ppc = Ptm,pc + Pary

Rpe(Viung) = 2.89922-1077V;5,,, — 1.35128 - 1077V} + 1.58430

Pulmonary venous compartment

Stage 1
Py 1
ey~ (F.. —F
dt va ( pc PV)
va _ Ptm,pv - Ptha

Ry

va - vaPtm7pv + Vu7pv
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Stage 2
dP, 1
—mpy - = (ch + Fpao,pv - va) va — vaPtm,pv + Vu,pv
dt Cpy
Ponoy— P
va — W va = le,pV +P[)l

C.1.2 Systemic Section

Fs = F:vv +F, ey

Systemic arterial compartment
dP, 1

st - . (Flv - Fsart) Psart — Ptm,sart

dt Csart

dFsar 1
Vsart = CsartPsart + Vu,sart d = : (Psart - Psp - Rsarthart)
t Lyars

Splanchnic peripheral compartment

dP, 1
Lt Fan—Fp P Pop = Pinsp
Py, — P,
Vsp = CspPsp + Vi stv Esp= SPR 8
sp

Extrasplanchnic peripheral compartment

Pep:Psp Pep:Ptm,ep
P, — P,
Vep = CepPsp + Vu,ep Fep = %
ep

Extrasplanchnic venous compartment

dP, 1
%ZC_W'(Fep_FeV) Pev:Ptm,ev
P, —P
Vev :CevPev+Vu ev Fev — W

7 Rey
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Splanchnic venous compartment

st = Vrest — Vsarl - Vep - Vev - Vsp

1
Ptm,sv = C_ : (st - Vu,sv) Viet =Vi =V =V, — Vp — Virv
sV
Py —P
Py, = le,sv Fs, = sz—stv
sV

C.1.3 Systemic Thoracic Veins Section

This section is identical to model 1 (see Appendix [B)).

C.2 Heart Sections

These section are identical to model 1 (see Appendix [B).



Appendix D
Values of Model Parameters

In Tables D.1] [D.2] and [D.3] the parameter values used in model 1 and model 2 are pro-

vided. Only parameters that do have a constant value at least in one of the models are

listed. In model 2, some parameters are different for stage 1 and stage 2 (please see Chap-
ter [ for details). In such a case both values are provided. Most of the values for model 1
were taken from [24] and [25]. The values were adopted from older papers and published
experiments on humans and dogs, and rescaled to 70-kg body weight. Some parameters

were changed in model 2 for better performance.
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Table D.1. Parameters in pulmonary arterial (part), peripheral (pp), arteriolar (pao), capillary

(pc) and venous (pv) compartments within the pulmonary section for model 1 and model 2

(stage 1/stage 2). The arteriolar compartment may include the pulmonary shunt (ps). Listed

are values of unstressed volumes V,, (ml), hydraulic resistances R (mmHg-s-ml~!), compliances

C (ml-mmHg "), and an inertance L (mmHg-s>-ml~").

Parameter Model 1 Model 2
Pulmonary section Vi, part 0 0

Rpart 0.023 0.04

Cpart 0.76 0.76

Lpart 0.18-1073 0.18-1073

Vipp 123 -

Ry, 0.0894 -

Cpp 5.80 -

Viu.pao - 123

Rpao - 0.045

Cpao - 4.0

R - —-/6.43

Viupe - 30/46

Rpc - 0.025/R pe(Viung)

Cpe - 4.0

Vi, pv 120 0

Ry, 0.0056 0.015

Cp 25.37 25.37
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Table D.2. Parameters in systemic circulation of model 1 and model 2 (stage 1/stage 2). The
systemic section contains systemic arterial (sart), splanchnic peripheral (sp), splanchnic venous
(sv), extrasplanchnic peripheral (ep), and extrasplanchnic venous (ev) compartments. In model 1,
muscle peripheral (mp) and muscle venous (mv) compartments are also included. The systemic
thoracic veins section has only a single compartment (stv). Listed are values of unstressed volumes
V,, (ml), hydraulic resistances R (mmHg-s-ml~!), compliances C (ml-mmHg~!), and an inertance
L (mmHg~s2-ml_1).

Parameter Model 1 Model 2
Systemic section Vi, sare (ml) 0 0

Rsart 0.06 0.055

Csart 0.28 0.28

Lyar 0.22-1073 0.22-1073

Visp 274.4 274.4

Ry 3.307 3.307

Csp 2.05 2.05

Visv 1121 1144/1137

Ry, 0.038 0.132

Csy 43.11 43.11

Viiep 274.1 336.6

R.p 1.725 1.407

Cep 1.36 1.67

Viev 1120 1402/1393

R., 0.0197 0.056

Cey 28.4 35.0

Vimp 62.5 -

Ry 7.423 -

Cnp 0.31 -

Vu,mv 255 —

R 0.0848 -

Cuv 6.6 -
Systemic thoracic veins sec. Vst 0 0

Ry, 0.0054 0.014

Cary 33 33
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Table D.3. Parameters the ventricle activation function, heart sections—Ileft atrium (la), left ventri-
cle (Iv), right atrium (ra), right ventricle (ra)—and total blood circulation volume. See section
for explanation.

Parameter Model 1 Model 2 Units
Ventricle activation T 0.833 0.833 S
Tiys 0.41 0.41 s
Left heart section Viia 25 25 ml
R 2.5-1073 2.5-1073 mmHg-s-ml~!
Cla 19.23 19.23 ml-mmHg !
Vil 16.77 16.77 ml
Epax.lv 2.95 2.95 mmHg-ml~!
Py 1.5 1.57 mmHg
KE 1y 0.014 0.014 ml~!
kR 1y 3.75-107* 3.75-107* s-ml~!
Right heart section Vira 25 25 ml
R, 2.5-1073 2.5-1073 mmHg-s-ml~!
Cra 31.25 31.25 ml-mmHg ™!
Vi 40.8 40.8 ml
Epas.rv 1.75 1.75 mmHg-ml~!
Po v 1.5 1.57 mmHg
KE rv 0.011 0.011 ml~!
KR v 1.4-1073 1.4-1073 s-ml~!

Total blood volume \% 5300 5300 ml




Appendix E

Estimation of the Capillary Resistance

Function

o\

Based on entered data in tlc and pvr, this m-file estimates the pulmonary

o\

capillary resistance Rpc as a function of lung volume Vlung

o\

Coeffitients of a second-degree polynomial:

o\

PVR...pulmonary vascular resistance

o\

Rpc...pulmonary capillary resistance

close all;

clear all;

clc;

TLC = 5800; %total lung capacity

tlc = [0.4 0.45 0.5 0.53 0.6 0.7 0.8]; %fraction of total lung capacity
pvr = [0.46 0.39 0.54 0.65 1.62 3.24 5.03]; S%relative pulm.vasc.resistance

tlc_abs = tlc*TLC; %absolute values of lung volume

pvr_abs = (0.124/0.3850) *pvr; %absolute values of pulm.vasc.resistance

PVR = polyfit (tlc_abs,pvr_abs,2);

$finds coefficients of a second-degree polynomial
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Rpc = PVR;
Rpc(3) = Rpc(3) - 0.100;

%constant resistance of the other pulmonary vessels subtracted

x = 0:10:TLC;
y = polyval (PVR, x);
% figure;

o\

plot (tlc_abs,pvr_abs,’'rx’);
hold on;

o\

o\

plot (x,y,'b-");

o\

o\

figure;

plot (x,y-0.100,"r");

o\°

fiqgure;

plot (x,y-0.100,"r");

axis ([2300 TLC 0 3.5]);

set (gca, "XTick’,2300:500:TLC)
xlabel ("V_{lung} (ml)");

ylabel ("R_{pc} (mmHg.s.ml"{-1})");

grid on;



Appendix F

Model 2 Final Structure

On the next page, the final structure of model 2 (stage 2) is provided in a form of an elec-
trical circuit diagram. See Appendix [C] for the corresponding equations and Appendix D]

for the parameter values and section names.
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Fig. F.1. The final structure of model 2 (stage 2). An electrical analogy was used for the hydraulic
system modelling.
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