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Summary

Pulmonary diseases compromise the lungs function with an impairment of the gas
exchange and an alteration of the respiratory mechanic. They are the third leading
cause of death after cardiac and neoplastic ones and they have a strongly negative
impact on the lifestyle and life expectancy.

Inferior vena cava (IVC) ultrasonography (US) can be important in clinical prac-
tice to evaluate patients with lungs disorders because IVC reflects changes of intra-
thoracic and abdominal pressure and its pulsatility is related to volume status and
right atrial pressure.

The measures of the diameter of the vein are used to calculate three pulsatility
indices: the caval index (CI), the respiratory caval index (RCI) and the cardiac
caval index (CCI). However, this estimation is not reliable due to the movements
of the IVC during respiration. In order to obtain a more stable measurement of the
IVC pulsatility, a new software developed by VIPER srl was employed. It allows
to track the edges of the vein and consequently to obtain a reliable measure of
different diameters necessary to determine the pulsatility.

The aim of this study was to investigate the correlation between CI, CCI and RCI
and the category of pulmonary disease in order to find differences between obstruc-
tive and restrictive pulmonary disease. For this purpose, several US scans, of both
patients with lung disease and healthy subjects, were processed with the software
mentioned above both in longitudinal and transversal view and a statistical anal-
ysis was conducted. A total of 29 patients was considered, 5 with an obstructive
disease, 5 with a restrictive disease and 19 as control group. The median of CCI
in longitudinal view was 0.12, 0.13 and 0.15 respectively for restrictive diseases,
obstructive diseases and the control group. The median value of RCI was 0.1, 0.2
and 0.18 and that of CI was 0.2, 0.34 and 0.31.

In transversal view the median of CCI was 0.19, 0.21 and 0.16 15 respectively for
restrictive diseases, obstructive diseases and the control group. The median value
of RCI 0.18, 0.31 and 0.17 and that of CI was 0.37, 0.51 and 0.34.

Wilcoxon rank sum test was conducted in order to evaluate the presence of statis-
tically significant differences between the three classes: no difference was found.
Moreover, a lumped-parameters model of the cardiovascular system was imple-
mented in MATLAB to better understand the influence of the different variables
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on the value of the most important pressures and volumes, both in physiological
and pathological conditions. It is an innovative model based on the integration of
different systems of ordinary differential equations that were found in literature;
moreover, a description of the IVC was included. The model comprises two closed
loops to describe the systemic and the pulmonary circulations and a time-varying
elastance simulating the four cardiac chambers with their valves. Modela€™s pa-
rameters were chosen to replicate both physiological conditions and the investigated
pathologies. It can be used also to simulate heart failure and pulmonary hyperten-
sion that can be present in patients with advanced pulmonary diseases.
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Chapter 1

Introduction

1.1 Anatomy and physiology of the inferior vena
cava (IVC)

1.1.1 Anatomy of IVC

The inferior vena cava (IVC) is a large vessel located at the posterior abdominal
wall on the right side of the aorta, it has the largest diameter of the venous system.
IVC origins from the confluence of the right and the left common iliac veins that
usually takes place at the L5 vertebral level.[59]

It is the most important conduit for the transport of the deoxigenated blood from
the abdomen, pelvis and limbs to the right atrium [56]. After ascending the ab-
domen and entering the thorax through the inferior vena caval foramen of the
diaphragm, IVC reaches the the posterior inferior aspect of the right atrium.

1.1.2 Mechanical behaviour of IVC during respiration

Unlike many other veins, the IVC has not one-way valves to guarantee the forward
flux of blood to the right atrium. The contraction of diaphragm and external
intercostate muscles creates a negative pressure gradient that pulls blood toward
the right heart.

As other veins and arteries, the IVC changes its shape and volume in response to
the change in transmural pressure (py,), the difference between internal pressure
(pint) and external pressure (pe,;) according to its compliance.

Ptm = Dint — Pext
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The compliance is defined as the variation of volume determined by a certain vari-
ation of pressure. In general, the compliance is not constant: the greater the mean
pressure, the smaller the variation of volume produced by a change of pressure.

C= AAPYM

Transmural pressure varies following changes of internal pressure, that depends
on intra-thoracic pressure, and those of external pressure which increase after the
contraction of diaphragm [22]. For this reason, during the inspiration the size of
IVC decrease: the intra-thoracic pressure is reduced and at the same time the
contraction of the diaphragm produces an increase of the external pressure. The
decreased intra-thoracic pressure causes a blood drainage from the abdominal IVC
reflected in a increased venous return [9]. Opposite, during exhalation the intra-
thoracic pressure increases and the abdominal one decrease, this is reflected in
higher blood flow from lower limbs to abdominal IVC and a reduced venous return.
Different studies have shown that the respiration pattern strongly influences the
amount of the reduction in IVC size. In particular, the diaphragmatic breathing
induces several occlusion of the lumen of IVC [22].

1.2 Fluid therapy

The intravascular volume status, which could be defined as the volume of blood in
the circulatory system, is a very important cardiovascular parameter related to the
cardiac preload, the stretching of the cardiomyocites before the systole. It influences
the force of contraction of the cardiac muscle and consequently the cardiac output
and the arterial blood pressure.

The assessment of the intravascular volume status is essential for the treatment and
the management of several pathological condition like heart failure (HF), diseases
that require dialysis and severe sepsis, in order to establish the correct fluid therapy.
Actually the most accurate and reliable way to asses volume status of a patient is
to measure the right atrial pressure (RAP), which normally is between 2 and 6
mmHg, or the pulmonary capillary wedge pressure (PCWP), which usually vary
between 3 and 8 mmHg [15], by right heart catheterization (RHC). It is an invasive
procedure and not routinely executed, therefore, it is not suitable for the follow-up
of the patient [8].

1.2.1 Volume status and fluid therapy in heart failure (HF)

Congestion in hearth failure consists of a fluid accumulation in the intravascular
compartment and in the interstitial space caused by an increased cardiac filling
pressure due to a dysfunction in the sodium and water retention process.
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Intravascular congestion is the result of a combination of haemodynamic and neurhor-
monal factors that leads to a retention of sodium and water by kidneys. The in-
creased hydrostatic pressure in the vessels produce can tissue congestion, indeed,
the unbalance between the hydrostatic pressure and the oncotic pressure in the
interstitium can promote the development of tissue oedema [15].

Congestion is the main cause of hospitalization in patients with decompensated
hearth failure, in Europe 83 % of patients hospitalized with HF shows clinical signs
of congestion [15]. Moreover, patients with residual congestion after 7 days of hos-
pitalization have a twofold increase in 180-day mortality and an almost risk twofold
risk of rehospitalization for HF [15]. Intravascular congestion can be asses in differ-
ent ways, using clinical signs like the distension of the jugular vein, the orthopnea
or the third sound, or with the analysis of some biomarkers such as natriuretic pep-
tides (NT-proBNP) and the haemoconcentration. In clinical approach also imaging
method are often employed to establish the volume status of a patient, the most
common are the ultrasonography of IVC, jugular vein or renal venous district.
The cornerstone of fluid therapy for the decongestion in case of hearth failure is the
administration of loop diuretics. They block the reabsorption of sodium and conse-
quently they promote an increased excretion of sodium and urine output. Thanks
to the mechanism of natriuresis fluid loss is achieved because the free water pas-
sively follows the excreted ions.

Acquaresis is another way to induce fluid loss, it consists in the direct excretion of
free water, through the translocation of fluid from the interstitium to the intravas-
cular space. For this reason, drugs that promote acquaresis are more suitable for
the treatment of tissue congestion. [15]

1.2.2 Volume status and fluid therapy in patients undergo-
ing dialysis

As mentioned before, the volume status is a critical parameter in patients undergo-
ing dialysis, the management of intravascular volume is one of the most challenging
aspects in this kind of therapy. Indeed, a chronically hypervolemia leads to hyper-
tension, hearth disease and tissue oedema, at the same time hypovolemia during
dialysis causes nausea, cramps, vomiting and a general decreased patient satisfac-
tion. Hypovolemia is most frequent complications of hemodialysis, its onset varies
from 10% to 30% depending on the population studied [13].

Clinically assessed dry weights,the lowest weight post-dialysis at which the most of
exceed fluids have been removed, is the most common way to establish the volume
status of a patient. Despite its widely diffusion, it is an unreliable and poor predic-
tive measure of the volume status [13]. Actually, ultrasography of IVC is one of the
most promising tool in order to improve the reliability in the volume assessment in
patients undergoing dialysis.
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1.2.3 Volume status and fluid therapy in critically ill pa-
tients

Assessment of volume status as well as the response to a fluid challenge in terms of
an increased cardiac output is a important tasks in the care of critically ill patients.
Several approach that provide an aggressive fluid resuscitation are able to reduced
organ failure and mortality in patients with severe sepsis or sepsis shock . On the
other hand, some studies on critically ill patients have shown that a large fluid
overload and a net positive fluid balance are connected to an higher risk in the
onset of complications and an increased mortality [34].

The most important reason to give a patient a fluid challenge is to increase the
stroke volume [34], the volume of blood ejected by a ventricle for each systole, in
order to improve organ perfusion.

For these reasons, the assessment of the volume status in critically ill patients and
their response to a fluid challenge is crucial in order to establish and to module the
appropriate fluid therapy.
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1.3 Ecography

Ecography is widely used in medicine for several reasons [24]:

o It is safe for the patient: ionising radiation aren’t necessary for this imaging
technique, for this reason it suitable for long exams and for follow-up protocols
that require several repetition of the examination at short interval time. It is
also possible using it on high-risk patients like pregnant women.

o It is the exam with the highest temporal resolution coupled to a good spatial
resolution. It is possible to monitor phenomena that change very quickly, like
the opening and the closure of an heart valve.

o It is based on the physical principles of reflection and diffusion so it can
provide different and complementary information compared to other exams.

Actually, ecography is employed in many areas of medicine to study different organs
and them structural alterations that often are a pathological sign. There are many
kinds of US devices that can be used in different situation, from portable ultrasound
scanners that can be connected to a PC or smartphone to complex workstations.

1.3.1 Physical principles of ultrasounds (US)

US are elastic waves that produce compression and rarefaction, when the wave is
positive or negative respectively, of the medium they pass through. The molecules
that constitute a tissue move in harmonic motion, swinging around the equilibrium
position, when perturbed by an ultrasound wave. US are sounds whose frequency
exceeds that audible to human ear (f > 20 KHz), in medicine the most common
US devices employ frequencies in the order of 1-10 MHz. [24]

The following relation correlates the propagation velocity (v) of a generic wave to
its frequency (f) and wavelength (\):

v=Af (1.1)

The US velocity in the biological tissue is almost constant with the exception of
lungs and bone, conventionally a mean value of 1540 m/s is used. [24]

The medium acoustic impedance (Z) is an other important medium property on
which US imaging techniques are based:

Z = pv (1.2)

where p is the density of the medium and v the propagation velocity.
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Tissue p c Z
[Kgm™)] [ms'] [Kgm™s~]

Air 1.3 330 429
Water 1000 1480 1.5x1076
Fat 900 1450 1.3x1076
Muscle 1080 1585 1.7x1076
Lung 220 900 0.2x1076
Blood 1030 1570 1.6x1076
Bone 1850 4000 7.4x1076

Table 1.1. Density, propagation velocity, acoustic impedance and attenuation of
some tissues of interest. [24]

US are generated exploiting the piezoelectric effect: some materials are able to gen-
erate a potential difference AV when submitted to a pressure (Direct piezoelectric
effect) and to deform themselves when a tension is applied (Inverse piezoelectric
effect). Both direct and inverse piezoelectric effect are employed in order to detect
and to generate US respectively.

Actually, most of transducers are made of PZT (lead zirconium titanate). Consid-
ering that the velocity of US in PZT is about 4000 m/s and that resonance occurs
for a thickness (h) equal to the half of the wavelength, it is simple to derive that
for a frequency of 5 MHz:

h:i ) 4-10°

3T a9f 2.5.100  OAmm (13)

In general, the frequency (MHz) of the US generated using piezoelectric effect is:
f= %, with h expressed in mm.

In an homogeneous medium US propagate along a straight line, the transducer is
lean on layer of a special gel that avoid the air interposition between the probe and
the skin. When a wave meets an interface separating two mediums with different

acoustic impedance, one part of the energy is transmitted and another is reflected
or diffused.
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The Snell’s Law describe this phenomenon:

sin 91 U1

sinf, v (1.4)
where 6; is the angle of the incident wave, 6; the one of the transmitted wave
and vy , vy are the velocities in the medium 1 and 2 respectively (figure 1.1). If
the velocities are equal the US wave continues without deviation, similarly if the
acoustic impedance is the same in the two mediums all the energy of the wave is
transmitted and there is not reflection. As said before, if the acoustic impedance

Medium 1
~
l”
4
4
4
7’
4
7
4
4
6 s
61 7;/'
,I
"’
\ Medium 2
\
A
Bt\
\
\
v

Figure 1.1. Graphical representation of Snell’s law.

of the mediums are different part of the energy is reflected with angle equal to the
one of incidence. The reflection coefficient (R) describe the fraction of the reflected
energy and it is given by the following formula:

(1.5)

R Z1cos by — Zycos b, 2
-~ \ Zycosb, + Zy cosb;

In the ultrasonography approach angles are not considered and (1.5) become
[24]:

2

2 — 2y
ne(42) L6
71 7, (1.6)
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The transmission coefficient (7") is defined as T'=1— R with 0 < R < 1.
If the acoustic impedance of two tissues is the same or them difference is very small
R is close to 0 , the problem of detectability arises. It is impossible to distinguish
the two different tissues, indeed, US imaging is able to show only difference between
different tissue and it doesn’t give any information about the single tissue.
As well as, if Z7 > Z5 or Zy > Z; like in the interface muscle-bone or for the
presence of air, R is almost equal to 1 hence all the energy is reflected, producing
a white image.
The intensity of a US wave is attenuated by the tissue passing through, energy is
partly absorbed or diffused (if dimension of the particles is comparable with that
of wavelength) and it decrease following the equation:

A(z) = Apge™ (1.7)

where Ag is the initial wave intensity and « is the attenuation coefficient. The
intensity decreases exponentially in function of the space travelled.

Tissue Attenuation
(dBem™'MHz1)
Air >10
Water 0.002
Muscle 1.5
Fat 0.6
Lung 30
Blood 0.18
Bone 8

Table 1.2.  Attenuation of some tissues of interest. [24]

Attenuation depends on the nature of the tissue, as shown in the table lungs, air
and bone strongly attenuate US, for this reason these mediums act as barriers for
the propagation of US.

Attenuation it is also related to frequency, in particular the higher the frequency
the greater the attenuation. In medicine it is necessary being able to discriminate
elements in the range of millimetres or even smaller, remembering equation (1.1)
it is clear that spatial resolution (depending on wavelength) increases for higher
frequencies. A compromise between the spatial resolution and the attenuation,
hence the maximum attainable depth, is required.
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1.3.2 Echo-pulse technique

Modern ecography systems are made of a probe that contains several PZT crystals
which are piloted by a tension generator, an amplification system and device to
view the image. The tension generator has a central role indeed it has to be able
to generate the impulse with the correct amplitude and frequency. US imaging is
based on the principle of reflection, emitting US impulses on a line and listening
to the returning echo it is possible to establish the position of the interface of
two tissues with different acoustic impedance. The distance (d) of the interface,
calculated on the basis of flight time At (the time employed by the US wave to
reach the interface and to come back to the probe), is given by:

1
d = et (1.8)

where c is the velocity in the mean biological tissue (1540 m/s).

Usually the transducers are excited not with a single wave but with a package of
waves (made of at least of 2 or 3 waves), after that they commute in the reception
mode in order to pick up the returning echo of the package just emitted. This
process is controlled by an electronic circuit that appropriately pilots the tension
generator.

The returning signal is then amplified through the Time Gain Compensation system
(TGC). Indeed, amplitude of the the returning echo is influenced not only by the
difference in acoustic impedance at the tissue interface but also from the depth that
determines the attenuation of the signal. For this reason, TGC is a logarithmic
amplifier that use the flight to proportionally amplify the returning echo, in this
way a superficial echo will be amplified less than a deeper signal. After the TGC
the amplitude of the returning signal will be function of the difference in acoustic
impedance of the tissues (R), which corresponds on the grey level of the final image,
while thanks to the flight time it will be possible the establish the position of the
interface (figure 1.2).

The spatial resolution depends on the way with which the transducer is excited,
in particular three values spatial resolution are defined, the axial spatial resolution
along the line of propagation, the later one perpendicular to the line of propagation
and the one of elevation. As said before, the spatial resolution is correlated to the
length of the wave package, to shortening it is possible to increase the frequency
of the the wave inside the package. However, higher frequency waves are less
penetrating. Generally, the axial spatial resolution is 2-3 times the wavelength ()
while the lateral one is 2 or 10 times A depending on the beam focusing.
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> Transmitter

Impulse I
Generator I

Receiver

l

Time-Gain
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\ 4

\ 4

Demodulator

Scan converter >-

Figure 1.2. Block diagram of an echo-pulse device. [24]

Scanning techniques

The scanning of organs of interest can be achieved using a single transducer or
with a multiple transducer. In the first case the single element can be pilot with a
manual movement or with an automated device. It’s a rotating probe constituted of
several transducers, the active element is the one facing the surface to be explored.
Currently it’s an obsolete system and it is no longer used.

The most of the probes used in medicine are made of an array of transducers, they
are activated in a specific order using an electronic circuit. The different crystals
are activated in specific sequence through which it is possible to change the beam
shape. In the linear probes, used especially in obstetrics, all the element are parallel
activated while in the sectorial scanning probe the beam diverge in order to explore
relatively large areas (figure 1.3). The phased array technique allows to focus the
beam in specific direction and depth or to deflect the beam, this is made possible
by piloting the time of emission of the different impulses.
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(a) (b)

Figure 1.3. Scheme of two probe types: (a) linear probe, (b) sectorial scanning probe.

Visualization modes

There are different ways to visualize the information of returning echo signal:

e A-mode (amplitude): a single transducer is used and the signal in function of
time is showed on the display. The time corresponds to the depth while the
amplitude is related to intensity of the reflection. It is used for very simple
exams or conversely for advance analysis in which the waveform is studied in
order to understand the medium crossed.

« B-mode (Brightness): the echo signal module the amplitude of the Z-axis of
the display, in other world the pixel brightness. Greater the amplitude of
the signal, greater the the brightness; Instead, the flight time determines the
position.

e M-mode (Time motion): It is obtained by placing several B-Mode sequences
at opportune moments of time, conventionally x-axis represents the time while
y-axis the displacement from the probe. Using this modality it is possible to
follow the movement of some elements of interest like an hearth valve or a
ventricle wall. For this reason it is widely used in cardiology.
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1.3.3 Doppler lowmetry

US allow to measure the mean velocity or to show the velocity profile inside a vessel
using the Doppler effect. Indeed, the corpuscular part of the blood having a smaller
diameter than the US wavelength acts as non-specular reflectors that diffuse the
energy in all directions. For the Doppler effect they cause a variation (deltaf) of
the US beam frequency (fy) given by the following formula:

2 fov cos 6
c

of = fo—fo= (1.9)

where fp is the frequency modified by the Doppler effect, v the blood velocity inside
the vessel, ¢ the US velocity and 6 the angle between the propagation direction of
the US beam and the longitudinal axis of the vessel. As in the case of the echo-
pulse technique the frequency of the transducer determines the maximum depth,
as well as the frequency of repetition of the impulses that is strongly related to the
time employed to reach the established depth and to come back to the receiver.
The angle 6 is one of the most influential variables in this kind of examination, if
the US beam was perpendicular to the vessel ( = 90°) the Doppler signal would
be null, while for # = 0° (US beam parallel to the vessel) it would be maximum.
The last case is almost impossible to occur, in practice the most accurate results
are obtained with an angle between 40° and 60° because in this range of values the
cosine function is almost linear.

Information provided by Doppler signal

The frequency of the returning echo is proportional to the velocity of erythrocytes,
the power spectral density (PSD) of the signal reflects the velocity distribution in-
side the vessel. Fach erythrocyte with a certain velocity generate an echo with a
corresponding frequency fp, greater the number of erythrocytes higher the ampli-
tude of the PSD of the Doppler signal for that specific frequency. Thus, the area of
the the spectrum gives an estimation of total number of erythrocytes, it is possible
to measure the flow. The bandwith as well as the shape of the signal is related
to the speed profile, indeed, if all erythrocytes had the same velocity there would
be only a frequency in the PSD while if all velocities had the same probability to
occur the spectrum would be flat.
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Figure 1.4. Example scheme of the PSD of the Doppler signal generated
by 4 erythrocytes

Pulsed Doppler

The probe of pulsed Doppler devices acts both as transmitter and receiver. Mea-
suring the returning time of the echo it is possible to map the entire volume of
the vessel and thus to show the velocities profile. As said before the shape of the
spectrum reflects the distribution of velocities, in particular, if the mean and the
maximum velocities are similar almost all erythrocytes have the same velocity and
the spectrum is very narrow. Conversely, in case of parabolic profile low the mean
and maximum velocities are different.

Continues wave Doppler

In the continues wave Doppler devices the probe is made of two crystals, one is the
emitter and the other is the receiver, this makes it possible to use higher frequency in
order to detect higher velocities, particularly useful in pathological cases. However,
the maximum reachable depth is reduced and it is not possible the generate the
profile velocities. Indeed, using different crystal it is impossible to measure the
returning time of echos and relate them to a corresponding frequency.

Pulse Repetition Frequency (PRF)

The pulse repetition frequency is the frequency with whom the US packages are
emitted by the probe, in flowmetry is particularly important because it indicates
the time interval between two successive packages (Pulse Repetition Period, PRP)
(figure 1.5).

_ 11
PRF = 0 (1.10)
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Pulse Repition Period
(PRP)

Amplitude

Time

Figure 1.5. Example scheme of the emission of two successive US packages

The echo of a US package must return to the probe before the next package is
emitted, hence the PRF determines the maximum reachable depth:

C
dmaz == W (111)

According to the equation (1.9) the maximum velocity (v,,ax) corresponds on the
maximum Doppler frequency (f;), the Nyquist theorem says that the sample fre-
quency must be at least two times the maximum frequency to avoid aliasing:

PRF > 2fpmas (1.12)

Therefore, PRF determines the maximum velocity detectable:

PRFc

Umaz = focos@

(1.13)

Hence, continues wave doppler device are more suitable to measure high velocities
at significant depths.
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Power Doppler and color Doppler

This two modalities typical of the US imaging add a color coding to the morpho-
logical image obtained in B-mode.

In the color Doppler method the color coding serves to identify and to monitor the
direction of the blood stream:

o Blue color corresponds on a a flux concord to the direction of propagation of
the US beam

» Red color is associated to retrograde flux, in the opposite direction respect to
direction of propagation of the US Beam

The luminosity of the color is related to the module of the velocity.

In the power Doppler the color is proportional to the intensity of the spectrum in
that point, the object of interest in this case is the number of erythrocytes instead
of the velocity. It is calculated computing the the integral of the spectrum. It is
particularly useful to examine weak flows like those in cerebral arteries.

Ecography with medium contrast

A medium contrast can be used in order to emphasise vascular districts that would
be difficult to visualize with the US imaging methods described in the previous sec-
tions. The idea behind this technique is to make echogenic the blood increasing the
difference in acoustic impedance with surrounding tissues. The medium contrast
is injected and it is made of microbubbles of an heavy gas (usually SFj, sulphur
hexafloride) encapsulated in a lipid layer in order to improve their mechanical prop-
erties and to increase the permanent time inside the vessel. The echogenicity can
increase 20-fold and the reflectivity is proportional to the volume of microbubbles
injected. The resonance frequency of the microbubbles is in the range of frequency
commonly used in the Doppler flowmetry. However two possible kinds of artifacts
can be found using this method: color blooming and saturation. The first one is
due to the rapid diffusion of the medium contrast and causes an intense colour of
all the area of interest. it is possible to avoid waiting few minutes before starting
the exam after the medium contrast was injected. The saturation consists in a false
indication of increased velocity cause by the rupture of the single bubbles bigger
than others.
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1.4 Heart Failure

Heart failure (HF) is a complex pathology that in general causes a reduction of the
the cardiac output (CO) which becomes insufficient to accommodate the metabolic
or venous return requirements. HF' is the consequence of a loss of critical quantity
of myocardial cells caused by different pathologies. The most common are: ischemic
heart disease, hypertension and diabetes. Other important causes, but less com-
mon, are cardiomyopathies, infections, toxins, valvular disease and arrhythmias.
[36]

HF is a widespread pathology that affect about 1-2 % of the adult world population,
and several reports show that it is rapidly expanding. Actually it is more common
in the high-income country, probably due to the higher diffusion of hypertension,
diabetes and coronary heart disease (CHD)[16]. A 2012 report estimates that the
direct cost across the globe to manage patient affected by hearth failure is about
$65 billion per annum.[16]

1.4.1 Factors that influence the cardiac output

The cardiac output is the volume of blood ejected in 1 minute by each ventricle and
it is equal to the product of the stroke volume (SV), the volume of blood ejected
each systole by a ventricle, and the heart rate (HR) [57].

CO =SV x HR (1.14)

In normal condition considering an HR of 70 bpm and a SV of 70 mL, the CO is
about 5 —L [57]

The CO of the left and right ventricle correspond on the system blood flow and
on the pulmonary circle blood flow, respectively. Over the long period they must
be equal in order to avoid an accumulation of blood in the systemic circle, or vice-
versa.

Knowing that CO depends only on two variables, controlling the factors that influ-
ence them it is possible to modular the CO.

The heart rate is mainly regulated by the autonomous nervous system that act on
the conduction system and on the cardiac tissue. In particular, the pacemaker cells
of the atrial sinus node (SA) that regulate the frequency generation of the action
potential responsible of the myocardium contraction, receive afferents from both
sympathetic and parasympathetic neurons. The activation of the former produces
an increase of the frequency of the action potential causing an increase of the heart
rate, vice-versa the action of the parasympathetic system produce a decrease of
the hearth rate. Several hormones influence the heart rate, adrenalin is the most
important of them. It is able to increase the frequency with which action poten-
tials are generated in the SA node and thus the to increase the heart rate. Thyroid
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hormones, insulin and glucagon are other important hormones that can module the
heart rate acting primarily on the contraction force of myocardium.

The stroke volume is regulated mainly by three factors: contractility, the teledias-
tolic volume (preload) and the the afterload.

The term contractility describes the muscle’s ability to generate force, it is primar-
ily influenced by the autonomous nervous system, in particular the sympathetic
nervous system. Indeed, neurons directly innervate muscle cells of atria and ventri-
cles, their activation produces an increase of the contraction velocity and the force
generated by myocardial cells. Hormones like insulin, glucagon and adrenalin also
can rise the myocardial contractility.

An other factor that is strongly related to the ventricle’s contraction force is the
stretching of the myocardial cells when the ventricle is filled with blood. The Star-
ling Law says that when the venous return changes, hearth automatically adapts
the the outflow respect of the inflow. It is based on the Starling effect: higher
the telediastolioc volume (Volume of blood at the end of the diastole), greater the
ventricle contraction force. This is due to the fact that the myocardial cells reach
their maximum efficiency for a longer length than that at rest, thus an increase in
the telediastolic volume leads the fibers to work closer and closer to their optimal
length. The telediastolic volume is mainly determined by the telediastolic pressure,
also known as preload, it establishes the myocardial tension before the contraction.
Indeed, the pressure causes the expansion of ventricle walls that is filled with blood,
a greater pressure corresponds on a higher volume at the end of ventricle diastole.
In turn, the preload depends on other factors like the hearth rate, the atrial pres-
sure that is determined by the venous return and the atrial contraction force. In
particular, greater the central venous pressure (the pressure inside the large veins
that bring blood back to the heart) higher the blood flow to the atria. This leads
to an increase of the atrial pressure and consequently of the preload.

When the ventricle contracts during the systole it works against the arterial pres-
sure, a rise in the latter tends to decrease the stroke volume. The arterial pressure
sensed by ventricles after the beginning of the systole is known as afterload. Gen-
erally, higher mean arterial pressure, greater the afterload.

In this section the most important factor that influence the cardiac output have
been individually analysed, however, they can change simultaneously and the ef-
fective regulation of the CO is the result of them combination.
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1.4.2 Symptoms and classification of HF

The typical symptoms of heart failure are the consequences of the insufficient CO
requested to accommodate metabolic activity and venous return. One of the final
effect of Hf is the rise of the left atrial pressure that produce an increase of the
pressure in the pulmonary capillary bed. This in turn leads to the onset of dyspnea,
cough and wheezing. Other commons signs of Hf are lower extremity edema and
ascites due to the incapacity of the right hearth to accommodate venous return.
Generally, fatigue also during moderate physical activity is present in patient with
HF, as well as palpitation caused by an increased heart rate.

Currently, HF is classified using two different classification system: the first one was
developed by the New York Heart Association (NYHA) and it classifies patients
in 4 classes on the basis of the onset of fatigue for different intensities of physical
activity and eventually at rest (table 1.3)[36]. The second one was designed by the
American College of Cardiology (ACC) and the American Heart Association (AHA)
and it emphasizes the evolution and the progression of the disease[36]. It classifies
patients in 4 class taking into account the importance of the risk factors and the
structural prerequisites for the development of HF (table 1.4). In particular, this
system is based on the assumption that an adequate intervention before the onset
of the dysfunction can decrease the mortality associated to this pathology. Both
methods are used to to establish the correct therapy and in both the first and the
second the mortality rises as classes progress.

1.4.3 Pathophysiology

First of all it is possible to distinguish the failure of the left ventricle (LV) or the
right ventricle (RV). The left ventricular dysfunction can be divided in two cate-
gories on the basis of the ejection fraction (EF), the percentage of the telediastolic
volume ejected during the systole: if the EF is < 40 % it will be a systolic dysfunc-
tion, caused by an impaired ventricular contraction and ejection. If EF is > 40 %
it will be a diastolic dysfunction due to the decoupled relaxation and ventricular
filling. [36]

The most important cause in the onset of the LV systolic dysfunction is the loss of
myocardial cells caused by ischemic disease and infarction; other leading factors are
hypertension, volume overload due to valvular failure and arrhythmias. One of the
ultimate of LV dysfunction is a global hypo-perfusion, in addition the reduced EF
causes a rise of the end-systolic and end-diastolic volumes that produces an increase
in the left atrial pressure leading an increase of the pressure of the capillaries in the
lungs. This elevated pressure causes the spill of fluid and thus pulmonary conges-
tion. The symptoms of systolic and diastolic HF are the same and, as said before,
they are the result of an elevated atrial pressure and pulmonary congestion.[36]
The leading cause of right ventricular failure is LV dysfunction. Also in this case,
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NYHA classification

Class I No symptoms with ordinary activity

Class 11 Slight limitation of physical activity, comfortable at rest,
but ordinaryphysical activity results in fatigue,
palpitation, dyspnea, or angina

Class III Marked limitation of physical activity, comfortable at rest,
but less than ordinaryphysical activity results in fatigue,
palpitation, dyspnea, or angina

Class IV Unable to carry out any physical activitywithout discomfort
Symptoms of cardiac insufficiency
may be present even at rest

Table 1.3. NYHA classification of different classes of HF. [36]

ACC/AHA classification

Stage A Patient at high risk for developing HF
with no structural disorder of the heart

Stage B Patient with structural disorder of the
heart without symptoms of HF

Stage C Patient with past or current symptoms of
HF associated with underlying structural
heart disease

Stage D Patient with end-stage disease who requires
specialized treatment strategies

Table 1.4. ACC/AHA classification of different stages of HF. [36]

an increase of the right atrial pressure produce fluid congestion. In particular, the
rise of the pressure in the inferior vena cava leads to a several clinical signs like
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abdominal pain, hepatomegaly and peripheral edema.

1.4.4 Compensatory mechanisms

The cardiac output is strongly related to the mean arterial pressure (MAP), indeed,
it can defined as the product between the CO and the total peripheral resistance
(TPR)[36] [57]. As said in previous section, a patient with HF shows a decreased
that cause a fall of the MAP and consequently a general hypo-perfusion. The body
try to compensate a change of the MAP using different mechanism, the most com-
mon are the Frank-Starling mechanism, neurohormonal activation and ventricular
remodelling.

Frank-Starling mechanism

The Frank-Starling effect says that an increase of the preload produces a rise of
the stroke volume, this mechanism is used in order to compensate a lowering of
the MAP. In patient with HF initially this effect causes an increase of CO as
expected, but with the progression of the disease next increments of preload do not
corresponds on rise of the stroke volume. This situation is explained by the Frank-
Starling curve: the curve tends to flatten out as preload increases, this is even more
evident in patient with heart failure. At this point increments in preload lead to
pulmonary congestion.

Normal

Stroke volume

HF

S

Preload

Figure 1.6. The Frank-Starling curve
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Neurohormonal activation

Several hormones are able to regulate MAP acting primarily on the TPR, it is an
important compensation during the first stages of HF. The lowering of the MAP
typical of HF stimulate the sympathetic nervous system that promote the release
of norepinephrine and epinephrine. This hormones act on the heart increasing the
heart rate and the contractility, at the same time, on the vascular system caus-
ing vasoconstriction. This combined effect produce an increment of the MAP. The
decreased MAP lead also to the activation of the renin-angiotensin-aldosterone sys-
tem, it is a complex system of chain-reactions that involves different organs. In the
end angiotensin II in addition to promote vasoconstriction, facilitates the excretion
of aldosterone. The final result is the the sodium reabsorbtion and the release of
norepinephrine and vasopressin that stimulate vasoconstriction. Vasopressin re-
lease is facilitated also by a negative feedback loop; the lowering of map is detected
by baroreceptors that decrease their inhibitory effect on hypothalamus promoting
vasopressin release. This is a very power full compensatory mechanism used to
manage the physiological change of MAP, however its continuous activation in pa-
tient with HF on the long-term results in ventricular remodelling that can cause
myocardial dysfunction [36].

Ventricular remodelling

Ventricular remodelling is complex and long process that consists in the change in
shape, geometry and mass of the ventricle. It occurs when the ventricle is subjected
to a large hemodynamic stress produced by an excessive preload and afterload for
a long period of time. During ventricular remodelling the wall thickness and the
overall mass of the ventricle increase, it is a progressive process that results harmful
on the long term. The elavated dimension of the heart induces fibrosis of the tissue
with the consequent apotosis of a critical number of myocardial cells. Moreover,
the dilated ventricle is less efficient at pumping blood resulting in a decreased CO.
The progression of the disease leads to triggering of a vicious circle that produce a
progressive ventricle dysfunction and death.

1.4.5 Diagnosis and treatment

The first phase of the diagnosis process aim to investigate the symptoms of the
patient and to evaluate the clinical history, this can help to determine the causes of
the heart failure. Electrocardiogram is one of the most use full exams to asses HF
as well as echocardiography. The first one permits to evaluate the presence of in-
farct or ischemia, arrhythmias or conduction problems, the second is indispensable
to show the geometry of the hearth chamber, to measure the mass, the ventricle
ejection fraction and other important parameters to establish the the status of the
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disease. An other important evaluation is the level of some biomarkers, like nutri-
uretic peptides (BNP, NT-proBNP), in order to identify the not only HF but also
the eventually dysfunction of other organs like liver and kidneys.[39]

In the last 30 years several studies have been conducted in these area in order to
understand the underlying physiological causes of HF and the most efficient therapy
to improve the prognosis and the quality of life of the patient. Currently there are
international guidelines that define the different kind of hearth failure, the diagnosis
methods and the suggested therapy and clinical approach for each one. The most
common and widespread therapies include pharmacological treatment, eventually
the implantation of medical device like ICDs, pacemaker or left ventricular assist
device (LAVD) and the lifestyle modification.

Generally, the pharmacological therapy aim to reduce the detrimental effect of
the over-activation of the compensatory mechanisms described in the previous sec-
tion. It aim to modulate the activation of the renin-angiotensin-aldosterone sys-
tem (RAAS) and the sympathetic nervous system using angiotensin-converting en-
zyme inhibitors (ACE-I) or angiotensin receptor-neprilysin inhibitor (ARNI), beta-
blocker and mineralocorticoid receptor antagonist (MRA). With the progression of
the disease the ultimate treatment is still the heart transplantation[39)].

1.4.6 Acute heart failure (AHF)

Acute heart failure is a complex and heterogeneous syndrome characterized by
a new onset or a worsening heart failure requiring an urgent treatment and an
unexpected hospitalization . Heart dysfunction, typical of HF, is a necessary
condition that is often coupled to a systemic and pulmonary vascular dysfunc-
tion which cause a severe hemodynamic stress. AHF is not only associated to
heart, it involves other organs like kidneys and liver. AHF is often triggered
by ischemia, hypertension,arrhythmias,non cardiac comorbidities,and administered
drugs.[52]

As said before, AHF causes an elevated hemodynamic response that is reflected in
reduced cardiac output, increased filling pressure and afterload.

The different causes contributing to the onset of AHF are reflected in the wide
spectrum of clinical manifestations, those of congestion due to an elevated ventric-
ular filling pressure are one of the most common. Thus, physical examinations and
laboratory tests are fundamental in order to establish the causes triggering AHF
for therapeutic decision-making. Parallel to the diagnostic process to asses HF, a
careful evaluation of the patient clinical profile is necessary to identify eventually
life-threatening conditions[52].
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Following the European Society of Cardiology guidelines, there are four major clin-
ical presentation of AHF [39]:

» Decompensated Chronic Heart failure (ADHF): this condition is characteridzed
by the worsening of signs and symptoms typical of chronic HF. Pulmonary or
systemic congestion and peripheral oedema are often present in patient with
ADHF. Sometimes hypoperfusion is encountered.

o Pulmonary oedema: the onset of signs and symptoms is rapid and the patient
shows tachypnea, orthopnea and pulmonary congestion.

o Isolated right ventricular failure: it is associated with an elevated ventricular
and atrial pressure and systemic congestion but with a low left ventricular
pressure and the absence of pulmonary congestion.

o Cardiogenic shock: it is characterized by a severe peripheral hypoperfusion
caused by an inadequate cardiac output, it can compromise vital organ leading
to death.

1.4.7 Importance of RAP in the management of HF

Right atrial pressure (RAP) is related to the venous return that is in turn deter-
mined by the central venous pressure (CVP), the greater the volume of blood the
greater the pressure. It is a key parameter in the assessment and management of
HF, especially to evaluate the patient volume status coupled with the pulmonary
capillary wedge pressure (PCWP) that is an indirect measure of the left atrial
pressure [15].

Relation between LV dysfunction and RV dysfunction

Left ventricular dysfunction results in pulmonary hypertension (PH) defined by
a mean pulmonary artery pressure (PAP) > 25 mmHg [54]. Change in hearth
chamber shape and eventually mitral regurgitation (MR) contribute to the rise of
left-sided filling pressure leading to an increase of pulmonary pressure. This ele-
vated pressure can affect the pulmonary circulation, an increase of the LAP (left
atrial pressure) is often associated to ’alveolar-capillary stress failure’ It is the
result of a barotrauma altering the endothelial permeability of the pulmonary cap-
illary bed, this produce the leakage of fluid leading to pulmonary congestion and
alveolar oedema[54]. LV dysfunction, mainly through PH, can result in right ven-
tricular (RV) dysfunction and failure. Indeed, the elevation of pulmonary pressure
and pulmonary vascular resistance (PWR) produces an increase of RV afterload
leading to the dilatation and the shape change of right heart chambers and tri-
cuspid regurgitation. In turn, this results in elevated RAP and ultimately in RV
failure[54].
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Relation between the left-side filling pressure and the right-side filling
pressure

The estimation of left ventricular filling pressure (LVFP) is one of the most im-
portant measure in order to asses HF and to evaluate the evolution of the disease.
Following the international guidelines, it can be measured non-invasively using a
validated algorithm based on several echographic parameters. It classifies the LVFP
in two classes: normal pressure (NP) and high pressure (HP), the latter is associ-
ated to worse outcome.

In a significant proportion of patients (up to 23 %) this evaluation can’t be done
due to impossibility of correctly assessing the necessary parameters [40]. Several
studies have shown a good correlation between right atrial pressure and LVFP or
PCWP in both patient with HF with reduced ejection fraction (HFrEF) and in
those with HF with preserved ejection fraction(HFpEF) [18] [17][46]. Using this
relation it would be possible to determine the LVFP class also for patient with
unavailable echographic parameters.

Congestion assessment in HF

Congestion is one of the most frequent cause of hospitalization for patient with
HF and available data have shown that patients with persistent congestion at the
discharge have poor outcome and a twofold increase in 180-day mortality. For this
reasons, the diagnosis of congestion and its treatment through an appropriate fluid
therapy is fundamental in patient with HF'. It is possible to define two kind of con-
gestion: the first one is called clinical congestion and it is characterized by an high
left ventricular diastolic pressure (LVDP) and sign and symptoms of congestion like
dyspnoea, rales and oedema. The second is the haemodynamic congestion and it is
associated to high LVDP with no sign and symptoms of congestion. The latter can
be the prelude of clinical congestion, in fact it precedes clinical congestion by days
or weeks. It may also contribute to the worsening of chronic heart failure[8].Thus,
the early detection of high filling pressure and the assessment of congestion could
be very important in the prognosis of a patient with HF. The gold standard to
asses congestion is the measure of RAP and PCWP.[15]

One of the most widely used classifications to assess the the hemodynamic state of
a patient is the one suggested by Dr. Lynne Stevenson. It characterizes the patient
on the basis of the volume status (wet or dry) and the perfusion status (warm or
cold). The volume status is determined using PCWP, a patient is defined wet if
PCWP is > 22 mmHg otherwise the patient is considered dry. Similarly, a patient
is said to be cold if the cardiac index (CI) is < 2.2 m, otherwise the patient is
defined warm.

Several studies have shown that the Stevenson classification can provide prognosis
information, a patient that at the discharge is still classified as wet or cold is as-
sociated with an higher risk of rehospitalization or death than a patient classified
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as dry and warm. This classification can also be used to establish the therapy for
different kind of patient.[58]

Although, as said before, there is a strong relation between RAP and PCWP which
implies that an increase of RAP reflects a rise of PCWP, there is a discordance of
this two parameters in 25-30 % of patients. For this reason, recently, a new method
of classification has been proposed. It suggests to evaluate the volume status of
a patient on the basis of left-side filling pressure (PCWP) and right-side filling
pressure (RAP). In this way it would be possible to distinguish patient with right-
or left-side volume overload reflected by an high filling pressure. However, other
studies are needed in order to understand if this classification can be use full to
better distinguish different kind of patient of HF and to improve outcomes.

1.5 1IVC Ecography

Ecography of IVC is a widespread exam in clinical practice due to its simplicity
and speed of execution and the intrinsic characteristic of ecography to not expose
the patient to radiations.

The most important parameter measured during IVC ecography is its diameter.
Following the guidelines of the American Society of Echocardiography suggests
to see the IVC in the subcostal view that allows to acquire both the longitudinal
section and the transversal section of the vessel. The lateral view is an other possible
approach but it is more difficult due to the the interposition of the ribs. This
guidelines recommended to measure the diameter just proximal to the confluence
of hepatic veins that is located approximately 0.5 to 3 cm to the right atrium [26].

1.5.1 Pulsatility Indices

As said in the previous section, the diameter of the IVC changes during the respi-
ratory cicle, in particular, it reaches its maximum at the end of the expiration and
its minimum at the end of inspiration.

The Caval Index (CI) asses the pulsatility of the IVC and it is calculated es the
ratio between the differences of the maximum and mininum diameters and the the
maximum diamter:

Dmaaz - Dmin

Cl =
Dmax

(1.15)
Nakamura et al. shows the importance of the cardiac activity on the pulsatility of
the IVC, the cardiac caval index (CCI) accounts of the IVC cardiac variation [47].
The respiratory caval index (RCI), proposed by Kircher et al., indicates the per-
centage of collapse of the IVC after a deep inspiration [28].
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1.5.2 Use of IVC ecography in the clinical practice

The combination of IVC diameter and CI is used to determine the right atrial
pressure (RAP) or the central venous pressure (CVP) that are very important pa-
rameters to asses the volume status, to evaluate the cardiac functionality and the
preload.

The most accurate way to measure RAP and CVP is the cataterization, however,
it is an invasive procedure that expose the patient to several risks like Infections,
hemorrhage, arrhythmias, and thrombosis. Instead, IVC ultrasound represent a
safe and non-invasive method to asses CVP and RAP.

Following the guidelines mentioned above, a diameter at the end of expiration >
2,1 cm and a CI < 50% are associated to high RAP, a diamter <2.1 ¢m and CI
> 50% are related to a normal RAP and a diameter < 2.1 cm and CI < 50% are
associated to an intermediate RAP [26].

The guidelines and their updates point out that this method is less reliable for in-
termediate value of pressure and the necessity to combine this approach with with
other method in order to correctly evaluate the right atrial pressure.

Moreover, it should be noted that this technique to asses RAP can’t be used for
patients being ventilated with positive pressure. However, an IVC diameter < 12
mm seems to suggest a RAP < 10 mmHg in this group of patients. The IVC di-
ameter can also be dilated in young athletes without indicating an high right atrial
pressure [26].

Nowadays, the ultra-sound of IVC is applied in particular in the emergency depart-
ments to evaluate the volume status. Hypovolemia is a a frequent con condition in
critical ill patients and the responsiveness the fluid resuscitation is crucial to guide
clinicians in the choice of the proper therapy. In the past, static parameters that
characterize preload such as CVP and pulmonary artery occlusion pressure were
used to determine fluid responsiveness, however, several studies have demonstrated
that they are poor predictors of the response to a fluid challenge. Indeed, recent
studies point out the reliability of the parameters extracted from IVC ultrasound as
predictor of fluid responsiveness. In particular, a study of Airapetian et al. showed
that a CI > 42% is a predictor of a positive response to a fluid infusion and so on an
increase of cardiac output (CO) [6]. Also in the field of emergency departments, the
studies of Yamanoglu et al. and Kajimoto and al. suggest the use of IVC ecography
to distinguish cardiac causes from pulmonary ones in patients that present acute
dyspnea. It can be used to guide the choice of the initial therapy in combination
with other exams [33] [62]. Recently, IVC ultrasound is also employed in chronic
medicine, especially in the follow-up in patients undergoing hemo-dialysis, in order
to evaluate their volume status [13].
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1.5.3 Limitations of IVC ecography

Despite IVC ecography is widely employed by clinicians in different fields as said
in the previous section, it still shows same limitations. In spite of the existence of
international guidelines, like those of American Society of Echocardiography men-
tioned above, there is a lack of standardization of the exam [42].

A study of Blehar er al. shows the relative movement of IVC relative to the trans-
ducer during the respiratory cycle. In particular, the vein moves both in cranio-
caudaal direction and medio-lateral direction. This study stressed a mean caudal
displacement of the IVC of 21.7 mm significantly higher than the lateral one which
was of 3.9 mm [11]. Considering that pulsatility indices are calculated using two
measure of diameter (one at the end of expiration and one at the end of inspira-
tion) it is clear if the measure diameters correspond of different sections or there is
a movement of the mid-line, the value of the index will be incorrect.

Usually, the maximum and the minimum diameters are measured using the M-mode
or the B-mode, both approaches have limitations. The M-mode fail to measure the
two diameter in the same section and the B-mode require that the operators to
manually select the section along with calculating the diameter and, at the same
time, to follow the movement of the vessel [43]. Thus, this kind of exam is highly
operator-dependent.

Moreover, the diameter of IVC as well as its shape is not uniform along its course
through abdomen; this is also reflected in the variability of pulsatility indices along
different sections. [43] [11]

An other issue consists of the irregularity of the shape of IVC much different from a
circle or an ellipsoid and the variability of the pulsatility in the different directions,
especially for hypo-volemic patients. [43]

All this factors should be considered when the ecography of IVC is employed in
order to obtain reliable results.

1.6 The Respiratory System

1.6.1 Anatomy of the respiratory system

The main function of the respiratory system is obviously the respiration but it
is important also in regulating the acid-base balance of the blood, in protecting
the organism against pathogens and in the phonation [57]. The respiration is the
sum of four main process: the movement of the air inside (inspiration) and outside
(expiration) of the lungs, the exchange by diffusion of oxygen and carbon dioxide
between pulmonary air cavities and blood, the transport by blood of oxygen and
carbon dioxide and the exchange by diffusion of this two molecules between blood
and tissues.

The most important organs of the respiratory system are the lungs that are located
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in the chest cavity protected by the rib cage which is constituted by 12 ribs. The
chest wall is formed, other than the rib cage, by the stern, the thoracic vertebrae,
the muscles, and connective tissues. The muscles responsible for the respiration are
the internal and external intercostal muscles and the diaphragm which is a dome
shape muscle that bounds inferiorly the chest cavity. The right lung is divided in
three lobes while the left one in two. Each lung is coated by the pleural sac: the
pleura is a membrane constituted by two sheet, the visceral one is attached to the
lungs which is connected to the thoracic wall. The two pleural sheets are separated
by a thin cavity called pleural cavity which is normally filled with 10-20 mL of
plueral liquid, fundamental for the pulmonary expansion [57].

Air reaches the lungs through the upper airways and a series of conducts called
respiratory tract. After entering through the oral oral nasal cavity, air passes into
the pharynx and then into the larynx which is connected to the trachea. It is con-
duct with a diameter of about 2.5 cm and a length of 10 cm, trachea is always open
thank to the presence of 15-20 C-shape incomplete cartilaginous rings conferring
structural rigidity. The trachea divides into the primary bronchi, inside the lungs
each of the divides into secondary bronchi, two for left lung and three for right lung.
Each secondary bronchus branches into tertiary bronchi which in turn branch in
smallore bronchi. As the diameter decreases, the amount of cartilage decreases.
When the tubules have a diameter of less than 1 mm are called bronchioles. There
about 20-23 levels of ramification that product a total of about 8 milions of tubules.
The bronchioles branches into terminal bronchioles which are connected to respi-
ratory bronchioles. They conduct air into alveolar ducts terminating in the alveoli
where the gas exchange take place. Gas exchange is facilitated by the alveoli’s thin
wall and their large number. There are about 300 milions of alveoli which form a
total surface of about 100 m? [57].

1.6.2 Respiratory mechanics

The flow of air inside and outside the lungs is guided by the pressure gradient
between the alveoli and the external environment. Inspiration occurs when the
pressure of alveoli is lower than atmospheric pressure conversely expiration takes
place when the pressure of alveoli is higher than that of the external environment.
There are four pressure that are crucial to describe the respiratory mechanics:

« Atmospheric pressure (P, ): pressure of the external environment, it can be
considered constant and equal to 760 mmHg.

« Intra-alveolar pressure (P;,): pressure inside the alveoli, at rest is equal to
P, but it varies during the respiratory cycle determining the pressure gra-
dient responsible of the air flow.

« Intrapleural pressure (F;,): pressure inside the pleural sac. At rest is equal to
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756 mmHg, it is always lower than P,,. It’s always negative during normal
respiration because opposite forces tend to divide the parietal pleura from
the thoracic wall. Indeed, the thoracic wall is compressed trying to expand
itself like a spring, on the other hand the lungs are full of air and expanded
so their fibers tend to contract them.

o Transpulmonary pressure (P, — P;,): It is a measure of the distension force
of the lungs, an increase of this pressure produce an expansion of the alveoli.

The airflow is described with the following equation [57]:

Patm - Pal'u

F = 7 (1.16)
The pressure gradient at numerator is created by muscles that modify the volume
of the chest cavity and in turn the pressure. Indeed, the Boyle Law states that
the pressure is inversely proportional to the volume: as the volume increases the
pressure decreases.
The intra-alveolar pressure is determined by two factors: the volume of the alveoli
ant the amount of air stored inside them (measured in moles).

Inspiration

During inspiration diaphgram contract by flattening and lowering, the combined
action of the internal intercostal muscles which expan the rib cage produces an
increase of the volume of the chest cavity. It is reflected on the decrease of the
intraplueral pressure, due to the higher strain on the parietal pleura, and in turn it
produces an increase of the transpulmonary pressure. The distension of the lungs
occurs and the volume of alveoli rises with a consequent dicrease of the intra-alveolar
pressure. The air enter the lungs until P, returns equal Py, .

Exhalation

Ehxhalation is a passive process that don’t require the contraction of any muscles
during quiet breathing. Indeed, the chest wall and the lungs are elastic structure
thus at the end of inspiration they tend to contract. This is reflected on a decrease of
the volume and in turn on rise of the intra-alveolar pressure. Like during inspiration,
the air comes out of the lungs until P, returns equal FPpp,.
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Pulmonary compliance and airways resistance

The pulmonary compliance is the change of lungs volume produced by a certain
change of the transmural pressure [57].

AV
SN 5 1

An higher pulmonary compliance is reflected in a minor pressure gradient required
to move a certain volume of air and so on a smaller contraction of inspiration
muscles.

The total resistance of airways is influenced by the value of single resistance which
depends on the their radius: as the radius increases resistance decreases. A small
resistance implies that the difference between P,,, and P,;, does not have to be
high to produce the air flow.
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1.7 Pulmonary diseases

Pulmonary diseases compromise the physiologic lungs function with an impairment
of the gas exchange and an alteration of the respiratory mechanics. They are the
third cause of death in the world after cardiac diseases and cancer. [20] More-
over, pulmonary disease have a strongly negative impact on the lifestyle and life
expectancy. [55]

They are divided into two categories: obstructive pulmonary diseases and restrictive
pulmonary diseases.

1.7.1 Obstructive pulmonary diseases

There are two main kind of chronic obstructive pulmonary disease (COPD): chronic
bronchitis and emphysema. They are called "obstructive" because they are charac-
terized by an augmented obstruction to air flow [25] that can be asses using several
clinical exams that will be described in the following sections.

Smoking is considered the most important risk factor followed by exposure to pol-
lutants and the presence of bronchial hyperactivity. The most common symptoms
of COPD are dyspnea, cough and expectorion that is more frequent and abundant
in patient with chronic bronchitis. In the advanced states of the pathology, barrel
chest, lip and nail cyanosis may occur. [25]

Emphysema is characterized by a significant rise of the lungs volume caused by
an increase of aleveoli dimensions. It ends up with the rupture of the alveoli wall
reducing the available surface for the gas exchange which will be result impaired.[1]
The course of the disease change a lot among different patients and it leads to the
decline of the respiratory functionality.

1.7.2 Restrictive pulmonary diseases

Restrictive pulmonary diseases are a large group of diseases marked by inflammation
and successive fibrosis of the pulmonary interstitial [2]. This process often interests
also alveoli, terminal bronchioles and the vascular and lymphatic endothelium. It
result in a decreased pulmonary compliance, a stiffer lung requires a bigger pressure
gradient to move the same volume of air. There are many risk factors due to the
variety of clinical presentations of this desease, the most important are the following

2]:

Smoke

Asbestosis

Aspiration pneumonia

Pnuemonia caused by drugs or radiations
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« Rheumatoid arthritis, ankylosing spondylitis, and SjgO§ren’s syndrome
o Exposure to enviroment pullutants such as silica and beryllium

o Genetic risk factors

Dyspnea that can occurs also at rest conditions and non-productive cough are
common symptoms of fibrosis. In the advanced phases of the disease fatigue and
weight loss may arise. Often in the terminal state of the fibrosis patients show up
pulmonary hypertension characterized by a mean pressure in the pulmonary artery
higher than 25 mmHg [54].

1.7.3 Diagnostic Instrumentation
Spirometry

Pulmonary diseases cause a variation of the physiological lungs volume or the speed
Speed at which air enters and leaves the lungs. Spirometry is an exam to measure
such volume and flow rate in addition to lung capacities defined as sum of at
least two pulmonary volume. This values are used by the clinician to diagnose
the presence of a pulmonary disease, moreover, they are very useful to distinguish
between obstructive and restrictive pulmonary diseases.

First spyrometers were built using a reversed belt filled with air that was immersed
in a container filled with water. As the inspiration occurs the volume of air inside
decrease and the bell plunges, conversely during exhalation the bell tends to move
toward the surface. These movements are recorded on a paper thanks to a system
of pulley that connects the bell to a pen.

Modern spyrometers use a transducer that convert the air volume into an electric
signal that is recorded by a computer. [57]

The most important pulmonary volumes and capacities which are calculated during
spyrometry are [57]:

« Tidal Volume (TV): volume of air that entering and leaving the lungs during
a single respiration act (500 mL)

« Inspiratory reserve volume (IRV): volume of air that can be inhaled at the
end of a normal inspiration (3000 mL)

 Expiratory reserve volume (ERV): volume of air that can be exhaled at the
end af a normal exhalation (1000 mL)

« Residual Volume (RV): volume of air that is still in the lungs after a maximal
exhalation (1200 mL)

« Inspiratory capacity(IC): maximum volume of air that can be inhaled after a
normal expiration. IC=TV+IRV (3500 mL)
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« Vital Capacity (VC): maximum air volum that can be exhaled after a maximal
inspiration. VC=TV+IRV+ERV (4500 mL)

» Residual functional capacity (RFC): volume of air that is inside the lungs
after a normal exhalation. RFC=ERV+RV (2200 mL)

« Total lung capacity (TLC): volume of air inside the lungs at the end of a
maximal exhalation. TLC=TV+ERV+IRV+RV

« Forced vital capacity (FVC): the patient executes a maximal inspiration and
after that a maximal exhalation as quickly as possible.

« Forced expiratory volume (FEV1): maximum volume exhalted in 1 second

Tiffeneau Index (TI) is an other important indices that can be calculated from this
volumes and capacities, it is the ratio between FEV1 and FVC and physiologically
it is about 70-80 %. TI decreases in obstructive diseases [25] while it is unvaried in
restrictive diseases due to the decrease of both FVC and FEV1.

Chest X-ray

It is one first of exams conducted on a patient with a suspected pulmonary diseases.
It is possible to evaluate the central airways, the heart with the principle vessels and
the diaphgram in the lower part. Clinicians can asses eventually alteration of the
lung parenchyma with possible sign of chronich bronchitis or pulmonary fibrosis.

Chest High Resolution Computed Tomography (HRCT)

It is considered the gold standard combined with the spirometry to distinguish
between obstructive and restrictive pulmonary diseases. CT makes possible a de-
tailed study of the parenchyma allowing to evaluate the extensions of the lungs
tissue damage. Often the patient with restrictive diseases shows nodular opacity
while a lowering and a flattening of the diaphgram are present in patient with
obstructive diseases. The latter may show bubbles which are sign of emphysema.

Echography

Different kind of echography are used to diagnose a pulmonary disease and in its
follow-up.

The chest ultrasonography allows to evaluate the interface between visceral and
parietal pleura which is unique, horizontal, hyperechogenic line. In patient with
a restrictive disease B lines, typical of pulmonary oedema, are present also with-
out clinical signs of heart failure and the basal-apical gradient that characterized
oedema.
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Instead, echocardiography permits to asses the cardiac structure and to do some
quantitative measurements such as the ejection fraction (EF) and the pressure in
the pulmonary artery (PAPs). The latter is estimated through the evalutaion of
the higher speed of tricuspid valve regurgitant flow.

Recently, IVC echography has been used in the clinical evaluation of patient pul-
monary pathologies. IVC reflects intra-thoracic and abdominal pressure and its
compliance is also related to the volume status as well as to the pressure in the
right cardiac chambers.

Arterial blood gas test

It consists of an arterial blood draw which gives imporant information such as, oxi-
gen partial pressure PaOs, carbon dioxide partial pressure PaCO, and pH. Altered
values are signs of an impaired gas exchange reflected in acid base imbalances such
as acidosis and alcoholosis. Moreover, this test allows to understand the origin of
this imbalances (metabolic, respiratory or mixed) and to distinguish between type
I respiratory failure and type II respiratory failure:

e Type I: PaOy; < 55 mmHg which implies an inadequate oxygen supply

e tyoe II: PaOy; < 55 mmHg and PaC' Oy < 45 mmHg which means an inade-
quate oxygen supply and a difficult to correctly remove COq

6 Minutes Walking Test (6MWT)

The patient have been asked to walk for 6 minutes, the level of blood oxygen
saturation (SpOs) is monitored using a saturimeter.

At the end of the time, the distance walked and the nadir of SpO,; are measured.
This test gives important information the ability to perform daily activity.

1.7.4 Restrictive pulmonary diseases vs Obstructive pul-
monary diseases

Respiratory mechanics is altered in both diseases but in different ways: the in-
creased resistance to airflow typical of obstructive diseases causes a dicrease of
FEV1 and an accumulation of air known as "air-trapping".

The typical lungs of patient with an obstructive disease are stiffer than normal ones
with a reduced compliance. Thus, they can’t expand enough and all volumes and
capacities measured with spirometry are reduced. For these reasonse, the Tiffenau
Index is reduced in obstructive diseases and normal or increased in restrictive ones.
Patients with both diseases, especially fibrosis, tend to develop pulmonary hyper-
tension which is reflected on altered pressure in right heart chambers.

Indeed, the low level of oxygen in blood stream causes vasoconstriction that, in
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turn, determines an elevated pressure in right ventricle and rigth atrium. As time
goes by, it leads to cardiac hypertrophy and, ultimately, heart failure.

1.8 VIPER Software

The aim of the software developed by VIPER srl is the tracking of IVC edges both
on longitudinal view and transverse view on ultrasounds videos in order to obtain
more reliable estimations of caval indices and IVC diameters. It was used in several
studies in which its efficiency and reliability was proven.

Its working principles are described in the following section by distinguish between
longitudinal and transverse view.

1.8.1 Longitudinal view

At the start frame the user is asked to give some information and settings [42] [44]:

o The user must select two reference points which are assumed to be the anchor-
ing sites of the vein. The left point, usually, is located near the confluence of
the hepatic vein into IVC. The right one, is closer to the lower hepatic region
or near the confluence between IVC and portal vein.

o The users have to define the leftmost diameter by selecting two points on the
upper and lower border of the vessel.

o The users have to select the rightmost diameter drawing a line

The software starts the processing drawing 30 lines transversal to the vein and
uniformly spaced between the two selected diameters. The image is pre-processed
in order to enhance the contrast using different techniques suitable for the different
situations that may occur. A median filter can be applied, it consists in a sliding
window across the image in which value of the central pixel is replaced with the
median of the other pixel values that are contained in the windows. In this way,
it is possible to reduce the image noise. The vein borders are estimated on each
of this 30 lines by detecting abrupt change in pixel intensity. It is possible that
more than one points show a sharp change in intensity, the point closest to the
one selected in the previous line is chosen. In order to smooth the edges, for each
line the border position is recalculated as the mean between the original value
and the linear interpolation of its two closest neighbours. The estimation of the
displacement of the two reference point from one frame to the next is obtained
by the comparison of the image portion with size 128x128 pixel centered on the
position of reference point in the first frame of the pair. The two image portions are
aligned in the 2-D Fourier domain to improve resolution [44]. From the third frame
on, three frames were considered: the current one and the two previous ones. The
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movements between the first and the third frame was computed as the sum of the
displacement between the first and second frame and the displacement between the
second and the third frame. Using the new positions of the reference points a new
reference segment is drawn. The 30 lines transversal to IVC section are recalculated
keeping constant the angle between each one and the reference segment and the
ratio between the intersection point and the the length of the reference segment.
Using this method, it is possible to follow movements and deformation of the vessel
and to intersect the IVC in the same cross sections[42].

The midline of the IVC is computed by averaging the positions of the upper and
lower edge for each line, then they are interpolated with a parabolic function. After
that, 21 point are uniformly distributed along the midline excluding the 5% at the
start and at the end in order to avoid possible edge effects. Thus, 21 diameters
perpendicular to the midline were drawn in these positions[42]. They are then used
in order to calculate caval indices as will be explained later.

1.8.2 Transverse view

At the first frame for the transverse view the user is asked to to select only a point
that represents the center of the vein. The pre-processing of the image is the same
used in the longitudinal view. The default settings of the software provides the
application of a median filter with a 5x5 pixel window.

Then, 30 equidistant rays are drawn from the center of IVC. Considering that the
inside portion of the vein is black and the border is considerably clearer, the border
of IVC is estimated searching a point with an abrupt change in pixel intensity for
each ray.

After that, the calculated point are evaluated in order to remove possible outliers
using a distance criterion. The points that passes the test are polar interpolated
obtaining the final estimation of the edge in the transverse section. If the number
of of points rejected is higher than 15, the border of the current frame is consid-
ered equal to the one of the previous frame. This method provide a more stable
estimation of the edge.

For each frame the area bounded by the estimated border is computed from which
the equivalent diameter is calculated doing the root square of the area.

1.8.3 Estimation of CI,CCI and RCI

As said in the previous sections, in addition to the caval index (CI) recent studies
have point out the usufulness of the respiratory caval index (RCI) which accounts
of the diameter variation due to a sniff and the cardiac caval index (CCI) which
evaluates the diameter variation related to cardiac activity.

Each of the them is calculated as ratio between the difference between the maxi-
mum and the minimum diameter and the the maximum diameter. First of all, it is

45



Introduction

thus necessary to separate the cardiac component and the respiratory one from the
original diameter signal. The starting point, both for longitudinal and transverse
view, is the original diameter signal: in order to reduce noise, it is filtered using a
Chebyshev type I low-pass filter with a cut-off frequency of 5 Hz (stopping band
starting at 6 Hz, minimum attenuation of 30 dB, pass band from 0 to 5 Hz with
ripple of 0.5 Hz) . Using the filtered signal, the maximum and the minimum are
extracted ensuring that the distance between two subsequent maxima or minima
was almost the half of the sample rate. This peaks are then interpolated to obtain
the respiratory component of the diameter.

The cardiac component is computed subtracting the respiratory component from
the mean diameter. Then, a component which accounts for the slow sub-respiratory
fluctuations is added to the signal. It is extracted applying a low-pass filter with
a cut-off frequency of 0.05 Hz (Chebyshev type I, stop band starting at 0.5 Hz,
minimum attenuation of 30 dB, pass band from 0 to 0.05 Hz with ripple of 0.5 dB
) to the cardiac component [19]. If the original diameter signal does not contain
too much noise it is possible to use the such signal instead of the filtered one for
the calculation of the cardiac component. Maxima and minima are searched on
the three components and then their value and position are interpolated in order
to obtain three signal of maxima and minima with the same sample rate of the
original diameter signal.

CI,CCI and RCI are calculate applying the formula w for each frame re-
spectively to original, cardiac and respiratory signals. Fi?{glly, the mean value of
each index is computed averaging the signal between the positions of the first and
the last maximum or minimum, in order to avoid possible edge effects.
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Chapter 2

Statistical Analysis of caval
indices in pneumological patients

2.1 Statistical Sample

A total of 10 patients were involved in this study from different structures: Uni-
versity of Turin Directed Complex Facility of Pneumology (directed by Prof. C.
Albera), its ambulatory structures (Prof. P. Solidoro) and Azienda Ospedaliera
Univaersitaria (A.0.U.), Citta della Scienza e della Salute of Turin, in the period
between November 2021 and April 2023.

All patients were over the age of 18 years old, the mean age expressed as mean +
was 62.1 £ 10 years. Each patient had been diagnosed with obstructive or restric-
tive pulmonary disease following interanational guidelines. In particular, 5 of them
were obstructive and 5 restrictive. A control group of 19 patients from the de-
partment of internal medicine 1U (directed by Prof. M. Porta) without pulmonary
diseases was used.

2.2 1IVC ultrasounds

All Us scans were done using MyLab Eight system (Esaote, Genova, Italy, frame
rate 30 Hz, 256 gray levels) with a convex probe 2-5 MHz.

Subcostal approaches was the most used, as suggested by international guidelines,
because it allows to to see the IVC region between the confluence of hepatic veins
and the right atrium, both in longitudinal and transversal view. The intercostal
approach was used only on two patients, it is more difficult to perform due to the
presence of the ribs. Clips were recorded in B-mode for a period of time of about
15-20 s in order to include more respiratory cycles.

US scans were processed using the software developed by VIPER srl whose function
principle was illustrated in previous sections, after the three caval indeces and three
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diameter components (total, cardiac and respiratory) were calculated using the
algorithm described above.

2.3 Methods used for the statistical analysis

First of all, as said in the dedicated section, the mean value of the time series of
CCILRCI and CI was calculated excluding the first and the final part the signal in
order to obtain a more stable estimation avoiding possible edge effects. Instead,
the mean value of the three components of the diameter were obteined by averaging
the all signal.

Thus, for each patients were computed both in longitudinal and transversal view
the following parameters as mean values:

« CCI

« RCI

« CI

« Total diameter

» Respiratory diameter
» Cardiac diameter

Moreover, standard deviation, kurtosis and skewness were calculated for each diam-
eter compenent of each patients both in longitudinal and transversal view, reported
in table 2.1 and 2.2.

2.3.1 Boxplot

Boxplot of the distributions of caval indices and diameters were realized for the
three classes: obstructive (O), restrictive (R) and the control group (C).

This graph report the 25 and 75 percentile, the median and the eventual outliers
and it allows to see possible difference between the distribution of a determined
parameter of different classes [3].

2.3.2 Wilcoxon Tests and Bland-Altman Plot

Wilcoxon rank sum test is a non parametric test for two populations independent
populations. It test the null hypothesis that medians of the two population are the
same against the alternative hypothesis that they are different.[23] [29] It was used
to find any statistically significant differences between the different parameters of
the different classes both in longitudinal and transverse view.
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Cardiac component Respiratory component Mean diameter

ID | Std Kur Skw Med | Std Kur Skw Med | Std Kur Skw Med
1 1050 3.66 032 11.05|0.49 266 -0.79 11.22|0.65 3.05 -0.39 11.16
11 1094 246 -049 1207|111 1.78 0.08 11.63|1.79 2.15 -043 11.91
18 | 1.64 4.47 -0.31 13.63|3.19 2.04 -0.33 14.03 | 3.55 3.52 -0.76 14.22
3 1091 463 1.23 14.04 048 2212 276 14.02|0.69 5.66 0.25 14.10
4 1041 347 034 1393|063 198 -0.12 13.96|0.77 2.46 -0.17 13.91
5 1094 381 -0.31 16.04 |1.34 190 -0.31 16.10 | 1.81 248 -0.83 16.68
6 [049 321 083 895 [0.66 241 -0.61 9.34 [0.74 249 -041 9.23
7 1100 192 0.08 12.16|0.69 4.18 -090 1223|136 224 -0.19 1231
8 1083 273 -0.20 6.68 [ 090 2.77 0.15 6.67 [1.34 252 0.01 6.82
9 1074 240 -0.07 14.18 |0.69 2.14 -0.22 14.25|0.90 247 -0.21 14.12
10s | 0.77 3.11 -0.23 13.06 | 2.92 1.63 -0.44 13.79 | 3.12 2.08 -0.61 13.89
11s | 0.46 2.67 -0.27 13.25|0.74 230 -0.33 13.23 | 0.85 3.19 -0.51 13.29
128 | 1.94 2.09 0.35 14.13 | 1.37 255 0.07 14.10 | 1.63 2.36 -0.02 13.85
13s | 1.45 2.78 0.00 10.19 | 1.58 2.12 -0.47 10.65|2.32 1.66 -0.21 10.95
14s | 0.54 2.92 -0.08 7.21 |0.68 3.02 -0.77 7.33 |0.88 3.05 -0.75 7.44
158 1 0.38 6.39 -140 9.39 |1.14 181 -0.47 9.72 |1.30 2.05 -0.58 9.76
16s | 0.46 3.02 0.15 18.79|0.95 253 -0.77 1897 |1.03 2.43 -0.64 18.98
17¢ 1 0.65 3.05 0.35 11.28|0.25 7.71 0.81 11.21|0.61 2.83 0.02 11.28
18s | 1.72 2.49 0.35 14.52 298 203 -0.55 15.26 |3.32 1.86 -0.32 14.59
19s | 0.88 2.75 -0.01 12.75|1.05 215 -0.69 13.14|1.37 3.35 -0.95 13.15
1s | 0.78 2.55 0.48 14.76 | 0.62 2.25 -0.32 15.09 | 1.02 2.83 -0.24 14.90
2s | 0.64 345 -0.51 1234 |0.76 154 -0.33 1249 |1.02 3.43 -0.91 12.48
3s | 0.72 231 -0.04 1550|124 212 0.14 1572|159 1.98 -0.30 15.93
4s | 045 247 -0.05 1231 |0.59 2.82 -0.69 1248 |0.80 2.46 -0.43 1248
58 | 0.46 2.78 0.16 8.64 | 0.52 230 -0.17 865 |0.72 3.17 0.44 8.57
6s | 0.59 227 0.00 13.93|0.37 4.04 -0.82 14.01|0.69 3.57 -0.26 13.90
7s 1085 4.13 039 13.02|1.02 1.77 -0.13 13.34|1.36 294 -049 13.34
8 | 0.68 250 -0.06 20.17|0.89 4.09 -0.82 20.02|0.98 5.10 -1.11 20.15
9 | 0.86 3.16 0.69 7.10 | 1.30 1.56 -0.07 7.29 | 1.58 229 035 7.19

Table 2.1. Standard deviation (Std), kurtosis (Kur), skewness (Skw) and median
(Med) for the three diameter components in longitudinal view

On the other hand, Wilcoxon signed rank test was used to find statistically signif-
icant different between the value of the same caval index on longitudinal view and
on transversal view. Indeed, it is a non parametric test for two populations when
observation are paired. It tests the null hypothesis that difference of the medians
of the two distributions is null against the alternative hypothesis that it is not. [23]
[29]
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Cardiac component Respiratory component Mean diameter

ID | Std Kur Skw Med | Std Kur Skw Med | Std Kur Skw Med
1 1048 3.31 -0.38 13.92|0.51 3.00 -0.92 14.04 | 0.70 3.08 -0.71 14.01
11 | 1.71 3.06 -0.53 13.77 | 227 3.74 092 12.78 293 337 0.41 1297
18 | 1.25 3.00 0.50 1293|299 188 -0.37 13.86|3.36 1.88 -0.52 14.46
3 | 1.0 3.23 0.17 10.88|240 2.12 0.10 10.60 | 3.02 1.79 0.15 10.45
4 1055 546 -0.39 18.46 | 0.81 2.70 -0.33 1848 | 1.01 3.52 -0.47 18.55
5 1335 497 -1.65 19.20 | 5.03 9.95 -2.85 19.22 | 4.87 11.40 -3.02 19.36
6 |08 3.30 084 10.13]196 1.77 -0.47 10.69 | 2.16 1.98 -0.59 10.98
7 | 1.02 228 -0.03 14.83|1.37 257 -0.51 15.02|1.66 2.64 -0.51 14.90
8§ | 1.22 245 0.12 13.65|1.03 230 0.11 13.57|1.83 212 -0.14 13.86
9 | 1.15 282 -0.29 1584|098 228 -0.36 15.74|1.67 259 -0.66 16.10
10s | 0.41 6.15 -0.97 1393|096 1.55 -0.16 14.00 | 1.11 2.26 -0.39 14.12
11s | 0.66 3.13 -0.02 11.85|0.94 229 0.56 11.67|1.19 251 046 11.68
12s 1 0.94 2.72 -0.29 1951 |1.14 1.73 0.12 19.28 | 1.62 2.00 -0.05 19.64
13s | 1.51 3.32 -0.73 13.06 | 1.89 3.15 -0.78 13.22 | 2.78 2.24 -0.75 14.09
14s | 1.81 2.67 -0.59 13.04 | 1.83 2.19 -0.33 12.71 | 242 244 -0.57 13.23
15s | 0.58 3.01 -0.36 10.80 | 1.49 5.43 -1.74 11.30 | 1.60 5.33 -1.74 11.23
16s | 0.43 3.41 -0.64 20.30 | 0.54 2.15 -0.54 20.32|0.68 3.16 -0.73 20.39
17s | 1.31 2.52 -0.17 1731 |1.06 223 034 17.04|1.77 236 -0.32 17.19
18s 1 2.69 2.69 0.36 18.36 | 3.40 2.10 -0.53 19.63 | 4.22 2.13 -0.44 19.73
19s | 0.76 2.89 -0.35 13.35|0.89 1.71 0.06 13.28 |1.27 216 -0.28 13.36
1s 1094 237 -0.04 1691 |1.05 232 -0.19 17.19| 143 277 -0.17 17.08
2s | 140 3.68 0.74 1858 | 1.32 828 1.54 1856 |1.48 6.19 0.47 18.76
3s 096 4.15 -1.18 16.71 | 1.32 237 -0.71 16.74 | 1.79 4.05 -1.35 17.03
4s 1 0.78 3.12 -0.31 13.59|0.73 1.74 0.14 1353 |1.05 279 0.39 13.51
5s [ 0.95 3.21 0.04 9.16 |1.03 212 -0.61 9.20 |1.34 255 -0.68 9.44
6s | 0.75 4.17 -0.28 16.27 {048 2.75 0.73 16.11 | 0.85 3.85 -0.50 16.30
7s | 0.76 3.28 -0.42 13.58 | 0.68 3.50 -0.51 13.61 | 1.03 3.41 -041 13.71
8 [0.75 3.00 0.26 18.75| 1.87 248 -0.03 1845|194 262 0.18 18.36
9 |1 0.68 283 038 791 |0.63 3.58 -045 823 /089 3.03 034 790

Table 2.2.  Standard deviation (Std), kurtosis (Kur), skewness (Skw) and median
(Med) for the three diameter components in transversal view

Moreover, Bland-Altman plots were realized to better investigate the difference be-
tween the values of the caval indices in longitudinal and transversal view.

On this graph, the means of the paired measures are reported on x-axis while the
difference between the two measures are shown on the y-axis. Four horizontal lines
are drawn on the graph: the black solid lines corresponds on the null difference and
on the mean differences. The two green dashed lines delimit the confidence interval
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and they are calculated as: mean difference £+ 1.96 times the differences standard
deviation.

The points that are inside the the confidence interval indicates two measures that
does not show significant difference among them. The more points are distributed

close to the line of the null mean, the more similar the two measures are to each
other [4].

2.4 Results

Boxplot

Boxplot of the distribution of CCI, RCI and CI both for longitudinal and transversal
view are shown below as well as those of mean diameter:

Cass  Chas

Figure 2.1. Distribution of caval indices in longitudinal view.
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sssss

sssss

Figure 2.2. Distribution of caval indices in transversal view.
Longitudinal Transversal
Median | R O C R O C
CClI 0.12 0.13 0.15] 0.19 0.21 0.16
RCI 0.10 0.20 0.18 | 0.18 0.31 0.17
CI 0.2 0.34 0.31]0.37 051 0.34
Table 2.3. Median value of caval indices
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Mean Diameter

=3

Diameter [mm]

Figure 2.3. Distribution of the mean diameter in longitudinal view.

Mean Diameter

Figure 2.4. Distribution of the mean diameter in transversal view.

Longitudinal Transversal

Median R O C R O C

Mean Diameter mm] | 12.1 13.5 13.0 | 13.9 13.2 13.9

Table 2.4. Median value of mean diameter

53



Statistical Analysis of caval indices in pneumological patients

Wilcoxon rank sum Test

Wilcoxon rank sum test was computed for all indices among the different class eval-
uating al possible combinations. Moreover, pathological subjects were compaired
to control group.

The following table show the p-value of the comparisions for the differen caval
indices:

Transversal

Longitudinal

p-value comparison O-R

CCI 0.8413 0.8413
CI 0.4206 0.5476
RCI 0.2222 0.3095
p-value comparison R-C
CCI 0.8311 0.5223
CI 0.3197 0.7223
RCI 0.1179 0.7762
p-value comparison O-C
CCI 1 0.3555
CI 0.7223 0.4772
RCI 0.6697 0.1021
p-value comparison PAT-C
CCI 0.9698 0.5205
CI 0.6232 0.6776
RCI 0.2730 0.4274

Table 2.5. p-value of Wilcoxon rank sum test

Wilcoxon signed rank Test

The Wilcoxon signed rank test was conducted for each caval indices to evaluate sta-
tistically significant differences between the longitudinal and the transversal view.
The table below show the p-value obtained:

p-value Longitudinal-Transversal comparison

CCI 0.0267
CI 0.0856
RCI 0.3581

54



Statistical Analysis of caval indices in pneumological patients

Bland-Altman Plot

As said before, Bland-Altaman Plot of the three caval indices were realized in order
to better understand the differences between the longitudinal and transversal view.
Here, they are shown:

a4 Bland-Altman Plot - CCI

Differences

02
005 01 015 02 025 03
Means

Figure 2.5. Bland-Altman Plot for the comparison between the longitudinal and
the transversal view for CCI.

Bland-Altman Plot - CI
04 T

03— ° i

02 o 4

L o |
01 ps o

Differences

©

Figure 2.6. Bland-Altman Plot for the comparison between the longitudinal and
the transversal view for CI.
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Bland-Altman Plot - RCI
T T

Differences

04
005 0.1 0.15 02 025 03 035 04 045 05
n:

Figure 2.7. Bland-Altman Plot for the comparison between the longitudinal and
the transversal view for RCL.

2.5 Discussion

The boxplot in figure 2.1 and 2.2 and the value of median reported in table 2.3 shows
that there are not significant differences in the distributions of caval indices among
the three classes. This observation is confirmed by the p-value of the Wilcoxon rank
sum test: they are all greater then 0.05 thus, it is possible to assert that there are
not statistically significant differences. The same consideration can be done about
diameters that almost don’t show variations between the three classes.

Although, some other observation can be done about the different distribution of
the caval indices between obstructive and restrictive disease. It can be seen that
all the three indices are greater in obstructive patients.

As suggested by clinicians who are studying the same problem on these subjects,
this difference can be explained by the different way on which the two disease affect
the pressures of the thoracic and abdominal cavity.

Patients with BPCO trap a great amount of air in the lungs and lower significantly
the diaphragm, on the other hand, restrictive patients have lungs that are not able
to expand enough with reduced lungs volume and capacity.

In general, in patients with restrictive disease the endothoracic pressure is increased
while the abdominal is normal, this is reflected in lower pulsatility of the IVC and
thus in a reduced RCI and CI. Otherwise, in obstructive patients the endothoracic
pressure is normal while the abdominal one is increased this determines a greater
drain of the IVC with a consequent higher pulsatility that is, in turn, reflected on
greater RCI and CI.

The difference in CCI can be explained by the tendency of restrictive patients
to develop pulmonary hypertension that in turns causes a rise of the right atrial
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pressure. This is reflected in a lower venous return and thus in lower pulsatility of
the inferior vena cava.

It should be noted that the Wilcoxon signed rank test and the Bland-Altman Plot
show considering discrepancies between the longitudinal and the transversal with a
statistically significant difference for the CCI (p-value < 0.05). It may be explain
by the fact that in the longitudinal view a larger portion of vein in analyzed while
in transversal view just one section is considered.
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Chapter 3

Cardiovascular System Model

3.1 Introduction to mechanics of the cardiac cy-
cle

The cardiac cycle is characterized by several mechanical events that determine its
division different phases [35]:

 Right atrium (RA) contraction

o Left atrium (LA) contraction

o Left ventricle (LV) begins contraction
o Mitral valve closure

« Right ventricle begins contraction
o Tricuspid valve closure

o Pulmonary valve aperture

» Aortic valve aperture

» Aortic valve closure

e Pulmonary valve closure

o Tricuspid valve aperture

o Mitral valve aperture
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Cardiac cycle is divided into two main phase: systole which corresponds on the
ventricular contraction and diastole which is referred to ventricular filling. Systole
starts with the closure of the mitral valve followed by the isolovolumic phase. The
ventricle begins to contract and the pressure increases but the aortic valve is still
closed. It opens when the ventricular pressure exceeds the aortic one and rapid
ejection occurs. As a result of ejection pressure in the ventricle decreases, when it
becomes smaller than that in the aorta the aortic valve closes.

Diastole is defined as the period of time between the aortic valve closure and the
mitral valve closure. The first phase of diastole is called rapid filling and in phys-
iological conditions it accounts for the majority of ventricular filling. During this
phase the atrial pressure plunges. During the slow filling the filling rate of the ven-
tricle decrease and the atrial and the ventricular pressure are similar. Ventricular
filling in this phase is strongly related to the blood returning from the lungs in the
left ventricle or the the venous return in the right ventricle. Finally, atrial systole
occurs, at rest in normal individual it accounts only for a minor part of blood but
in diseased heart or during exercise its contribution is more important [35].
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3.1.1 The Wiggers Plot

It was invented by Dr. Carl Wiggers who decided to put together atrial, ventricular
and arterial pressure in order to give a clear representation of the correlation of this
three important pressure during systole and diastole. Often the pressure traces are
superimposed to ECG signal and ventricular volume in order to illustrate the timing
and the relation of the events that significantly characterize the cardiac cycle [35].

3.1.2 Pressure-Volume Loop (PV Loop)

The pressure volume loop show graphically the relationship between pressure and
volume in a determined cardiac chamber during the cardiac cycle. It was introduced
for the first time in 1895 by Otto Frank and recent studies shows is usefulness to
evaluate the cardiac mechanics both in research and clinical application reported
in the review of Bastos and al. [31] On this graph it is possible to identify the four
most important phases of the cardiac cycle: isovolumetric contraction, ejection,
isovolumetric relaxation and passive filling. Moreover some significant values of
volume and pressure are easily detectable such as:

o Systolic Pressure

« Diastolic Pressure

o End-systolic pressure
 End-diastolic volume (EDV)
 End-systolic volume (ESV)

« Stroke volume (SV) = EDV-ESV

As showed in figure 3.1, P-V loops can provide other important information about
cardiac mechanics and efficiency beyond those mentioned before such as: the end-
diastolic pressure volume relationship, the end-systolic pressure volume relation-
ship, contractility and stiffnes of the cardiac chambers and arterial elastance.
Moreover, the total mechanical energy is equal to the P-V area and it the sum of
the stroke work which is the work implied for ventricle contraction in a single beat
(red area, inside the P-V loop) and the residual potential energy of the myocardium
cells at the end of the systole (blue area, on the left of P-V loop)[31].

3.2 Lumped parameters models

The term "lumped parameters' refers to the properties of the system to be divided
in discrete elements or components in which them properties are concentrated and
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Aortic valve closes
. ESPVR (contractility)
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E. (Afterload) K g
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Figure 3.1.  Stylized version of a P-V Loop [5].

well defined, rather being distributed among the space. This approach allows to use
simple mathematical model to describe the behaviour of the system such as ordi-
nary differential equations (ODE). Searching the literature, it can be seen lumped
parameters are widely adopted to model the cardiovascular system [10] [49] [50]
[61] [27] [14] [12]. Often, it is modeled using an equivalent hydraulic circuits and
the equation employed for the mathematical solutions are based on the analogy
between hydraulic components and electrical ones which will be discussed in the
following section.

As suggested by Barnea et Al. cardiovascular system can be modeled using lumped
parameters obtaining reliable estimation of pressures and volume. Thus, it is pos-
sible to avoid to use Navier-Stokes equation and those that describe elastic wall
motion that would require more complex mathematical solutions and higher com-
putational cost. The same considerations can be done about the hearth, it can be
represented using finite elements solving the equations in each elements. On the
other hand, a lumped parameters model can describe the contractility activity of
the heart as unique system with reasonable values of pressures and volumes [10].
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3.2.1 Analogy between cardiovascular system and electrical
circuits

As said before, there is a significant correspondence between the parameters and
the the variable that are used to describe the cardiovascular system and those of
an electrical circuit. Indeed, pressure, volume of blood and flow rate correspond
respectively to potential, electric charge and current [63].

Vessel Resistance

The vessel resistance can be related to flow and pressure as the electrical resistance
is related to current and potential using the Ohm’s law [63]:

R, = — (3.1)
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Vessel Compliance

Arteries and veins are compliant, they are able to accumulate and release blood
during the different phases of the cardiac cycle thanks to the elastic wall. Such
properties can be described using the current-voltage relation of a capacitor[63]:

P
F=Crer (3.2)

Blood inertia

Blood mass resists to flow due to pressure gradient in a vessel, similarly an inductor
avoids instant current changes. Thus, the pressure-flow relation can be expressed
as[63]:

dF
- (3.3)

Heart Valve

Heart valves regulate the flow rate from a atria to ventricles and from ventricle to
arteries. Their aperture and closure is regulated by pressure difference, for example
if the atrial pressure exceeds the ventricular pressure, the atrio-ventricular valve is
open and it opposes a small resistance to blood flow, otherwise it is closed. Heart
valves can be modeled as ideal diode[63]:

(3.4)

{ 0 ifAP <0
E ifAP>0

Change in volume over time

The conservation of mass under steady-state flow corresponds on Kirchhoff’s voltage
and current laws and it can be written a[63]:

dVv
7:}72 _Fou .
dt ! (35)
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3.3 Method

The mathematical model implemented in Matlab R2022a is based on the on the
system of ordinary differential equations (ODE) developed by Ursino et al. [61]
in order to solve the hydraulic circuit that represent the cardiovascular system
(CVS). It is constituted by two closed loops to describe systemic and pulmonary
circulations and a time-varying elastance model for the ventricles. Such model has
been integrated with others in order to more realistically depict the variables and
the parameters that characterize CVS.

The equation employed will be discussed in detail in the following sections.

3.3.1 Equations for the vascular compartments

Ursino et al. divided systemic circulation is divided into 5 compartments, in ad-
dition to the two more compartements were added to describe the abdominal and
thoracic IVC, as it follows:

 Systemic arteries (subscript sa)
« Splanchnic peripheral (subscript sp)
« Splanchinic venous circulation (sv)
 Extrasplanchnic peripheral (subscript ep)
« Extrasplanchinic venous circulation (subscript ev)
« Abdominal inferior vena cava (subscript ivcA)
« Thoracic inferior vena cava (subscript ivcT)
The pulmonary circutalion is described using 3 compartments:
o Pulmonary artery (subscript pa)
« Pulmonary venous circulation (subscript pv)
o Pulmonary peripheral (subscript pp)

Each vessel is characterized by three parameters: an hydraulic resistance (R), a
compliance (C) and an unstressed volume (Vu), the volume at zero-filling pressure.
Large arteries are described using also a value of inertance (L) to account the blood
inertial effect.

For each vessel equations 3.2 and 3.1 are applied, moreover, equation 3.3 is used to
describe large arteries, as it follows:
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dP,, 1
FO ' F a
dt Opa ( B p ) (3 6)
dF,, 1
d: Lpa : (Ppa Ppp - Rpa Fpa) (3 7)
dP,, P,, — P,

dt O, Ry Ry,
dPev 1 Psp - Pev Pev Pich
— 3.10
dt Coey ( R, R, ) ( )
Psv = '[V;S_Csa'Psa_(CSp_l_C@p)'PSp
Y (3.11)

_Cev 'Pev _Civc'Pi'ucA_Ci'uc'Pi'ucT_ ‘/T'a_‘/rv+
_Opa'Ppa_Cpp'Ppp_va'va_Vla_Vlv_Vu]

V, is the volume of blood while V,, is the total unstressed volume:

Vu= Vu,sa + Vu,sp + Vu,ep + Vu,sv + Vu,ev + Vu,ivcvu,ra + Vu,pa + Vu,pp + Vu,pv + Vu,la (3 . 12)

dPich . 1 Py — Piyea + Pey — Pivea Piyea — Piyer

= . 1
dt Civc ( Rsv Rev Rivc ) (3 3>
dPich 1 P’i’UCA - PiUcT P’iUCT - Pra
= . — 14
dt Civc ( Rivc Rivc ) <3 )

IVC Respirophasic variations

One of the most innovative part of this cardiovascular system model is the descrip-
tion of the respirophasic variation of the IVC diameter. During the inspiration
the transmural pressure drops determining a rise of the venous return and a flow
from the abdominal portion of the IVC to the thoracic one and in turn in the right
atrium. In contrast, during exhalation the a blood drainage from the lower limbs
take place in abdominal IVC. The influence of thoracic and abdominal pressure on
IVC diameter variation is strongly related to the kind of the respiratory effort.

In order to take into account of this effect two terms were added to equations 3.13
and 3.14:
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dPich . 1 (Psv - R’UCA + Pev - -PiUcA Pich - -PiUcT + dPeact,A>
dt B Civc Rsv Rev Rivc dt

(3.15)

dPich 1 Pich - IDich Pich - Pra dpe:z:t T
= . — : 3.16
el $ ) (3)

Rivc Rivc dt
where P.,; 4(t) and P.,;r(t) are two functions that model the action of the
thoracic and abdominal pressure on the IVC.

3.3.2 Equations for the hearth

The contractility activity of ventricles and atria is described using a time-varying
elastance model. Elastance is the ratio between pressure volume and it varies dur-
ing the cardiac cycle, its behaviour is depicted by two relations: the end-systolic
pressure/volume relationship (ESPVR) and the end-diastolic pressure/volume re-
lationship (EDPVR).

Sagawa et Al. [32] [38], showed that at the end of the systole pressure varies lin-
early with volume, the slope of the line is called End-systolic elastance (E,,,,) and
it is often used as indices of contractility, as the slope increases the contractility
increases. [31]

Instead, during the diastole the pressure/volume relationship is exponential and
it reflect the relaxation of the cardiac muscle fibers and their interaction with the
surrounding tissue [61].

The four valves are modeled as ideal diode.

Left Ventricle

The change in volume of the left ventricle (subscript 1v) is equal to the difference
between the flow from the atrium and the the cardiac output:

dvy,
d; = Ljlv — Fo,lv (317)

The term Fj, is regulated by the aperture and closure of the mitral valve:

0  ifP, <P,
{ i Po < By (3.18)

Pa—Pu
lasle i f Py > P

la

Instead, F,;, depends on the movements of the aortic valve:
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0 » Pmax v S Psa
{ #f Prnaa (3.19)

P, 51 —Psq .
maIRZ)v — ZmeaZl‘,lU > PS(I

Ppaz v 18 the isometric left ventricle pressure which accounts of the contraction or
relaxation of the ventricle:

Pma:p,lv = ¢<t> : Ema:r,lv : (‘/lv - Vu,lv) + [1 - ¢(t)] : PO,lv : (ekE’lv.Vlv - 1) (32())

where E,,q,1, is the end-systolic elastance, V,,;, is the unstressed volume for
the left ventricles that corresponds on the x-xis intercept of end-systolic pres-
sure/volume relationship. Py, and kg, are two paraemeters that characterize
the exponential pressure/volume function of the diastole.
¢(t) is a function used to switch from the systolic to the diastolic pressure/volume
relationship, it varies from 0 to 1 and it is equal to 1 at maximum contraction and
to 0 at the complete relaxation. Its analytical expression is the one suggested by
Zhang which it is said to fit physiological data better than the one proposed by
Piene et al. used by Ursino et al.:

tn \1.9 1
Oltn) = 1553174 - |- J(ro.{én?)l_g] [ (3.21)
. ! (3.22)

" 0.2+ 0.1555 - Toyere

where ¢, is the normalized time and 77, is the duration of a cardiac cycle.
Ry, is the viscous resistance of the left ventricle and it varies proportionally to the
isometric pressure (Ppqq00):

Rlv - kR,lv : Pmaz,lv (323)

where kg, is a constant parameter.
Thus, the ventricle pressure is calculated as the difference between the isometric
pressure and the viscous losses:

jjlv = Lmax,lv — Rlv : Fo,l (324)

Right ventricle

The equation for the right ventricle (subscript rv) are the same of the those use used
for the left ventricle but with different parameters and pressure involved. They are
reported below:

dVry

dt
F; ., is the inflow of the right ventricle and it depends on the aperture ore closure
of the tricuspid valve:

=Firy— Fo (3.25)
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O . P?”a S P’I“'U
{ o (3.26)

Pry—P, ;
MTGM ZfPra>Prv

r

Fy ;. is the outflow of the right ventricle and it is regulated by the pulmonary valve:

0 ) Pma;r v S P, a
Pmaz 'r'u_Ppa Zf 7 ; (327>
T Zmeax,rv > Ppa

Pma:v,rv = ¢(t) : Emaa:,rv : (‘/rv - Vu,rv) + [1 - (b(t)] : PO,M} : (ekE’m.VM - 1) (328>

()10 |
B(t,) = 1.553174 - [—21) . ] (3.29)
L+ (@) 1+ ()™
t
tn = 3.30
0.2+ 0.1555 - Toyute (3.30)
R, = kR,rv ’ Pmax,rv (33].)
P, = Pmax,rv — Ry Fo,r (332)

Left atrium

Ursino et al. does not provide a description of contractility activity of atria, in
order to more realistically characterize the pumping function of the whole heart,
the atria description was taken from the model proposed by Bozkurt et al. [12]
with some modifications to merge the two systems of equations.

Indeed, Bozkurt et al. used a time-varyng elastance model also for the atria but
their mathematical model studied the realtion between pressure and radius of the
cardiac chambers and not the more traditional one between pressure and volume
like Ursino et al. Thus, the function proposed was modified in order to use a
pressure/volume relation, as it follows:

Ba(t) = Ela(t) ’ (Wa(t) - ‘/O,Za> (333)

where P, is the pressure of the left atrium (subscript la), Ej, is the left atrial
elastance function, (V},(t) is the volume of the left atrium and Vj 4, is the unstressed-
volume.

Ela(t) - Emin,la + 0.5- (Emaar,la - Emin,la) : gbla(t - D) (334)

where Epinia,Emaria and D are constant parameters while ¢,(t) is the atrial
activation function:
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0 0<t<T, (3.35)
1 — cos ( '

t—Tu
27TTcyelc_Ta) Ta S t < TCyCle

Change in volume of the left atrium can be expressed as the difference between the
the inflow and the outflow:

d‘/;"a o -Pich - Pra
dt B Rivc

- E,lv (336)

where F;;, is the flow entering the left ventrcile.

Right Atrium

As for the ventricles, also equations that describe atrial activity are very similar in
the left and right side of the heart. Equations used to model right atrial (subscript
ra) contractility are showed below:

Pro(t) = Ero(t) - (Via(t) = Vora) (3.37)
E’/‘a(t> - Emin,ra +0.5- (Emax,v"a — Emin,ra) . ¢ra(t — D) (338)
0 0<t<T, (3.30)

1 — cos (QW#;TETG) Ta S t < Tcycle )
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Re,

p

Figure 3.2. Hydraulic circuit diagram; the red parts are those modified or
added respect to Ursino model.
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3.3.3 Implementation of Ursino Model

Initially, Ursino model [61] was implemented on MatLab R2022a and it was tested
using the parameters proposed by the author reported in tables 3.1, 3.2 and 3.3

Vascular compartments: Resistances, compliances and inertances

Parameters Ursino et Al. Model
R, 0.06 mmHg-s-mL™1
R, 3.307 mmHg-s-mL™!
R., 1.407 mmHg - s-mL™*
R, 0.038 mmHg-s-mL™!
R., 0.016 mmHg - s -mL™1
Ry, 0.023 mmHg-s-mL™!
Ry, 0.0894 mmHg - s-mL™1
Ry, 0.0056 mmHg - s-mL™*
Csa 0.28 mL -mmHg™*
Csp 2.05 mL-mmHg™*
Cep 1.67 mL-mmHg!
Cyy 61.11 mL-mmHg™*
C., 50 mL - mmHg™*
Cha 0.76 mL - mmHg™*
Cp 58 mL-mmHg™!
Chpo 25.37 mL -mmHg~*
Cla 19.23 mL - mmHg™!
Cra 31.25 mL -mmHg™!
L, 0.22 102 mmHg-mL - 572
Lya 0.18 -1073 mmHg - mL - 572

Table 3.1. Resistances, compliances and inertances of vascular compartments
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Vascular compartments: unstressed volumes
Parameters Ursino et Al. Model

Vu,sa 0 mL

Visp 274.4 mL

Viep 336.6 mL

Vs 1121 mL

Vie 1375 mL

Vu,pa 0 mL

Vipp 123 mL

Vv 120 mL

Table 3.2. Unstressed volumes of vascular compartments

Heart parameters
Parameters Ursino et Al. Model

Vi 16.77 mL

Ry, 2.5:1073 mmHg -s-mL~!

kE,lv 0.014 mL~!
FErnaz.iv 2.95 mmHg-mL™!

kR.1v 3.75-107* s - mL~!

Po 1 1.5 mmHg

Viro 40.8 mL

R, 251073 mmHg-s-mL™!

kg o 0.011 mL~!
FErmazro 1.75 mmHg - mL™*

kR o 1.41073 s - mL~*

Py 1o 1.5 mmHg

Table 3.3. Heart parameters

3.3.4 Implementation of atrial time-varying elastance and
IVC description

As said in previous sections, Ursino model describe atria using only a resistance
and a compliance such as vessel, in this way atrial contractility is neglected. In
order to consider it the atrial time-varying elastance model proposed by Bozkurt
et al. was adopted. [12]

Moreover, two vessel compartments were added to better describe IVC, dividing it
in the abdominal and thoracic portions. Such as other vascular district, they were
modeled using three parameters:

e R, the same value of resistance was adopted for both IVC portion and its
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value was calculated using Poiseuille Law considering a diameter equal to 21
mm, a length of 22 cm a blood viscosity equal to 4 times water viscosity.

o Cjye: its value was set considering that of right atria, decreasing it in or-
der to consider the presence of surrounding tissue and diaphragm. Also the
compliance was equal in the two IVC sections.

o Viive: the value proposed by Heldt et Al. [27] in their simulator was adopted.

The value of resistances and compliances of the the vessel compartments proposed
by Ursino were modified in order to better integrate the parts of the model, as
reported in table 3.6. Parameters of heart equations were the same of Ursino with
the addiction of those of the new equations for the description of atria (table 3.5)
as well as unstressed volumes.

Vascular compartments: Resistances (R) [Z2222] compliances (C) [m’:’rnff/lg]
Parameters Ursino et Al. Model Atrial contractility and IVC model

Ry, 0.06 0.051
Ry 3.307 2.646
R., 1.407 1.126
Ry, 0.038 0.030
R, 0.016 0.013
Ryq 0.023 0.016
Ry, 0.0894 0.063
Ry, 0.0056 0.004
Rive / 0.0012
Csa 0.28 0.308
Csp 2.05 2.255
Cep 1.67 1.837
Csy 61.11 67.22
Cev 50 55

Cha 0.76 0.874
C,p 5.8 6.670
Cho 25.37 29.18
va / 20

Table 3.4. Resistances, compliances and inertances of vascular compartments
before and after the tuning of parameters
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Heart parameters
Parameters Atrial contractility and IVC Model
Vv 16.77 mL
R, 251073 mmHg-s-mL™!
kE,lv 0.014 mL~!
Bz v 2.95 mmHg-mL™!
kR,lv 3.75:107% s - mL™!
Po 1 1.5 mmHg
Viro 40.8 mL
R, 2.5:107 mmHg-s-mL™*
kg v 0.011 mL™!
) 1.75 mmHg - mL~!
kR ro 1.41073 s - mL~!
Po o 1.5 mmHg
Ermazja 0.3 mmHg-mL™!
Erinta 0.2 mmHg-mL™!
Vyla 5mL
Ermazra 0.3 mmHg-mL™*
FErinra 0.2 mmHg-mL™!
Vira 5 mlL

Table 3.5. Heart parameters for the atrial contractility and IVC model

3.3.5 Modelling of the IVC respirophasic variations

As said before, IVC diameter changes in function of the transmural pressure; the
influence of the thoracic and the abdominal pressure changes according to the type
of breathing: thoracic or diaphragmatic.

In order to simulate a thoracic breathing the previous model was employed sub-
stituting equations 3.13 and 3.14 with equations 3.15 and 3.16. A sine wave with
frequency (f,) and amplitude equal respectively to 0.3 Hz and 2.5 mmHg was cho-
sen. The abdominal pressure was hypothesized constant and equal to 1 mmHg.

Pegta =1 (3.40)

P.ir(t) = 2.5 sin(27 f,t) (3.41)

The terms of equation 3.42 involving Pj,.x and P, were modified in order to
consider the transmural pressure instead of the internal IVC pressure:

74



Cardiovascular System Model

1
Cur
“Ciy Pov— Cuve - (Prucs — Pastn) — Cive - (Procr — Powr) 542
Ve~ Viot —Cya Prao— Cyp- Py — Co - P — Via — Vi — Vi)

Psv =

'[W_Csa'Psa_<Csp+Cep)'PSP

At the end of the simulation diameters and volumes of both IVC sections were
calculated, as it follows:

Vive,A = Cive + (Pivea — Peat,a) (3.43)
Vive,r = Cive * (Pover — Peat) (3.44)
Diyes = Z;VLA (3.45)
Diner = 7" (3.46)

The IVC pulsatility was evaluated by calculating the caval index; it was com-
puted for each respiratory cycle using the formula: w, then the obtained
values were averaged obtaining a mean value of CI. Thigagrocedure was done for
both the sections; the global CI of the whole IVC was obtained by averaging the
two values.

As with the previous implementation, resistances and compliances were modified
while the heart parameters and the unstressed volumes were kept the same of the
former model.

Simulation of restrictive pulmonary disease

In restrictive patients the intra-thoracic pressure is increased and it is rflected in
decreased drainage from lower limbs and venous return. To mimic this phenomenon
the amplitude of the external thoracic pressure has been lowered:

P.i7r(t) = 1.5sin (27 f,1) (3.47)

Pe$t,A — 1 (348)
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Simulation of restrictive pulmonary disease

Obstructive pulmonary disease is charcterized by an increased abdominal pressure
due to the lowering of the diaphragm and a normal intra-thoracic pressure. To
simulate this, a negative sine wave with amplitude grater the 1 mmHg was adopted:

P..ir(t) = 2.5sin(27 f,t) (3.49)
Pt a4 = —1.5sin(27 f,t) (3.50)
Vascular compartments: Resistances (R) [22222) compliances (C) [m:rrﬁlg]
Parameters Ursino et Al. Model  IVC respirophasic variations model

R, 0.06 0.057
Ry, 3.307 2.976
R, 1.407 1.266
R, 0.038 0.034
R, 0.016 0.014
Ry, 0.023 0.018
R, 0.0894 0.072
Ry, 0.0056 0.004
Rie / 0.0012
Csa 0.28 0.308
Cy 2.05 2.255
o 1.67 1.837
Cs 61.11 67.22
Coey 50 55

Cha 0.76 0.874
Cop 5.8 6.670
Co 25.37 29.18
Chy / 20

Table 3.6. Resistances, compliances and inertances of vascular compartments
before and after the tuning of parameters

3.4 Results

The values of the most important volumes and pressures were reported on graphs
to show their trend during the different cardiac cycles and their maximum and
minimum values were compared to the physiological ones, as showed in tables 3.7,
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3.8 and 3.9.

It can be noted that all the values of pressures and volumes are within the phys-
iological ranges [48], except the minimum value of the pulmonary artery pressure
that is slightly above (3.9 % over the maximum physiological value).

Moreover, the Wiggers Plots shows that all wave forms of cardiac chamber pres-
sures are similar to those reported in literature [35]. In particular, as showed in
figures 3.7 and 3.8, the introduction of the elastance time- varying description to
model atrial contractility has changed the atrial pressure traces both on the left
and right side, making them more like to the physiological wave forms which are
marked by the presence of two positive and two negative deflections. [35].

Figures 3.12 and 3.14 show clearly the influence of the respiration through the intra-
thoracic and abdominal pressure on IVC volume and in turn on IVC diameter both
in thoracic and abdominal portions. In figure 3.14 can be noted the increase of
venous return during inspiration characterized by increased volume in the thoracic
sections and decreased volume in the abdominal portions. The influence of respira-
tion can be appreciated also on right-sided cardiac chamber pressures which have
a different periodicity compared to those of the model in which breathing influence
on [VC was not considered. The caval index calculated for the simualted thoracic
breathig was equal to 0.33 which is similar to those of the control group of the study
and agreed with the reference values in the literature. Also using this latest version
of the model all values of the most imporant volumes and pressures are within the
physiological range as illustrated in table 3.9.

The variations of P.,;r and P 4 is reflected in changes of abdominal and tho-
racic voolumes and thus in IVC diameters. It seems to reproduce the influence of
intra-thoracic and abdominal pressure on IVC that can be observed in pneumolog-
ical patients, despite the value of CI is quite different from those measured by US
scans. This difference may be explained by the approximations adopted and by the
fact that the model parameters should be adapted for each patient.
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Physiological Range [48] | Model outputs

Min Max Min Max
Vlv [mL)] 50-100 100-160 54.2 130.8
Vrv [mlL] 50-100 100-160 52.8 130.6

Pla [mmHg] 2 12 6.9 8.9
Pra [mmHg] 2 8 4.2 5.7
Plv [mmHg] | 5-12 90-140 54 1233
Prv [mmHg] | 0-8 17-32 3.3 28.9
Psa [mmHg] | 60-90 90-140 89.4  123.3
Ppa [mmHg] | 4-13 17-32 135 289

Table 3.7.  Values of pressures and volumes using Ursino Model.

Wiggers Plot - Left Heart
T

ssure [mmHg]
2 =

Time [s]

Figure 3.3. Wiggers Plot for the left heart.
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Table 3.8.

Pressure [mmHg]
»

Wiggers Plot - Right Heart
T

Time [s]

Figure 3.4. Wiggers Plot for the right heart.

Physiological Range [48]

Model outputs

Min Max Min Max
Vv [mL] 50-100 100-160 50.1  133.7
Vrv [mL] 50-100 100-160 51.8 1349
Pla [mmHg] 2 12 6.3 9.1
Pra [mmHg] 2 8 3.3 5.8
Plv [mmHg] | 5-12 90-140 49 1120
Prv [mmHg] | 0-8 17-32 2.43 25.8
Psa [mmHg] | 60-90 90-140 82.1  112.0
Ppa [mmHg| | 4-13 17-32 11.5 25.8

Values of pressures and volumes using atrial contractility and IVC model.
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Wiggers Plot - Left Heart
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Figure 3.5. Wiggers Plot for the left heart - Atrial contractility and IVC model.

Wiggers Plot - Right Heart
T

Right Ventricle
e Right Atrium
Pulmonary Artery

Pressure [mmHg]
R 8
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8
T
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Figure 3.6. Wiggers Plot for the right heart - Atrial contractility and TVC model.
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Left Atrial Pressure (P, )

15 T

P\, - Ursino Model
PIa - Atrial contractility Model

Pressure [mmHg]
T
\

1 1 | |
15 155 16 165 7 175 18
Time [s]

Figure 3.7. Comparison between the left atrial pressure trace obtained using
Ursino model and that obtained after the implementation of the time-variyng
elastance model for the left atrium.

Right Atrial Pressure (Pra)

8 T
——P__ - Ursino Model
ra
iPm - Atrial contractility Model

Pressure [mmHg]
- o
. -

I ! | |
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Time [s]

Figure 3.8. Comparison between the right atrial pressure trace obtained using
Ursino model and that obtained after the implementation of the time-variyng
elastance model for the right atrium.
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Physiological Range [48] | Model outputs

Min Max Min Max
Vv [mL] 50-100 100-160 50.7 125.4
Vrv [mL] 50-100 100-160 50.5 134.1

Pla [mmHg| 2 12 6.3 10.5
Pra [mmHg] 2 8 4.2 6.1

Plv [mmHg] | 512 90-140 5.7 1126
Prv [mmHg] | 0-8 17-32 3.1 26.0
Psa [mmHg] | 60-90 90-140 81.7 112.6
Ppa [mmHg| | 4-13 17-32 12.7  26.02

Table 3.9. Values of pressures and volumes using IVC respirophasic variations model.

Wiggers Plot - Left Heart
T

T
— Left Ventricle
——Left Atrium | |

Aorta

Figure 3.9. Wiggers Plot for the left heart - IVC respirophasic variations model.
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Figure 3.10. Wiggers Plot for the right heart - IVC respirophasic variations model.
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Figure 3.11. Comparison between the right atrial pressure traces with or without
the influence of the respiration on IVC.

83



Cardiovascular System Model
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Figure 3.14.

Simulations of the influence of the two types of pulmonary

diseases on IVC: A) Normal (thoracic) breathing, B) Restrictive disease,
C) Obstructive disease.
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Conclusions

Ultrasounds scan of the inferior vena cava is a powerful tool that is commonly used
in different clinical area and there are several studies which are evaluating its em-
ployment in other medical fields.

On the other hand, the parameters extracted from IVC ultrasonography, such as
the caval index, are not always reliable due to the inherent limitations of the ex-
amination when it is performed in the standard way. For this reasons, innovative
software like that devoloped by VIPER srl can be very usefull to make the most of
the potential of this exam.

In this work, IVC ultrasounds scans of pneumological patients were analyzed in
order to investigate the possible difference in the value of the caval indices between
the two class of lung diseases: obstructive and restrictive diseases. The statistical
analysis showed that there are not any statistically significant difference among the
two classes. The same results were obtained comparing the the distributions of the
caval indices of pneumological patients with those of a control group. However,
this outcome can be partly due to small size of the sample and other considerations
deserve to be made. As suggested by the clinicians who are studying the same issue
on this patients, the differences in the distribution of caval indices between obstruc-
tive and restrictive can be explained by the different way in which they alter the
respiratory mechanics. It is reflected in changes of intra-thoracic and abdominal
pressure that, in turn, influence the IVC diameter variations.

In parallel to the analysis of IVC US scans, a model of the cardiovascular system
was implemented on Matlab R2022a. It was based on a model found in literature
which was modified to account of atrial contraction and respirophasic variations
of IVC. This model has proven to be able to reproduce the pressure and volume
traces during several cardiac cylcles in physiological conditions and to account of
IVC diameter variations among breathing cycles. Moreover, it was used to try to
reproduce the behaviour of IVC in obstructive and restrictive diseases.

In future, a more realistic versions of the functions that simulate intra-thoracic
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and abdominal pressure should be adopted to model more accurately this com-
plex phenomenon. Moreover, this model may be used to mimic other pathologies
like heart failure or alteration of the volume status, such as hypohypovolemia and
hypervolemia.
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