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Abstract

Heart failure (HF) is a widely prevalent state in developing countries,
especially among people over 65, with percentages up to 10% of the population in
the US. In all developed countries the expenditure related to congestive heart failure
consists of a high percentage of the total health care expenditure, reaching 60% in
the UK (1991 %). One of the main strategies for dealing with HF is the use of cardiac
assist devices. Among these the most widely used device is the Intra-Aortic balloon
pump (IABP).

The IABP has as the main ams to increase coronary flow during inflation,
and decrease end diastolic pressure and ventricular afterload during deflation. The
device was introduced for the first time into clinical practice over 40 years ago, but
open issues till remain with the performance of the device. In fact, both inflation
and deflation effectiveness are compromised when the balloon operates at an angle
to the horizontal, which is often the operating position of the device in intensive care
units.

The main aim of the work described in this thesis is to investigate the IABP
in order to improve the efficacy of this therapy, in terms of IAB design and IABP
timing effectiveness. For this purpose the balloon was first filmed in an experimental
set-up to visualize its wall-motion with a high speed camera. The results of this
investigation were the input for the development of different designs of balloon,
tested at horizontal and angled positions. Both, inflation and deflation effectiveness
were augmented using different shaped balloons in an experimental set-up
characterized by static pressure as well as in one characterized by physiological
pressure waveform. The improved performance was associated to an improved
clinical outcome on aPV diagram.

In addition different pumps and pump settings were studied in an
experimental set-up, characterized by physiological aortic pressure waveform, in
order to estimate the influence of different pump manufacturers and triggers on the
performance of the device. In this case one of the pumps (Teleflex), with the new
technology for pressure measurement via a fibre optic sensor, showed to best trigger
the IAB after inflation onset, while the highest number of assisted beats was
obtained when this pump was set on electrocardiogram (ECG) triggering.



Nonetheless a first development of multi-dimensional computational model
of the IAB counterpulsation was realized with the aim of establishing the effect of
this therapy on relevant areas, such as aortic root, and in order to have an insight on
the 3-D flow field in the surrounding of IAB: these information can be crucial for the
optimisation of the balloon’s shape.

In conclusion, the key finding was that a change in balloon shape influences
both, inflation and deflation mechanics at horizontal and semi-recumbent positions,
and this strategy can be used for maximising the IABP clinical benefits. With the aid
of the computational model it will be possible to further develop the already tested
balloon different shapes. Not less important, IABP therapy was demonstrated to be
crucialy influenced by the pump setting and mode (triggering inflation and deflation
onsets), hence the clinical operator is addressed to change the pump mode of
operation according to the patient’s condition to maximise the potential benefit of

this therapy.
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Chapter 1 Background
1.1 Thecardiovascular system

The main function of the cardiovascular system is to provide oxygen and
nutrients to the body and to remove waste products from tissues, through a network
constituted by different sized vessels and through the pumping activity of the
myocardial muscle. This tree is characterized by a regulatory system providing
support to al the organs and parts of the body in requirement to their needs. The
heart is the centre of the cardiovascular system 2, as represented in Figure 1-1.
During rest it is able to pump approximately 5 litres per minute of blood around the
system. In particular the left ventricle provides oxygenated blood to the system by
pumping it firstly into the ascending aorta through the aortic valve, which sits
between the aorta and the ventricle to impose unidirectional flow. From here the
blood flows into the coronary arteries, providing oxygen and nutrients to the heart, as
well as into the aortic arch, thoracic aorta and finally abdominal aorta. The aorta and
its branches carry the blood throughout the systemic circulation 2. The coronary
arteries are vital for carrying blood within the wall of the heart, allowing the
diffusion of nutrients through al layers of cells constituting the heart tissue. The
coronary circulation is hence comprised of a number of vessels that pierce the
myocardium, bedewing the whole volume of the heart. The pumping activity of the
ventricle determines the cardiac cycle pattern, which can be divided into two main
phases. systole and diastole. During systole the ventricle contracts increasing the
pressure of the blood inside the chamber until it becomes higher than the one in the
ascending aorta causing the aortic valve to open and delivering blood towards the
systemic circulation. In diastole the ventricular muscle relaxes resulting in the
pressure within the chamber to drop and the aortic valve to close. This cycle results
in the pressure within the ascending aorta to constitute a waveform characterized by
amaximum during systole, called systolic peak, and a minimum immediately before
systole, called end diastolic pressure (EDP).

Figure 1-2 depicts the pressure on both, ventricle and ascending aorta during
the cardiac cycle ™°. Coronary flow is at its maximum during diastole, since,
although the pressure is smaller compared to the systolic phase, the impedance of the

coronary vessels is markedly smaller, because of the relaxation of the myocardial



muscle. For this reason the mean diastolic pressure assumes particular importance. A
representation of the coronary flow during the cardiac cycle is presented in Figure 1-
3, according to Gregg et a., whereby measurements were taken of canines at rest,
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Figure 1-1: Schematic representation of the human cardiovascular system. The path
followed by the circulation isindicated by the arrows, oxygenated blood is indicated
in red and de-oxygenated blood in blue. The heart represents the centre of the whole
system and pushes the blood both, towards the system (left heart, red) and towards
the pulmonary circulation (right heart, blue) (taken from Tortora et al.%).
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Figure 1-2: The graph represents a typical human electrocardiogram, on the
bottom, left ventricular, aortic and left atrial pressures, on the top, and left
ventricular volume, on the centre, during one cardiac cycle. Myogram and heart
sounds during the cardiac cycle are also represented. Systole is defined by phases A-
C, representing isovolumic ventricular contraction, C-D, maximal gection phase
and D-F, reduced gection phase. Diastole is defined by phases F-G, time of closure
of aortic valve, G-H, isometric relaxation, H-1, rapid filling, 1-J, diastasis, and J-K-
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A, atrial filling (taken from Sagawa et al.**®).




An important estimation of the activity of the heart is provided by the cardiac
output (CO), which indicates the volume of blood gjected from the ventricle into the
aorta each minute. The quantification of this parameter is given by the value of the
stroke volume (SV), corresponding to the volume gected by the ventricle for each
heart-beat, and by the heart rate (HR), which is the number of cardiac cyclesin one
minute. Cardiac output is hence calculated as the product of SV and HR. The stroke
volume SV depends on three main parameters % preload, the stretch on the heart
before it contracts, contractility, indicating the strength of contraction of the
myocardial fibres, and afterload, corresponding to the pressure that must be
exceeded in order for the ventricle to gject blood 2, also called end diastolic pressure.
Each of the described parameters is crucia in addressing pathological or normal
working conditions of the heart.
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Figure 1-3: Aortic pressure waveform (dashed line, above) and coronary blood flow
through left circumflex artery (solid line, below) are indicated in conditions of rest,

exercise and recovery, as measured in dog (taken from Gregg et al.%).



1.2 Theclinical problem: heart failure

Heart fallure (HF) is a condition in which a problem with the structure or
function of the heart impairs its ability to supply sufficient blood flow to satisfy the
body requirements. The main causes of HF are summarized as hypertension, heart
valves disease, myocardial infarction and other forms of ischemic heart disease,
cardiomyopathy.

In developing countries, around 2% of adults suffer from HF, but in those
over the age of 65, this percentage increases to 6-10%. In USA the estimated
prevalence in adults (from 20 years old) is 5,300,000, and data from the National
heart, lung and blood institute (NHLBI) Framigham heart study indicate that HF
incidence approaches 10 per 1,000 population after the age of 65 (according to
Medtech insight 550,000 new cases occurring annualy). In Western Europe
approximately 6.5 million people currently suffer from HF (14 million people
considering all of Europe). Prevalence at each age increased between two periods
surveyed (1976-80, 1988-91), according to USA Nationa health and nutrition
examination survey. This increasing prevalence, hospitalisations and deaths have
made HF a major chronic condition: 875,000 USA hospitalisations are due to HF
implementing it as the most common diagnosis in patients aged 65 years and older °.

In Figure 1-4, the graph shows the costs for some of the most developed

countries, compared to the total health care expenditure.
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Figure 1-4: Percentage of total health care expenditure for HF in more devel oped
countries (taken from Bundkirchen et al.%).
The incidence of congestive heart failure continues to escalate worldwide,
taxing health care systems. Current accepted regimens have provided some success;



however, most patients show progression of their disease. Because of this trend,
research continues to explore therapies directed to a stabilisation of the disease and
hopefully to improve the downward spiral.

Main treatments for HF are the following:

e Drugs; which is by definition the least invasive type of therapy, but
not the most effective. 70% of patients are treated with this therapy,
both, less severe heart failure cases and too severe cases who would
not benefit (or be too risky) from other more invasive approaches.
Obvioudy al patients, independently from the treatment, are
continuously treated with drugs, even if drugs are not the sole therapy;

e Surgery only; such as surgical left ventricular remodelling and heart
transplantation which are the most invasive approaches, only for
patient in avery late stage of HF (Congestive Heart Failure, CHF);

o Lifestyleg

e Devices, manly consisting of: mesh-like constraint devices, stents,
left ventricular assistant devices (LVAD); cardiac resynchronization
therapy (CRT); implantable defibrillators. Rhythm treatment, or
electronic treatments, even very diffused like those using CRT
approach, are not suitable for all HF patient populations and have a
limited efficacy for the treatments of most severe cases. VAD
implants are, on the other side, very invasive techniques, only for
patients at a very late stage of HF (CHF).

It is deducible from the above scenery that to date there are no therapies
which are completely effective in treating HF, and it remains a syndrome associated
with high morbidity and mortality ®. As stated by De Souza et al.?, “the treatment of
patients presenting severe heart failure, and particularly left ventricle failure, remains
one of the most challenging situations in contemporary medicine”. Particularly the
replication of the heart’s (or of a portion of the heart’s) function is a challenge to a
bioengineer’s skill, whereby it is viewed as a functional pump, essential for human

functions.



1.3 Left ventricular assist devices (LVAD)

LVAD are currently used as a temporary or permanent aid or replacement to
the ventricular function, according to the device design and category. Originally in
the 1960s the only therapeutic tool available was conservative medical therapy based
on high doses of positive inotropic agents, vasopressors and diuretics °.

The main devices clinically used for temporary or permanent heart recovery
can be summarized into rotary, pulsatile or counter-pulsatile pumps. The latter one
refers to IABPs. Among the rotary pumps are included the axial flow pumps:. they
ensure the movement of the fluid through a screw or some blades placed inside a
tube, pushing the fluid into the desired direction. The presence of blades inside the
tube ensures the one-directiona flow of the fluid. Alimentation to the pump would
be provided by an external battery, which is currently difficult to include inside the
human body, as the instrument needs to be recharged. Indeed the newer technologies
are targeting the possibility of charging up the battery through wireless systems.
Wires connecting the pump to the rest of the device are designed to be biocompatible
and to alow the skin ingrowth, in order to avoid any possibility of infection.
However, modern VAD control systems are compact, alowing patients to carry
them around without particular difficulty. Early active rehabilitation in patients
implanted with LVAD improves their condition, favourably impacts the clinical
course while they await heart transplantation, and also improves post-transplant
recovery. LVADs can provide a temporary circulatory support in patients with HF,
restoring normal hemodynamic and vital organ perfusion, even in cases of complete
myocardial pump failure. The aid of an LVAD has beneficial effect on long-term
outcomes by reducing ventricular strain and improving the remodelling of an acute
failing ventricle ”. There is also need of exercise therapy, important to improve the
quality of life of patients with LVADs®,

One of the most widely used LVAD in the group of axia flow pumpsis the
‘Impella recover system’ (IRS, TexasHeart), shown in Figure 1-5. The IRS is a
micro-axial pump sucking oxygenated blood from the left ventricular cavity, and
injecting it into the ascending aorta. The intra-cardiac axia flow pump contains a
rotor that is driven by an electrical motor and has an inflow cannula. The pump is
purged with a solution of heparin, in order to prevent thrombus formation, and is

inserted through the aortic valve into the left ventricle, providing an output flow of



up to 2.5 L/min °. However, the device is contraindicated in patients with severe
peripheral vascular disease or in patients with a mechanical aortic valve or a
calcified aortic valve, and introduces an increased risk of infection™.

Another type of rotary pump is the centrifugal flow pump. One example is
the TandemHeart, depicted in Figure 1-6. In this case the LVAD is a left atria to
femoral bypass system that can provide rapid circulatory support and resolution for
pulmonary edema and deranged metabolism within hours of patients undergoing
cardiac shock. The system utilizes a drainage cannula placed via a trans-septal
puncture into the left atrium to aspirate oxygenated blood, which is then injected by
means of a centrifugal pump, placed externally to the patient, into the femoral artery,
establishing the bypass °. The pump is able to generate up to 4 L/min flow and is
characterized by low heat generation, haemolysis and emboli formation **. The
TandemHeart pump can be used for up to 14 days °.

Pulsatile pumps replicate the function of the whole myocardium, substituting
both, right and left ventricles. Some examples of clinically used pulsatile pumps
follow. The SynCardia Temporary (Syncardia) consists of 2 separate blood pumps
that are pneumatically driven and generate pulsatile blood flow, as indicated in
Figure 1-7 *2. Each of the two pumps is constituted by arigid plastic shell containing
mechanical valves and a polyurethane diaphragm separating the blood sac from the
air sac '3, Each sac’s maximum volume, which equals their maximum stroke volume,
is 70 cc. The air sacs are connected through a percutaneous driveline to a source of
compressed air **. Differently the Abiomed AbioCor implantable replacement heart
(IRH), shown in Figure 1-8, is based on one titanium shell containing 2 pumping
chambers. The IRH aso includes 4 tri-leaflet valves (2 in each pump) and
diaphragms made by polyurethane resistant to calcification *2,



Figure 1-5: The Impella recovery system (A), and its placement between the
ventricle and the aorta (B), are represented in the figure
(http://texasheart.org/Resear ch/Devices/impella.cfm, accessed on 22/04/2014).

Figure 1-6: The figure shows the placement of the TandemHeart LVAD. The pump is
placed externally on the human body, and is connected to the left atrium on one side
and on the left femoral artery on the other side, working as a bypass providing

circulatory support (taken from Ng et al.™).
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Figure 1-7: The SynCardia total artificial heart, positioned physiologically with
connections to the aortic root, pulmonary artery and atrial chambers (taken from
Gaitan et al.*?).
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Figure 1-8: The Abiomed Abiocor TAH and its physiological position within the

human body are above described, A and B respectively (taken from Gaitan et al.?).

In this case pulsatile blood flow is generated through an electro-hydraulic
system: a fluid is pressurized by a centrifugal pump and pushes against the
membranes of left and right ventricles, being directed alternatively from one to
another by a switching valve changing the direction of the fluid, at a frequency
ranging from 75 to 150 bpm . The energy source for both switching valve and
centrifugal pump is transcutaneous and consists of an implanted coil and an externa
coil, avoiding the use of a percutaneous driveline.
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Both latest described artificial hearts showed an increase in survival for
patients compared to those who underwent transplants without the use of adevice (in
case of SynCardia) or without the use of any other device (in case of Abiomed
AbioCor IRH)™. Nevertheless future improvements are likely to rely on the use of
wireless technology which would avoid any percutaneous driveline, as it is the case
of Abiomed AbioCor IRH. Continuous-flow pumps do not require any volume
compensation, and in this case a transcutaneous energy transfer system would be
totally implantable and seal ed.

Finally, aid to the ventricular function can also be provided through the use
of a counter-pulsatile pump, or Intra-aortic balloon pump. The device, introduced in

the following paragraph, will be discussed in more detail in the rest of this Chapter.

1.4 Introduction to Intra-Aortic Balloon Pump (IABP)

The Intra-aortic balloon pump (IABP) is a mechanical device widely used as
a circulatory assist device for temporary mechanical assistance of the failing
myocardium. The IABP aims at decreasing ventricular afterload and increasing
coronary blood flow, therefore resulting in an increased oxygen delivery to the
myocardium. The decrease in ventricular afterload is instead aiming at reducing
ventricular work.

The device has been introduced to clinical practice in the 1960s. Its first
application was in 1968 in patients developing cardiac shock '’. The intra-aortic
balloon was introduced by Moulopoulos et a. in 1962 8. The first clinical data
regarding |ABP therapy were reported in 1968 by Kantrowitz et al. *'. In 1980, the
insertion technique of the intra-aortic balloon (IAB) was amended by Bregman et al.
19 and is now the most favoured insertion technique in clinical practice. Currently the
IABP is the most widely used cardiac assist device because of its low cost, easy
insertion technique and handling °.

1.4.1 I|ABPindications

The IABP isgeneraly used % in cases where:
e |Ischemiaor heart failure due to coronary artery disease occurs prior to
coronary revascularization %;
e Acute myocardial infarction occurs before cardiac catheterization %;

e Adjunctive therapy in the case of coronary angioplasty %;
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e High-risk percutaneous trans-luminal coronary angioplasty %;

e Failed angioplasty **:

e Left main coronary artery stenosis *>;

e Myocardia infarction with cardiogenic shock, combined with
revascul arisation procedures °;

e Support before cardiac transplantation *’.

1.4.2 |1ABP Contra-indications

IABP is contraindicated for severe peripheral vascular disease, aortic
aneurysm, aortic regurgitation, active bleeding, contraindications to anticoagulation,
and severe thrombocytopenia ®®. Moreover IABP is associated with awide variety of
complications, the most common being bleeding, systemic embolization, limb
ischemia, and amputation. Additionally, IABP may result in infection, as it is an
indwelling catheter, and may be associated with inadequate inflation, or inadequate
diastolic augmentation ?°. Furthermore the balloon might develop a mechanical
failure and rupture, which could be characterized by a dramatic break, highlighted by
the presence of blood on the IAB catheter, or by a pinhole allowing constant flow of
Helium to escape the balloon chamber, with critical results %°, since Helium emboli
could form and obstruct brain or other organs arteries.

However, the severity of complications currently encountered is less
devastating than those reported in the 1970s . In 1993 Tatar et al. *° reported a
decreased incidence of vascular complications associated with the use of sheath-less
catheters. In any case IABP use is not without risks and it is necessary for the
practitioner to determine whether IABP application is necessary by evaluating the
risks associated with its use on a case by case basis and comparing them with the

hypothetical benefit associated to the use of the device.

1.4.3 [ABP Counterpulsation principle

The Intra-aortic balloon (IAB) actively inflates in early diastole, immediately
after aortic valve closure, aiming at increasing blood flow towards the coronary
arteries, and deflates in late diastole, just before systole and aortic valve opening,
aiming at reducing left ventricular afterload resistance. The balloon inflation and

deflation pattern is controlled by a computer linked to either an Electrocardiogram
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(ECG) or a pressure source signal, as aready mentioned. The working principle for
the IABP is schematized in Figure 1-9.

¥ Diastole

Figure 1-9: The pictures represent the working principle of the 1ABP, which is
inflated during diastole and deflated during systole .

A typical pressure waveform with and without the activation of the IABP is
shown in Figure 1-10 for providing a physical understanding of the hemodynamic
changes associated to the use of the device. The increase in diastolic pressure
translates as an increased driving pressure for the blood flow in the coronaries, while
the decrease in end diastolic pressure implies alower ventricular afterload which can
be linked to a decrease in ventricular work.

The hemodynamic consequences due to the inflation, during diastole, and
deflation, just before systole, actions of the IABP are primarily associated with
decreases in heart rate, left ventricular end diastolic pressure, mean left atria
pressure, left ventricular afterload and myocardia oxygen consumption. The
metabolic effects result in an improvement in the cardiac energy balance by
increasing oxygen supply to the myocardium and by reducing cardiac oxygen
demand ¥,

In fact one of the indices used for testing IABP effectiveness is the
endocardial viability ratio (EVR) >, obtained by dividing diastolic pressure time
index (DPTI) by systolic tension time index (STTI), both indicated in Figure 1-10.
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DPTI indicates the oxygen supply to the myocardium, STTI is linked to the

myocardial oxygen demand *.
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Figure 1-10: The graph represents the pressure waveforms associated with the
aorta and left ventricle with and without the activation of the IABP. As described,
the counterpulsation of the device during inflation causes an increase in DPTI,
linked to oxygen supply to the myocardium, and, during deflation, to a decrease in

STTI, linked to myocardium oxygen demand.

1.44 1ABP therapy

The device consists of an inflatable cylindrical polyethylene balloon
(depicted in Figure 1-11) generally inserted through the femoral artery, passed into
the descending thoracic aorta, and placed, ideally, 1-2 cm below the origin of the | eft
subclavian artery and above the renal artery branches °. Once the IAB isin place its
position is confirmed by fluoroscopy or chest X-ray. The procedure is indicated in
Figure 1-12.
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.

Figure 1-11: The Intra-aortic balloon (IAB) [IAB catheter for pediatrics by Tokai
medical products]|
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Figure 1-12: Insertion and positioning of the Intra-aortic balloon (1AB) (taken from
Ducas et al.>%.

The balloon is connected through a catheter to an external pump (as shownin
Figure 1-13 A) shuttling Helium gas within the pierced internal catheter in the
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portion corresponding to the IAB membrane, resulting in the Helium filling up the

balloon chamber. Helium is used because its low viscosity allowsit to travel quickly

through the long connecting tube, and has a lower risk of causing a harmful

embolism in case of balloon membrane rupture, since the partia pressure of Helium

in the blood is smaller compared to other gases such as, for instance, oxygen.

The pump mainly consists of a computer controlling the shuttling of Helium

gas through the IAB catheter, a Helium bottle as a reserve of gas and a console

which alows to control the relevant parameters related to the operation of IAB

counterpulsation (different according to the pump model and brand). The most

important parameters are listed as follows:

o

assistance frequency, which regulates the ratio of heart beats assisted by the
IABP;

augmentation volume, referring to the volume of Helium gas to be pumped
into the IAB;

mode of signal selection, generally automatic, indicating that the computer
will control the selection of signal and timings automatically, or manually
(operator), enabling the operator to set source signal and inflation/deflation
oNnset;

source signal, upon which the computer selects the algorithm controlling
shuttling of Helium gas (just in case of manual mode);

inflation and deflation onset, regulating the onset of these two phases of

counterpulsation, which will be described more in depth in the following

paragraph.

The computer controlling the pump (and hence the 1AB) can be linked to the

ECG signal or aortic pressure signal at the tip of the balloon, or both. The console

provides a display showing the main information regarding the working condition of

the IAB and the main hemodynamic parameters, asindicated in Figure 1-13 B.
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Figure 1-13: A commercial Intra-Aortic balloon pump (IABP) (A), which controls
the balloon counterpulsation, and its display (B), showing the most relevant
hemodynamic parameters and IAB internal pressure, augmentation volume and
assisting frequency (http://ca.maquet.convproducts/iab-pumps/cs300/applications/,

accessed on 22/04/2014).
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1.45 Theimportance of IABP correct timing

The onset of balloon inflation, its duration and the onset of balloon deflation
affect the performance of the IAB and the related hemodynamic changes. Plummer
et al. state that “accurate timing of balloon inflation and deflation is imperative for
effective, maximum augmentation”>°. For an accurate indication of IABP timing the
aortic root pressure waveforms should be taken as a reference *. Aiming for an
optimal diastolic pressure augmentation, the inflation of the balloon should begin
immediately after the closure of the aortic valve. To obtain a maximised decrease in
end diastolic pressure, linked to the lower heart’s demand for oxygen, the deflation
of the IAB should progress fast and just before aortic valve opening. Consequently
one of the manufacturer’s suggestions is that the timings of inflation and deflation
should be adjusted by the operator by setting IABP assistance at a frequency of 1:2,
observing both assisted and unassisted beats and targeting maximum diastolic
augmentation and minimum end diastolic pressure *.

In 1992 Barnea et al. ** developed an automatic control for IABP pumping.
The agorithm * is based on the maximization of mean diastolic pressure (effect of
inflation) and minimisation of peak systolic pressure (effect of deflation) and can be
used for reducing the attention required from the operator *. In 2013 Khir *’ reported
that, while it is possible to control onsets of inflation and deflation, the effects of
balloon inflation and deflation at the aortic root, which is the site of interest, depend
on other parameters, such as Helium travelling speed and pressure wave-speed in the
aortic arch. For an optimal therapeutic benefit, the delays between triggering time
and actual balloon inflation/deflation, followed by the compression/decompression
wave arrival times at the aortic root should be taken into account %,

Inflation and deflation time errors can still be clinicaly observed and
compromise the therapeutic benefit of IABP therapy. Overall incorrect timings can
be categorized as following:

e Early inflation, compromising the stroke volume and constituting an
impedance to blood flow towards the systemic circulation;
e Late inflation, compromising the benefit of balloon inflation in terms

of diastolic pressure augmentation and mean diastolic pressure;
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o Early deflation, affecting both medium diastolic pressure, which most
likely will be decreased, and end diastolic pressure, since before
systolic gjection there would be time for the pressure to rise;

e Late deflation, inducing the balloon to congtitute a higher impedance
in the early part of systole and increasing the ventricular afterload.

Schreuder et a. * studied the effects of an early inflation and late deflation,
which one would say were the two most detrimental inflation/deflation onsets, on
stroke volume and left ventricular mechanical dyssynchrony, defined as the
percentage of left ventricular segments changing in volume in opposite direction or
not showing changes at all in respect to the total ventricular volume change. The
tests, carried out on 15 patients, showed that an early inflation causes a decrease in
stroke volume and an increase in systolic dyssynchrony %, while a late deflation
induces an increase in stroke volume but at a price of an increased systolic work, as

observed from the pressure-volume curve corresponding to this situation.

1.4.6 Considerationson |ABP efficacy

An important tool for addressing the efficacy of |ABP therapy on recovering
the left ventricular heart function is the pressure-volume relationship (PV loop)
tracked during the cardiac cycle. This representation of pressure and volume changes
in the ventricular chamber can highlight whether the cardiac function has been
impaired and if a therapy of cardiac release is successful in improving cardiac
function or not. In fact different arterial pressures and ventricular volumes during
contraction impact on the relationship between mechanical energy imparted to the
blood and total chemical energy consumed *°, hence on the efficacy of the cardiac

pump.
14.6.1 ThePV loop

The working conditions imposed to the ventricle before and after the onset of
ventricular contraction are called preload and afterload: based on these two
parameters the pump function can be evaluated. The ventricular pressure volume
diagram enables to have an evauation of these working conditions, preload and
afterload, and consequently of the pumping activity of the heart.

The pressure-volume diagram is represented in Figure 1-14: point a (preload)

shows pressure and volume at which the ventricle starts contracting. Subsequently
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the mitral valve closes and, due to ventricle contraction, the pressure rises without a
change in ventricular volume. This is called isovolumetric period and is represented
by the vertical line ab. Point b indicates when ventricular pressure exceeds the
aortic blood pressure, thus pushing the aortic valve to open. Due to the aortic valve
opening, the ventricle gects blood: in this phase pressure rises mildly compared to
the previous phase. Segment b-c represents this gection phase, with the total volume
of blood gected called stroke volume. At the end of this phase, both ventricular and
aortic pressure starts diminishing due to the contractile process of the myocardium
reaching and passing its peak. The muscular fibres still contract, but in a lower
degree. Shortly afterwards the aortic valve closes. End of gection and closure of
aortic vave is represented by point c. Subsequently ventricle undergoes to
isovolumetric relaxation (segment c-d), corresponding to steep decrease in
ventricular pressure with no change in its volume. When the pressure falls below the
atrial pressure the mitral valve opens (point d), and blood fills up the relaxing
ventricular chamber (segment d-a). The area indicated as EW, external work, in the
Figure, represents the energy delivered to the blood through the contraction of the
ventricle.

Figure 1-14 shows different pressure-volume trgectories. Through
connecting the end diastolic points (points ¢) and end systolic points (points @) it is
possible to obtain the end diastolic pressure-volume relationship (EDPVR) and end
systolic pressure-volume relationship (ESPVR), respectively. These curves indicate

the properties of the contracted ventricle and relaxed ventricle, respectively.
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Figure 1-14. Above represented the ventricular pressure-volume relationship as
described by Sagawa et al. '°. On the ordinate the ventricular cavity pressure, and
on the abscissa the ventricular volume. EDPVR and ESPVR are end-diastolic
pressure-volume relationship and end systolic pressure-volume relationship,
respectively. EW indicates the external work of contraction of the ventricle, and SV
represents the stroke volume, calculated as the difference between ventricular

volume in the segment ab and the one in the segment dc **°.

Through the pressure-volume diagram it is possible to visualize the effects on
ventricular function of preload or inotropic state (contractility of ventricular fibres).
This is represented in Figure 1-15, where A-C represents diastolic filling, after a
drop in pressure A-B due to ventricular relaxation, C-D represents isovolumetric
contraction, and D-F represents ventricular gection (divided in D-E, rapid gection,
and E-F, deceleration of blood outflow). The volume displaced between D and F is

the stroke volume, and F-A represents isovolumetric relaxation. At point A the
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mitral valve opens and blood flows into the ventricle, which reaches its end diastolic
volume according to the venous return and to the preload, as highlighted in Figure 1-
15. Due to Frank-Starling mechanism the increase in volume resulting in point C to
move to C' and C'’ is related to an increased stroke volume. Differently a higher
contractility or inotropic effect would produce a greater force and a greater emptying
of the ventricle, with consequent smaller residual volume, resulting in point F to
moveto F and F’ (Figure 1-15) *%.
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Figure 1-15: Above, from Kirkman ', a representation of pressure-volume
relathionship characterizing the ventricles. In A) it is represented the effect of
change in preload: point C moves to C' and C'’with increasing preload because of
an increased blood inflow into the ventricular chamber. In B) it is indicated instead
the effect of a change in inotropic state, that is the contractility of the ventricle:
points C and D do not move (afterload and preload are the same), while point F
moves to F' and F’’ with increasing contractility, resulting in an increased stroke

volume and in a decreased ventricular residual volume.
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1.1.1.1.1. Intrinsic and extrinsic regulation of heart and effect on PV loop

Stroke volume depends on the arterial afterload, depending on both
mechanical characteristics of the arterial system and on cardiac contraction.

The cardiac contraction is regulated by two main mechanisms, one intrinsic
to cardiac muscle and one, extrinsic, mediated by nervous and hormonal control of
the heart.

The intrinsic mechanism is called, as mentioned, Frank-Starling mechanism,
and relates the maximal force that can be produced by a muscle fibre and its length
immediately before contraction, called preload. It was demonstrated that, in a range
of preload, with increasing preload force of contraction increases. This trandates, on
the PV loop in Figure 1-15 A, as a shift of point C towards the right-top, as aready
shown, and results in an increased stroke volume, since point F does not move. This
mainly depends on the fact that the ventricular muscle fibres are oriented as a spring:
the most dilated the fibres, the highest the force of the contraction. Through this
mechanism, the ventricle can answer intrinsically to an increased venous return with
ahigher stroke volume.

Extrinsic regulation depends instead on sympathetic nervous system, which
can act on myocardia force contraction. This means then that a change in ventricular
muscle contractility can be obtained also without changes in preload and afterload.
The result would be a different rise in pressure in case of sympathetic nervous
system action, hence the point of maximum pressure, E, moves towards the top, and
the point F, indicating the value of blood in the left ventricle at the end of systole,
moves towards the left, as already indicated in Figure 1-15 B.

1.1.1.1.2. PV loop in case of heart failure

Three types of heart failures can be distinguished in relation to impaired conditions

of the ventricle **:

e Systolic and diastolic ventricular functions physiological, with increased
workload on the heart, due to the need of higher stroke volume or to
gjection of blood against a high afterload (type 1);

e Decreased systolic function of the heart, resulting in decreased ability of

the heart to develop pressure or gect blood (type 2);
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e Diastolic function of the heart, resulting in inadequate diastolic

ventricular filling (type 3).

Figure 1-16 shows four different PV loops, two representing type 1 failure, 1-16 A
related to volume overload and 1-16 B to pressure overload, one representing type 2
failure, 1-16 C related to restriction to filling, and one representing type 3 failure, 1-

16 D related to loss of contractility.
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Figure 1-16:PV loop diagrams representing the three main types of heart failures
(solid line PV loops) compared with a physiological PV loop (dashed line PV |oops).
A) PV loop in case of type 1 failure due to volume overload; B) PV loop in case of

type 1 failure due to pressure overload; C) PV loop in case of type 2 failure due to

restriction to filling; D) PV loop in case of type 3 failure due to loss of contractility.



1.4.6.2 Application of PV loop on |ABP therapy

The graph (Figure 1-14) reporting ventricular pressure and volume
throughout cardiac cycle can highlight information on ventricle working conditions
and consequently address issues related to increased afterload or abnormal stroke
volume and ventricle volume conditions. As already described, IABP therapy ams at
reducing aortic pressure just before systolic phase by removing volume from the
aorta, hence reducing afterload for the next left ventricular gection. This can result
in the left ventricle gjecting a greater stroke volume at a lower pressure working
level 2,

The PV loop shown in Figure 1-16 B isrelated to atype 1 heart failure due to
pressure overload, and presents an increased end diastolic pressure. Thisis normally
due to pathological conditions such as systemic hypertension or aortic stenosis, and
IABP therapy can be beneficial particularly for this condition. Left ventricular
volume and end diastolic pressure have been demonstrated to decrease in patients
treated with IABP, whereas cardiac output, gection fraction and coronary flow may
increase %% %,

Schreuder et a. *** conducted a study focusing on establishing the effect of
IABP inflation and deflation timing errors on the ventricular function, through
means of left ventricular PV loop. Pressure and volume were measured through a
cardiac function analyser which uses a conductance catheter to measure ventricular
volumes, based on measuring time-varying electrical conductance of 5 to 7
ventricular blood segments, delineated by selected catheter electrodes. It was shown
that if correctly used IABP produces immediate and physiological effects (Figure 1-
17) within the first 4 beats. Inflation augments aortic diastolic pressure and reduces
left ventricular end-systolic pressure and volume, improving stroke volume and
reducing left ventricular stroke work.

Not only Schreuder a. **, but also Barnea et a. * * and Cheung et a.
concluded that afterload reduction was the primary mechanism by which IABP
improved left ventricular performance immediately because metabolic effects due to
possible changes in coronary flow and cardiovascular compensatory reflexes can be
excluded in thistime frame.
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Figure 1-17: PV loop and arterial pressure (Pao) show the immediate and
beneficial effect of a properly used intra-aortic balloon counterpulsation on left
ventricular function. The effect of the intra-aortic balloon pump is seen on the first
beat of counterpulsation (1) and has reached its full effect within 4 beats. The shift
of the pressure-volume loop down and to the left indicates a reduction in left
ventricular work, whereas a widening of the pressure-volume loop indicates an
increase in stroke volume 121. The point EDP represent the end diastolic pressure,

reduced in case IABP is counterpulsating.

Furthermore it can be noticed that IABP therapy is related to a different
effect on the stroke volume according to the contractility state of the ventricular
muscle, represented by the dashed line with slope end-systolic elastance (Ees), in
Figure 1-17. Schreuder et a. *** concluded then that the largest increase in stroke
volume due to |ABP therapy occurs in patients with lowest contractile state, because
this would be associated to aless steep Ees slope.

Errors in IABP timing, discussed in the previous paragraph, can introduce
serious effects on the working condition of the left ventricle. These are in fact
enhanced by the PV loop, which relates the non optimal IABP inflation and deflation
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onsets to the working conditions of the left ventricle. Examples are indicated in
Figure 1-18 and 1-19, in relation to early inflation and late deflation visible effects
on the PV loop. An abrupt increase in left ventricular afterload, as a result from
increased aortic impedance, induced premature closure of the aortic valve and
impaired left ventricular gection with decreased stroke volume. In the second case
late deflation caused increased end-diastolic aortic pressure and aortic impedance:
this error first increased left ventricular afterload during early gection, and
afterwards reduced afterload due to IAB deflation. From the graph it is aso possible
to observe an increase in end diastolic pressure and decrease in ventricular stroke

volume in case of early inflation, and an increased stroke volume in case of late

deflation.
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Figure 1-18: Effect of early inflation (arrows) of the intra-aortic balloon on PV
loop and aortic pressure (Pao). The effect of early inflation (b) is shown on the

pressure-volume loop by premature closure of the aortic valve (a) and reduced

stroke volume (c) 121,
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Figure 1-19: PV loop and arterial pressure (Pao). Late deflation is shown by
arrows on the Pao waveform. Late deflation has a 2-part effect. First, the aortic
valve opening pressure is elevated (c on the PLV plot), increasing myocardial
oxygen demand at the end of isovolumetric contraction. However, active deflation
of the intra-aortic balloon pump during systolic ejection reduces left ventricular
work. The effect on stroke volume varies: stroke volume can increase slightly (d on
the PLV plot), or consistently (d on the PLV plot), demonstrating that the

hemodynamic impact of late deflation on stroke volume is variable.

The PV loop can hence indicate whether IABP therapy is inducing a positive
or negative effect on the ventricular function, alowing visualization of the effects of
correct IABP timing in a range of patients with different heart diseases and
ventricular contractilities and demonstrating a different increase in stroke volume in
relation to different ventricular muscle contractilities. In addition the PV loop can
show the quantitative effect of an error in IABP timing, as early inflation or late
deflation, on the ventricular functions: indeed it highlights an impairment in left

ventricular gjection and relaxation due to afterload increase during the second part of
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gection, for early inflation, and increased stroke volume due to increase in afterload
during early eection and rapid afterload decrease during late gection, for late
deflation. Chapter 5 will relate to part of the features of the PV loop to enhance the
positive effect of the developed and analysed IAB amended designs.

1.5 Changesin |AB technology

For maximizing the potential benefits of the IABP technique a variety of
amendments to the IAB design have been studied by researchers in the past years.
An amendment on IAB internal catheter design was developed by Skinner et al. ¥ |
with no changes on the design of the balloon. The modification was performed to
maximize the balloon blood displacement towards the coronary circulation. The
catheter within the IAB chamber was tapered from the bottom towards the tip, for
the gas velocity to increase and dynamic filling pressure to be lower at IAB tip: this
would result in the balloon to start inflating from the base to the tip.

In 1968, Brown et a * after initia encouraging results from previous
studies **, aimed at increasing coronary blood flow and decreasing left ventricular
afterload through the design of a double chamber balloon, consisting in a top
chamber placed in the ascending aorta followed by a rear chamber located in the
descending aorta, as depicted in Figure 1-20. This balloon was compared with a
standard balloon on 12 dogs in both normal condition and, afterward, with induced
hypotension. By comparison the double balloon produced a 50% greater
improvement in the measured indices of successful ventricular assistance such as
systolic pressure reduction, aortic mean diastolic pressure elevation and ratio of
circumflex coronary flow to tension-time index.

Later on, in 1972, Robert T. Jones *, reviewed hemodynamic phenomena
arising in connection with the use of artificial blood pumping devices. He described
the potential advantage of a multi-chambered balloon in order to avoid the “trapping
phenomena’ which appeared in their simulation model, according to which the IAB
would inflate first at both ends occluding the mock aorta and the passage of blood
towards both directions.
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Figure 1-20: The amended Intra-aortic balloon (IAB) introduced by Brown et al. is
depicted above. It consisted of two chambers, the top one positioned just above the
aortic root and the bottom one placed in the descending aortic tract (taken from

Tatar et al.*%).

However practical studies focusing on this concept were conducted by first
Buckley et al. ®® and Bregman et a. **°, and then Bai et a. *°. This last work,
through both computational simulations and experimental physical tests, presented
an improved performance of a multi-chamber balloon (shown in Figure 1-21). One,
two and three chambered balloons were tested computationally by using a
compartment model and physical tests were conducted on single and dual chambered
balloons produced in the researcher’s laboratory. Simulations showed that dual and
three chambered balloons induce a higher benefit to the mean diastolic pressure,
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coronary blood flow and end diastolic pressure, due to inflation which started at the
rear chamber and progressed towards the top, with deflation moving in the other
direction.

Also, the computational study investigated the effect of each chamber
volume in relation to the total balloon volume and of each chamber radius, observing
that for optimized results the rear chambers should be associated to smaller volume
and higher radius. Physical tests confirmed the results of the simulations and suggest
that an optimally controlled and structured multi-chambered balloon may have
applicationsin IABP clinical treatment “°. Unfortunately clinical tests on patients are
lacking and the differently designed balloon has not yet been introduced to the IABP

éﬁw

A

Figure 1-21: Bai et al. tested a multi-chamber 1AB, represented above, consisting of

market.

two chambers or three chambers whose filling could be controlled selectively,

placed in the descending aorta (taken from Bai et al.”).

Anstadt et a. *’ considered that a further benefit in IABP therapy could be
achieved by placing a valve distally to the balloon, to avoid retrograde flow,
inducing an optimal systolic unloading during balloon deflation. This type of IABP
has been tested both ‘in vitro’ and on animals. In the former case the most affected
parameter was the displacement of volume from the aortic root and upstream
circulation during balloon deflation, which was twice higher in case of the valve
endowed balloon compared to the standard balloon. In the latter case, instead, the
presence of the valve showed to markedly affect the femoral pressure, and induced
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an effective benefit to the periphera circulation caudal to the balloon. Following the
authors suggestion the use of a vave in the tip of the IAB in order to reduce
retrograde flow also during balloon inflation, would maximize the flow towards the
aortic root and coronary arteries. Images of the IAB with distal valve on the top end
and on the bottom end, the so-called umbrella balloon, are indicated in Figure 1-22.

THE UMBRELLA BALLOON

]\_/]LJ:
-ty

Vave blocks

retrograde flow when

balloon deflates, |{

collapses for flow
¥

towards the system

Figure 1-22: The umbrella balloon, placed in the descending aorta, is shown above.
The valve placed on the bottom of the IAB aims at containing the flow from the
systemic circulation in order to improve the effectiveness of the balloon deflation
(taken from Anstadit et al.*).

After several attempts ™, the latest study focusing on comparing IAB
counterpul sation on the ascending and descending aorta, in 2000, was led by Meyns
et a. >, They reported a study focused on animal testing of an ascending aortic
balloon (ICS), placed in a position similar to the one of the balloon designed by
Brown et al. in 1968, comparing the results with the standard descending aortic
balloon pump (IABP). The differently shaped balloon is shown in Figure 1-23.

Both balloons have undergone animal testing on sheep, whereby coronary
flow was reduced by 50% to simulate stenosis, and data of diastolic augmentation,
myocardial blood flow and cerebral and periphera organ perfusion were collected.
The ICS balloon induced a significantly higher peak diastolic aortic augmentation
compared to the IABP and an increased myocardia blood perfusion, with no
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significant change in cerebra perfusion or periphera organ perfusion. However the
degree of complication caused by vascular access and dislodged plagues in the
ascending aorta is not yet available, and with no further studies involving humans

being conducted, the ICS has not as of yet been delivered on the market.

Figure 1-23: Above shown the differently shaped I1AB designed and tested by Meyns
et al.. The positioning of the IAB is equally unconventional as it is placed, as the

shape itself suggests, in the aortic arch (taken from Meyns et al.™).

A radically different design has been proposed by Bian and Downey >?, who
compared a standard IABP with an enhanced one (EIABP), presenting one further
inflatable balloon connected to the arterial circulation by a catheter passing axially
through the internal standard IAB, as shown in Figure 1-24, inducing further
augmentation in diastolic pressure and increased systolic unloading. The test studied
the two systems on six adult dogs, and discovered improved performance of the
amended balloon, compared to both standard IABP therapy and no treatment
condition. In most of the analyzed cases concerning heart rate, peak of left
ventricular pressure and systolic aortic pressure decreased and diastolic aortic
pressure and coronary blood flow increased when the EIABP was used instead of the
IABP °2 (2002). No in vivo studies have been published and the EIABP is not

available on the market.
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Figure 1-24: A representation of the EIABP. The IAB is provided with a further
external balloon which could further augment the aortic pressure due to its

counterpulsation *%.

1.6 1AB pump technology

A schematic representation of the IAB pump is shown in Figure 1-25, with
related working mechanism. The pump is connected through cable and one-way
valves to both, balloon and Helium box: it induces IAB inflation through pushing,
and induces |AB deflation through reaching the original configuration *.

As aready mentioned above, the pressure signal can be used as a trigger for
balloon inflation and deflation, implicating a time calculation based on the pressure
waveform. The pressure is measured either through afluid filled catheter that passes
through the 1AB and interfaces by an open-end with the fluid within the aorta, or
through a fibre-optic sensor placed on the tip of the balloon. The latter has been
introduced recently in order to improve the quality of pressure measurements and to
avoid the delay of the tracked pressure due to water filling up the cable connecting

pump and balloon.
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Figure 1-25: The working mechanism of the pump inflating and deflating the | AB:
A) pump at the starting configuration, with corresponding static pressure measured
by the transducer. B) pump inflating the balloon and the related step in pressure,
while in C the pump withdraws Helium from the |AB chamber, hence provoking a
decrease in pressure (taken from Quaal et al.**, 1993).
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The inflation/deflation pattern imposed on the balloon from the pump

depends on two main parameters. source signals available and setting imposed. All

pumps generally present two main setting options:

Manual: the operator can choose among all available source signals,
and is able to set inflation and deflation onset expressed to a certain
reference point;

Automatic: the pump itself selects automatically the best signal,
chosen according to the signals available and to their quality, and the
inflation and deflation onset, also selected according to the nature of
the signal for a maximization of the benefit and also for ensuring a

safe counterpul sation therapy.

Moreover once the setting is selected, and the source signa is chosen,

different algorithms can command the inflation/deflation pattern associated to the

IABP. This generally depends on the features of the source signal, and can be

summarized into two main groups:

Safe counterpulsation: in case of atrial fibrillation or highly irregular
ECG, typical for patients operated with IABP, the safest algorithm is
selected, triggering deflation onset based on systolic pressure rise,
with the aim of ensuring balloon deflation during systole;

Benefit optimization: in case of regular ECG this option targets the
maximization of IABP benefit, calculating the duration of inflation

based on the frequency of previous heart beats.

A comparison study (experimental or ‘in vivo’) analysing the advantages and

disadvantages of these settings on different pumps and different ECGs has not been

reported yet and will be described in Chapter 6.

1.7 Comparison between IABP and LVADs

Thiele et al. >* compared the TandemHeart with the IABP. The primary end-

point of the cardiac power index, calculated by Williams et al. ** as the product of

cardiac index and mean arterial pressure, was more effectively improved by the

TandemHeart compared with the IABP support, and led to improved renal function.

On the other side, complications like severe bleeding and limb ischemia were

encountered more frequently after TandemHeart support, whereas the 30-day

mortality was similar to the one shown by IABP therapy. So the authors concluded
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that hemodynamic and metabolic parameters could be reversed more successfully by
the TandemHeart than by standard treatment with IABP, but more complications
were encountered with TandemHeart, maybe because of the highly invasive nature
of the procedure and the extracorporeal support >.

Also Burkhoff et al. > compared the safety and efficacy of these two devices;
The TandemHeart achieved significant increases in cardiac output, and mean arteria
blood pressure, which was associated with considerably greater decreases in
pulmonary capillary wedge pressure. On the other side IABP showed a dightly
lower 30-day mortality compared to the TandemHeart, even if the frequency of
severe adverse events occurring in patients with the TandemHeart is 130% against
120% for patients with IABP device.

Seyfarth et a. *° compared the Impella device (LVAD) with the IABP to
evauate the hypothesis that the Impella provides better hemodynamic support in
patients with cardiac shock caused by myocardial infarction. Hemodynamic
improvements after 30 minutes from implantation were greater in patients with the
Impella than in patients with the IABP. The same result is achieved for the mean
arterial pressure and diastolic arteria pressure. The authors also measured organ
dysfunction and after a period of 30 days results were similar for both cases, as was
the 30-day mortality. Patients with the IABP showed better outcomes related to
adverse effects such as need for transfusion of red blood cells, worsening of rena
function and haemolysis.

Moreover one further study, PROTECT II, led by O’'Neill et al. *’, aimed at
analysing the 30-day incidence of major adverse events in case of the Impella 2.5 (n
= 226) and the IABP (n = 226) were used for support in 452 symptomatic patients
with complex 3-vessel disease or unprotected left main coronary artery disease. The
outcome was a statistically non-significant difference between IABP or Impella 2.5
hemodynamic support, even though improved outcomes were observed in case of

patients supported with the Impella 2.5 after 90 days.

1.8 Current gapswith |ABP therapy

Even though many different studies have been conducted on the IABP, some
of which have been indicated in the above paragraph, the design of the IAB has not
undergone marked change throughout the latest 40 years since its introduction to the

market. One important consideration for IABP counterpulsation performance
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concerns the position of the balloon. Most patients using the IABP are nursed at a
semi-recumbent position to avoid respiratory complications >, > and to further
stimulate atrial emptying. Specifically Lorente et al.> suggested that the position of
the patient should never be minor that 10°. Khir et a. ® however reported a
reduction in the benefits of the therapy when the IABP is operated at an angle to the
horizontal. In fact both inflation and deflation phases have shown to be compromised

1 examined the volume

in case of a semi-recumbent position. Kolyva et a. °
displacement by the IAB inflation towards the coronary circulation in a mock
circulation and in patients. She concluded that the volume displaced towards the
coronary circulation consists of a significant fraction of baseline coronary flow, and
consequently that a balloon that can displace more volume towards the ascending
aorta during inflation or not be affected by the operating angle would be
advantageous and highly desirable. On the other hand the evidence of a decreased
end diastolic pressure in the case of IAB therapy suggests, as stated before, a
decreased myocardial oxygen consumption, hence aso in this case reducing the
influence of angle on IAB deflation performance would be markedly beneficial.
Nonetheless previous studies ®2,%® concentrated more on inflation and did not focus
on deflation phase. Information in the literature regarding the loss in balloon
performance during deflation is then incomplete or not investigated.

While several studies on IAB aimed a a deeper understanding of the
mechanics involved with the use of the device *4,%,%°% % the information available
is still not clear and complete on the inflation and deflation mechanisms and
dynamics, as well as the fluid dynamics in the surroundings of the IAB during its
movements. Further details are thus required and may highlight the rationale for new
designs using a different shape or technology of the IAB.

Furthermore, as described before, balloon inflation and deflation onset
influences importantly the performance of the IAB and consequently the
hemodynamic parameters. Hence it is important that these timings are properly set
also taking into account the delays between the onset command and the actual
balloon inflation and deflation. Especially in case of arrhythmia and high heart rate,
as present for many of the patients undergoing IABP treatment, if balloon inflation
and deflation are not controlled adequately the hemodynamic results could be

critical.
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1.9 Aimsof thethesis

The main aim of the work presented in this thesis is to improve the efficacy

and clinical outcome of the IABP therapy through experimental investigations.

Specifically the objectives through which the aim of the work is met are as follows:

Understanding of the mechanics associated with balloon inflation and
deflation, both at a horizontal and at an angled position. The objective
IS to obtain a scientific explanation providing reasons to the loss in
inflation and deflation benefits of the IABP at a semi-recumbent
position.

Investigate the effects of different balloon’s shapes, developed for
maintaining IAB performance at an angle, on pressure waveform and,
through extending the results found, to the patient clinical condition.
Both standard cylindrical and tapered balloons are tested
experimentally in the same conditions resembling different patients
posture from horizontal to angle of 45°, and a simplified theoretical
approach is provided in support of the experimental results found.
Investigate balloon timing and effectiveness through a comparison
study between different settings on two pumps currently on the market
in response to different regular and irregular ECGs, to address the
appropriate clinical use of the IABP for patients characterized by
different pathological conditions.

In addition a pilot computational model was developed for providing an

insight on the flow and pressure distribution around the balloon and of the

counterpulsation effect on the main segments of the arterial tree, which could be
used for investigating different IAB shapes.
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1.10 Thesisoutlook

Chapter 2: General experimental methodol ogy

This chapter provides information on the accuracy and calibration of the
experimental equipment used, and on the statistics used for the analysis of the results
presented in the experimental studies (Chapter 3, 4, 5, 6).

Chapter 3: Measurements of Intra-Aortic Balloon (IAB) wall movements during
inflation and deflation: Effects of angulation

This chapter introduces the visualization study of the IABP, performing both
balloon wall movements and pressure measurements along the 1AB, at a horizontal
and angled position, to obtain a scientific rationale to the loss in inflation and
deflation benefits of the IABP, at a semi-recumbent position.

[This work was published by “Artificial Organs’: Bruti G., Kolyva C.,
Pepper J.R., Khir A.W. Measurements of Intra-Aortic Balloon (IAB) wall movement
during inflation and deflation: Effects of angulation. Artif Organs. 2015.]

Chapter 4: Changes in Intra-aortic balloon shape induce changes in |AB
performance

New tapered balloons are tested together with a standard one, under the same
conditions, resembling different patients posture from horizontal to an angle of 45°.
The main parameters of interest for comparing the IABs are the volume displaced
upstream over total balloon volume and the deflation pressure pulse.

[This work was published by “Artificial Organs’: Khir AW, Bruti G. Intra
aortic balloon shape change: Effects on volume displacement during inflation and
deflation. Artif Organs. 2013.]

Chapter 5: Experimental study of novel shaped balloons for improved performance
on a physiological test-bed

As a further step for investigating the effect of balloon shape changes on
IABP benefits 6 different shapes of the balloon, with a cylindrical and a tapered
portion, are compared with the standard one in a test-bed characterised by a

physiological pressure waveform.
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Chapter 6: Influence of pump setting modes on | AB inflation and deflation timingsin
an experimental set-up

In this chapter the effect of using different pumps and different pump settings
are related to changes in pressure waveform characteristics, with the aim of defining
abetter configuration (pump and setting) for the optimization of IABP benefits.

Chapter 7: Multi-dimensional computational study for simulating balloon inflation
and deflation in a physiological system

The developed multi-dimensional model for the study of the fluid-dynamics
associated with the counterpulsation therapy is described and results are presented

and compared with ‘in vivo' measured data.

Chapter 8: General discussion
The main findings related to the conducted experimental and computational
studies are summarized and discussed, underlying their importance and the

implications on the clinical environment.

Chapter 9: Conclusions and future steps
The final chapter contains the last considerations and discuss the met targets
described above, addressing further works to reinforce the obtained results in the

light of anext clinical application.
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Chapter 2 General experimental methodology

Throughout the experimental studies presented in this work (Chapters 3, 4, 5,
6), severa instruments and measuring devices were used for assessing the fluid-
dynamics associated to the counterpulsation of the IABP. This paragraph aims at
providing information on the accuracy of the instrumentation used, by presenting

their calibration data and repeatability of the measurements obtained.
2.1 Experimental equipment accuracy

2.1.1 Pressuretransducersand flow probescalibration and accuracy

All pressure transducers and flow probes used in the experimental studies
(Chapters 3, 4, 5, 6) have been calibrated before each use, in order to ensure the
accuracy of the measurements and to verify the linearity of the relationship between
the measurements from the equipment and the actual pressure and flow values.
Below are reported calibration lines for all pressure transducers and flow probes
used throughout the experiments.

All flow probes were calibrated using the timed collection technique at 15
different flow rates to obtain the calibration equation for the flow probe. The
pressure transducers were calibrated using the column of fluid method at 4 different
pressures, recorded to obtain the calibration equation for each transducer. Both flow
and pressure were calibrated in a physiological range of human aorta. Flow probes
have been calibrated through a higher number of measurements, compared to
pressure transducer, because of a higher variability in measurement for any given
flow.

Typica calibration lines are provided in Figure 2-1, for pressure transducers,
and in Figure 2-2, for flow probes. For all the calibration lines presented, the R-
squared value is higher than 0.99, demonstrating the excellent reliability of the

measurements from the instrumentation used.
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Figure 2-1: Pressure transducers calibration. A) calibration of single transducer
pressure catheters (PUP and PDWON); B) calibration of a three transducers
pressure catheter (PTIP, PCENTRE and PBASE).



6.25
5. _ \/:14%6){-0’211
y = 20.663X - L1743
= Rz:o.gglz/ZiZW
'€ 3.75
5 ¢ FUP
3 2.5
(19
1.25
0- 1 1 T 1

0. 0.1 0.2 0.3 0.4
Measured value (V)

Figure 2-2: Flow probes (FUP and FDOWN) calibration shows an R®value higher
than 0.99.

Furthermore pressure transducer and flow probe measurements repeatability
was verified through comparing different IABP beats measured in identical set-up
and conditions. Results are presented in Figure 2-3, for both pressure and flow.
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Figure 2-3: A) Measured flow and B) measured pressure during two IABP beats
pulsating in the same set-up. Both flow and pressure measurements show good
repeatability for the two | ABP beats analysed.
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2.1.2 1AB diameter calibration and accuracy

IAB diameter measurement (Chapter 3) accuracy depends on the calibration
accuracy and on the resolution of the images captured by high speed camera during
IABP pulsation. The calibration was performed through the measurement of a
reference known diameter and by taking into account the effect of light refraction
through the silicone rubber tube filled up with water, where the recorded IAB
pulsated. This second factor was quantified through recording and measuring the
size of arigid object of known dimension. The correction factor for the refraction of
the light in this set-up was 1.08.

To further verify the accuracy of the refraction coefficient calculated, it was
measured the size of objects characterized by different known dimensions within the
silicone rubber tube filled up with water. In this way it was possible to highlight the
difference in light refraction for any I1AB configuration: deflated, partialy inflated or
totally inflated. The diameters of the three objects were as follows:

A =19.10 mm

B =8.10mm

C=520mm
M easurements through ProAnalyst resulted in the following values:

A =20.68 mm

B =8.41 mm

C=525mm

The diffraction correction coefficient results in 1.08 for object A, 1.04 for B
and 1.01 for C. The use of 1.01 instead of 1.08 on the minimum diameter results in
maximum 7% error.

The spatial resolution of the recorded image depends on the acquisition
resolution of the high speed camera and on the size of the recorded window. As the
resolution of recorded image was 800x600 pixels, the spatia resolution achieved
was calculated as 0.004 cm. In Chapter 3 the smallest recorded diameter is close to
0.8 cm, while the smallest significant difference in diameter indicated is 0.15 cm.
The spatia resolution (0.004 cm) represents 0.5% and 2.7%, respectively, of these
values, highlighting the significance of the results presented in Chapter 3.
Furthermore all average values and standard deviations are reported to the second
decimal of cm. Repeatability of the diameter waveforms is also provided in Chapter
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3, through reporting the standard deviation of the diameter (5 measurements taken)
during the counterpulsation cycle.

2.2 Statistical analysis

Throughout experimental Chapters (3, 4, 5, 6), results are indicated as mean
values + standard deviation. T-student test two-tailed was used for the calculation of
the p value. Vaues of p < 0.05 were considered statistically significant, p > 0.05 and
< 0.1 were considered statistically low significant and > 0.1 were considered

statistically non significant.
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Chapter 3 Measurements of Intra-Aortic Balloon (IAB) wall

movements during inflation and deflation: Effects of angulation
*

3.1 Chapter outlook

It has aready been exposed, in the literature review, the negative effect of
placing the balloon at a semi-recumbent position. There is poor information in regard
to quantitative changes in balloon diameter during counterpulsation at the horizontal
and angled positions. Measurement of balloon diameter throughout its
counterpulsation cycle can provide further explanation regarding its different
inflation and deflation mechanism at the two positions. In this chapter balloon
counterpulsation will be investigated, at a horizontal and semi-recumbent position,
through the analysis of the IAB wall movements in combination with pressure
changes in the fluid surrounding the balloon, with a particular focus on the deflation

phase, which has been less studied in previous works.

3.2 Introduction

Although the IABP has been widely used in the clinical practice for more
than 40 years and many studies have been conducted for the improvement of the
device, the mechanics of balloon inflation and deflation are still not well understood.
Of particular relevance is the issue of IABP decrease in performance when operating
at a semi recumbent position (performed to avoid respiratory complications), which

%8, %9 and to enhance

is the preferred position to avoid respiratory complications
atrial emptying. Specifically Lorente et a. > suggested that the position of the
patient should never be less than 10°. Even though the position at which the patient
is kept can change based on their pathology and respective hospital, a semi
recumbent position isindicated for al patients undergoing IABP therapy.

In previous studies Khir et a " observed that the angled position might
induce reduced performance of the IABP both, in terms of coronary flow and end
diastolic pressure. This can be due to the angled position inducing a hydrostatic
pressure difference between the tip and the base of the balloon, resulting in the tip to
experience higher trans-mural pressure (pressure difference across the balloon wall)
and inflate before the base, and in the base to deflate before the tip due to lower

trans-mural pressure.
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Previous studies aimed to investigate balloon mechanics through analysing
qualitatively its wall movement during counterpulsation %, Bleifeld et a ® used a
cine-angiographic technique in hydraulic models, at horizontal and vertical positions,
and animal experiments in order to obtain knowledge of the inflating and deflating
behaviour of standard cylindrical and differently shaped balloons. Through this study
it has been determined that the inflation and deflation pattern is pressure-dependent,
by demonstrating that, if vertically, the baloon inflation starts at the tip moving
towards the base and reversed for deflation, because of the higher surrounding
pressure at the base of the balloon. This study also explains that the trapping
phenomenon, according to which the tip and the base of the balloon inflate before
the rest of the balloon at a horizontal position, disappears when a pressure difference
is present between the two ends of the IAB.

Previous studies from our group ®*%*%® yerified that the fluid volumes
displaced towards tip and base of the IABP change with angle; an increase in angle

62636668 and an increasein

corresponded to a decrease in volume displaced upstream
volume displaced downstream ®, during inflation. Information obtained about
balloon wall movement from the acquired images also enabled the quantification of
the duration of inflation and deflation at different angles ®2%%. After separating the
contribution of head pressure acting around the balloon from that of angle, it was
demonstrated that increasing angle induces an increase in both duration of inflation
and deflation %,

In the above studies a methodical analysis of the deflation process is absent,
even though this phase of the counterpulsation cycle is essentia in improving the
oxygen balance of the heart through decreasing end diastolic pressure, thus reducing
left ventricular afterload and therefore lowering oxygen demand. A study focused on
the analysis of IAB wall movements during inflation/deflation, supported by flow
and pressure measurement, would add important explanations into the changes in
fluid dynamics taking place at an angle and €l ucidate the reasons for the reduction in
benefitsin this setting.

Hence the overall aim of this chapter is to add to quantifying IAB diameter
changes, derived from wall movements, and its effects on hemodynamic parameters
during inflation and especially deflation at horizontal and angled positions. The
quantification of the balloon movements, if repeated for several beats, can provide

consistency to the measurement and, consequently, provide a strong scientific proof
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for justifying a different performance of the device when it operates at an angle.
Therefore the innovative aspects of the current study that will support the required
detailed examination of the physica phenomena taking place, will be the
measurement of balloon wall movements throughout the counterpulsation cycle at
three locations along the balloon, featuring surrounding fluid pressure distribution
measurements at the same locations. The study will be focusing on the deflation
phase, which has been less studied in the past and deserves a more thorough
understanding. In fact, according to Cheung et al. ® (1996), this might be the main
advantage of the IAB, acting for reducing ventricular afterload.

3.3 Material and methods

3.3.1 Experimental set up

The experimental set-up is shown in Figure 3-1. A straight silicone rubber
tube (AO) of 2.3cm internal diameter, 40 cm in length and 0.25 cm wall thickness
was selected to replicate the aorta. Although the length of the tube was selected to
resemble the average length of the aorta, the wall thickness and diameter of the tube
were constant along the tube to avoid complications with the visualization technique.
The compliance of the AO was measured by inserting a volume of 20 ml of water
into the aready filled and sealed AO, in 4 steps of 5 ml, and measuring the
corresponding pressure change. It was found to be 0.084 ml/mmHg, comparable to
the physiological vaue of 0.11 ml/mmHg measured in the thoracic aorta, reported by
Westerhof et a.”. The AO was filled with water, and a Linear 40 cc IAB
(Datascope, Fairfield, NJ, USA) with a maximum diameter of 1.6 cm and length of
27 cm was placed inside. The AO was placed on a platform, whose angle to the
horizontal could be adjusted to resemble different patient postures, and connected to
a reservoir. The tubes connecting the AO to the reservoir on the two sides
represented the physiological resistances upstream and downstream the IABP, of 84
mmHg*min/L and 26 mmHg*min/L respectively, reported by Khir et a. ®’. These
values were implemented experimentally through using tubes of diameter and length

according to the relationship presented by Kolyva et a. in 2010

. Physiological
compliance distribution, also according to Khir et a., 810° ml/mmHg above and
21*10° ml/mmHg below the balloon, was resembled by placing syringes upstream

and downstream the IAB. Correspondence between syringes volume and value of
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compliance was reported by Kolyva et a. ™° during the development of an

experimental mock circulation system.

Upstream Upstream Downstream Downstream
Compliance Resistance Resistance Compliance
— ¢ Pra—
Pressure

catheter l

Intra Aortic

Balloon Artificial
l Aorta

DAQ

Figure 3-1. Experimental set up. The reservoir is connected to the silicone rubber
tube via two plastic tubes constituting upstream and downstream resistances. The
balloon is placed in the middle of the silicone tube. A pressure transducer is placed
besides the |AB, measuring pressure on its tip, centre and base, and one flow probe
is secured on the upstream tube for measuring the volume displaced and sucked from
upstream. Triggering of balloon pump, data acquisition and high speed camera is
ensured by the button shown in the bottom of the figure.

The reservoir provided the initial static head pressure (Ps) of 90mmHg,
replicating aortic pressure at the time of the dicrotic notch (generally used as
landmark for the onset of inflation). This Ps was achieved using the calculation
P<=pgh, where p is water density (1000 kg/m®), g is gravitational acceleration (9.81
m/s’) and h (1.20 m) is the lateral distance between the water level in the reservoir
and the centreline of the balloon ®2. For the horizontal and angle 45° positions h was
kept constant by raising the reservoir accordingly in order to maintain the same static
mean pressure at the centre of the balloon.
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The balloon was connected to an IABP (Datascope CS300, Datascope,
Fairfield, NJ, USA), which was triggered through a wave generator replicating a
heart rate (HR) of 65 bpm to simulate physiological operating conditions. A high
speed camera (AOS technologies AG), used for the recording of the balloon wall
movement of the longitudinal section of the IAB, at a rate of 500 Hz, was aso
activated by the pulse generator; in this way the starting of the IABP trigger and the
filming of the balloon were synchronized, and enabled the mapping of the recorded
signals. Specialized software (AOS Imaging Studio V 2.5.6.1) was used to control

the camera and adjust the grey scale and luminosity.

3.3.2 Measurements

A catheter (6 Fr., Gaeltec, Scotland, UK) with 3 pressure transducers was
inserted in the AO and positioned along the balloon in order to measure the pressure
at 3 sites, tip-, base- and mid-point. The flow rate upstream of the balloon tip was
measured through a 28 mm flow probe (28A, Transonic, Ithaca, NY, USA), snug-
fitted to the AO at 5 cm away from the tip of the balloon. Un-calibrated Helium
pressure and pulse generator signal were recorded to indicate landmarks of inflation
and deflation, and accommodate synchronization of all recorded signals,
respectively. The latter were acquired at a sampling frequency of 2000 Hz. 10
different experiments were conducted, 5 at a horizontal position and 5 at an angle of
45°, and data of 10 consecutive beats each were recorded during 1:1
counterpulsation using an anaogue-digital converter and Labview software
(National Instruments, Austin, TX, USA).

3.3.3 Dataanalysis

3.331 Filter

A Savitzky—Golay low-pass filter (windows size 51, and polynomial order 2)
was used for smoothing the pressure and diameter waveforms. No filter was applied
on the flow waveform, since the volume measurements from the flow waveform are

not affected by white noise.
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3.3.3.2 Pressureand flow data

Flow and pressure waveforms at a horizontal and at an angle of 45°, were
analysed off-line using Matlab (The Mathworks, Natick, MA, USA). The inflation
and deflation periods were identified, on the flow waveform, as the period between

point A to point B, and point B to point C, respectively, as shown in Figure 3-2.

= Flow
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Figure 3-2: Flow waveforms for upstream (solid black line) and IABP Helium
pressure (dotted black line). The area integrated under the solid line between points
A and B indicates the volume displaced away from the tip of the balloon during
inflation. The area integrated above the solid line between points B and C indicates
the volume sucked from the tip of the balloon during deflation. These values are
divided by the nominal volume of the balloon to give VUTVI and VUTVd,
respectively.

The volumes displaced upstream beyond the tip (VU) during inflation and
sucked from upstream (VS) during deflation were calculated by integrating the area
below and above the flow waveform measured upstream, respectively. VU and VS
were subsequently normalized as a ratio of balloon nomina volume (Vn = 40 ml),
obtaining volume displaced towards upstream (VUTVi) during inflation, and volume

sucked from upstream (VUTVd) during deflation. Also the pressure pulse due to
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inflation (PPi) and deflation (PPd) at the 3 measurement sites along the balloon was
determined. PPi is calculated as the difference between the pressure value after the
onset of inflation and maximum pressure, whilst PPd is calculated as the difference
between the pressure value after the onset of deflation and the minimum pressure
value. The pressure difference between tip pressure and base pressure has also been

calculated and expressed during the cycle.

3.3.3.3 Images

Wall movement at six locations along the balloon, tip-, base- and mid-point,
was tracked off-line in the “.avi” video recorded by the high speed camera, for the
same beats for which flow and pressure were analysed, using ProAnalyst (Xcitex,
Inc., Cambridge, MA 02141 USA). Images were analysed through a DELL laptop
featuring a screen with resolution of 1024 x 768. The quality of the image hence
depended on the resolution of the acquired image, smaller than the one of the screen
and corresponding to 800x600. This resulted in a spatial resolution of 0.004. The
diameter was then calculated at 3 pairs of locations and was followed throughout one
cycle. This latest process is indicated in Figure 3-3. The duration of inflation and
deflation was also calculated from the images obtained from the filming of the
balloon during counterpul sation.

3.3.4 Calibration

Diameter calibration, in ProAnalyst, was made through assigning 2.8 cm to
the external diameter of AO. Also, in order to eliminate the effect of light refraction
through the silicone rubber tube filled up with water, a rigid object of known size
was inserted in the tube and recorded by the high speed camera. Afterwards the size
of the object as it appeared within the rubber tube was measured in ProAnayst to
establish the degree the over-estimation due to the refraction of the light. The
correction coefficient was found to be 1.08.



Figure 3-3: An image of the balloon while counter-pulsating as recorded through

high-speed camera at an angle of 45°: it is possible to see the tip of the balloon
inflated, differently from its base. Red lines indicate where the diameter

measur ements wer e taken.

3.3.5 Diameter measurement reproducibility

5 recordings of the IAB while counter-pulsating at each position, horizontal
and angle 45°, have been considered in the calculation of the base, centre and tip
diameter waveforms, to check the reproducibility of the balloon movement. The
maximum coefficient of variation, expressing standard deviation over average value,
throughout the cycle, position and site along the balloon was found to be 0.27 (centre
of the IAB, at an angle of 45°).
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3.4 Reaults

3.4.1 Duration of inflation and deflation

The duration of inflation, calculated as specified from the video recordings,
resulted in a decrease by 15.5% when the operating position was changed from the
horizontal to an angle of 45° (0.275 + 0.002 vs 0.232 + 0.009 s, p < 0.01). The
duration of deflation was found to increase by 35% from horizontal to the angle of
45° (0.309 £ 0.015vs 0.417 + 0.008 s, p < 0.01).

3.4.2 Diameter at base, centreand tip

3.4.2.1 Base of the balloon

The measured diameter corresponding to the base of the balloon, at the
horizontal position and angle of 45°, is shown in Figure 3-4 C. Standard deviation
associated to the measured diameter, expressed in relation to its mean value, at each
data point is shown in Figure 3-5 C. After the inflation peak at an angle of 45° the
balloon base reaches, after the inflation peak, a loca minimum diameter 0.044 s
earlier, compared to the horizontal position. The diameter in the “plateau” area of
inflation is 1.66 cm and 1.71 cm, at its maximum, for the horizontal and 45° angle
positions, respectively. The deflation starts 0.007 s earlier at an angle of 45°

compared to the horizontal position.

3.4.2.2 Centreof theballoon

The measured diameter at the centre of the balloon and standard deviation
over mean value are shown in Figure 3-4 B and Figure 3-5 B, respectively for the
horizontal and 45° angle positions. The diameter waveform follows a similar pattern
for both positions. The deflation pattern between the two positions present one main
difference: at 0.64 s the diameter waveform shows one peak, at an angle of 45°,
which is absent at the horizontal position. The change in diameter corresponding to
this peak 15 0.29 cm (1.18 £ 0.22 vs 0.89 + 0.04 cm, p < 0.05) and is easy to seein
Figure 3-4 B. Also the minimum diameter reached by the balloon on this site is
comparable: 0.67 + 0.07 cm at a horizontal position and 0.82 + 0.16 cm at an angle
of 45°. The starting of the deflation is noticed simultaneously at an angle of 45° and
at the horizontal.
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3.4.2.3 Tip of theballoon

The measured diameter associated at the tip of the balloon clearly shows
differences between horizontal and the angled position (Figure 3-4 A). Its standard
deviation (over its mean value) is shown in Figure 3-5 A. The main differences
between the two waveforms are found at the beginning of its inflation and
throughout the deflation process. After the onset of inflation the diameter associated
to the tip of the IAB present a first peak before increasing steeply: the maximum
value of this peak is0.92 + 0.13 cm at a horizontal position and 1.25 + 0.17 cm at an
angle of 45°. Also, the inflation peak is reached 0.029 s before at the angled position
compared to the horizontal one. At this site the IAB diameter starts decreasing after
the onset of deflation simultaneously at a horizontal and angled position, but is
characterized by afurther increase starting at 0.93 £ 0.03cmand 1.36 + 0.05cm at a
horizontal position and angle of 45° respectively. This increase brings the diameter
value up to 1.22 + 0.05 cm and 1.71 £ 0.02 cm at a horizontal position and angle of
45°, respectively. Afterwards the diameter reaches its minimum value of 0.69 + 0.05
cm at the horizontal position while at the angled position presents one further
oscillation and, after a ‘plateau’, reaches its minimum value of 1.02 £ 0.12 cm. It
was noticed that, at an angle of 45°, the tip of the balloon does not decrease below
1.37 = 0.04 cm (58% of aortic diameter) before 0.91 s (0.04 s before the following

cycle).

3.4.3 Pressureat base, centreand tip

The inflation pressure pulse did not change markedly aong the balloon at the
two different angles (Table 3-1), but decreased throughout the IAB by 9% from the
horizontal to the 45° angle: the base and centre of the IAB are associated with the
higher pressure pulse at the horizontal position, 235 mmHg, 2.13% higher than the
one at the tip (p < 0.05); at the angled position, this pulse was 215 mmHg, 3.26%
higher than the one at the tip (p = 0.07). Similarly, the deflation pressure pulse
distribution along the balloon remained almost unchanged with angle (Table 3-1),
and decreased homogeneously. At the centre the decrease was -14.2% (150 + 3 vs
128 + 1 mmHg, p < 0.01) from 0° to 45°.
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Figure 3-4: Diameter measured in the horizontal (solid line) and the 45° (dashed
line) positions at the base (A), centre (B) and tip (C) of the balloon.
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Figure 3-5: Ratio between standard deviation and mean value of measured diameter
at the horizontal (blue line) and angle of 45° (red line) positions at balloon base (A),
centre (B) and tip (C).
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Table 3-1: Inflation and deflation pressure pulses are reported for tip, centre and
base of the balloon, and for horizontal, angle 30 and angle 45 positions.

Horizontal (mmHgQ) Angle 45 (mmHQ)
Tip 230+1 208+ 4
I nflation Pressure
Centre 235+1 214+ 4
Pulse
Base 235+ 1 215+5
Tip 147+ 3 130+ 3
Deflation Pressure
Centre 150+ 3 128+ 1
Pulse
Base 146 £ 1 122+1

Results in terms of pressure difference between tip and base during one cycle
are shown in Figure 3-6. The main difference between horizontal (Figure 3-6 A) and
the angulated (Figure 3-6 B) position was the presence of a peak after onset of
deflation (indicated with an arrow) in the latter.

344 Flow

The results in terms of VUTVi and VUTVd show that with increasing angle
the performance of the IABP decreases (Figure 3-7). VUTVi varied non-
significantly from horizontal to the 45° angle (-3.6%, 0.41 £ 0.03 vs 0.40 + 0.04
mmHg, p = 0.6). The results in terms of VUTVd, instead, showed that at an angle to
the horizontal the performance of the IABP decreases. Particularly, by increasing the
angle from 0 to 45° VUTVd decreased by 15% (0.33 £ 0.03 vs 0.28 £ 0.04 mmHg, p
=0.112).
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Figure 3-6. Pressure difference between tip and base of the balloon (blue) at a
horizontal (A) and at an angled position (B), plotted with the IABP un-calibrated
Helium pressure (red). Arrows indicate the deflation start. A clear peak is visible
immediately after deflation onset at an angled position, circled in black, and not at a

horizontal position.
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Figure 3-7: Volume displaced upstream and sucked from upstream divided by total
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3.5 Discussion

The present study was conducted in a compliant tube, providing the
opportunity for comparison with the findings of studies conducted in different test
beds (less physiological). Measurements of balloon diameter, derived from IAB wall
tracking, at the base, centre and tip during counterpulsation at horizontal and angle
of 45° positions showed changes when the balloon was operating at an angle. These
were accompanied by changes in surrounding fluid pressure along the balloon and in
flow volume displacement. Particularly the deflation phase was markedly influenced
by a change in the operating angle of the balloon: measured diameter waveforms
(Figure 3-4 A, B and C) and pressure (Table 3-1) associated to the balloon showed a
decrease in deflation effectiveness with increasing angle. This is expressed by a
longer time for the IAB tip to deflate and a smaller deflation pressure pulse (Table 3-
1) and, consequently, decreased VUTVd (Figure 3-7) with increasing angle. Also,
the inflation phase was characterised by diameter and pressure contours that varied
in case of angulation of the baloon. The starting of inflation is characterised by a
higher peak diameter at the tip of the baloon, in case of angulation. Overall the
inflation pulse is also decreased with increasing angle (Table 3-1).

62



Inflation and deflation phases are influenced by the external pressure acting
on the balloon, since it affects the effect of trans-mural pressure across the flexible
IAB wall. The trans-mural pressure is defined as the difference in pressure between
the pressure in the balloon chamber and the one of the fluid surrounding the IAB.
When increasing pressure of fluid surrounding the balloon, trans-mural pressure
decreases and the balloon wall would tend to collapse (“bend”), disadvantaging
somewhat inflation and benefiting deflation. At the same time, as described by
Biglino et a.%?, the IAB cross-sectional area under these circumstances might not be
circular, but elipsoidal. Oppositely, at high trans-mural pressures inflation will be
favoured and the balloon cross-section can be expected to be circular, with the
balloon membrane possibly even stretching. When trans-mural pressure varies along
the balloon, clearly a mixture of the above behaviours will be observed at different

balloon segments.

35.1 Inflation

The results here presented showed that, when the balloon is placed
horizontally, its diameter increases first at the base, then at the centre and finally at
the tip. This finding contrasts with observations in one earlier work. Indeed Bleifild
et al. % observed that at a horizontal position the IAB inflated first at its tip and base,
amost simultaneoudly, and finally at its centre. The main reason could be found in
the tube containing the balloon. Bleifeld et al. used a PersPex case filled up with
both water and air, to recreate the mechanical characteristics of a physiological aorta
% and placed a stiff tube accommodating the balloon inside the chamber. The
authors concluded that free radial volume displacement of the balloon is prevented
by the surrounding stiff tube. Consequently the initial inflation of balloon at both
ends, and not in the middle, occurs because the rapid gas filling of the balloon
prevents the fluid surrounding the balloon from being displaced ® when the balloon
is placed in a stiff tube. On the other hand, in this study a silicone rubber tube, with
size and elasticity similar to the ones of the aorta, has been used for containing the
balloon. Hence, as shown by the results at a horizontal position, the compliance of
the tube could affect the balloon inflation mechanism through accommodating a part
of the fluid displaced by the balloon, resulting in the inflation to start at the base and
continue towards the centre and tip.
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The diameter waveforms after the peak of inflation shows that at a horizontal
position the tip of the IAB has a smaller diameter compared to the centre and base
for the first part of inflation, till 0.185 s (Figure 3-8 A), while at an angled position
the tip of the balloon (Figure 3-8 B), presents a first small inflation peak resulting in
this segment of the IAB to be bigger than the rest of the balloon till 0.098 s. Hence
the obstruction to upstream flow displacement imposed by the tip of the IAB during
this phase can be expected to have more detrimental effects at an angled position
compared to the horizontal position. This may affect negatively VUTVi, which
however decreased not significantly by 3.6% (p = 0.6) when changing from
horizontal position to an angle of 45°.

Finally the duration of inflation measured in this study did not confirm
Biglino et al. ® measurements, taken at a pressure of 90 mmHg. In their study the
duration of inflation was found not to vary significantly from 0° to 75°, on average
0.27 s, while in the current study this duration varied from 0.275 + 0.002 s at a
horizontal position to 0.232 + 0.009 s at an angle of 45°. However, Khir et a. ®
found a similar variation in the duration of inflation compared to the present study (-
20% in duration of inflation from 0 to 60°, comparable to -16% (p < 0.05) from 0 to
45° presented here), even though the duration of inflation at the horizontal position
was dlightly different (0.20 vs 0.275 s).

3.5.2 Deflation

This study showed that an increase in the operating angle of the balloon
induces a decrease in both VUTVd (Figure 3-7) and deflation pressure pulse (Table
3-1), thus compromising fundamental hemodynamic benefits associated with balloon
deflation. A reason can be found through the comparative assessment of the pressure
and diameter tracings at the tip of the balloon, at a horizontal position and at an angle
of 45° (Figure 3-9). After the onset of deflation, the negative slope of the diameter
waveform at the tip of the balloon is smaller at an angle than at the horizontal
position, with the diameter decreasing by 0.4 cm in 0.054 s at an angle and 0.83 cm
in 0.07 s at a horizontal position. In addition at the tip the balloon reaches its
minimum diameter 0.19 s later at an angled position compared to the horizontal one.

Both effects lead to a smaller deflation pressure pulse.
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Figure 3-8: Diameter measured in the horizontal (A) and angled (B) positions for
tip (blue line), centre (thick red line) and base (black line) of the balloon. While at a
horizontal position (A) the inflation peak appearsfirst at the base followed by centre
and tip, at an angle (B) inflation is less linear and shows a first smaller inflation
peak at the tip of the |AB.
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Figure 3-9: Diameter and pressure waveforms in the tip of the balloon at a

horizontal (blue) and angle of 45° (red) positions.

The quantification of the delay in deflation starting in vitro could be useful
when projected in clinical settings and particularly in patients with fast heart rate for
whom systole might start before the IAB base diameter reaches its minimum. An
earlier onset of deflation might counterbal ance this loss/drawback by shifting earlier
the time minimum pressure is achieved at an angled position and thus alowing
improved reduction in afterload. It has to be taken into consideration, though, that
inflation would be more productive if elongated.

Because diameter waveforms showed that the base is the first IAB segment
to completely deflate at an angle, while the tip is only partially emptied (Figure 3-8
B), the Helium flow can be expected to encounter a higher resistance flowing back
towards the pump and therefore the balloon will empty, especidly at the tip, a a
slower pace. This loss in efficiency is reflected in a 15% reduction (p = 0.11) in
VUTVd. An additional reason for the deterioration in VUTVd and deflation pulse at
an angle might be found in the increased resistance imposed on flow suction from

upstream with increasing angle. As aready mentioned, when the IAB is tilted it
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starts deflating from the base while the tip is the last to deflate (Figure 3-8 B); this
event results in the tip remaining the IAB segment with the largest diameter
throughout the deflation phase and thereby imposing the largest obstruction to flow
sucked from upstream .

To thisissue it is aso relevant to underline the differences between tip-base
differential pressure at a horizontal position and at an angle. If the baloon is a a
horizontal, no sharp change in differential pressure is noted after the onset of
deflation, confirming that the deflation starts simultaneously at the tip and base of
the balloon (Figure 3-6 A - C). Differently, when the baloon is tilted, a peak is
observed (increasing differential pressure between tip and base) immediately after
deflation starts (Figure 3-6 B), underlying the different deflation mechanics which,
influenced by hydrostatic pressure difference, starts at the base and proceeds towards
thetip.

The loss in performance of 1AB deflation pulse is also related to the duration
of deflation, which was found to increase when changing the position from
horizontal to the angle of 45°, confirming what was found by Biglino et a. ® at a
pressure of 80 mmHg. In fact Biglino et al. report a duration of 0.40 s at a horizontal
position and 0.47 s at an angle of 75° (+ 17%); such an increase was also found in
the present study, even though the duration was overall shorter, from 0.309 + 0.015 s
at a horizontal position to 0.417 + 0.008 s at an angle of 45° (+ 35%, p < 0.05). This
latest result is in contrast with findings by Khir et a. ® who reported an overall
unchanged duration of deflation of 0.28 s between the horizontal position and angle
of 60°.

3.5.3 Experimental and measurements Consider ations

The values of pressure presented in Table 3-1, are exceptionally higher than
those observed in vivo. This could be due to a number of reasons, a) the
experimental set up is smple with resistances and compliances ssimulated in the
mock loop as lumped parameters, b) the distance travelled by the waves generated
by IAB inflation and deflation is rather short, compared to that in vivo, which
enhances the magnitude of reflected waves causing an increase in pressure, ¢) the
volume of fluid used in this study is less than the volume of blood in the human
body, and therefore the effect of balloon inflation and deflation will be magnified as

it operates on a smaller volume. Nevertheless, replicating in vivo pressure or flow
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waveforms was not the focus of the current work, but rather analysing IAB wall
movements at the horizontal and angled positions.

In this work, the diameter of the IAB was taken as the distance between the
two walls at the frontal plan, rather than actual diameter. Also, the IAB isfilled with
helium and the pressure is expected to be radially uniform throughout its cross-
section. Further, the camera was always placed as a right angle to the IAB long axis.
Therefore, the measured distance between the two walls during inflation can be
reliably used as the nominal diameter of the IAB cross section at the given location.
When the IAB walls are totally collapsed at end of deflation, the measured diameter
will reduce to be the thickness of the walls.

The refraction factor determined in this study takes into account the
distortion effects of both the silicone tube and water together, and hence corrects for
their combined effect. We note the refraction factor was determined by placing the
rigid object inside the silicon tube only at a one distance away from the wall of the
silicon tube, whilst the balloon walls will be moving at a varying distance from the
silicon tube wall during inflation and deflation. Given the distance travelled by the
balloon walls as it approaches the walls of the silicon tube is small (0.8 cm), we
expect the different refractions will be inconsequential to our results.

As afurther analysis on refraction coefficient, different objects size has been
measured outside a tube filled with water and, through the use of high speed camera
and ProAnalyst software, inside a tube characterized by the same size and properties
of the one containing the IAB. This type of verification would highlight the
difference in light refraction in case IAB is deflated, partidly inflated or totally
inflated. The diameters of the three objects were the following:

A =19.10 mm

B =8.10mm

C=520mm
M easurements through ProAnalyst resulted in the following values:

A =20.68 mm

B =8.41mm

C=525mm

Hence diffraction correction coefficient results in 1.08 for object A, 1.04 for
B and 1.01 for C. It was calculated that the use of 1.01 instead of 1.08 on the

minimum diameter results in maximum 7% error.

68



3.5.4 Limitationsand futurework

The main limitation of the study is related to the recording plane of the
balloon. In this study the IAB has been filmed and analysed just on the frontal plane
(side view) and consequently only information about the wall movement on that
plane can be obtained. However, recording simultaneously the movement of the
balloon wall from the top plane would in fact provide information about the shape of
the cross-sectional area and make the analysis more compl ete.

The current experimental set-up did not include a physica model of the
coronary circulation. This would have been useful to study the effect of angulation
on coronary flow. However, given that the focus of this work is placed on studying
the IAB wall patterns of inflation and deflation at the 0° and 45°, an inclusion of a
coronary circulation model would not have likely changed the results or the

conclusions drawn from the current work.

3.6 Conclusions

A study showing changes in diameter of the IAB during its inflation and
deflation in a compliant tube is absent from the literature. The research presented
here revealed some critical aspects of the mechanics of deflation of the balloon. This
phase changes radically when angulating the balloon: the deflation is confirmed to
be slower and deflation pulse to be smaller in case of angulation, compared to a
horizontal position. In fact the diameter waveforms showed that the balloon base
completely deflates first, and might provide a high resistance against the flow of
Helium from the balloon towards the pump, causing the tip to stay amost
completely inflated, as shown by the diameter measurements, till 0.04 s before next
inflation. As aresult VUTVd decreased with increasing angle. Also the mechanism
of inflation changes when balloon operates at an angle: a this position the IAB tip
shows to inflate before the rest of the balloon and might consequently provide a high
resistance against the flow to be displaced towards coronary circulation.

The quantification of the delay for the tip of the IAB in reaching the
minimum diameter at an angled position compared to the horizontal can be useful
from a clinical point of view and should be considered when determining optimal
deflation timing, particularly taking into consideration the impedance against the
systolic flow that the tip of the balloon would provide if not completely deflated.
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The results of this work, although in vitro, have clinical implications and
suggest that from efficacy viewpoint, IABP patients are best nursed at the horizonta
position. Since most patients using the IABP need to be nursed at the semi-
recumbent position, it seems that modification to the balloon shape, filling patterns,
inflation and deflation timing at the various angles require further investigations to
achieve maximum benefit of this therapy.
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Chapter 4 Effect of changesin Intra-aortic balloon shape on |1AB
per formance **

4.1 Chapter outlook

The work described in Chapter 3 about the lack of IAB deflation

63,66-68,71 on the

effectiveness at a semi-recumbent position, and of previous works
detrimental effect of an angled position on coronary flow supported by IABP,
suggest the need for modifications of the current baloon design, aiming at
containing the drawbacks of operating the IAB when tilted. With the present work it
is aimed at assessing the changes in IAB volume displacement and pressure pulse,
during inflation and deflation, in case the balloon is characterized by a different
shape, at horizontal and angled positions. This chapter describes a pilot study
attempting to define the differences induced by a change in the balloon shape, and as
such relates the different behaviour of the balloons at different positions only to the

different shape.

4.2 Introduction

In the past years different studies compared balloons with different volume

but same shape "

in the same experimental set-up in an attempt of defining the
relationship between the hemodynamic parameters and the balloon’s nominal
volume. Surprisingly, the authors did not report any difference between the different
sized balloons.

As dready reported in the Introduction Chapter of this thesis, aso the
guestion of balloon shape has previously been investigated, but our understanding of
the effect of these variables on the performance of the balloon remains incompletely
understood. To improve the efficacy of the balloon Anstadt et al.*” introduced a
balloon with a valve placed distally aiming at reducing retrograde flow in the
abdominal aorta during deflation, in order to increase thoracic aortic flow and
consequently improve systolic unloading. Further Bai et a.* designed and tested
computationaly and experimentally a multi-chamber balloon, and compared the
results to one- and two-chambered balloons. The authors suggested that an optimally
controlled multi-chamber balloon provided additional benefits and may potentially
be applied in the counterpul sation treatment. Furthermore Meyns et al >* tested a pre-

shaped balloon that is placed in the ascending aorta of sheep with coronary stenosis,
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and compared the results to those of standard cylindrical baloon placed in the
descending aorta. The pre-shaped baloon has significantly increased myocardial
blood flow in ischemic regions more compared to the standard balloon, without
compromising cerebral flow.

Nevertheless none of these balloons has been introduced to the market. Also
the devices have not been operated at a semi-recumbent position, leaving the issue of
the compromised balloon performance a an angle open. As aready mentioned
before operating the IAB at an angle might reduce its benefits, as reported by Khir et
al. ©. Moreover, as exhaustively reported in Chapter 3, when operating the balloon at
an angle the deflation effectiveness decreases. Hence, a balloon that can displace
more volume towards the ascending aorta when tilted or avoid to be affected by the
operating angle would be advantageous and highly desirable.

For this reason Biglino et a. ™ conducted a work based on the comparison
between two tapered balloons, which are described later in this chapter, and the
standard cylindrical ones, focused on finding a pressure locus along the balloons and
on the measurement of the volume displaced towards the upstream. The main finding
consisted in one of the two tapered balloons showing a higher volume displaced
upstream (divided by the total volume displaced by the balloon) compared to a 34 cc
standard cylindrical balloon both at a horizontal position (+ 7%) and at an angle of
19 degrees (+ 14%). Although the experiments have been conducted at a non-
physiological pressure (3200 Pa = 24 mmHg), two single positions have been
studied and in case of angulation the pressure in the middle of the balloon was not
maintained constant. Furthermore the work concentrated on analysing the
performance of the balloons during inflation, and did not report differences in
performance between the balloons at different angulations during deflation phase ™.

The aim of the present chapter is to further analyse the two new shaped
balloons which could potentially displace higher volumes than those displaced by the
traditional cylindrical balloon, during inflation and reduce the end diastolic pressure,
hence ventricular afterload, more than cylindrical balloon, during deflation, at both
the recumbent and semi-recumbent positions. Moreover, the balloons have been
studied in different conditions of intra-lumen pressure and heart rate in order to
identify the effect of these parameters on the balloon’s performance.
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4.3 Materialsand methods

4.3.1 Balloons

Three different shaped balloons (Datascope, Fairfield, NJ, USA) were
compared: acylindrical balloon with diameter (d) of 1.8 cm and length (L) of 27 cm
and two tapered balloons, one decreasing in diameter from the base to the tip (TDD)
and the other increasing in diameter from the base to tip (TID). The length of each of
the tapered balloons is 37cm and the maximum diameter (at the base for TDD and at
the tip for TID) is 2 cm. The three balloons are shown in Figure 4-1. The nominal
volume of each balloon was established by placing each balloon in a graduated
beaker and inflating with a syringe, recording the volume displaced once the
pressure within the balloon reached 70, 100 and 130 mmHg. The volume displaced
was then obtained through subtracting from the final volume, with inflated IAB, the
beginning volume, with deflated IAB. The average of the three values of volume
displaced has then been calculated. The displaced volumes were 42.9cc, 37.1cc and
36.2cc for the cylindrical, TID and TDD respectively.

4.3.2 Experimental set up

The experimental set up is shown in Figure 4-2. A straight silicone rubber
tube of 2.3 cm internal diameter, 35 cm in length and 0.26 cm of wall thickness has
been chosen to replicate the aorta. The compliance of the tube is 0.084 ml/mmHg,
which is comparable to that of the thoracic aorta of 0.11 ml/mmHg as measured by
Westerhof et a. ™. The tube was water filled and used to host each balloon, and it
was connected to an overhead reservoir through a pair of lateral tubes that included
two one-way valves to separate the volume displaced due to inflation from that due
to deflation. The set up was symmetrica compared to the 1AB, to provide equal
resistance to each side of the balloon. The tube accommodating the balloon was
placed on a platform whose angle to the horizontal was adjusted to replicate a
patient’s posture. Each balloon was operated by the same pump (Datascope 97xt,
Datascope, Fairfield, NJ, USA), which was triggered using the ECG of a patient
simulator. The reservoir provided the initial static head pressure (Ps), replicating
pressure at the time of the dicrotic notch (generaly used as onset of inflation) using
Pe=pgh, where p is water density (1000 kg/m®), g is gravitational acceleration (9.81
m/s’) and h (varied between 0.68 m and 1.20 m) is the lateral distance between the
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water level in the reservoir and the centreline of the balloon to present the balloon

mean pressure®?,

4.3.3 Independent and dependent parameters

The independent parameters involved in the experiment are:

Static head pressure. The Ps acting on the system consisted in 50, 70
and 90 mmHg. The change in pressure was performed by regulating

the height of the reservoir.

Heart rate. Three different heart rates influencing the duration of
inflation and deflation associated to the balloons have been studied
(60, 80, 100 bpm). The heart rate was settled and varied by using a
patient smulator (System trainer 90 series, Datascope) with the ECG
set at sinus rhythm.

Position. Four different balloon inclinations have been tested: 0, 20,
30, 45 degrees, to replicate patient posture. These angles were chosen
to compare a possible inclination in the clinical environment to the
horizontal. For al angles h was kept constant by raising the reservoir
accordingly to maintain the same static mean pressure at the centre of
the balloon.

The parameters selected to characterize the 1ABs performance are the volume

displaced towards the upstream (beyond the tip) by the balloon over total balloon

volume (VUTVi), the volume sucked away from upstream (from the tip) by the

balloon over total balloon volume (VUTVd), the balloons inflation pressure pulse

(PPi) and deflation pressure pulse (PP d) in three different sites along the device
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VTID=37.1cc

VTDD =36.2 cc

Figure 4-1: Schematic of the tested balloons, cylindrical (left), TDD (middle) and
TID (right). All dimensions are expressed in cm. The solid circle indicates the end of
the balloon to inflate first and the dashed circle indicates that to deflate first.

One-way

One-way
valve circuit

valve circuit

Flow probe
upstream

Intra Aortic Balloon

Artificial Aorta

Pressure catheter

Figure 4-2: Schematic representation of the experimental set-up in which all
balloons have been tested.
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4.3.4 Measurements

Pressure at 3 sites, tip-, base- and mid-point of the balloon, and flow rate
upstream the balloon were simultaneously measured at a sampling frequency of 2
KHz. One flow probe (28A, Transonic, Ethica, NY, USA) was snug-fitted to the
artificial aortaat 5 cm away from the tip of the balloon. A Gaeltec multi sensor (n =
3) pressure catheter (Gageltec, Scotland, UK) was inserted in the artificial aorta from
the left side, and placed along the balloon. Also, pump pressure was recorded to
indicate balloon pressure and landmarks of inflation and deflation. The data of 25
beats for each experiment were recorded using an analogue-digital converter and
Labview software (National Instruments, Austin, TX, USA). Data were analysed off-
line using Matlab (The Mathworks, Natick, MA, USA).

4.3.5 Dataanalysis

The inflation and deflation periods are defined in Figure 4-3. The volume
displaced upstream beyond the tip (VU) and sucked from above the tip (VUs) were
calculated by integrating the area below and above, respectively, the flow waveform
measured upstream. The two integrations take into account the flow changes due to
IAB inflation and deflation, hence the flow was integrated in correspondence of flow
waveform changes after inflation and deflation onset, as indicated in Figure 4-3. To
compare the results of all the balloons that have different nominal volumes (Vn), we
normalised VU and VUs as ratios of Vn, for volume displaced upstream (VUTVi)
during inflation and similarly, (VUTVd) during deflation. We determined the pulse
pressure due to inflation (PPi) and deflation (PPd) at the 3 measurement sites along
the balloon. PPi is calculated as the difference between the pressure value at the
onset of inflation and max pressure, whilst PPd is calculated as the difference
between the pressure value at the onset of deflation and the min pressure value. To
ensure steady state 10 beats were analysed (9"-18") for each experiment.
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Figure 4-3. Flow waveform on the upstream of the balloon (blue line). The arrows
and points A, B and C indicate onset of inflation, onset of deflation and end of
deflation respectively. The red line indicates the balloon pressure (not calibrated) as
recorded from the IABP. The area integrated below the blue line between points A
and B indicates the volume displaced away from the tip of the balloon during
inflation VU. The area integrated above the blue line between points B and C
indicates the volume sucked away from the tip of the balloon during deflation VUs.
These values are divided by the nominal volume of the balloon to give VUTVi and
VUTV, respectively.

44 Results
441 Volumedisplaced

4.4.2 Inflation

VUTVi is shown in the graph in Figure 3.4 for each balloon, from 0° to 45°,
for 60 bpm and 100 bpm heart rates, 90 mmHg of Ps. This pressure is highlighted
because it is the closest one to the physiological pressure acting on the balloon at the

onset of inflation.
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At 60 bpm VUTVIi decreased with increasing the angle from 0° to 45° for the
cylindrical balloon by 25% (0.48 £ 0.04 vs 0.36 = 0.02, p < 0.05), and marginally
changed for the TID (0.38 £ 0.02 vs 0.38 + 0.03, p = 0.74) but increased for the TDD
13% (0.47 £ 0.03vs 0.53 + 0.02, p < 0.05).

At 100 bpm VUTVi did not change markedly (+2%, 0.17 + 0.01 vs 0.18 £
0.01, p=0.1) for the cylindrical balloon, increased 23% (0.26 + 0.02 vs 0.32 + 0.02,
p < 0.05) for the TID balloon and did not vary significantly (-3.5%, 0.27 = 0.01 vs
0.26 £ 0.01, p = 0.3) for the TDD balloon, but in al cases it sharply decreased
compared to using 60 bpm, asvisiblein Table 4-1.

4.4.3 Deflation

VUTVd is shown in the graph in Figure 3.5 for each balloon, as for VUTVi
from the 0° and 45° positions, for 60 bpm and 100 bpm, 90 mmHg of Ps.

At 60 bpm VUTVd aso decreased with increasing angle from 0° to 45° by
21% (0.39 + 0.02 vs 0.31 £ 0.02, p < 0.05) for the cylindrical balloon and by 6%
(0.33 £ 0.01 vs 0.31 + 0.02, p < 0.05) for the TID, but slightly increased by 4.5%
(0.44 £0.01vs0.46 £ 0.02, p=0.1) for the TDD.

Using a heart rate of 100 bpm, VUTVd decreased by -12.5% (0.32 £ 0.01 vs
0.28 + 0.01, p < 0.05) for the cylindrical balloon, did not change (0.39 £ 0.01 vs 0.4
+ 0.02, p = 0.6) for the TID balloon and (0.41 + 0.02 vs 0.41 + 0.01, p = 0.7) for the
TDD balloon, and, similarly to VUTVi, decreased markedly, compared to using 60
bpm, for each balloon (Table 4-1).

78



A 60 bpm

0.6
y = 0.0012x + 0.4776
Rz =0.97
0475 = = =~ ~ %
y = -0.0025x + 0.4756
R2 = 0.8367 o
— m—g=—= Cy|indrical
S
E 035 —&— TID
~ y = -0.0002x + 0.3896 —4A— TDD
R2 = 0.1402
0.225 -
) 0-1 T T T 1
-10 5 20 35 50
Angle[°]
100 bpm
0.6 -
B
0.475 -
> y=00015x + 02483 === cylindrica
5 0.35 1 R2=0.8783 |
>
F_—‘——K:ﬂ
0.225 4, — 10,0003 + 0.2645
. P2 — ) 2272 w
y = 0.0001x + 0.1695
—01 . . . RE=0.0973
-10 5 20 35 50

Angle [°]

Figure 4-4: The graphs show the change in VUTVi associated to the three balloons
(dark solid line cylindrical IAB, grey solid line TID balloon and dark dashed line
TDD balloon) with a change in position from 0 to 20, 30 and 45 degrees, in case of

90 mmHg of head pressure and for 60 bpm (A) and 100 bpm (B).
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Figure 4-5: The graphs show the change in VUTVd associated to the three balloons
(dark solid line cylindrical IAB, grey solid line TID balloon and dark dashed line
TDD balloon) with a change in position from O to 20, 30 and 45 degrees, in case of
90 mmHg of Ps and for 60 bpm (A) and 100 bpm (B).
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Table 4-1: maximum loss in terms of VUTV between heart rate 60 bpm and heart
rate 100 bpm conditions, at a pressure of 90 mmHg, during inflation on the left and
deflation on the right, for each balloon.

Decreasein mean Decreasein mean VUTVd
VUTVi (60 to 100 bpm) (60 to 100 bpm)
Cylindrical balloon -53.3% -24.4%
TID -45.8% -15.3%
TDD -53.8% -14.8%

4.4.4 Pressure Pulse (PP)

4441 Inflation

Consistent in al the balloons, the lowest pulse pressure due to inflation (PPi)
is observed at the centre of each balloon, and the PPi at the tip is always higher than
that at the base, as shown in Table 42. At the horizontal position, the difference
between tip and base in PPi is 4% for the cylindrical balloon (154 £ 1.3vs 148 + 1.2
mmHg, p < 0.05), 8% for TID (136 + 0.6 vs 126 + 0.6 mmHg, p < 0.05) and 9.5%
for the TDD (127 £ 0.3 vs 116 + 0.7 mmHg, p < 0.05). Increasing the operating
angle resulted in a decrease in the pressure difference between the tip and base of the
balloons. At 45°, the difference is 2% (159 + 0.9 vs 155 + 0.9 mmHg, p < 0.05) for
cylindrical balloon, 4% (158 + 1.1 vs 152 £ 1.0 mmHg, p < 0.05) for TID and 4.5%
(138 £ 0.9vs 132+ 0.8 mmHg, p<0.1) for TDD.

All balloons produced a higher PPi when increasing the angle, and TID
induced the highest increase. Increasing the operating angle from 0° to 45°, PPi
increased by 3% (142 + 1.1 vs 148 + 0.8 mmHg, p < 0.05) for the cylindrical
balloon, and 16.5% (122 + 0.5 vs 130 + 0.4 mmHg, p < 0.05) for TID and 9% (113
+ 0.7 vs 128 + 0.8 mmHg, p < 0.05) for the TDD. Increasing the heart rate induced
slight changes in PPi, as indicated in Figure 4-6. Differently, in case of changesin
Ps, PPi shows important changes: at 60 bpm a change from 90 to 50 mmHg, PPi was
found to increase +16% (142.4 + 1.1 vs 164.7 = 0.6 mmHg, p < 0.05) for cylindrica
balloon, +25% (160.6 + 0.5 vs 122.3 + 0.5 mmHg, p < 0.05) for TID and +30%
(113.2+ 0.7 vs 152.7 = 0.7 mmHg, p < 0.05) for TDD.
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Table 4-2: the table contains PPi measured in each site (base, centre and tip), for
each balloon and for the horizontal and angle 45°.

Inflation Pressure Pulse (mmHgQ)

Cylindrical TID TDD

0° 45° 0° 45° 0° 45°

Base | 148+12 | 155+09 | 126+06 | 152+10 | 116+0.7 | 132+0.8

Centre| 142+11 | 148+0.8 | 122+0.5 | 130+04 | 113+0.7 | 128+0.8

Tip 154+13 | 159+09 | 136+0.6 | 158+ 1.1 | 127+0.3 | 138+ 0.9

Inflation and deflation pulses at different heart ratesand
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Figure 4-6. The graph above PPi and PPd measured at the middle the cylindrical
balloon in case of 90 mmHg of Ps (blue and green respectively) and 50 mmHg of Ps
(red and violet, respectively) for 60 and 100 bpm of heart rate.

4.4.4.2 Deflation

The lowest pulse pressure due to deflation (PPd) is observed at the centre of
the balloon, which is consistent in al balloons, and PPd is always higher at the tip of
the balloons, as shown in Table 4-3. At the horizontal position, the difference in PPd
between the tip and base is 4.5% (157 + 0.5 vs 150 + 0.5 mmHg, p < 0.05) for the
cylindrical balloon, 6.5% (160 + 0.6 vs 150 + 0.7 mmHg, p < 0.05) for TID and 11%
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(162 = 0.2 vs 146 + 0.6 mmHg, p < 0.05) for TDD. Increasing the operating angle
resulted in a reduction in the difference of PPd between the tip and base of each
balloon. At 45° the difference is 3.6% (133 + 0.6 vs 128 + 0.6 mmHg, p < 0.05) for
cylindrical balloon, 8% (130 £ 0.7 vs 120 + 0.7 mmHg, p < 0.05) for TID and 7.8%
(147 £ 0.5vs 137 £ 0.4 mmHg, p < 0.05) for TDD.

Table 4-3: the table contains PPd measured in each site (base, centre and tip), for
each balloon and for the horizontal and angle 45°.

Deflation Pressure Pulse (mmHgQ)
Cylindrical TID TDD
0° 45° 0° 45° 0° 45°
Base 150+05 | 128+0.6 | 150+0.7 | 120+ 0.7 | 146+ 0.6 | 137+ 04
Centre | 145+05 | 123+06 | 132+0.6 | 118+ 0.7 | 145+ 05 | 135+0.3
Tip 157+05 | 133+0.6 | 160+0.6 | 130+0.7 | 162+ 0.2 | 147+£05

All the balloons produced a lower PPd with increasing the angle, but TDD is
associated to a lower decrease compared to the other two balloons. Increasing the
operating angle from 0° to 45°, PPd decreased by 15.5% (145 + 0.5 vs 123 + 0.6
mmHg, p < 0.05) for the cylindrical balloon, by 18.5% (132 + 0.6 vs 118 = 0.7
mmHg, p < 0.05) for the TID and by 8.5% (145 + 0.5 vs 135 + 0.3 mmHg, p < 0.05)
for the TDD (Table 43). Increasing the heart rate resulted in an increase in PPd
(Figure 3.6): at a horizontal position + 20.4% (145.3 + 0.5vs 174.4 + 0.6 mmHg, p <
0.05) for cylindrical balloon, 17.8% (131.8 £ 0.6 vs 155.3 = 0.3 mmHg, p < 0.05) for
TID and 6% (145.1+ 0.5 vs 153.7 £ 0.5 mmHg, p < 0.05) for TDD. As found for
inflation, a change in Ps provoked important changes also in PPd: a 60 bpm a
change from 90 to 50 mmHg, PPd decreased -12.4% (145.3 + 0.5 vs 127.3 + 1.5
mmHg, p < 0.05) for cylindrical balloon, -15.9% (131.8 £ 0.6 vs 110.9 + 2.5 mmHg,
p < 0.05) for TID and -20.8% (145.1 + 0.5vs 114.9 £ 1 mmHg, p < 0.05) for TDD.
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45 Discussion

Most patients assisted with IABP in the intensive care unit (ICU) are usually
nursed in the semi recumbent position, resting at an angle of 30° or 45° ™ ™.
However, it was reported that operating the IABP at an angle to the horizonta
changes the modus-operandi of inflation and deflation ® and could result in reducing
the IABP clinical efficacy as previously discussed ®. For this reason two differently
shaped balloons have been developed and their performances have been compared
with the cylindrical balloon. The experimental set-up has been developed to provide
symmetrical impedance to the balloon and, consequently, focus on the effect of the
modified shape of the device on flow and pressure in the system when the balloon is

placed at a horizontal position and at semi-recumbent positions.

451 Volumes

4511 Inflation

One of the main therapeutic benefits of baloon inflation is to increase
coronary flow, which depends on the volume displaced towards the tip of the
balloon. Operating the balloon at an angle to the horizontal, inflation begins at the tip
and proceeds to the base due to the hydrostatic pressure difference between the two
ends of the balloon®. Biglino et a.®* reported a loss of 30% in VUTVi when
increasing the angle from 0° to 45°, for a cylindrical balloon tested at 45 mmHg. Our
results are in agreement with these finding as shown in Figure 4-4 A; VUTVi of the
cylindrical balloon is reduced by 25% when operated at 45°. A possible explanation
to the loss in VUTVi of the cylindrica balloon with increasing angle is that,
increasing the balloon diameter at the tip, hence increasing the hydraulic resistance
in this portion of the balloon, consequently reduces the flow volume displaced by the
rest of the balloon.

The loss resulting from the same change at a heart rate of 100 bpm is absent,
though (Figure 4-4 B). An explanation for this difference can be found in the change
in duration of the balloon inflation: the shorter duration of inflation at a higher heart
rate might induce the baloon to inflate only partially. The loss in VUTVi with
increasing angle is due to the smaller volume displaced by the portion of the balloon
which is inflating after the tip. If the balloon is only partialy inflated the volume
displaced upstream would depend mostly on the size of the first inflated segment of
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the balloon, which might not be strongly affected by the position, compared to the
rest of the balloon.

The two tapered balloons showed a different behaviour with increasing angle,
compared to the cylindrical balloon. Neither TID nor TDD resulted in a significant
reduction of VUTVi when changing from 0° to 45°. The TID hardly lost its inflation
performance; VUTVi decreased only by 1% and even increased by 13% for the
TDD. Comparing the performance of the TDD balloon with the previous work by
Biglino et al. ", this balloon displaces +2% VUTVi compared to the cylindrical
balloon at a horizontal position, against +7% measured by Biglino et a., and +13%
at an angle of 20 degrees, close to +14% measured by Biglino et a.. Nevertheless it
should be noted that in Biglino's study solely the first, isolated beat has been taken
into account, while in the present study the balloons have been inflated and deflated
for 25 beats, and ten beats (from 9" to 18"™) have been taken into account. The
results indicate that tapered balloons displace more relative volume towards the tip
during inflation, compared to the traditional cylindrical balloon, at any operating
angle. Possible explanations to these results follow.

TDD: the first part to inflate at an angled position (the tip, Figure 4-1),
provides a smaller resistance to the flow being displaced by the rest of the balloon
towards the tip (towards the coronary circulation in the clinical setting), compared to
the standard cylindrical balloon. The resistance to flow towards the tip of the balloon
during inflation can be derived from the momentum balance relating tangential force

trz, along the longitudinal direction, to flow pressure AP .

d(rnxtrz) _ AP
ar "~ Sn

* TN (Eq. 4.1)

where each balloon was divided into n = 10 sections, Sn and rn are the length and the
radius of the n balloon’s cylindrical section of which the resistance against the flow

is measured. The integration gives:

A c
TrzZ = 28 rm + & (Eq. 4.2)
25n

where C1 is the constant of integration.
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By using Newton's law of viscosity:

dvz

rz = —p—- (Eq. 4.3)

where vz is the velocity in longitudinal direction and p= 0.001 Pa*s is the viscosity
of water, and by applying the boundary conditions of no slip velocity on the balloon
and aortic walls, it is possible to deduce the average velocity <vz> of flow in an

annulus:

(Eq. 4.4)

From 3.4 it will be possible to obtain the volume flow V through the annulus as

following:
™m 2 2
4 |1—(=
— Sﬂgn « m(Rn)* * |1 — (%) — %‘ (Eq. 4.5)
And consequently calculate
Rs = %10, Susn — (Eq. 4.6)
vt =G|
m(Rn)* 1_(E) _W
\ ™)

where Rs, which is the total resistance of the 10 balloon cross sections, is 0.0088 and
0.1411 mmHg*min/l for the TDD and cylindrical balloons, respectively. These
results offer a rationale as to the avoided loss in VUTVi when the TDD balloon is
tilted.

TID: the tip of the balloon, which inflates first, provides the highest volume
along the balloon (Figure 4-1). The base of the balloon, however, provides a smaller

volume and is expected to displace a smaller amount of fluid towards the tip at any

86



angle; hence the total lossin VUTVi is smaller than that of the standard cylindrical
balloon.

The results of this study also showed that VUTVi decreases with increasing
heart rate for al balloons. This trend is the consequence of the shorter time available
for balloon inflation with increasing heart rate which, for instance in case of 100
bpm, is not ensuring the total inflation of the balloon, preventing a portion of the

balloon volume to be displaced.

45.1.2 Deflation

The IABP deflation mechanism has not been adequately studied previously,
particularly regarding the volume sucked away from upstream, which leads to
reducing end diastolic pressure; LV afterload. Reduction of EDP is the direct
consequence of balloon deflation and widely used as one of the IABP therapeutic
benefits.

The cylindrical balloon lost deflation performance with increasing angle from
0°to 45° and VUTVd decreased by 21%. A possible explanation to this effect is that
when the balloon is operated at an angled position, deflation begins at the base and
proceeds towards the tip as previously confirmed by Khir et al. using high speed
camera filming ®. This mechanism leads to a bigger resistance at the tip than at the
base, reducing the flow volume passing from upstream (the ascending aorta in the
clinical setting) towards the base, and consequently a smaler VUTVd at an angle
compared to the horizontal position.

The two tapered balloons showed a better performance compared to the
cylindrical balloon during deflation as shown in Figure 4-5. VUTVd of the TDD and
TID balloons changed insignificantly between 0° and 45% +4.5% and -6%,
respectively and a possible explanation for this follows:

TDD: During deflation the base of the balloon deflates first, and the tip
provides a smaller resistance against the flow sucked by the rest of the balloon
compared to the traditional cylindrical balloon; resistance values are 0.0088 and
0.1411 mmHg* min/l respectively, calculated using Eq. 4.1.

TID: The part of the balloon that deflates first is the base, which represents a
small percentage of the total balloon volume. The portion of the balloon which
deflates subsequently corresponds to most of the baloon’s nominal volume.

However it provides a greater resistance against the flow sucked from the tip of the
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balloon towards the base. Therefore, deflating the TID induces a lower volume
sucked from the side of the tip because of the higher resistance associated to the tip
of the balloon, calculated using Eqg. 4.1 is 0.4545 mmHg* min/I.

All three balloons are however associated with a loss in VUTVd with
increasing heart rate. However this decrease is noticeably smaller compared to the
decrease in VUTVI, with increasing heart rate, as highlighted in Table 41. This
marked difference can be explained in the different changes in values of PPi and PPd
associated to an increase in heart rate: PPi is not influenced by the heart rate as much
as PPd. For the cylindrical balloon, the maximum variation in PPi and PPd due to the
increased heart rate consists in 1.7% and 24%, respectively. In case of deflation the
negative influence of the higher heart rate on the VUTVd (already described for the
VUTVi) is counterbalanced by the positive influence on PPd. As aresult VUTVd is

associated to asmaller decrease, with higher heart rate, compared to VUTVi.

45.2 Pressurepulse

4521 Inflation

The distribution of PPi along the balloon changes according to the shape of
the balloon: the cylindrical one is the balloon associated with the PPi the most
homogenous along the balloon itself (4% of difference between the base and the tip),
while the TDD is associated instead with the highest gap in pressure pulse (9.5%).
The PPi measured along each balloon changes with increasing angle, and we noted
that the difference in PPi between the tip and the base becomes smaller with
increasing angle while the mean pressure is maintained constant (Table 4-2). This
indicates that the balloon inflation mechanism changes when the balloon is operated
at an angle independently from the mean pressure. In all cases an increase in angle
resulted in an increase in PPi, with the TID balloon creating the highest increase in
PPi, on base and tip, with increasing angle.

Changes in heart rate produced different results according to different Ps. An
increase in the heart rate at high Ps resulted in alower PPi along the balloon, while at
a lower Ps results in a dlightly higher PPi (Figure 4-6). Thisis not surprising if it is
considered that at a higher Ps it takes longer for the pressure within the balloon to
reach the one in the fluid. If the duration of inflation decreases, then aso the PPi

produced by the balloon is affected. At alower pressure, instead, Ps can be overtaken
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in shorter time and a higher heart rate would not affect negatively or positively affect
PPi. The results about changes in PPi with different Ps agree with the ones from

Biglino et al. ®? investigation: PPi is always reduced with increasing Ps.
45.2.2 Deflation

The cylindrical balloon is associated with the most homogenous PPd along
the balloon itself (4.5% of difference between the base and the tip), whilethe TDD is
associated instead with the highest difference between the two ends of the balloon in
pressure pulse (11%). The difference in PPd between the tip and the base of each
balloon became smaller with increasing the operating angle, while the mean pressure
is maintained constant (Table 4-3). An increase in angle resulted in a decrease in
PPd, also in agreement with earlier findings by Biglino et al.®?. This result underlines
the loss in baloon efficiency, with increasing angle, because of the change in
deflation mechanics; at an angle to the horizontal the base of the balloon deflates
first and collapses under the liquid pressure, which may restrict the flow of helium
leaving the balloon towards the pump and compromising the speed of the deflation.
However, PPd of the TDD balloon was the lowest affected with increasing angle.
This is probably because the base of TDD is associated to the highest volume, may
not collapse completely and therefore not restrict the flow of helium leaving the
balloon towards the pump. PPd increased with increasing heart rate, from 60 bpm to
100 bpm, at both high and low Ps. This happens because the emptying of the balloon
at ahigher heart rate is faster, and this produces a higher deflation pulse.

Finally the changes in PPd induced by different Ps follow Biglino et a. %
findings: in both studies a decrease in Ps, of 40 mmHg in the present study and 70
mmHg in Biglino's, resulted in a decrease in PPd for the cylindrical balloon, of
12.4% in the present study and 54% in Biglino’s. The outcome was a decrease in
VUTVd, which can be considered as a reduced balloon’s efficiency, in agreement
with the study conducted by Biglino et al. ®, but contrasting the results of other

previous studies "%,

453 Limitations

The tapered balloons used in thiswork are larger than the physiological space
available in an average aorta, which means that these balloons may not be used

clinically. However, the in vitro results presented in this work indicate that the
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cylindrical balloon shape is not optimal. The results also present the possibility of a
potential clinical therapeutic enhancement, in terms of volume displaced towards and
away from the coronary arteries, should the tapered balloons be redesigned to
observe the physiological space. The experimental set-up did not include an artificia
heart to simulate the counterpulsation action of the physiological system. Also the
experimental set-up did not include a mock aorta, but a straight rubber tube without
branches, even though characterized by the same internal diameter as the aorta.

Given the aim of this study to examine the hemodynamic effects of different
shaped balloons, we do not expect this to affect the trend of the results significantly.
All of the balloons were tested in the same conditions, so the resulting differences
can be ascribed only to the change of shape. Moreover subsequently, as described in
Chapter 1, new tapered balloons, characterized by a size compatible with the
physiologica space, will be introduced and tested in conjunction with the use of an
LVAD producing an aortic pressure waveform.

46 Conclusions

VUTVi and VUTVd are both reduced when a standard shaped cylindrical
balloon is operated at an angle to the horizontal with a heart rate of 60 bpm and a
pressure of 90 mmHg, indicating a reduction of the potential therapeutic benefit of
increasing coronary flow and reducing LV afterload.

The TDD provided the greatest VUTVi and also produced the largest PPd,
indicating better potential coronary perfusion and afterload reduction. Although the
TID provided less VUTVi and VUTVd at smaller angles compared to the cylindrical
and TDD, this baloon was not markedly affected by the change of angle. All
balloons are associated with decreased VUTVi and VUTVd with increasing heart
rate at a pressure of 90 mmHg, but the deflation phase was not as compromised as
the inflation one. While PPi has shown to be markedly influenced mostly by the
pressure acting on the system, PPd increased in case of higher heart rate and Ps, and
decreased with increasing angle.

Further investigations are required to optimise the shape of the cylindrical
balloon to obtain the full benefit of the IABP therapy for increasing coronary

perfusion and reduction of afterload.
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Chapter 5 Experimental study on novel shaped balloons for
improved performance on a physiological test-bed

5.1 Chapter outlook

The changes in intra-aortic balloon performance related to different shapes
have been analysed when the device is placed in a hydraulic system (Chapter 4).
This system was characterized by a static pressure which varied exclusively due to
the pumping activity of the balloon.

In order to specifically address and confirm the benefits associated to a
different shape of the balloon, novel shapes of the IAB which derive from the ones
aready presented and studied, have been tested in a more physiological bed,
presenting a dynamic pressure similar to the physiological one. Nevertheless, the
newly devel oped shapes have been designed to fit the physiological space.

The am of this experimental study is to assess the changes in pressure
waveform and flow displacement associated with changes in shape of the IAB in a
mock circulation which is characterized by a physiological pressure waveform. This
could confirm whether the TID and TDD balloons, aready tested and discussed in
Chapter 4, can show evidence of improved performance compared to the standard
balloon in terms of increased diastolic flow towards the coronaries and decreased
end diastolic pressure, enabling to highlight their clinical benefits.

5.2 Introduction

The study described in Chapter 4 showed important changes in Intra-Aortic
Balloon performances, at different angulations from the horizontal position,
associated to a different shape. However, the balloons could not fit the physiological
space because of the excessive length. They have been tested in a ssimple set-up and
their performance might radically change when pressure and flow waveforms are set
comparably to the physiological ones.

Biglino et a. previousdly tested two standard cylindrical balloons (25 cc and
40 cc in volume) in a mock aorta connected to a left ventricular simulator device ™.
The balloons were tested at different angles, from horizontal to an angle of 65°, and
at three different assistance frequencies (1:1, 1:2 and 1:3). The results of that study
showed a detrimental effect of the angle on balloon efficacy in terms of both,
diastolic pressure augmentation and end-diastolic aortic pressure reduction.
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However, the flow displaced towards coronary circulation was not particularly
affected by a change in angulation. Moreover, the authors noted that the assistance
frequency has an important effect on both, pressure and flow, as the frequency 1:1
induced more benefits compared to 1:2 and 1:3.

Although many differently shaped balloons “®#"*! have been presented and
discussed in previous works, most of them have not undergone an experimental
testing in a set-up which resembles balloon counterpulsation in a physiological
manner. This is crucial to access a possible benefit of the device by anaysing
changes in physiological parameters and to ensure the minimisation of the device
disadvantages. In addition it would be possible to draw conclusions from the study
which would be meaningful from aclinical perspective.

The present work aims at comparing the efficacy of one cylindrical and six
novel balloons and at investigating their changes in performance in relation to
changes in position and changes in IAB assisting frequency. All the balloons have
been designed to fit the physiological space in the descending aorta and tested in a
physiological set-up while counter-pulsating with a left ventricular simulator. Their
efficacy is evaluated based on the increased diastolic pressure and flow towards the
upstream, for the inflation, and decreased end diastolic pressure, for the deflation. In
addition, the clinical benefit of the newly designed IABs will be highlighted in the
PV loop.

5.3 Materialsand methods

5.3.1 Balloons

Seven balloons (Teleflex, Boston, Massachusets, USA) were tested and
compared: a standard cylindrical balloon with diameter (d) of 1.5 cm and length (L)
of 22.4 cm; six differently shaped balloons, three with a tapered portion decreasing
in diameter from the base to the tip (TDD) and the other three with a portion
increasing in diameter from the base to tip (TID). Each of the three TDD balloons
was characterized by a different proportion of cylindrical part and tapered part,
approximately as following:

a. TDD 1/3 presented one third cylindrical and two third tapered part,
b. TDD 1/2 with half cylindrical and half tapered portion,
c. TDD 2/3 presented two third cylindrical and one third tapered part.
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The three TID balloons are the opposite of TDDs, with same proportions of

cylindrical and tapered parts but with tapered part on the base of the |IAB:

d. TID 1/3 presented one third cylindrical and two third tapered part,

e. TID /2 with half cylindrical and half tapered portion,

f. TID 2/3 presented two third cylindrical and one third tapered part.

The length of the differently shaped balloons varied from 22.5 to 24 cm and

the maximum diameter (at the base for TDDs and at the tip for TIDs) varied from 1.6
to 1.81 cm. The seven balloons are shown in Figure 5-1, together with the
measurements of cylindrical and tapered portions of the IAB. The nominal volume
of each balloon was established by placing it in a graduated beaker and inflating with
a syringe, recording the volume displaced once the pressure within the balloon
reached 70, 90, 110 and 130 mmHg. The volume displaced was then obtained
through subtracting from the final volume, with inflated IAB, the beginning volume,
with deflated IAB. The average of the four values of volume has then been
caculated. All the values are indicated in Table 51. As reported, the maximum
standard deviation of the obtained volumes at the four tested pressures, expressed as
a percentage of the volume average value, is aways smaller than 3%. The averaged
displaced volumes were 33.83 cc, 34.2 cc, 34 cc, 33.73 cc, 34.15 cc, 33.95 cc and
30.83 cc for TDD /3, TDD 1/2, TDD 2/3, TID 1/3, TID 1/2, TID 2/3 and standard
balloon.
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Figure 5-1: Representations of the tested balloons, cylindrical on the top, three TIDs
and three TDDs. All dimensions are expressed in cm.



Table 5-1: Volume displaced by each balloon isindicated at four different pressures,

together with its standard deviation expressed as per centage of mean value.

Intra-balloon Volume Average Volume | Standard deviation
pressure (mmHg) | displaced (cc) displaced (cc) (% of mean value)
70 30
20 30.5
Cylindrical 30.83 24
110 311
130 317
70 33
20 33.6
TID 2/3 33.95 2.4
110 34.3
130 34.9
70 33.1
90 33.7
TID 1/2 34.15 2.8
110 34.5
130 35.3
70 32.9
20 334
TID 1/3 33.73 2.2
110 34
130 34.6
70 331
TDD 2/3 90 33.6 34 2.4
110 34.3
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130 35
70 33.2
90 33.8
TDD 1/2 34.2 2.6
110 34.5
130 35.3
70 33
90 335
TDD 1/3 33.83 2.2
110 34.1
130 34.7

5.3.2 Experimental set up

The experimental set up is shown in Figure 5-2. A straight silicone rubber
tube of 2.1 cm internal diameter, 37.5 cm in length and 0.18 cm of wall thickness
was chosen to replicate the aorta. The compliance of the tube was 0.075 ml/mmHg,
which is relatively close to that of the thoracic aorta of 0.11 ml/mmHg as measured
by Westerhof et a ". Note that, differently from the set-up described in the previous
chapter, the mock aorta was chosen to have a smaller diameter in relation to the
balloons nominal volumes, which vary between 30 and 35 cc in the current

experiment and varied between 36 and 41 in the previous one.
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Flow probe

Intra-aortic Balloon

Artificial Aorta

Pressurecatheter

Piston pump
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Figure 5-2: Schematic representation of the experimental set up in which all
balloons have been tested. The ECG signal generated by the |ABP triggers the
stepper motor which, through the piston pump and the atrium-ventricle system (BVS
5000 blood pump, Abiomed, 22 Cherry Hill Drive Danvers, Massachussetts 01923
USA), creates a physiological aortic pressure waveform in the system where the

balloon is placed and counter-pul sates.

The tube was water filled and used to host each balloon, and it was connected
to an overhead reservoir used for venous return through a pair of lateral tubes that
included an impedance identical for both paths and equal to 84 mmHg*min/L. This
value has been used in order to resemble physiological upstream resistance, as
reported by Khir et a ®’. The set up was symmetrical to provide equal impedance to
each side of the baloon. The compliance characterizing the system was aso
symmetrically distributed in the system and equal to 4.5¢10% ml/mmHg on each
side.

The impedance on the two sides was chosen identical to dissect the effect of
impedances on flow and pressure distribution from the one of the different shape.

The tube accommodating the balloon was placed on a platform whose angle to the
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horizontal was adjusted to replicate patient’s posture. The upstream side of the set-up
(above the balloon tip) was connected to a left ventricular smulator, which was
interfaced with a stepper motor driver set up to produce a stroke volume of 26 cc,
with a duration of systole and diastole of 0.3 and 0.7 s respectively. The resulting

pressure waveform is shown in Figure 5-3.

150 .

T
—Pressure waveform

P (mmHg)

0 i i i i i
12.25 125 12.75 13 13.25

t(s)

Figure 5-3: Pressure waveform measured at the centre of the balloon while not

counter-pulsating, obtained through the activity of the left ventricular simulator.

The balloon was operated at four different positions. 0°, 20°, 30°, 45°. At
each platform position the overload reservoir connected to the circuit was raised in
order to maintain a constant hydrostatic pressure in the middle of the balloon pgh
(where p is water density (1000 kg/m®), g is gravitational acceleration (9.81 m/s?)
and h is the latera distance between the water level in the reservoir and the centre-
line of the balloon). The left ventricular ssmulator was aso lifted as much as the
reservoir in order for the venous return to provide a constant pressure on the atrial
chamber of the device. This process would result in the pressure waveform systolic
peak and end diastolic pressure to be amost unvaried at the middle of the balloon,

with a maximum difference of 7% in systolic peak throughout positions.
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Each balloon was operated by the same pump (Teleflex, Boston,
Massachusets, USA), which was triggered using the ECG signal provided by the
stepper motor driving the flow. Since the pressure applied by this pump onto the
balloon varies according to the catheter used for connecting the IAB to the machine,
adifferent catheter was used, according to the nominal volume of the balloon, for the
cylindrica and for al other baloons: a 30 cc catheter was used for the standard
balloon and a 35 cc one was used for the differently shaped balloons.

The mode of the pump was set to ‘OPERATOR’ on the console, and ‘ PEAK’
(QRS peak of ECG) was selected as a trigger, in order to ensure the same onset of
inflation and deflation for each balloon and each position. This mode was selected in
to maintan an wunvaried duration of inflation/deflation: when selecting
‘AUTOMATIC’ the un-calibrated Helium pressure signal revealed alonger duration
of inflation in case the set-up was angulated, while ‘OPERATOR’ mode on ‘ PEAK’
signa resulted in the duration of inflation/deflation to be constant throughout
angulations, as shown in Figure 5-4. The performance of the balloon at horizontal
and angled position would then exclusively depend on the IAB shape.

For al balloons and all angulations the IAB was tested with two assistance
frequencies (AF), 1:1 and 1:4. AF 1:1 was studied with the target of assessing the
performance of the balloonsin clinical settings. AF 1:4 was studied for analysing the
hemodynamic changes associated with the use of the device, separating the effects of
each balloon beat on the fluid-dynamics of the system. The parameters controlling
the stepper motor driver have not been changed throughout the experiments,

ensuring a correct comparison among all balloons and all positions.
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Figure 5-4. Un-calibrated Helium pressure signal in case of horizontal (blue line)
and angle of 30° (red line) when ‘AUTOMATIC' (A) or ‘OPERATOR mode with
‘PEAK’ signal triggering (B) are selected. The first case shows a net difference in

duration of inflation, while the second one presents both signals almost identical.

5.3.3 Measurements

Pressure was measured in 5 positions: 3 sites along the balloon, base, middle
and tip, and 2 sites away from the balloon, 10 cm from each side. In the two latter
sites, flow was also measured simultaneously. Measurements were recorded at a

frequency of 2 kHz. A Gaeltec multi sensor (n = 3) pressure catheter (Gagltec,
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Scotland, UK) was inserted in the artificial aorta from the same side of the balloon,
and placed aong it. Pressure measurements away from the balloon were obtained
through two different pressure catheters (Millar, Houston, Texas) inserted from the
opposite side of the balloon catheter. Flow measurements was performed by snug-
fitting two flow probes (28A, Transonic, Ethica, NY, USA) to the tube
accommodating the balloon, at the same positions of the Millar pressure transducers.
Helium un-calibrated pressure was daso recorded to indicate balloon
inflation/deflation pattern. Data of 100 beats for each experiment were recorded
using an analogue-digital converter and Labview software (National Instruments,
Austin, TX, USA). Data were analyzed off-line using Matlab (The Mathworks,
Natick, MA, USA).

5.3.4 Dataanalysis

Inflation and deflation were distinguished as the periods between point A to
point B, and point B to point C, respectively, as shown in Figure 5-5. The volume
displaced upstream beyond the tip (VU) was calculated by integrating the area above
the flow waveform measured during inflation period. As aready explained in the
previous Chapter (4), the two integrations take into account the flow changes due to
IAB inflation and deflation, and it was chosen to integrate the flow in
correspondence of flow waveform changes after inflation and deflation onset (Figure
5-5). Volume sucked from upstream (V Us) was aso obtained by integrating the area
below the flow waveform measured upstream during the deflation period. In order to
compare the results of al the balloons that have different nominal volumes (Vn), VU
and VUs were normalized as ratio of Vn, obtaining, respectively, volume displaced
upstream during inflation (VUTVi) and during deflation (VUTVd).

The performance of balloon counterpulsation was related to the increased
diastolic pressure (PPi) during inflation, established as the difference between
maximum diastolic pressure and pressure at the onset of balloon inflation, and to the
end diastolic pressure (EDP) during deflation, established as the minimum pressure
before systolic pressure rise. PPi and EDP were caculated at the 3 measurement
sites along the balloon. The beats analysed are from the 6™ assisted to the 20™
assisted for each experiment, to ensure the system was operating on steady-state and
to obtain agood statistical analysis in terms of mean value and standard deviation.
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For comparing the variability of VUTVi between different AF and of VUTVi
and VUTVd it will be used the coefficient of variation CV, defined as:

cV = % (Eq. 5.1)

where o 1s the standard deviation of the values and ¢ is their mean value.

Flow
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Figure 5-5: Flow waveform on the upstream of the balloon (blue line). The arrows
and points A, B and C indicate onset of inflation, onset of deflation and end of
deflation, respectively. The red line indicates the balloon pressure (not calibrated)
asrecorded fromthe IABP. The area integrated below the blue line between points A
and B indicates the volume displaced away from the tip of the balloon during
inflation (VU). The area integrated above the blue line between points B and C
indicates the volume sucked away from the tip of the balloon during deflation (VUS).
These values are divided by the nominal volume of the balloon to give VUTVi and
VUTV, respectively.
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5.4 Reaults

541 Inflation

54.1.1 Volumedisplaced upstream

54.1.1.1 Changeswith angle

Figure 5-6 shows VUTVi for the best balloons and standard cylindrical one,
and for both AF. TDD 1/2, TID 2/3, TID 1/3 and TID 1/2 are the balloons whose
VUTVi is not negatively affected by angulation, for both 1:1 and 1:4 assistance
frequencies. Considering a change from horizontal to 45° position, the reported
shaped balloons are associated to a mean VUTVi higher by 9% (0.39 = 0.19 vs 0.43
+ 0.12, p = 0.6) in the worst case (TID 1/2) for AF 1.1 and mean VUTVi higher by
4% (0.39 £ 0.10vs 0.41 £ 0.15, p = 0.7) for AF 1:4. Differently, the standard balloon
studied is associated to a decrease of 23% (0.44 £ 0.12 vs 0.34 + 0.11, p < 0.05) for
AF 1:1 and 15% (0.42 £ 0.11 vs 0.36 + 0.07, p = 0.07) for AF 1:4. If the VUTVi
standard deviation obtained from the analysis of each experiment is expressed as a
percentage of VUTVi mean value, through the parameter CV, an estimation of the
reliability of the results is obtained. This value varies according to position and

balloon, and its average is 27%.
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A Volume displaced upstream at assistance
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Figure 5-6: VUTVI is indicated for the 4 best performant balloons and for the
cylindrical one, for all positions and for 1:1 (5 A) and 1:4 (5 B) assistance
frequencies. With the aim of comparing the four best balloons with cylindrical one
and in order to avoid confusion TDD 1/3 and TDD 2/3 are not represented.
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5.4.1.1.2 Changeswith assisting frequency

Figure 5-7 shows the changes in the cylindrica baloon VUTVi with
increasing angle for both 1:1 and 1:4 AF. All positions are associated to a value of
VUTVi with smaller standard deviation in case of AF 1:4 rather than 1:1. The
experiments revealed a strong similarity in VUTVi, between assistance frequencies
of 1:1 and 1:4, for the cylindrical balloon. As seen in the graph in Figure 5-7, for this
IAB, the maximum differencein AFis 11.2 % (0.38 £ 0.11 vs 0.34 £ 0.09, p = 0.27),
in case of 30° position. However, throughout the analysis of VUTVi vaues (al
experiments and balloons), CV was found to be smaller when the applied assistance
frequency was 1:4 rather than 1:1, as shown in Figure 5-8.

Assistance frequency 1:1vs 1:4

0.6 -

== cylindrical 11
== cylindrical 14

0 13 25 38 50
Angle

Figure 5-7: The graph shows the comparison between VUTVi induced by cylindrical
standard balloon at all studied positions and AF 1:1 and 1:4, underlying the
differences between the two configurations. The maximum difference, of 12% (p =
0.56), occurs at 30°.
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Figure 5-8: Coefficient of variation (CV) characterizing the measurements of
VUTVi, throughout balloons and positions, is indicated for 1:1 and 1:4 assistance

frequencies.

5.4.1.2 Augmentation in diastolic pressure

All balloons at an angle have a distribution of inflation pressure pulse which
is different from the one at horizontal position (excluding TID 2/3, which is
associated to a similar distribution at horizontal and angled positions). Whilst at a
horizontal position the pulse was higher at the tip of the balloon compared to the
base, at angled positions this difference became much smaller or negative (base of
the balloon is associated to a higher pulse). Particularly, in case of standard
cylindrical balloon, at the tip of the IAB the inflation pulse decreased by 9% (85.96
+ 0.24 vs 78.16 £ 0.47 mmHg, p < 0.01) while at its base the inflation pulse did not
vary significantly (-0.32%, 82.86 + 0.22 vs 83.13 £ 0.48 mmHg, with p = 0.7).

This difference in pulse between the balloon tip and base was confirmed by
the results of inflation pulse above the tip (upstream) and below the base
(downstream) of the cylindrical standard balloon, markedly changing from
horizontal to an angled position. According to Table 52 pulse upstream decreases by
6.7% (90.80 = 0.50 vs 84.70 + 0.90 mmHg, p < 0.01) for a change in position from
0° to 45°, while pulse downstream increases by 6.7% (84.40 + 1.60 vs 90.10 = 0.70
mmHg, p < 0.01).
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Table 5-2: Inflation pressure pulse measured upstream and downstream for the

standard balloon at a horizontal position and at an angle of 45°.

Inflation pulse | Inflation pulse
upstream downstream
Horizontal 90.8+ 0.5 84.4+16
Angle 45 84.7+0.9 90.1+0.7

All balloons pulses at a horizontal position were in arange between 95 to 101
mmHg at their tip, apart from the standard cylindrical one which was associated to a
maximum of 86 mmHg in its tip part. TID 1/2 balloon is associated to the highest
pulse at a horizontal position, while TID 2/3 was found to perform best at an angle of
45°. No significant changes to any of the balloons inflation pulse was induced by a
changein AF from 1:1to 1:4.

5.4.2 Deflation

5.4.2.1 Volume sucked from upstream

5.4.2.1.1 Changeswith angle

Changing the angle from horizontal to angle 45° resulted, for the cylindrical
balloon, in adecrease of VUTVd by 34% for AF 1:1 (0.39 £ 0.04 vs 0.26 £ 0.04, p <
0.01) and 37% for AF 1:4(0.41 + 0.04 vs 0.26 + 0.01, p < 0.01). TDD 1/3 is the
balloon inducing the highest VUTVd for all angled positions at AF 1:1, and also
associated to an almost unchanged VUTVd between horizontal and angle 45°
position (0.36 = 0.03 vs 0.37 £ 0.10, p = 0.7). At an AF of 1:4, instead, TDD 2/3is
the one inducing the highest VUTVd across al angled positions, and is characterized
by an approximately unchanged VUTVd between horizontal and angle 45° position
(+1%, 0.33 £ 0.02 vs 0.34 £ 0.05, with p = 0.8).

Hence, excluding horizontal position, a clear difference emerges between the
balloon’s series of TDD and TID and standard balloons. Figure 5-9 A shows that all
TDD balloons are associated with a higher VUTVd at any angle, compared to the
standard balloon. In Figure 5-9 B, instead, it emerges that TID balloons induced a
lower VUTVd compared to the cylindrical balloon.
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Figure 5-9: VUTVd for 1:1 assistance frequency is indicated showing the
differences between standard cylindrical balloon and TDD balloons (9 A) and
between standard cylindrical balloon and TID balloons (9 B) for all positions.
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The performance of the cylindrical balloon hence locates in the middle
between the two series of balloons, generally better than TIDs but worse than TDDs.
It was shown that an increasing of angulation decreases VUTVd of all TID balloons.
Particularly TID 2/3 balloon is associated to the lowest VUTVd at al positions for
AF 1:4 and one of the lower at AF 1:1. Deflation VUTVd standard deviation of each
experiment is expressed as a percentage of VUTVd mean value, obtaining the value
of CV. In this case the value averaged throughout experiments is around 11%,
showing the reliability of the measurements.

5.4.2.1.2 Changeswith assisting frequency

The increase induced by TDD balloons is effective at both 1.1 and 1:4
assistance frequencies. In fact VUTVd vaues, differently from VUTVi, did not
change markedly for each balloon by changing the AF from 1:1 to 1:4. The CV
associated to the VUTVd throughout the positions and balloons corresponds to less
than half of the one associated to the VUTVi, as shown in Figure 5-10.

VUTVI/VUTVd coefficient of
variation (CV)

0.35 ~

0.28 - mCV VUTVI 1.1
mCV VUTVd 11

0.21 -

Ccv

0.14 -

0.07 -

VUTVI/VUTVd at AF 1:1

Figure 5-10: Coefficient of variation of VUTVIi and VUTVd measurements
throughout balloons and positions, at an assistance frequency of 1:1, is indicated

and compared, showing a radical difference between the two measurements.
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5.4.2.2 Decreasein end diastolic pressure

EDP increased with increasing angle for all IABs. Thisis shown in Figure 5-
11, representing the EDP at the centre of the balloons for AF 1:1 and 1:4. It has been
chosen to show the pressure associated to the mid-point of the IAB because it is the
only point on which the overload pressure was maintained constant throughout
positions. EDP aong the balloon aso changed with increasing angle (Figure 5-12).
In fact changing the position of the cylindrical balloon from horizontal to an angle of
45° resulted in an increase of 29 mmHg (-12.2 + 0.2 vs 17.0 + 0.9 mmHg, p < 0.01,
r> = 0.88) in EDP and of 40 mmHg (-8.6 + 0.3 vs 31.7 + 1.1 mmHg, p < 0.01, r* =
0.99) at the base. In the middle portion of the IAB, a change in angulation from 0° to
45° resulted in an increase in EDP of 34 mmHg (-12.2 £ 0.2 vs 22.2 £ 0.9 mmHg, p
< 0.01, r* = 0.93) for the cylindrical IAB, of 10 mmHg (-18.6 + 0.2 vs -8.6 + 1.3
mmHg, p < 0.01, r? = 0.88) for the TDD 1/3 balloon, also associated to the lowest
EDP throughout positions and assistance frequencies, and of 27.4 mmHg (-7.8 £ 0.5
vs 35.2 + 3.1 mmHg, p < 0.01, r* = 0.96) for the TID 2/3 balloon, which is the least
performant and resulted in the highest EDP in most of the positions and assistance
frequencies.

All TDD balloons are associated to alower EDP at a horizontal position and,
generally, to a lower loss in deflation pulse (more contained rise in EDP) with
increasing angle. The results of the cylindrical balloon fall between TDD and TID
series. The deflation pulse associated to the baloons for al angles was generally
similar for assistance frequency 1:1 and 1:4. The only exception is the TID 1/2
balloon at an angle of 30°, where EDP is 30 mmHg higher at an AF 1:1 compared to
1:4.
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Figure 5-11: The above graphs present the trend lines of EDP at the centre of the
balloon for all 1ABs, throughout the positions from 0° to 45°, and for the two AF 1:1
(12 A) and 1:4 (12 B). The differences between the balloons increase if the device is
tilted, but some of the | ABs perform already better at a horizontal position.
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Figure 5-12: The value of EDP is here indicated for all balloons at three different
sites, tip, centre and base, for AF 1:1 and at a horizontal (A) and angle 45° (B)
positions. Note that the scale of the y axis is different between the two figures, in

order to underline the differences among the balloons at each position.
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5.5 Discussion

The main am of this work was to establish whether a change in IAB shape,
with a different volume distribution throughout it, would result in the favourable
effect of maintaining benefits of increased coronary flow and decreased end diastolic
pressure at different inclinations to the horizontal position in a physiologica system.
As dready described in detail in the introduction chapter, the two main benefits of
IABP are related to inflation, in terms of volume displaced towards the coronary
circulation, and to deflation, in terms of decreasing end diastolic pressure and hence
lowering ventricular afterload. These two parameters are analysed by comparing the
results of different balloons in terms of VUTVi, inflation pressure pulse, EDP and
VUTVd. Moreover, the whole analysis was performed at different angulations to the
horizontal, with the target of resembling the position of patients nursed at a semi-
recumbent position in the clinical environment. Whilst standard cylindrical balloon
showed a decrease in all parameters with increasing angle, TID balloons resulted in
an overal unchanged VUTVi a an angle to the horizontal, and TDD balloons,
particularly TDD 1/3, induced a higher reduction in EDP at all positions.

5.5.1 Effect of adifferent shape on pressurewaveform

The different hemodynamic induced by the use of a different shape is also
evident if the difference between the pressure at the tip and the one at the base of the
balloon is calculated throughout the cycle. Figure 5-13 shows this pressure
difference for the standard, TID 1/3 and TDD 1/3 balloons during one cycle, together
with the un-calibrated balloon Helium pressure.

At ahorizontal position (solid colored lines) an important difference between
the baloons is noticed during inflation: TID 1/3 is characterized by smaller
oscillations compared to the two other balloons. This trandates to a more
simultaneous inflation of the TID 1/3 IAB.
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Figure 5-13: Pressure difference between balloon tip and base is shown for
standard cylindrical (blue line), TID 1/3 (green line) and TDD 1/3 (red line)
balloons, for horizontal (solid line) and angle 45° (dashed line) positions, together

with Helium un-calibrated pressure (black line).

At an angle of 45° (dashed colored lines) the waveform of the pressure
difference between the tip and the base changes for all 1ABs. specificaly the
increase in pressure difference between tip and base of the standard IAB starts earlier
(tip inflates earlier compared to horizontal position) and fluctuations during inflation

phase are smoother compared to the ones found at the horizontal position.

During the deflation phase the biggest variation in pressure difference tip-
base was found on the TDD 1/3 IAB which at an angle of 45° is associated to a
significantly higher increase in pressure difference immediately after deflation onset,
compared to the cylindrical and TID 1/3 IAB. This is related to the higher volume
characterizing the balloon base, which is the first part to deflate in case of angle and
consequently induces a steep pressure drop resulting in an increase of the pressure

difference between balloon tip and base.
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5.5.2 Benefitsinduced by novel IABs

5.5.2.1 Inflation

55.2.1.1 Volume

The most important parameter to consider during balloon inflation is VUTVi.
The standard cylindrical balloon produced the worst results for all angled positions
in case of AF 1:4 and to one of the worse in case of AF 1:1. Moreover the cylindrical
balloon showed a marked decrease in VUTVi with increasing the angle from O to
45°. The loss in VUTVi measured in the described experimental set-up is similar to
that observed earlier by Khir and Bruti using different shaped balloons, 23% and
25% in the current and previous work %, respectively. A further similarity is noticed
by comparing the results of VUTVi associated to the TDD 1/2 balloon with the ones
of the TDD studied in the previous work: its value increased by 13% in the two
works by changing position from horizontal to an angle of 45°. TID balloons VUTVi
did not change markedly in the current or in the previous experiment. The main
difference with the previous work was found in the results of the rest of TDD
balloons, and especially the TDD 1/3, which is the closest to the already studied
TDD shaped balloon.

25 cc and 40 cc standard cylindrical balloons have been studied by Biglino et
al. ™ in a mock circulation with a physiological set-up that included a ventricular
simulator: in that study the 1ABs did not result in a markedly decreased volume
displaced upstream corresponding to an increase in angulation. However, it should
be underlined that the configuration of the set-up was changed for each position in a
different manner compared to the study described in this chapter. Biglino et a "
lifted the ventricular simulator and the venous return reservoir according to the
height of the tip of the aorta rather than the mid-point of the balloon. The fluid-
dynamics in case of angulation is then expected to be different between the two
situations.

To grasp the mechanism associated with a different performance between the
standard balloon and differently shaped baloons one should recall what was
previously hypothesized %" and later confirmed %™ % a an angle to the
horizontal the IAB starts inflating from the tip and this might result in an impedance

against the flow displaced towards upstream, hence decreasing with increasing
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angle, as demonstrated. Differently though, all TID balloons targeted one of the aims
of the study, regarding the volume displaced towards the coronary circulation: none
of them resulted in a decrease in VUTVi with changing angle from horizonta to
angle 45° position. The angulation would induce the tip of the balloon to inflate first,
but in case of the TID balloon a higher percentage of volume corresponds to this part
of the balloon, compared to the cylindrical balloon. Hence the rest of the IAB, which
inflates afterwards, does not contribute markedly to the total volume displaced
upstream.

55.2.1.2 Pressure

The inflation pressure pulse along the balloon is influenced by changing the
position. Since this happens for al balloons with the exception of TID 2/3, the
reason can be found in the difference in compliance along the tube in case of
angulation. If the system is tilted the bottom area of the tube, around the base of the
balloon, would fall into a higher pressure, hence smaller compliance, compared to
the tube's top area. This difference in compliance could affect the inflation pulse
characterizing different sites along the balloon. For verifying the validity of this
hypothesis two experiments have been conducted on a 40 cc standard cylindrical
balloon, activated in a glass tube and in a silicone rubber tube, at four different head
pressures. 15, 38, 75, 135 mmHg. The pump settings were the same for both
experiments. Testing the balloon in a glass tube allowed for monitoring the variation
in inflation pulse with increasing pressure in the absence of compliance, while when
the balloon is tested in a silicone rubber tube the change in inflation pulse with
increasing pressure would be related to both variation of the compliance (which
decreases with increasing pressure) and increase in static pressure. As shown in the
graph in Figure 5-14 when the balloon counter-pulsates in a glass tube the inflation
pulse decreases with increasing head pressure by a higher slope compared to when
IAB counter-pulsates in a compliant tube, if just the first beat of the IAB is taken
into account (slope value is -0.44 and -0.32 in the glass tube and compliant tube,
respectively). This finding confirmed that a pressure difference, trandating to a
compliance difference, along the tube could have affected the balloon inflation pulse

distribution according to what has been observed.
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Figure 5-14: Inflation pressure pulse at first beat, associated to cylindrical standard
balloon tested on a glass tube (blue) and on a compliant silicone rubber tube (red).
The graph underlines the influence of a variable compliance on the pressure pulse

associated to the counter pulsation of the |AB.

However the overal inflation pulse was found to be notably smaller for the
cylindrical balloon compared to the rest of the baloons tested, with a minimum
difference of 10% (p < 0.01) compared to TDD 1/2 and maximum difference 17% (p
< 0.01) compared to TID 2/3. This effect is probably related to the different nomina
volume characterizing each balloon. As the nomina volume is higher for al shaped
balloons compared to the cylindrical one, the overall amount of volume displaced,
and consequently the inflation pulse, is higher in case of shaped balloons. However
Figure 5-15 shows that while the cylindrical balloon inflation pressure pulse
decreases with increasing angle at the IAB tip and centre, the TID balloons inflation
pulseisless or even positively affected by an increase in angle. This confirms that a
change in shape of the balloon could result in a different behaviour at different
angulations in a physiological environment. Total pressure is not taken into
consideration due to the difference in balloon size.

A change in the assisting frequency of the IAB influenced the VUTVi of
each balloon studied. Nonetheless their inflation pressure pulse was not affected. The
balloons which showed an increased volume displaced upstream at an AF of 1:1 aso
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manifested an improved performance compared to cylindrical standard balloon at an
AF 1:4.

Inflation pressure pulse
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Figure 5-15: The graph shows the inflation pressure pulse for cylindrical balloon
and TID balloons at three different sites, tip, centre and base, for AF 1.1, at a
horizontal and angle 45° positions. The results indicate the variation in inflation
pulse with increasing angle associated to the standard balloon and to the ones which
are performing better, bringing evidence of an improved performance in case of
different shaped balloons.

5.5.2.2 Deflation

55.2.2.1 Volume

VUTVd changes throughout balloons at different positions showed an
evident influence of the shape on the deflation mechanism of the balloon. All TDD
balloons performed better than the standard cylindrical one when at an angle, with
TDD 2/3 resulting in a 33% increased VUTVd, compared to the standard 1AB, at
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45°. As expected TID balloons induced a smaller VUTVd compared to TDD and
standard cylindrical balloon at any angulation.

55.2.2.2 Pressure

The benefits of the deflation phase of the balloon is reducing ventricular
afterload by reducing aortic EDP. The fluid pressure immediately before onset of
systole is referred to as end diastolic pressure (EDP). The drop in EDP is
nevertheless related to the volume sucked from upstream by the balloon during its
deflation (VUTVd). EDP aso follows the trend of VUTVd changes with angles for
al balloons: the standard balloon is located in the middle between TDD and TID
series, and specifically TDD 1/3 isthe least affected by angle among all balloons (10
mmHg loss changing from horizontal to angle 45 position). Moreover this balloon
shows the lowest EDP in case of horizontal position. EDP at a horizontal and at an
angle of 45° is shown in Figure 5-16, for the standard balloon and the TDD series,
and underlines the differences between these balloons at both positions.

The decrease in deflation efficacy shown by the standard balloon has already
been discussed in previous works, especialy the one presented in Chapter 3. In the
current study an increase in EDP of 34 mmHg was measured at the centre of the
balloon for an increase in angle from 0° to 45°, whereas in the experiment described
in Chapter 3 a decrease in deflation pressure pulse by 22 mmHg in the same site and
for the same change in angulation was recorded. Similarly, the first comparison
between the differently shaped balloons ® showed that the cylindrical standard
balloon induced a decrease of 22 mmHg in deflation pulse for an increase in angle
from 0 to 45°. TDD 1/3 and TID 1/3 balloons are used for comparison with the TDD
and TID balloons tested in the experiment exploited by Khir and Bruti ®: while the
first ones resulted in an increase in EDP of 10 and 38 mmHg, respectively, for a
change in angulation from horizontal to angle 45° position, the latter ones brought a

decrease in deflation pulse of 10 and 14 mmHg.
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Figure 5-16: EDP for the cylindrical balloon and TDD balloons at three different
sites, tip, centre and base, for AF 1:1, at a horizontal and angle 45° positions. The
variation in EDP with increasing angle associated to the standard balloon is
different compared to the TDD balloons, which proved to perform better in case of

angulation.

According to the findings both in the literature ® and from the analysis of the
current data, obtained in a more physiological test-bed, it can be stated that the
balloon’s shape influences the EDP value for horizontal and angled positions. The
cylindrical baloon’s performance is compromised because of the aready explained
phenomena of 1) obstruction of the balloon tip towards the flow sucked from
upstream and 2) obstruction of the balloon base towards the flow of Helium from the
balloon tip towards the pump; the TDD balloons resulted in alower EDP which was
also less affected by a change in the angulation. In fact, the shape of this balloon is
such to contain a bigger proportion of its nomina volume in the base, so that, even
though this is the first part to deflate throughout the baloon in case of angle, the
flow sucked from upstream would not be obstructed by the upstream impedance and
the flow of Helium would not be reduced, differently from other shaped balloons.
The confirmation of the phenomena on an experimental set-up including a

ventricular simulator and characterized by a physiological pressure waveform
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suggests a concrete benefit following from the clinical use of this type of balloon,
which should be verified through further ‘in vivo’' tests.

It should be noted that, even though the two TDD and TID balloons have also
been studied by Biglino ", neither EDP nor deflation pressure pulse have been
investigated and the work was not focused on this aspect of the balloon
counterpulsation activity. Hence this work, together with the one described in
Chapters 3 and 4, fills an important gap constituted by the poverty of information
about the IAB deflation phase and thus suggests a solution to the decreased balloon
performance.

A decrease in EDP is associated to a decremented left ventricular afterload.
This is related to the point EDP in the PV loop represented in Figure 1-17,
Introduction Chapter, and here shown in Figure 5-17. This is, as indicated before
(Chapter 1), the most prominent and immediate effect of the use of an IABP in a
patient affected by ischemia. Through a reduction in EDP the end systolic point
moves towards the left side of the pressure-volume diagram (point c in Figure 5-17).
In addition to an increased stroke volume, the effect of IABP is also a reduced |eft
ventricular stroke work (and reduced left ventricular end-diastolic pressure and
volume). In addition the decrease in stroke volume depends on the contractility state
of the ventricular muscle, represented by the dashed line with slope end-systolic
elastance (Ees), in Figure 1-14. A lower slope of this curve (patients with lower
contractile state) is associated to a larger increase in stroke volume due to IABP
therapy. A PV loop related to the current experiment could not be traced because of
the mechanical nature of the pump: in the present experiment the left ventricular
function is simulated by a piston pump which is mechanicaly controlled and does
not change in volume in case of a deflation generated by the balloon.

The results related to IAB deflation, here presented and discussed, are not
relevantly affected by a change in the assistance frequency of the balloon from 1:1 to
1:4. Thisimplies that using the balloon at an AF of 1:1 would induce a much higher
benefit to the patient compared to AF 1:4, since the IAB is assisting the heart for

each cardiac cycle without decreasing its efficacy.
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Figure 5-17: PV loop and arterial pressure (Pao) show the immediate and
beneficial effect of a properly used intra-aortic balloon counterpulsation on left
ventricular function. The effect of the intra-aortic balloon pump is seen on the first
beat of counterpulsation (1) and has reached its full effect within 4 beats. The shift
of the pressure-volume loop down and to the left indicates a reduction in left
ventricular work, whereas a widening of the pressure-volume loop indicates an
increase in stroke volume. (Schreuder et al. 121). The point EDP represents the end

diastolic pressure, reduced in case IABP is counterpulsating.
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5.5.3 Final considerations

For organizing the main findings of the study, the best and worst balloons for
the two assisting frequencies and for horizontal and 45° positions are reported in
Table 53. It emerges that none of the tested balloons emerged for a better
performance on both, inflation and deflation. Hence the two phases will be
considered separately. TDD 1/3 balloon showed a net advantage in terms of deflation
pulse: for al positions this balloon is associated to the lowest EDP for any angle.
This is related to the higher concentration of balloon volume on its base, which was
demonstrated (Chapter 3, %) to be the first part to deflate in case of IAB operating at
an angle. On the other hand not all TDD baloons succeeded in maintaining a
constant VUTVi with increasing angle and showed to be influenced by the semi-
recumbent position.

TDD 1/2 instead induced a higher VUTVi for 20, 30, 45°, compared to
cylindrica balloon, for both 1:1 and 1:4 assisting frequencies (the increase in
VUTVi associated to TDD 1/2 compared to cylindrical baloon is9.7% (p = 0.4) and
35% (p = 0.008 < 0.05) for angle 30 and angle 45 respectively, at assisting frequency
1:1, and 13% (p = 0.16), 31% (p < 0.05) and 17% (p < 0.05) for angle 20, 30 and 45
respectively, at assisting frequency 1:4), and lower EDP for all positions from
horizontal to angle 45, with a minor rise in EDP, compared to the cylindrical and
TID balloons.

All TID balloons deflation effectiveness is markedly affected by an
inclination of the system, which, for a change in position from 0° to 45°, resultsin a
decreased deflation pulse and an increase in EDP by at least 29 mmHg (TID 1/2).
TDDs are associated with a maximum 19 mmHg increase in EDP. However, anong
al TID balloons, TID 2/3 was the most advantageous during inflation because it
displaced a VUTVi comparable to the cylindrical balloon at a horizontal and higher
for 20, 30, 45° positions. Also in this case the TID benefit is not surprising if it is
considered that a bigger portion of the baloon volume locates on its tip, and,
although this is the first part to inflate at an angle and might provide a higher
impedance against the flow displaced upstream, there would not be a critical

difference in volume displaced upstream between horizontal and angled positions.
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Table 5-3: For each parameter relevant for the study, the balloon inducing the

highest value and the one inducing the lowest value are indicated, at AF 1:1 and 1:4

and at a horizontal and 45° position. In some cases at a horizontal position the

standard cylindrical balloon is the best one, but the majority of situations are

characterized by a better performance of one of the differently shaped balloons.

HIGHEST

VUTVi AF11 0° Cylindrical + TID 2/3 TDD 2/3+TDD 1/3
45° TID 2/3 TDD 2/3+TDD 1/3
AF 1:4 0° Cylindrical + TID 1/3 TID 2/3
45° TID 2/3 Cylindrical + TDD 1/3
vuTVvd AF11 0° Cylindrical TID 1/2
45° TDD 1/3 TID 13
AF 1:4 0° Cylindrical TID 13
45° TDD 2/3 TID 1/3
Inflation AF 11 0° TID 1/2 Cylindrical
Pulse
45° TID 2/3 Cylindrical
AF 14 0° TID 1/2 Cylindrical
45° TID 2/3 Cylindrical
EDP AF11 0° TDD 1/3 TID 2/3
45° TDD 1/3 TID 2/3
AF 1:4 0° TDD 1/3 TID 2/3
45° TDD 1/3 TID 2/3
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The analysis of inflation pressure pulse value at different positions to the
horizontal strengthened the hypothesis of an advantageous effect induced by
changing the shape of the cylindrical balloon into TID 2/3. This balloon resulted in
an inflation pulse increased throughout the IAB for an increase in angulation, which
could be related to the performance of the balloon in terms of VUTVi at different
angles to the horizontal. Even though al TIDs showed a decrease in EDP with
increasing angle bigger than the cylindrical balloon, TID 1/2 was generally
performing similarly to the standard 1AB, while still resulting in improved inflation

efficiency at semi-recumbent positions.

55.4 Futureworks

The experimental set-up used in the current work aimed at testing different
shaped balloons at the horizontal position and different angles to resemble patients
being nursed at the hospital. Even though a left ventricular ssmulator was used, and
the balloon was counter-pulsating with a physiological pressure waveform, the test-
bed used was not comparable to a physiological arterial tree. The results obtained
highlighted the differences in hemodynamic benefits associated to different shapes
of the IAB, but before being ascribed to the physiological condition they should be
confirmed through testing the balloons in a physiological aorta with arterial tree and
through ‘in vivo' experimenta analysis.

Further development of the shape of the balloon could be also studied, once
the evidence of an improved performance of the IAB is confirmed by further
experiments. The tapering of the balloon could provide a basic rationale for a
modification of the shape of the device and, according to the latest results, a
combination of the two TDD and TID balloons could result in the balloon increasing

its performance on both inflation and deflation phases.

5.6 Conclusions

Experimental tests conducted on cylindrical and differently shaped balloons
counter-pulsating with a left ventricular smulator showed improved benefits of the
IAB which can be imputed exclusively to the different shape of the device. TDD
balloons showed an improvement compared to the standard cylindrical balloon
during deflation, inducing a lower EDP at al angulations to the horizontal, while

TID balloons were associated to an improvement in inflation activity in case the
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device is tilted. A good compromise consists in the use of the TDD and TID 1/2
balloons, even though the delivered benefit of each of the balloon would be clearer
during deflation, for the first one, and inflation, for the latter one. If the improvement
of each IAB will be confirmed, the use of the amended design balloon could be
indicated according to the specific patient condition: for a patient affected by
ischemic heart would be recommendable the use of TDD 1/2 balloon, since little
advantage would be associated to a backward flow towards the restricted coronary
arteries; on the other hand the left ventricle of a patient affected by myocardia
infarction would benefit from the use of TID 1/2 balloon, which could support an
increased flow in the coronary arteries.

Even though it was not possible to accurately graphicaly represent the
changes in PV loop diagram as the left ventricle was ssmulated by a mechanically
controlled piston pump, important clinical conclusions can be drawn when reporting
the decrease in EDP obtained through the use of the TDD IABs on the PV loop
diagram. It was in fact shown that the reduction of EDP would be followed ‘in vivo’
by the end systolic pressure point moving towards the left side of the diagram, and
resulting in a smaller ventricular volume at the end of systole, an increased stroke
volume and a reduced left ventricular end diastolic pressure and volume. This
clinica advantage is crucia and it was indicated as the main immediate benefit
related by IABP therapy by other researches (Schreuder al. ***, Barnea et al. * ® and
Cheung et al. %), as improvements due to increased coronary circulation would be
effective at a second stage after the use of IABP therapy.

The findings here presented can enable the use of these devices for animal
testing to assess whether their advantages are confirmed in a physiological system
close to the human one. In case these results are confirmed after the testing of the
seven balloons in a mock aorta connected to a left ventricular ssmulator, the two
differently shaped balloons will be studied together with the standard cylindrical one
in an in vivo set-up, to confirm the evidence of improved benefit in a complicated
physiological condition characterized by a sophisticated regulatory system. However
the improved deflation performance associated to TDD balloons and the inflation
performance characterizing the TID balloons are in line with previous findings on a
different and simpler experimental set-up.

126



Chapter 6 Influence of pump setting modesand ECG on IAB
inflation and deflation timingsin an experimental set-up

6.1 Chapter outlook

The work described in this chapter aims at investigating and comparing the
effects of different settings (automatic and semi-automatic) and triggers (ECG,
Aortic pressure and FOS sensor pressure), selected in two different IABP
commercial machines (Teleflex AutoCat 2 WAVE and Datascope CS300), on the
pressure waveform generated in an experimental set-up. For each configuration,
changes in pressure, specificaly on inflation and deflation pattern will be reported.
The corresponding potential benefits and drawbacks will also be discussed.
Furthermore, the ratio between the number of missed beats and the total number of
beats will be presented for each ECG, revealing the effectiveness of each pump and
setting on different types of ECGs. This Chapter eventually addresses specific uses
of each pump for patients with different types of pathological conditions.

6.2 Introduction

The market of IABP is predominantly shared by two manufacturers,
Datascope (currently Maquet) and Arrow internationa (currently Teleflex). The
equipment produced by these companies for IABP therapy can be grouped under two
categories. baloons and pumps. The effectiveness of IABP therapy relies on the
performance of the pumps and balloons.

It is essential that inflation and deflation timings, including time of onset and
duration, are calculated to maximize the hemodynamic benefits of IABP therapy, as
also highlighted by previous works in the literature . The most commonly used
timing to guide IABP counterpulsation consists of conventional and real-time (R-
wave deflation) &. While the former one sets the deflation starting before the next
systolic gection, the latter one alters deflation onset to correspond to systolic
gection. In fact, previous studies ® found that real-time deflation, athough
extending the length of isovolumetric contraction and increasing myocardial oxygen
demand, increased length of gection and stroke volume compared to conventional
timing. However, both methods are accepted and the choice of the method must be
made according to the purpose of IABP therapy for the specific patient and
following an assessment of hemodynamic effects of the selected timing method.
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Further, most patients requiring IABP therapy usually have higher heart rates
or arrhythmias and unusual ECG, which is one of the main triggering signals that the
pump uses to activate inflation and deflation. A higher heart rate (HR) and an
irregular ECG provide a further challenge for a successful therapy as the pump may
miss some of the beats and hence the therapeutic effect would be reduced. To meet
this chalenge, every manufacturer operates the pump with the proprietary
algorithmic software which is developed for detecting and assisting al beats. In fact,
after first measurement tests on the reliability of fibre-optic sensors (FOS) ¥, and
following the implementation of algorithms for the detection of the dicrotic notch

83-86

based on measurements with this technique , this method of pressure tracking

was indicated as a potential solution for timing errors 5%
high/irregular HR or ECG.
Bakker et al. ® tested the latest developed pump by Teleflex (AutoCAT 2

WAVE) to investigate inflation and deflation timing errors when using the autopilot

occurring in case of

setting of the machine, to have an insight of the influence of poor quality ECG or
arrhythmia on the hemodynamic outcomes shown on ECG strips related to the use of
IABP in 60 patients. Out of all analysed strips 16% showed incorrect timing, in
which 54% of the time errors were consistent since more than 50% of beats showed
incorrect timing. 69% and 37% of strips showing incorrect timing also showed
arrhythmia and poor quality ECG, respectively. However, automating the operation
of the IABP has become a prevalent task targeting the benefit of reducing the
operator error and minimising human intervention. For instance, a manually set up
IABP for ECG trigger, may require a different set up for triggering, possibly the
pressure signal, if the patient undergoes a period with irregular or loss of the ECG
signal.

IABP inflation and deflation timings appropriateness and its ability to detect
cardiac beats can vary and is chalenged with unusual ECG, higher heart rates or
arrhythmias. Hence, the comparison between two of the most widely used pumps in
the market can address the effect of different ECGs, settings with operating
algorithms and manufacturers on fluid-dynamics changes as well as add to the
current knowledge of IABP therapy appropriateness. The am of the study in this
chapter is to provide a detailed performance comparison between two of the most
widely clinically used pumps, tested under different settings and with different
balloons, in an in vitro set-up that resembles the physiological settings.
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6.3 Materialsand M ethods

6.3.1 Experimental set up

The experimental set up used for the comparison is described in Figure 5/1,

and consists of the following elements:

A. Mock aorta accommodating the balloon; a flexible tube of 2.6 cm interna
diameter, 0.2 cm wall thickness and 40 cm length
Air compressor (Jun-Air, Bromgrove, UK) providing pressure to the system
Control box, controlling valves opening and closing based on ECG signal
Datascope (CS300) and Teleflex pump (AutoCat 2 WAVE)
PC for ECG signa to the pump/control box and for data acquisition

nmmooOw

Data acquisition system using data acquisition card (National Instruments,
Austin, TX, USA) and data acquisition software (Labview, National
Instruments, Austin, TX, USA)

G. Pressure transducer (SPC 760, Millar, Houston, Texas)

H. Balloons. Datascope Linear and Sensation, Teleflex LWS

The Teleflex pump was tested on * Automatic’ mode of operation, while the
Datascope pump was tested on ‘Automatic’ and ‘Semi-Automatic’ modes of
operation. This was done because the ‘ Semi-Automatic’ mode, although still limiting
operator intervention, selects different algorithms for inflation and deflation onset
compared to ‘ Automatic’ mode.

Each of the two pumps was provided with 15 recordings of ECG from the
AHA heart failure data set identified by the following numbers: 1001, 1002, 1005,
2006, 3003, 3004, 4002, 4006, 5002, 6003, 6009, 7004, 7006, 7007, 8010. These are
indicated in the figures, results and discussion with numbers from 1 to 15.

Datascope Linear and Teleflex LWS balloons were tested with the pump of
the own and the other manufacturer.

Furthermore several triggering signals were connected to each pump: ECG,
providing QRS waveform, Aortic Pressure (AP) transducer, providing pressure
measured through water filled catheter, and Fibre optic sensor (FOS), aso
performing pressure measurements. The total number of configurations, combining
pump, balloon and mode of triggering, is 9, and they are listed in Table 5.1. Totally
135 experiments were carried and registered: 15 ECGs for 9 configurations.
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Figure 6-1: A schematic picture of the in vitro experimental set-up. The air-
compressor provides pressure to the system which is controlled by the control box
and valves, resulting in physiological pressure waveform on the mock aorta. The
ECG input on the system directs both, control box and IABP resulting in

counter pul sation mechanism according to ECG, pump mode and triggering signal.
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Table 6-1: List of all configurations tested, combinations of pump, balloon,

triggering signal and pump mode. 15 ECGs have been run through all listed

configurations, resulting in 135 experiments.

Signals
Selection/
Pump Balloon Trigger | Connection Mode
1) ptbtFOS Teleflex LWS AP FOS ECG Automatic
AP FOS
2) pdbdFOS Datascope | Sensation | AP FOS ECG Automatic
AP FOS
3) ptbtAUTO Teleflex LWS | ECGor AP ECG Automatic
Transducer AP
Transducer
4) pdbdAUTO Datascope Linear | ECGor AP ECG Automatic
Transducer AP
Transducer
5) pdbdSEMIECG Datascope Linear ECG ECG Semi-
AP Automatic
Transducer
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6) pdbtSEMITRA Datascope Linear AP ECG Semi-
Transducer AP Automatic
Transducer
7) pdbtAUTO Datascope LWS | ECGor AP ECG Automatic
Transducer AP
Transducer
8) ptbdAUTO Teleflex Linear | ECGor AP ECG Automatic
Transducer AP
Transducer
9) ptbtECG Teleflex LWS ECG ECG Automatic

6.3.2 Measurement

Pressure, ECG signal and un-calibrated Helium pressure were measured at a

frequency of 2 KHz. The pressure transducer (SPC 760, Millar, Houston, Texas) was

inserted in the mock aorta from the left side, as indicated in Figure 6-1, and placed
beyond the tip of baloon. Each tested ECG lasted for approximately 90-120
seconds, recorded using an analogue-digital converter and Labview software
(Nationa Instruments, Austin, TX, USA), and the analyzed beats for each ECG
started from the 30™ beat, to ensure the system to be on steady state. Data analysis

was performed using Matlab (The Mathworks, Natick, MA, USA).
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6.3.3 Dataanalysis

The system described resulted in the generation of a pressure waveform,
shown in Figure 6-2, resembling physiologica pressure with balloon
counterpulsation. Five indexes, also indicated in Figure 6-2, have been derived from
the waveforms and used to compare the timing performance of each configuration:

a) Time between R-wave (peak of QRS) to onset of inflation - Rpls

b) Time between onset of inflation to onset of deflation (inflation duration) -
Dol

c) Ratio of missed beats over total number of beats — Ratio

d) Time between R-wave (peak of QRS) to peak systolic pressure - RpSp

€) Time between onset of inflation to end of deflation —1sDe

Rpls Dol

\ 4

IsDe

:
— Pressure

P ECG

P (mmHg)

i i | i
56.2 56.4 56.6 56.8 57 57.2 57.4

tis)

Figure 6-2: Above shown pressure waveform (red) and ECG signal (blue)
corresponding to one of the analyzed ECGs. The four indexes derived from the
pressure waveform are indicated: RpSp, Rpls, Dol, IsDe. The presence of
counter pulsation on the pressure waveform reveals the triggering of the beat by the

|ABP, giving an estimation of the index Ratio.
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6.4 Reaults

All results are categorized under each index used for the evaluation of the 9
configurations:

1. Time between R peak to onset of inflation - Rpls

2. Time between onset of inflation to onset of deflation (inflation duration)

3. Ratio of missed beats compared to total number of beats — Ratio
4. R-peak to systolic peak - RpSp
5. Inflation starting — Deflation ending - IsDe

6.4.1 Timebetween R peak to onset of inflation - Rpls

The value of thisindex for each ECG and configuration is shown in Figure 6-
3. Figure 6-4 instead shows, for each configuration, Rpls average and standard
deviation throughout ECGs. The Teleflex pump on automatic mode and the FOS
trigger is the configuration that produced the shortest Rpls in 14 out of 15 ECGs
(except the ECG 13), showing a rapid pump response after peak systolic pressure.
Averaged for the 15 ECGs Rplswas 0.2771 + 0.0308 s. The difference, averaged for
al ECGs, between this configuration and the one giving the second best result is of
15% (0.277 £ 0.0308 vs. 0.3190 £ 0.0466 s, P < 0.01).

Comparing the Teleflex pump with the Datascope pump when the same
mode and trigger are selected (automatic mode and FOS trigger) shows that the first
one produces a smaller standard deviation of this index in 9 ECGs out of 15,
comparable in 4 and higher in only 2. The Datascope pump on automatic mode and
Teleflex LWS or Linear balloon produced the longest Rpls on al ECGs, with an
average value of 0.3875 + 0.0425 s and 0.4083 £ 0.0575 s, respectively. These two
configurations are comparable to those of the Teleflex pump on automatic mode and
LWS or Linear baloon just in case of ECG 13. Inverting the baloon with the
Teleflex pump did not induce particular changes in Rpls in any of the ECGs (p >
0.11).

ECG 13 is the most irregular ECG and the only case where the Teleflex
pump on automatic using FOS triggering did not produce the shortest Rpls. In case
of ECG 13, the Teleflex pump on automatic mode and Datascope on semi-automatic

mode, both with ECG as atrigger, are the configurations associated with the shortest
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Rpls and smallest standard deviation, of 0.2997 + 0.0232 s and 0.2797 + 0.0326 s,
respectively. Even though ECG 4, 6, 10 and 11 are also dightly irregular, in these
cases the Teleflex pump on automatic mode and FOS as trigger is the fastest to
inflate the balloon after the systolic peak.

The different mode settings on the Datascope pump had a big influence on
Rpls. Automatic mode guiding the pump’s triggering resulted in longer Rpls
compared to when semi-automatic mode is selected, for both, ECG and pressure
transducer triggering (0.4083 in average for automatic mode, 0.3330 and 0.3380 for
semi-automatic mode with ECG and transducer trigger respectively, shorter with ap
< 0.01). At semi-automatic mode, changing the trigger from ECG to pressure
transducer did not affect the Rplsindex in most of ECGs (p > 0.1).
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Figure 6-3: between R-wave (peak of QRS) to onset of inflation. Error bars indicate the standard deviation and all values are expressed in

seconds.
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Figure 6-4: Mean values of Rpls for each of the 9 configurations tested.
Configuration 1, ptbtFOS, provided the shortest value of Rpls.

6.4.2 Timebetween onset of inflation to onset of deflation (inflation duration)
- Dol

The values of thisindex for each ECG and configuration are shown in Figure
6-5, while its average and standard deviation throughout ECGs is indicated in Figure
6-6, for each configuration. The Datascope pump on semi-automatic mode with
trigger on ECG or pressure transducer, and the Teleflex pump on automatic mode
with ECG as a trigger induced the longest Dol in most of ECGs. Particularly the
Datascope pump on semi-automatic mode with ECG trigger generates the longest
Dol in 11 out of 15 ECGs, including the most irregular ECGs. The Teleflex pump on
automatic mode with ECG as trigger generates the longest Dol in just 3 out of 15
ECGs (11, 13, 15).
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Figure 6-5: Duration of inflation (Dol) values for each configuration and each ECG, average and standard deviation. The value is expressed
in seconds. The high standard deviationsin ECG 4 and 13 are due to the heart beat frequency, highly variable in the two cases.
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Figure 6-6: Mean values of Dol for each of the 9 configurations used. As shown

configuration 5, pdbdSEMIECG, provides the longest value of Rpls.

Both, the Datascope and Teleflex pumps worked with the pressure transducer
as atrigger when the automatic mode is selected and both pressure and ECG signals
are available. When the Teleflex pump is working with only the ECG signal
available the trigger mode automatically selected is either “PATTERN” or “AFIB”
(atrial fibrillation). Dol associated to ECGs triggered with PATTERN mode is
different from those triggered with AFIB mode.

It can be noted that, apart from ECGs 1 and 4, al ECGs have perfect
agreement between Dol and PATTERN or AFIB triggering. In case of PATTERN
triggering Dol is one of the shortest among all configurations, while in case of
triggering with AFIB Dol is one of the longest, and specifically in ECG 4, 13 and 15
the longest throughout all configurations.
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In case of irregular ECG 13 AFIB is selected automatically immediately with
the Teleflex pump. Using the ECG as atrigger in this case generates the longest Dol
throughout all configurations, which applies also to the Datascope pump on semi-
automatic mode (0.27 £ 0.22 s in both cases, 62% longer than the highest of the
remaining cases, with p < 0.05).

In addition, averaging Dol just among ECGs triggered by Teleflex pump
with AFIB and comparing the results to those of Datascope pump in semi-automatic
mode with ECG as trigger (the configuration corresponding to the longest averaged
Dol throughout all configurations) the difference becomes ailmost negligible as seen
in Figure 6-7. If al ECGs are considered the averaged difference between the two
configurations inducing longer Dol, the Datascope on semi-automatic mode and
Teleflex on automatic mode with only ECG signal available, is 25% with p < 0.1.
However if only ECGs triggered with AFIB by Teleflex pump are considered the

difference decreases to 10%, with p > 0.1.

Duration of inflation for
configurations pdbdSEMIECG and
m inflstart-deflstartAFIB
ptbtECG = inflstart-defl tart TOTAL
0.5 -
0.375 -
f 0.25 -
o
0.125 -
0. -
pdbdSEMIECG PtHtECG

Figure 6-7: Average index Dol for the configurations pdbdSEMIECG and ptbtECG
in two cases: 1) blue bars, ECGs considered (1, 2, 3, 5, 10, 11, 13, 15) are just those
in which ptbtECG uses AFIB as a trigger for onset of deflation; 2) red bars, all 15

ECGs are taken into consideration.
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In the case of highly irregular ECGs (4 and 13) the difference in Dol between
the Datascope and Teleflex pumps working with ECG as trigger and the rest of
configurations is very high: the other configurations calculate the duration of
inflation mostly based on the previous beats, and if the ECG is irregular the time
between one beat and the following one is highly variable, which results in the pump
to produce an inaccurate duration of inflation. The high variability of the irregular
ECGs is associated to the standard deviation. Indeed in case of ECGs 4 and 13 the
standard deviation associated with Dol for al anadyzed beats splits the
configurations into two groups. Datascope and Teleflex working with ECG as a
trigger induced minimum 23.2% and 30% higher deviation, on ECG 4 and 13
respectively, compared to the other configurations.

6.4.3 Ratio of missed beats compared to total number of beats— Ratio

The desirable value of this index is closest to zero. This ratio is highly
indicative of the efficiency of the pump, and it varied greatly between different
configurations in case of irregular ECGs. Values of thisindex for each configuration
and ECG are shown in Figure 6-8, while averaged values of Ratio throughout ECGs,
for each configuration, are shown in Figure 6-9.

The Datascope pump working on automatic mode gives the highest ratios
(undesirable) in most of ECGs, regardless of the Linear or LWS balloon used. In
case of automatic mode, the pressure transducer signal was generadly selected
automatically as the triggering signal. The average missed beats ratio is 10% of all
beats throughout al ECGs. Operating the Datascope pump on the semi-automatic
mode and ECG as a trigger resulted in an increase in the efficiency of the pump
(reduction in the ratio): missed beats have become 2.7% of the beats in the most
irregular ECGs (ECG 13). This Datascope mode performed much better, achieving
positive response to 100% of the beats in the remaining 14 ECGs. The Teleflex
pump on automatic mode and ECG as a trigger also achieved 100%, triggering all
analyzed beatsin all 15 ECGs.

Cdculating the Ratio index in the highly irregular ECG 13 has a particular
importance. The difference in performance between the configurations increases
steeply, underlying the beneficial effects of selecting automatic mode with ECG
triggering on the Teleflex pump and semi-automatic mode with ECG triggering on

the Datascope pump. However the analysis of the Ratio in ECG 4 (irregular with a
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lower degree compared to 13) showed that the performance of the Teleflex pump on
an automatic mode and FOS as a trigger is very similar to the Datascope pump on

semi-automatic mode and ECG as atrigger.
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Figure 6-9: Mean values of Ratio for each of the 9 configurations used. As shown

configuration 9, ptbtECG, provides the shortest value of Rpls.

On the other hand, comparing different pressure triggers (FOS and
transducer) and balloons (LWS and Linear) on the Teleflex pump on automatic
mode it is possible to notice an amost unchanged Ratio. However, comparing
different pressure triggers and balloons on the Datascope pump on automatic mode
produced higher Ratios which were also higher (more missed beats) than those of the

Teleflex pump, in all cases.

6.44 R-peak tosystolic peak - RpSp

The RpSp index averaged throughout ECGs (Figure 6-10), changed
maximum 0.0075 s (with p = 0.46 > 0.1) from one configuration to the other,
showing that a change in configuration would not significantly affect the timing of

the systolic pressure rise. It should be noted that the experiment has been conducted
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on a left ventricle ssmulator, which might affect the influence of the IAB on the
pressure waveform compared to a physiological environment.

The analysis of all ECGs pointed out that RpSp index changes smaller in the
ECG 2, 4, and 8, which are associated to the lowest heart rate (HR). In case of higher
HR, the use of IABP might influence the time of peak systole because of the higher
end diastolic pressure (EDP), independently from the selected mode. Following this
logic, in case of lower HR EDP will instead be lower because a longer time is

available between end of deflation and systolic rise.

Systolic peak - R peak
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Figure 6-10: Mean values of RpSp for each of the 9 configurations used. As shown
configuration 4, pdbdAUTO, provides the shortest value of Rpls.

6.4.5 Inflation starting — Deflation ending - 1sDe

This index depends on both RpSp and Rpls. The variability of the index
RpSp for different configurations is 4% on average, hence the differences in IsDe
depend mostly on the different timing of Rpls; the shorter Rpls, the longer IsDe. The
analysis of the timing of the IsDe index confirms the above statement. The Teleflex
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pump on automatic mode and FOS as a trigger is associated with the shortest Rpls
throughout configurations on 14 ECGs out of 15, and in these same ECGs it also
results in the longest IsDe. As aready observed for Rpls, ECG 13 resulted in a
different trend from all other configurations: in this irregular ECG Datascope and
Teleflex pumps, working on semi-automatic and automatic mode, respectively, and
with ECG as atrigger, are associated to the longest IsDe.

The dependence of IsDe on Rpls index is aso clear from the graphs in the
following page, Figure 6-11, showing the values of the two indexes for al
configurations and ECGs, and at Figure 6-12, reporting IsDe average values with
standard deviation throughout ECGs for each configuration. As shown configuration
1, ptbtFOS, provides the longest value of I1sDe.

6.5 Discussion

The need to elaborate automatic algorithms for the correct onset of baloon
inflation and deflation according to the particular situation of each patient is well

90 and

acknowledged from previous works. In fact, studies from Kantrowitz
Schreuder ®, investigating the accuracy of inflation and deflation timing,
demonstrated that in case of arrhythmia, fully automatic timing could be more
precise. Schreuder also found that fully automatic timing was related to ** 1 mstime
accuracy from dicrotic notch together with 99.4% assisted arrhythmic beats.

In the present study, the main target was to quantify the difference in results
produced by two IABPs in an in vitro setting that simulates the physiological
environment, and also to identify the different results generated by each pump when
operated under different settings. The tests used 15 different ECGs, taken from the
AHA heart failure dataset.

Previous studies aready tested one of the machines, the Teleflex AutoCat,
with the aim of investigating error inaccuracies on 60 patients, evaluating the
automatic mode of the pump . However, the investigation was focused exclusively
on timing errors, rated as early or late inflation and early or late deflation. In the
current study instead, performance of the pumps was rated, and 5 different indexes
have been proposed and measured for approximately 100 beats in each ECG.
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Figure 6-11: (A) Rpls, already reported in figure 6-3; (B) Duration of inflation (Dol), generally inversely correlated to the
index Rpls (the shorter Rpls, the longer IsDe). This is because a delay in the pump responding to the systolic peak also causes
the overall duration of assistance to the heart to decrease.
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Figure 6-12: Mean values of IsDe for each of the 9 configurations.

Particularly, 3 of these indexes, Rpls, Dol and Ratio, are relevant for
classifying the effectiveness and efficiency of each pump. Different pump
configurations (the combination of pump/balloon/trigger signal/mode of operation)
performed best in certain indices, and the following is the ranking of pumps at each
index:

1) Rpls: Teleflex pump with FOS as a trigger generaly produced the smallest
values of the Rplsindex;

2) Dol: Datascope pump, when used on a semi-automatic mode and ECG as a
trigger, generally produced the highest values of Dol;

3) Ratio: Teleflex pump with ECG trigger or Datascope pump on semi-
automatic mode and ECG as a trigger induced the smallest Ratio throughout
all of the configurations;

4) RpSp: Datascope pump on automatic mode is associated to an average
shorter RpSp compared to the other configurations;

5) IsDe: Teeflex pump with FOS as a trigger is the configuration which
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induced the longest I1sDe, as a consequence of the shorter Rpls, compared to

all other configurations.

6.5.1 Rpls

The importance of this index relies on the fact that it expresses the pump
speed in responding to inflating the balloon after systolic peak. Although the lack of
information regarding the effect of a late inflation, previous studies *** have
indicated a possible reduction in augmentation time and coronary perfusion pressure
related to late inflation. The use of the FOS trigger on Teleflex pump induced the
shortest Rpls. Using ECG trigger did not produce as good resullts.

The performance is different when FOS technology is used in the Datascope
pump, obtaining a longer Rplsin all ECGs and hence longer time to respond before
inflation onset. As the same triggering technique is used, it is believed that the
difference in performance between the pumpsin Rplsisrelated to the algorithm used
by each pump to commence balloon inflation.

The variability of the Rplsindex is aso indicative of the pump effectiveness,
since ideally Rpls should not change throughout the ECG regardiess of its
irregularity. A variability test showed that some configurations were more consistent
than others. When FOS triggering is used, Teleflex pump performed better than
Datascope in terms of variability for 9 ECGs: 2, 3, 4, 5, 6, 10, 11, 14, 15.

In case of highly irregular heartbeats (ECG 13), the best choice for ensuring
optimized onset of balloon inflation is Datascope pump on semi-automatic mode or
Teleflex pump on automatic mode, with ECG as a trigger; these two configurations
produced the lowest mean value of Rpls and the smallest Rpls variability throughout
al configurations. This result is caused by the high variability and frequency
characterizing ECG 13. The pressure waveform resulting from this ECG is radically
different from the physiological one. However, when Datascope and Teleflex pumps
use ECG as trigger for onset of inflation and deflation, balloon inflation occurs with
higher precision and reliability compared to the other configurations.

When the Datascope pump was tested on automatic mode the Rpls index was
much higher than on semi-automatic mode, even if the pressure transducer was
selected as a trigger in both cases. This suggests that the algorithm used by this
pump is different between the two modes, and semi-automatic mode is superior. The
relevance of this finding indicates that although automatic mode maybe preferred in

148



clinical practice to avoid operator-dependent mis-judgement, the semi-automatic
mode would lead to an improvement of the reaction of the pump in inflating the
balloon.

6.5.2 Dol

The outcome of the analysis of this index is that the Datascope pump on a
semi-automatic mode seems to provide a longer inflation support. The reason of
Datascope pump elongating Dol compared to the Teleflex pump on automatic mode
and ECG as trigger is that the first pump, in this configuration and semi-automatic
mode, always associates the onset of balloon deflation to R peak, while the Teleflex
pump normally (PATTERN trigger) calculates the Dol based on previous beats, and
uses R peak as the onset of deflation only in case of irregular beats (AFIB trigger).
When the Teleflex pump recognizes the irregularity of the ECG, the trigger changes
from PATTERN to AFIB, and consequently Dol increases.

The Datascope pump always provides alonger Dol than that provided by the
Teleflex pump, because the triggering is continuously in the AFIB mode which
systematically deflates the balloon at the R peak. The Teleflex pump produces on
average a shorter Dol if all ECGs and heartbeats are taken into consideration. This
pump employs an algorithm software program, when arrhythmia is first detected, to
assess if time is sufficient for the balloon to deflate at least 70% before following
systole, and if it is not the case it will select AFIB triggering. Hence the pump works
initially in PATTERN mode even with irregular beats, as the program appears to
take into consideration 60 beats to determine if conditions for adequate deflation
exist, before switching to AFIB mode. Contrarily, Datascope pump appears to
always activatethe onset of deflation at the R peak without a verification of the
possible extent of balloon deflation.

The initial 30 analyzed heartbeats, even in case of irregular ECG, might be
triggered in PATTERN mode when Teleflex is working in ECG as a trigger instead
of AFIB mode. However, it is noted in Figure 6-7 that, taking into consideration
only the ECGs assisted by the Teleflex pump on AFIB mode, the difference between
Teleflex and Datascope pump with ECG as trigger decreases consistently.

Unlike the Ratio and Rpls, the Dol index value should be interpreted
carefully and not be considered as an indication of full pump efficacy simply in case
of high values. The beneficial effect of along Dol associated to the AFIB mode of
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the pump is indeed questionable because in some cases ventricular systole might be
compromised by a late deflation, provoking an increased workload, as aready
expressed earlier by Hanlon-Pena et al. ®. In any case, for an irregular ECG, this
mode is favourable because of safety reasons. the balloon would deflate if an
unexpected beat appears on the ECG. The trigger selection consists in a compromise
by the Teleflex pump to ensure balloon deflation in case of irregular ECG and
simultaneously to have the potential of achieving optimal Dol.

One of the parameters which reveals the consistency of the Datascope and
Teleflex pumps working on ECG as a trigger is the Dol standard deviation.
Considering the two most irregular ECGs (4 and 13), it is clear thatall the
configurations are divided into two groups. Teleflex and Datascope working with
ECG as atrigger and al the rest of configurations. In these two cases the value of
Dol with its standard deviation shows that:

1. The Teleflex and Datascope pumps produce an exactly identical value of
Dol, which confirms that when Teleflex works in AFIB mode (irregular
heartbeats) it generates the same Dol as Datascope does

2. Thetwo pumps have a much better performance when triggered by ECG than
all others. Dol standard deviation gives an estimate of the reliability of the
pumps working on this mode: the values of standard deviation are much
higher in case Datascope and Teleflex pumps trigger with ECG signdl,
revealing the irregularity of the heartbeats, which need to be assisted for
different times in each beat, hence different lengths of Dol. If the standard
deviation of duration of inflation is high, it means that the pump assists each
heartbeat for different time. Thisisin line with the irregularity of the ECG as
each heartbeat would have a different duration compared to others. In these
two cases (4 and 13 in figure 6-5), the standard deviation reaches negative

values further confirming the high irregularity of the heart beats duration.

6.5.3 Ratio

The Ratio index, representing the number of missed beats over the total
number of heart beats, indicates the efficiency of the pump and it is the index that
can be directly used to rate the performance of an IABP. A small percentage of
missed beats may be critical for the recovery of the heart.
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Mean values of the ratio across al 15 ECGs are shown in the previous
section, Figure 6-8. The Teleflex pump with ECG as a trigger comes first and in
second place the Datascope pump in semi-automatic mode and ECG as a trigger.
Then follows the Teleflex pump with FOS or AP as a trigger, with similar values,
and the Datascope pump on automatic mode with FOS as atrigger or semi-automatic
mode with AP as a trigger, with dlightly higher ratios. Finally the Datascope pump
on automatic mode without FOS signal is associated to the highest ratio among all
configurations.

Changing the mode from automatic to semi-automatic in the Datascope pump
results in an increase of the pump’s efficiency in both cases AP or ECG signals are
used as a trigger. The semi-automatic mode on the Datascope pump not only allows
to choose the trigger signal and other minor settings, but it also appears to change the
algorithm used for choosing the onset of balloon inflation and deflation compared to
automatic settings. Thisinformation is crucial since in the clinical practice the pump
is generally used in automatic mode and there is a lack in awareness of the changes
induced by selecting one mode rather than the other.

Since clinically the balloon is used in case of afailing heart, it is expected to
deal with patients showing an irregular ECG, to which the IABP has to adapt to be
effective. The analyzed ECGs include some highly irregular ones, with the most
interesting ECGs to consider consisting in ECG 4 and 13, both of which are highly
irregular but with irregularities of a different nature and degree. ECG 4 shows, each
4/5 regular beats, an irregular one with a higher amplitude and shorter systolic peak
to peak time difference. ECG 13 shows instead trains of 3 to 4 QRS waves with high
HR (around 120 bpm) followed by a period of about 1-2 seconds characterized by
the absence of any heartbeat. The Teleflex pump with FOS as a trigger results in a
better Ratio in ECG 4 compared to Datascope with FOS as a trigger, with values
close to the ones obtained with ECG as a trigger, approximately 1.5 %. In case of
ECG 13, however, the two configurations have similar Ratio with each other, of
almost 50%, significantly larger from the one obtained if the pumps are working
with ECG as a trigger. This latest ECG is highly irregular, and this kind of
irregularity negates the differences between these two configurations (Teleflex and
Datascope with FOS as trigger), because of repeated irregular heartbeats at a very
high frequency, showing the disadvantages associated to the algorithm using as a

reference the pressure signal. On the other hand, ECG 4 consists of a small
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percentage of irregular heartbeats, and characterized by alower frequency compared
to ECG 13, in which case the pressure agorithm implemented in the Teleflex
machine shows a better performance, in terms of triggered beats over total number of
beats, compared to the algorithm used by the Datascope pump.

In Figure 6-13 is indicated, for both Teleflex and Datascope pumps working
with FOS, the average and standard deviation of the value of Ratio throughout the
regular ECGs (10 out of 15), while in Figure 6-14 for the irregular ECGs 4 and 13.
The Teleflex FOS Ratio is statistically non significantly lower than the Datascope
FOS ratio in case of regular ECGs and al arrhythmic ECGs (p > 0.1), but it is
statistically significantly lower (p < 0.05) in al cases of arrhythmic ECGs, excluding
ECG 13 (the most irregular), reinforcing the hypothesis that an irregularity such as
the one presented in ECG 13 decreases the differences between the two pumps.

Ratio for regular ECGs
0.08 -
0.06 -
=] m Datascope
5 0.04 1 = Teleflex
0.02 -
0. -
Normal ECGs

Figure 6-13: Ratio of missed beats over total number of analyzed beats (Ratio)
values, for Teleflex and Datascope pumps working with FOS as a trigger, averaged
throughout the regular ECGs (1, 2, 3, 5, 7, 8, 9, 12, 14, 15), indicated as mean

values and standard deviation.
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Figure 6-14: Ratio of missed beats over total number of analyzed beats (Ratio)
values, for Teleflex and Datascope pumps working with FOS as a trigger, for ECGs
4 and 13.

6.5.4 Final considerations

No singular optimal configuration for al indexes is emerging after the
analysis of the results obtained from the test of different pumps, pump modes and
triggers on the 15 ECGs. Different configurations produce better results with
different indices but no configuration is superior overall.

It should be considered that the comparison between the Teleflex and
Datascope pump working on automatic mode and with both ECG and pressure
transducer signals connected may not be straightforward. This is because in some
cases, even for the same ECG, each pump selects a different trigger. Both Datascope
and Teleflex pumps on the automatic mode selected the pressure transducer as a
trigger for most ECGs, probably due to the characteristics of the ECG signal. It
should also be noted that most of ECGs belong to patients with heart failure or
pathological ventricle, and the shape of QRS wave is radically different from those
of healthy patients. In these cases the pumps are supposed to switch to pressure
transducer signal, if available, and the algorithms used for selecting inflation and
deflation onsets are different from the ones used in case of triggering through ECG
signal.
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Five of the ECGs (1, 11, 12, 14 and 15) have been triggered with the pressure
transducer signal by both pumps in automatic configuration, regardless of the
balloon used. To avoid the possible interference of any other variables just these
ECGs should be considered. Using the Teleflex pump produced a shorter Rpls (for
either Linear or LWS balloons are used) and smaller Ratio (bigger number of beats
detected) compared to the Datascope pump. Hence in these 5 ECG cases the Teleflex
pump showed a faster response to the pressure stimulus and a higher efficiency in
detecting the beats.

For evaluating the advantages of a pump on a certain mode compared to
another it is important to point out the relevance of the different indices and the
performance of the pumps for each of them. Rpls indicates the speed of the pump in
activating the balloon inflation after the peak systolic pressure (when the pressure is
being used as a triggering signal) or immediately after the QRS (when ECG is used
asthetriggering signal).

The pressure waveform measured by the balloon at its tip varies for different
persons according to different physiological properties (ventricular contraction,
aortic wall and arterial elasticity). These variations are neglected in case the balloon
is inflated with ECG as a trigger, exclusively depending on QRS waves. The other
way, if the pressure transducer or FOS is used as a trigger, the reference is the
variation in pressure and this would ensure the efficacy of the pump in selecting the
onset of balloon inflation. For the analyzed ECGs the pump with the best
performance, for thisindex, was the Teleflex pump with FOS as atrigger. This pump
on this mode performs better than when using a standard pressure transducer as a
trigger: the improvement in the pressure signal introduced by the FOS resulted in an
earlier inflation of the balloon, compared to the case in which a simple pressure
transducer is used. In case the FOS technology is used by the Datascope pump, Rpls
is longer compared to the one of the Teleflex pump triggering with the FOS or
pressure transducer, and the value is generally similar to the one obtained when
using Datascope pump on semi-automatic mode and pressure transducer as a trigger,
hence not enhancing the advantage of the use of FOS compared to simple pressure
transducer triggering.

Dol does not provide clear information about the beneficial effect induced by
apump or by amode: if the value is high, it indicates a longer inflation, a probably
higher mean diastolic pressure, but also a risk of higher EDP, while if the value is
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low, it indicates a possible lower EDP but shorter inflation and smaller mean
diastolic pressure. Kern et a. * analyzed different deflation timings and suggested
that end-diastolic pressure, assisted systole and mean arterial pressure should be the
parameters determining the optimal deflation point for conventional timing.
Specifically Schreuder et al. ® quantified stroke volume and left ventricular stroke
work changes corresponding to deflation onset established through R-peak (late
deflation) and found that, although aortic valve opening was dlightly delayed and
myocardia oxygen demand increased, stroke volume increased by 14% and left
ventricular stroke work by 6%.

It is then difficult to establish whether a long Dol would be completely
beneficial or detrimental, since it should be considered that it is associated to an
increase in mean arterial pressure ® while not totally beneficia effects are associated
to the deflation phase. Datascope pump on semi-automatic mode and ECG as trigger
induced for most of ECGs the longest Dol, but it uses an algorithm which is not
distinguishing between regular and irregular heartbeats, maintaining the same trigger
mode for al ECGs. Teleflex pump with ECG as a trigger, instead, automatically
selects a trigger mode according to the regularity of the ECG, targeting ensured
balloon deflation in case of irregular heartbeats, and minimized EDP when the ECG
isregular.

Ratio provides an estimation of efficiency of the pump in detecting al the
heartbeats. It isimportant to consider the risks associated to a pump or a mode which
IS missing a certain percentage of beats. When the Datascope pump was used in
semi-automatic and Teleflex pump in automatic mode, with ECG as a trigger, the
number of missed beats was the smallest. These two configurations had a consistent
better performance especially in case of a highly irregular heartbeat, as for ECG 13.
When the Teleflex pump was used with the pressure transducer or FOS as a trigger,
the number of missed beats was normally smaller than the one associated to the
Datascope pump in same settings, but still critically high in case of irregular ECG.

The benefit associated with the use of a configuration compared to others has
to be evaluated according to the condition of the patient. As aready mentioned
before, there are severa levels of irregularities characterizing the patient ECG and
hemodynamics. Dealing with a regular ECG or dightly irregular, such as most of
ECGs analyzed in this study, the configuration which provided better indices in this
study is the Teleflex pump on automatic mode and FOS as a trigger: optimal Rpls
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and good efficiency in terms of detected beats (Ratio). In case of highly irregular
heartbeats, which is a typical condition for patient treated with IABP therapy, the
most advantageous and safe configuration is the Teleflex pump on automatic mode
and ECG as atrigger. This configuration alows obtaining a perfect triggering of all
beats (100% of anayzed beats, throughout all ECGs), a safe deflation of the balloon
and an adaptable duration of inflation. In case of irregular portions of the ECGs this
configuration guarantees balloon deflation before the starting of systole. The
difference in performance between the automatic and semi-automatic modes of the
Datascope pump is a clear and important observation of this work. For al indices
and all ECGs this pump performed better when used in a semi-automatic mode.

6.6 Conclusions

The study showed important differences between the setting modes of the
pumps and trigger signal used, underlying that the setting should be considered
according to the patient specific condition and on the quality of the ECG. Table 6-2
indicates a summary of the main findings on the different configuration's
performance.

It was found that in case of a regular or dightly irregular ECG the use of
Teleflex pump on automatic mode using fibre optic sensor (FOS) technology is
suggested since it combines a fast response of the pump to systolic peak and a small
value of Ratio (high effectiveness). When the ECG was characterized by high
irregularity, Teleflex pump on automatic mode and ECG triggering was the one
associated to the best value of Ratio index (100% of analyzed beats were triggered),
acrucia index in terms of clinical significance, and to a safe deflation of the IAB.
Nevertheless. the Teleflex pump showed to discriminate regular and irregular
heartbeats and selected different triggering modes for deflation onset even though
the same signal was provided (ECG).
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Table 6-2: List of configurations tested with the best (green) and the worst (red)
performance for the three main analysed indeces. From this summary it is
discernible that FOS technology in the Teleflex pump is associated to a faster
response of the pump, and that semi-automatic mode on the Datascope pump
performs better than the automatic one.

Rpls Dol Ratio

ptbtFOS

pdbdFOS

ptbtAUTO

pdbdAUTO

pdbdSEMIECG

pdbdSEMITRA

pdbtAUTO

ptbdAUTO

pthtECG

Moreover the analysis showed that the Datascope pump performs better in
case semi-automatic setting is selected instead of the automatic one, since it induced
alower value of Ratio index (0 is best). Finaly, the operator should establish which
setting is best to be applied to exploit the benefits of the device on a specific patient,
according to findings presented in this and in previous studies 8-8%
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Chapter 7 Multi-dimensional computational model for smulating
balloon inflation and deflation in a physiological system***

7.1 Chapter outlook

This chapter aims at discussing the development of a multi-dimensional
computational model allowing an insight to the hemodynamic changes induced by
the use of an IAB in the human body. The model also aims at giving an insight on
the 3-D fluid-dynamics in the area surrounding the balloon during its inflation and
deflation, to assess the effect of balloon counterpulsation on the main branches of the
systemic circulation and, specifically, on the aortic root and ascending aorta. The
developed model will be of importance when considering any change in IAB shape
or inflation/deflation dynamics, providing an insight into the potential benefit of the

changes on the systemic circulation and, specifically, on the aortic root.

7.2 Introduction

The purposes of using the IABP are the increase in coronary flow and the
reduction in left ventricular afterload, associated to its counterpulsation. However
the evidence of these two benefits is still subject of debate and little is known about
the distribution of flow and pressure on the surrounding of the IAB.

Many 0-D models of the arterial system have been developed, also for
simulating the effect on the cardiovascular system of human exercise %, cardiac

7 98 99

mechanical devices ° . which are

described in the literature.

and other pathophysiological situations

An important study by Stergiopulos et al. summarized in two scientific
publications *®,°* aimed at computationally simulating arterial flow in the human
arterial system, with particular attention to the development of peripheral pressure
and flow pulses. Fifty five vessels were modelled through electrical circuits based on
their geometrical and mechanical properties. Normal and aortic stenosis conditions
were modelled and the system demonstrated the ability to reproduce pressure and
flow distribution in the arterial system in both situations, reasonably matching ‘in
vivo' data

A computational study conducted by Abdolrazaghi % introduced a 0-D
model including an 1AB. All compartments of the 0O-D model, representing the

circulation in the human body, are electrical circuits constituted by one conductance,
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one resistance and one inductance, resembling the mechanical properties of the
vessels (their analogies will be better explained in the method section of this
chapter). The IAB is aso represented through electrical components: one varying
conducta-nce, two varying resistances and two varying inductances, resembling the
inflation and deflation of the balloon. Although the model could well reproduce
hemodynamics during normal and myocardia infarction conditions, the changes
induced by the use of 1AB reproduced only partially pressure and flow changes
measured ‘in vivo'. Moreover 3-D distribution of flow and pressure on the
surroundings of the balloon was not represented.

One of the first studies investigating 3-D blood flow associated with 1AB
inflation and deflation activity was published in 1991 by Natan et a.*. The study
used dimensionless Navier-Stokes equations, a technique previously used by the
same group %, for representing 3-D distribution of flow and pressure due to the IAB
counterpulsation and describes the effect of different balloon size on the pressure
and flow waveforms within the thoracic aorta. The disadvantage of the work consists
in the absence of information about the effect of balloon activity on the branches of
the systemic circulation and, particularly, on the aortic root, since just the thoracic
aorta was modelled. While data about pressure and flow in this region are crucia to
understand the balloon effectiveness, the mechanical properties of the vesselsin al
main branches of the arterial bed can have a big influence on the distribution of flow
and pressure in the IAB surrounding.

Ferrari et a. '® developed a hybrid model based on a computational 0-D
model of the circulatory bed interfacing with an experimental model of aorta
accommodating an IAB. The study resulted in the reproduction of the hemodynamic
effects of the IAB activity, asserting that the model represented the re-balancing
effect of the use of the balloon in myocardium infarction condition. Nevertheless the
publication does not provide information on the 3-D distribution of flow and
pressure around the balloon. Moreover, to analyse the effect on hemodynamic
parameters induced by different balloon shapes or materials, a prototype has to be
specifically produced and tested.

The aim of the work described in this chapter was to devel op a computational
model that can describe the 3-D pressure and flow distribution, in the aorta, and in
each main vessel of the systemic circulation, and which could potentially enable the

modification of IAB geometry to optimise its benefits. For this purpose a model has
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been developed based on the coupling of a0-D computational model of the systemic
circulation with a 3-D computational model of IAB within the thoracic aorta.

7.3 Multi-dimensional model for | AB counterpulsation

The main purpose of this study is to investigate the effectiveness of the IAB.
It is hence essentia to have information about the amended pressure in the aortic
root, which is one of the main parameters regulating the increase in diastolic
coronary flow, and early systolic left ventricular afterload. It is aso important to
model the mechanical characteristics of each main compartment on the arterial
system to resemble the effect of these parameters on the flow and pressure
distribution on both sides of the balloon during its counterpul sation.

One-dimensional models can treat the matter of propagation of pressure and
flow waves in the vessel network, possibly addressing valuable information
regarding cardiac function, elastic properties of the vessels, and patho-physiological
conditions of important organs. A 0-D model resembling the systemic circulation
through a number of main compartments, in which information about pressure and
flow waveforms will be available, takes into account the effect of the vasculature
mechanical properties and gives information about pressure and flow distribution
without high computational requirements. In the current case the target is to have an
initial evaluation of the effect of the IAB counterpulsation on the failing heart.
Hence a multiple-compartment model for the systemic vasculature is the best
compromise between computational time and accuracy to provide physiological
impedance at boundary conditions on the 3-D modelled thoracic aorta.

Nevertheless, the thoracic aorta accommodating an IAB should be modelled
three-dimensionally because of two main reasons:

e The counterpulsation of the IAB generates blood flow with three
dimensional characteristics, because of the expansion of the balloon
wall during inflation and the collapse of balloon wall during deflation.
The velocity and pressure changes in the region between the balloon
and arterial wall are clearly a 3-D phenomena. Since the detailed 3-D
flow in the region will influence the hemodynamic parameters in the
aortic root, a 3-D simulation is necessary to produce more accurate

results;
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e 3-D fields of velocity and pressure, at any point, will be available, to
aid the design of a balloon characterized by a different shape or
material.

7.4 Methodology

A 0-D computational model of the systemic circulation based on a
Windkessel model was coupled with a 3-D computational model of an IAB placed
inside the thoracic aorta. The 0-D model was used for imposing boundary conditions
on the 3-D model. In fact flow data extracted from the solution of the mass and
momentum equations in the 3-D domain were used as input condition for the 0-D
model, where pressure and flow were caculated in the lumped circuits
characterizing it, through the solution of ordinary differential equations (ODES). In
the following paragraphs the 3-D computational model will be first described in
detail, and then the boundary conditions depending on the 0-D compartmental model

with related coupling criteria between the two will be presented.

741 3-Ddomain

7.4.1.1 1AB counterpulsation geometrical model

The 3-D model was developed in Ansys ICEM CFD 14.0 (Cecil Township,
Pennsylvania, USA). The model developed consists of a cylindrical tube, resembling
the thoracic aorta, of 2.2 cm in diameter D, accommodating a model of the IAB
based on experimenta high-speed camera recordings. The balloon was divided into
7 parts. base, centre, tip and the links between these parts and with the two ends of
the balloon. See Figure 7-1 for clarifications.

161



Noncommercial use only

DOWNSTREAM Z‘}\‘ X

Figure 7-1: 3-D model of the IAB with dimensions imported from high speed camera
recordings. The balloon has been divided into 7 parts (A, B, C, D, E, F, G), in which
the three longest portions (B, D, F) are moving according to high-speed camera
movements and the remaining ones (A, C, E, G) are moving according to a linear

inter polation between the two connecting parts.

The axisymmetric radial movements associated to the balloon tip, base and
centre (B, D, F) are established according to the tracking of the balloon tip, base and
centre wall movements from high speed camera videos of the balloon counter-
pulsating inside a silicone rubber tube (a representative image is shown in Figure 7-
2). Although during IAB counterpulsation, especialy in the beginning of inflation
and end of deflation, the balloon cross-section is not completely representative of a
circle diameter, the computational model was assumed to be constituted by a series
of cylinders with diameter established from the value of wall-to-wall distance. The
movements associated to the connecting volumes indicated by A, C, E, G in Figure
7-1 correspond to a linear interpolation function between the movements at the
opposite ends of the volume. The function is described in equation 7.1, taking as an

example the linking volume between 1AB base and centre:
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Zc

Mb(t)_ Mc(t) X 7 + M (t) _
c

Zp— Z¢ Zp— Z¢

M(z,t) = X (My(8) = Mc(D) (Eq.7.1)

Where M(z,t) indicates the radial movement of the IAB membrane along axis
z and during time t, ‘Mp(t)’ and ‘M(t)’ describe the motion of IAB base and centre,
respectively, during timet, ‘z,’ and ‘z.’ are the axia coordinate of the location where
motion is defined in the base and in the centre, respectively, and ‘Z' is the axia

coordinate where the motion of the IAB is defined.

Figure 7-2: Image of 1AB inflation, recorded through high speed camera, while

processed for obtaining measurements of balloon diameter, at its base, centre and

tip (red lines), throughout the cycle.

Figure 7-3 shows a recording of IAB wall-to-wall distance, which guides the
motion in the 3-D domain for the base (B), centre (D) and tip (F) volumes, during

balloon counterpulsation cycle. At a second stage the IAB wall movements were
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imposed according to the tracking of IAB wall following high speed camera
recordings during balloon inflation and deflation at an angle of 45°.

—D tip horizontal
=D centre horizontal
=D base horizontal

Figure 7-3: |AB movement imposed for counterpulsation in case of the cylindrical
model (black line) and of high-speed camera recordings model (red line — base,

green line— centre, blueline - tip).

To highlight the differences in the movement of the whole balloon a
comparison between a model with IAB wall tracked movement at a horizontal
position and a model with IAB wall tracked movement at an angled position is
shown in Figure 7-4. The comparison shows the three-dimensiona model of the
balloon at different times during its counterpulsation cycle, underlying the

differences between the three models.
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To be continued
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Figure 7-4: Movement of the balloon within the thoracic aorta during its inflation
(A, B, C), while IAB is fully inflated (D), and during deflation (E). The motion is
indicated in case of high speed camera recordings at a horizontal position (left) and
at an angle of 45° position (right). It is clear that, especially during inflation, the
movement defined through function is more linear than in the other two cases,

involving the movement of three different parts of the | AB.

7.4.1.2 Mesh and solver characteristics

The mesh used consisted of 119,104 hexahedral elements, concentric and
built as an “O grid” geometry mesh. This geometry was chosen to avoid distortion

during compression. During IAB counterpulsation a mesh deformation exponential

166



function was used, based on the change in size of the mesh elements related to their
volumes, with higher volume cells being associated to a higher deformation
compared to the smaller volume cells. The model geometry underwent mesh
sensitivity analysis, as described in paragraph 7.5.4.

The 3D ANSY S CFX simulation was a transient with a cycle duration of 1 s
and with a time step size, called 3D ts size, of 1 ms, corresponding to the time step
size used after time step size sensitivity analysis in the 0-D model, called OD ts size,
also of 1 ms (described in the paragraph 7.4.1), imposing the boundary conditions to
the 3-D fluid domain. One-dimensional Courant number was cal culated according to

equation 7.2 to verify the convergence of the solution in the 3D domain:

Vpeak*At
Au

C = (Eq.7.2)

where isthe peak velocity in longitudinal direction, assumed of 0.66 m/s, is
the 3D tssize, 1 ms, and isthe element size in the longitudinal direction, 0.0035 m.
Courant number resulted in 0.1886, below the critical value of 1.

ANSYS CFX is a finite element based finite volume software, hence the
discretization characterizing the model is based on the integration of the variables in
integration points located between the centre of each element face and the
connecting line between the element nodes. The high resolution discretization
scheme for the advection term and standard discretization scheme (2™ order
approximation) for mass and momentum conservation and pressure equations were
selected. High resolution scheme was used as it is less likely to induce diffusive
discretization errors in case of steep spatial gradients. With velocity and pressure
values data being stored at each element node, shape functions are used by ANSY S
CFX to approximate the variables value at the integration points within each element
constituting the mesh. Segregated algorithm was used for pressure-velocity coupling,
based on a momentum-like equation on each integration point.

The transient scheme, or time integration technique, used to solve the Navier-
Stokes equations for the three-dimensional domain was set to the second order
implicit backward Euler method. The maximum number of iterations, caled 3D

iterations, was set to 50, and was stopped in case of RMS (root mean sguare)
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residuals (normalized values of equation residuals) from the momentum and mass
conservation and pressure equations smaller than 10e”.

Specificaly, the raw residuals represent, for each variable, the difference
between the solution of the variable equation between the 3D iteration steps n and
n+1l. RMS residuals are then obtained through normalization of raw residuas for
each monitored variable, for the purpose of solution monitoring. In ANSYS CFX
this happens through calculating, for each solution variable ¢, the normalized

residual, asin equation 7.3:

~ T
f, = apfmp (Eq.7.3)

where isthe raw residua control volume imbalance, is a coefficient representative
of the control volume size, and is a representative range of the variable in the

domain.

This target was reached during most of the simulation. The most critical
periods were the starting of the cycle and the time of IABP activation and steepest
motion. In these cases the residuals were higher 10e” after 50 cycles 3D iterations,
although till smaller than 10e. However this situation characterized only a small

portion of the overall cycle, and was due to the steep change in velocity against time.

The following conditions were set in the 3-D domain:
e Input functions:
1. Upstream plane (aortic side close to aortic arch): transient upstream
pressure;
2. Downstream plane (aortic side close to femoral bifurcation): transient
downstream pressure;
3. Motion: it contains the values of the balloon motion in the radial
direction during a cardiac cycle. This is imposed in the different
balloon portions (A, B, C, D, E, Fand G in Figure 7-1).
e Boundary conditions:
1. Upstream: this domain refers to the upstream thoracic aorta plane,
closer to the aortic root, and the boundary condition isimposed by the

Main Inlet function, described later in the chapter; mesh motion has
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been prohibited by imposing a stationary condition at the upstream
plane;

2. Downstream: this domain refers to the downstream thoracic aorta
plane and the boundary condition is imposed by Man Outlet
function, described later in the chapter; mesh motion has been
prohibited by imposing stationary option on boundary details;

e Aortic wall: this domain corresponds to the thoracic aortawall, ano slip wall
condition was used; mesh motion has been prohibited by imposing
stationary;

e Fluid domain: this domain represents the fluid flowing within the thoracic
aorta; blood characteristics have been imported assuming it is a Newtonian
fluid;

e Baloon wall: mesh deformation imposed to this doman followed a
displacement in the radial direction according to the values imposed through
the motion function;

e Upstream and downstream balloon wall: these domains refer to the balloon
tip and base planes, respectively; no dip wall condition was associated to

these domains.

When simulating the IAB counter-pulsating at angle of 45°, a buoyancy model
was added to the simulation, in which the gravity (g = 9.81 m/s?) was acting on the
fluid field at an angle of 45°.

7.4.2 3D upstream and downstream boundary conditions: 0-D compartmental
model of the systemic circulation

The 3-D mode upstream and downstream pressure boundary conditions, on
both sides of thoracic aorta the 3D model, defined in the above paragraph as Main
Inlet and Man Outlet functions, are imposed through solution of ODEs
characterizing a compartmental model described in detail in the following section.
As aready mentioned the systemic circulation imposing the boundary conditions on
the 3-D domain was treated as a system constituted by a total of 54 vessels. The
connections between the vessels are modelled according to the structure of the
arterial system.
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The main compartments were modelled as a three elements Windkessel
model, constituted by the following electrical compounds: conductor C, representing
vessel compliance, resistance R, representing vessel hydraulic resistance, inductance
L, and representing blood flow inertia. For the terminal branches a 2-element
Windkessel circuit constituted by one resistance and one inductance has been used.
The electrical expressions associating each parameter to tension and current are
indicated in the Eq. 7.4, Eq. 7.5, EQ. 7.6, and refer to Figure 7-5.

—

P1 Pt P3

Blood vessel

:: C "<:'

— —

Figure 7-5: Electronic circuit equivalent to a major blood artery vessel. This
structure has been used in the 0-D model to resemble each main compartment in the

arterial tree.

P1(t) — P2(t) = R = Qrl(t) (Eq.7.4)
Qc(t) = €+ =8 (Eq.7.5)
P2(t) - P3(t) = L+ L0 (Eq.7.6)

The analogy is derived by treating the Navier-Stokes equations as aready
discussed by previous studies *®. Blood flow in arteries can be modelled as a one-
dimensional axisymmetric flow of an incompressible and Newtonian fluid, for which

the Navier-Stokes equations simplify to'%:

0 oP 0 0
p 2y 28 = E;(r—”) (EqQ.7.7)

E dx r ar

in which p is the blood density, | is the blood viscosity, u is the axia velocity, P is
the blood pressure and r is the radius of the vessel.

The flow is considered laminar, provided that the Reynolds number Re is
below the critical value of 2000 '®. This might not be true in vessels characterized
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by diameter above 1.5 cm, such as the aorta, especialy in case a device like the
Intra-aortic balloon is activated. Hence it has been decided to separate this vessel
from the systemic circul ation and to model it three-dimensionally.

In case of vessels with a diameter < 0.2 cm and Re close to 10 (Eq.7.7) can

be smplified to the following expression:

TR*P(t)
8uL

q(t) = (Eq.7.8)

in which q isthe volumetric flow, Risthe radius of the vessel and L its length.
By associating (Eq.7.8) to the governing equation of an electric circuit with a

resistance the following is obtained
P(t) =R=xq(t) (Eq.7.9)

in which R is the electric resistance, P is the potential across the resistance
and g is the current flowing through it, the value of the resistance assumes the

following expression, which is referred to as resistance in a Poiseulle flow 1%:

__ 8uL
TR*

(Eq.7.10)
In case of vessels with a diameter higher than 0.2 cm the inertial forces
should be taken into account and the solution of (EQ.7.7) can be represented by the

following expression

AR?p dq(t) _ mR*
T? + Q(t) = 8L P(t) (Eq711)

in which 4 = 0.1729 can be interpreted as the rel axation time index.
Considering a circuit with aresistance R and an inductance L, the governing

equation

L dq(t) _1
R dr +q(t) = RP(t) (Eq.7.12)
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by association with (Eqg.7.11), will provide the expression of the resistance R and

inductance L, as following:

8uL __ 8lpL
TR* ~ nR?

R = (Eq.7.13)

The formulation (Eg.7.11) can represent the flow in vessels up to 1.5 cm in
radius.

It is important to mention that (Eq.7.7) refers to flow in rigid vessels. Blood
vesselsin the arterial tree present properties of elasticity which highly influence flow
and pressure waveforms during the cardiac cycle and should be represented in the O-
D model. The addition of a lumped compliance would take this diversity into
account. Hence the circuit was changed through adding a capacitor, which can
represent the storage of fluid in the vessel in case of increase in pressure.

The whole arteria tree was divided into 54 segments. The compliance in the
terminal branches was neglected, and these branches were modelled by a resistance
and an inductance. The values associated to these parameters, for each compartment,
are calculated based on physiological dimensions provided by Westerhof ™.

The inputs to the 0-D model were the flow in the aortic root and the
capillaries pressure of 15mmHg. The model provides as output the pressure and flow
in each compartment. A schematic representation of the modelled system isin Figure

7-6 (the main modelled compartments are here represented).
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Figure 7-6: Main compartments into which the systemic circulation was divided. As
indicated the inputs to the system are the pressure on the capillaries and the flow in

aortic root, and the outputs are pressure and flow on all the modelled branches.
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7.4.2.1 Implementation

The solution to the ordinary differential equations characterizing the flow and
pressure on each compartment were obtained through the forward Euler method.
Previous studies used this method in lumped parameter models of blood circulation
107

For each compartment n, depicted in Figure 7-6, flow and pressure at the

following time step (i + 1) are found through the solution of the following equations:

? *Qcp(i+1) —PL,(i+1) = —P1,(D) (Eq.7.14)

2 P2, (i + 1) + (S22 1) 5 Qriy(i + 1) = 4 P11+ 1) = Qriy(D)

n

(Eq.7.15)
Qtot,(i+1)—Qri(i+1)— Qc,(i+1)=0 (EQ.7.16)

Where isthe OD ts size, Qtot, the total flow into the department n, Qc, and
Qrl, the flows through the compliance and resistance, respectively, in the department
n, P1, and P2, the pressures before resistance and inductance, respectively, for the
department n, and Cn, Rn and Ln the compliance, resistance and inductance,
respectively, of the department n. These equations establish the flow and pressure
distribution throughout the modelled compartment and can be written in the form of

amatrix product as follows:
Axx=bh (Eq.7.17)

in which x is a vector containing al unknown variable (, and ), b is a vector
containing the results of the equations and A is the matrix including the coefficient
of the unknown variablesin al equations.

As aready described in the previous paragraphs the boundary conditions on
the 3-D domain are established through solving the described ODEs through forward
Euler method in the 0-D model, determining impedance on the two sides of the
thoracic aorta, proximally and distally to the heart.

After a OD ts size senditivity analysis, in which a different OD ts size was
applied on the system until convergence was reached, and then changed in order to
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identify the effect on the model results, a OD ts size of 1 ms was defined and initial
values for pressure and flow established. The code was implemented in Matlab
(Version 7.1.0.246 (R14), The MathWorks Inc., Natick, Massachusetts, USA).

7.4.2.2 0-D modd verification

Pressure results in the aortic root, thoracic aorta and femoral artery are
presented and compared with ‘in vivo' measurements presented by Avolio et al. **®
in Figure 7-7. Aortic flow (input function) and flow in the descending aorta are also
shown in Figure 7-7, and again compared with ‘in vivo' results by Avolio et al. 1®
and Mills et a.*™.

The presence of the dicrotic notch is clearly visible in the waveforms of the
thoracic aorta and aortic root, immediately after the aortic flow reaches O I/min. The
amplitude of the pressure pulse increases with increasing distance from the heart, as
expected, confirming ‘in vivo'’ measurements. The phase of the pressure pulse aso
changes and moves forward with increasing distance from the heart, finding
confirmation from the already discussed measurements. The flow waveform shows a
similar behaviour to that measured ‘in vivo', athough the amplitude of the second
peak is bigger than the measured one.

Subsequently the input aortic flow was modified. ‘In vivo'’ measurements
from dog data have been taken and adjusted for the volume to equal 25 cc. The

resulting pressure and flow waveforms are shown in Figure 7-8.
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Figure 7-7: The above figures report the calculated pressure waveforms on aortic
root, thoracic aorta and left femoral artery (A); ‘in vivo measured pressure
waveform on aorta with increasing distance from the heart by Avolio et al. ' (B);
measured pressure waveform on ascending, thoracic and abdominal aorta, femoral
and saphenous artery by McDonald's et al. *** (C); calculated flow waveform on
aortic root and thoracic aorta ‘in vivo' (D); ‘in vivo' measured flow waveform on
ascending and descending aorta by Avolio et al. *® (solid lines) and Mills et al. **°

(dashed line) (E).
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Figure 7-8: Calculated pressure waveform in the aortic root, used in the second

model of aortic flow waveform input.

7.4.3 Interactions between OD model and 3D modd

The compartments in the 0-D model were connected to the upstream and
downstream sections of the 3-D domain. Compared to the described 0-D model, a
modified one, lacking of the compartment corresponding to the thoracic aorta, was
used to iteratively obtain pressure and flow values in each compartment of the
human body. The amended 0-D model is shown schematically in Figure 7-9. The
original model, depicted in Figure 7-6, is instead used for the calculation of new
values of pressure on upstream and downstream of thoracic aorta, boundary
conditions on 3-D domain. The 0-D model had as further inputs the flow in the
thoracic aorta upstream and downstream, together with the aortic root flow and

capillaries pressure.
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Figure 7-9: The amended compartment model used for modelling the systemic
circulation, without the thoracic aorta compartment. As indicated the inputs to the
system are the pressure on the capillaries (indicated in the figure as INPUT), the
flow on aortic root and the one on thoracic aorta upstream and downstream, and the

outputs are pressure and flow on all the modelled branches.
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The OD ts and 3D ts sizes are both 1 ms, with a cycle duration of 1 s. Since
the information transfer between OD and 3D simulation was done manually, it could
be time consuming if coupling information between OD and 3D model were
exchanged at each OD/3D ts (1 ms). To save the overall simulation time, results of
more 0D/3D ts were transferred between OD and 3D models. In the final setting, a
total of 20 ms (or 20 OD/3D ts) data were transferred between the OD and 3D
models. Thiswill be called iteration time step size, and abbreviated ts size.

At each ts the values of pressures on thoracic aorta upstream and
downstream, obtained from 0-D model, were the inputs of the 3-D model. The value
of the pressure on 3-D domain upstream and downstream were applied uniformly
throughout the upstream and downstream surfaces, respectively. The outputs of the
3-D model at each ts were the averaged flow rates over the cross sectiona area of
the thoracic aorta upstream and downstream planes, which were the input parameters
for the 0-D model with the thoracic aorta removed. About 3 iterations of this data
transfer, called OD-3D iterations, were done to ensure the convergence of the
coupling. A schematic blocks-diagram for the clarification of the above described

procedure is shown in Figure 7-10.
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Figure 7-10: block representation of the interactions and coupling of the 3-D and
compartment models, with parameters involved in each step. The red arrows
indicate multiple OD-3D iterations between 3-D and ‘0-D loop’ models.

7.5 Simulation accuracy tests of the overall procedure

The following section presents all model accuracy considerations addressing
the model reproducibility:

e 0OD-3D iterations sengitivity test

e 0-D-3-D modelsinteractions convergence test

e Cycleto cycle reproducibility test

e 3D model Mesh sensitivity analysis

e Model test for results differences between different 3-D model entrance
lengths

e Laminar and turbulent flow considerations

e Consearvation of mass on 0-D-3-D interface test
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7.5.1 0D-3D iterations sensitivity test

As dready explained in paragraph 7.4.2 the OD and 3D ts sizeswere set to 1
ms, while the ts size characterizing the variables exchange in order to solve 3-D and
0-D domains equations was set to 20 ms, and was selected after an investigation of
ts size influence on upstream and downstream pressure waveforms. In paragraph
7.4.1.1 was explained that 1 ms OD ts size was applied on the 0-D model of the
systemic circulation after different OD ts sizes were applied on the system to verify
the OD ts size value ensuring the convergence of the OD model alone.

In addition the influence of ts size on the model was investigated and the
model showed different results for different ts sizes. This test was conducted on a
simple cylindrical model of the counter-pulsating IAB. The difference between the
use of a 50 ms ts size and 15 ms ts size is shown in Figure 7-11, reporting the
calculated upstream pressure in the two cases during 150 ms following IAB

counterpul sation.
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Figure 7-11: upstream pressure obtained through simulating the first 150 ms after
IAB counterpulsation with a ts size of 15 ms (red line) and 50 ms (blue line). The
maximum difference was found to be 10% and, although the behaviour of the two
curves follow a similar pattern, with a ts size of 15 ms the waveform is more linear

compared to the one characterized by a ts size of 50 ms.

The maximum difference shown is 10%, with the waveform presented

changing consistently with a reduced ts size. In fact it can be noticed that the
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waveform obtained with ats size of 15 ms presents a linear behaviour compared to
the one characterizing the waveform obtained with ats size of 50 ms.

This analysis was conducted for 150 ms in order to optimize the time for
achieving the characterization of ts size to be applied in the modd. In fact, if
conducted for the whole cycle, the analysis would be extremely time demanding, as
it should be carried on for two different ts sizes. The difference associated to the use
of two ts sizes can be obtained through the analysis of the most critical period
during the whole cycle (steepest change in velocity and pressure), which corresponds
to the starting of IAB inflation. Looking at Figure 7-13 is clear that the steepest
change in pressure (increase and decrease) is found in the 150 ms following the
starting of IAB inflation.

Initialy ts size of 15 ms was selected as alinear behaviour of pressure curve
can be evidenced with this ts size, and number of OD-3D iterations selection is
presented in the following paragraph. Although for the results presented in the last
part of this chapter the ts size used was 20 ms, as no difference was highlighted
between the two ts sizes.

7.5.2 Convergencetest between 0-D and 3-D interactions

The ts size analysis presented in the above section was obtained with the
number of 0D-3D iterations being selected through a pressure threshold convergence
criteria. Upstream and downstream pressure values were visualized for different OD-
3D iteration numbers. The number of 0D-3D iterations was established when the
difference between pressure values at two consecutive 0D-3D iterations was found to
have a value smaller than the threshold value of 0.5 mmHg (= 65 Pa). This
verification was made at the first ts of the cardiac cycle and at the first ts of the IAB
counterpulsation, and a 0D-3D iterations number of 3 was then set. The values of the
pressure for the checked ts, at the beginning of I1AB counter-pulsating, are shown in
Figure 7-12. It is possible to see the convergence of the values with the differences
in pressure values falling below the threshold from OD-3D iteration number two to
three, for both upstream and downstream pressures.

Also in this case, as per the analysis of the ts size, the periods analysed for
the selection of the OD-3D iteration number were the ones corresponding to steepest
change in velocity and pressure, hence the beginning of the cardiac cycle and the
starting of the IAB inflation.
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However a convergence loop number of three was aso used by other

118 in transient simulations of blood flow in the arterial bed, in

researchers
combination with atime step ts size of 10 ms and a convergence target of 10e>, also

performed using Ansys CFX.
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Figure 7-12: pressure values at upstream (A) and downstream (B) of 3-D domain,
after two (blue line) and three (red line) OD-3D iterations, revealing maximum
difference in pressure value (at the end of the ts) smaller than the threshold of 0.5

mmHg.

7.5.3 Cycletocyclevariation and reproducibility

Two cycles were simulated at a verification level with the am of verifying
the solution of the model to be cycle independent, hence validating the values of

pressure calculated through the simulation and investigating the inter cycle
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reproducibility. As shown in Figure 7-13, the difference in the end diastolic pressure,
at the end of the cycle, between the 1% and the 2" cycle is minimal: within 0,5
mmHg. This value was also used as a threshold value for establishing the
convergence of the 0-D - 3-D model coupling, and addresses the reproducibility of
the model, especially considering that this pressure difference value was reached
after the initial difference in end diastolic pressure between the 1% and 2™ cycle. In
the figure is aso underlined the difference between the pressure values at the
beginning of systole after 1% and 2™ beats, indicated as AP,, and the one at the
beginning of the 1% cycle, indicated as AP;.

160 T T T T :
: ; =P aortic root (with balloon)
P aortic root (without balloon)

1201 : : ; ‘ : o

100+ ; / : : : _

P (mmHg)
3
T
I

AV

Figure 7-13: 2 cycles simulation of heart beat without counter-pulsating |AB, black
line, and with |AB pumping, red line. The pressure waveform associated to counter-
pulsating |AB reveals a minimal difference in end diastolic pressure between the 1%

and the 2" cycle.

The waveform associated to the pressure influence by |ABP counterpul sation
(red line in Figure 7-13) shows similar behaviour between the 1% and 2™ beats,
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although the starting point has a different value because of the different

hemodynamic in the beginning of systole.

In fact the pressure value at the beginning of the ssimulation was close to 70
mmHg, close to the physiological end diastolic pressure. Instead in case of balloon
active deflation the pressure at the beginning of systole, for both 2" and 3" cycles, is

close to 50 mmHg, similarly to values measured in vivo.

The figure aso highlights that the difference shown between the beginning of
the 1% and the beginning of the 2™ cycle (black line and red line, respectively, and
AP; indicated in red) disappears when looking at the beginning of the 2™ and of the
3" cycles (red line and grey line, respectively, and AP, indicated in grey). Thisis due
to the different hemodynamic at the beginning of each cycle: at the starting of the
simulation (t = 0) the balloon is in deflated configuration and the hemodynamic
values, influenced exclusively by the activity of the heart, are within physiological
value; on the other hand at the end of 1% and 2" cycles the hemodynamic values
depend on heart pulsation as well as IAB counterpulsation, and hence pressure
results are the same between the end of 1% and 2™ cycles, but different from the
starting of the simulation. In fact the difference between the two cycles end diastolic
pressure is within 0.5 mmHg. As previoudly stated, this is in line with the value
used, as aready described in paragraph 7.5.2, as threshold value for establishing the
number of OD-3D iterations of pressure and flow exchange between 0-D and 3-D

models.

The verification was interrupted at this point because the aortic end diastolic
pressure results showed the aortic pressure starting point in the 3 simulated cycle to
have a value close to the aortic pressure starting point of the 2™ simulated cycle. In
addition the pressure pulse was shown to be reproducible between the two cycles:
the calculated systolic pressure pulse was 60 mmHg for both 1% and 2™ cycles, and
the calculated pressure pulse induced by IAB inflation was 50 mmHg in both cycles.
It is reasonable to assume that these will be maintained also in the 3" cycle, and, as
the hemodynamic and pressure at the beginning of 2™ cycle and at the beginning of
3" cycleis reproduced, the 3 cycle will be expected to have pressure val ues against

time comparable with the ones of the 2™ cycle.
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7.5.4 Mesh sensitivity analysis 3D model

For the use of this mesh a sensitivity test was conducted through studying the
effect of a change in number of mesh elements on aortic root pressure and flow
waveforms in case a simple cylinder increasing and decreasing in diameter was used
to smulate IAB counterpulsation. The test first compared the mesh, represented in
Figure 7-14 and constituted by 119,104 elements, used with one constituted by
486,794 elements. The increase in elements constituting the model did not induce a
marked change on the pressure and flow waveforms, as it is possible to see from the

comparison of aortic root pressure and flow in Figure 7-15.

Noncommercial use only

L.

Figure 7-14: the image show the mesh used in the three-dimensional model of the
thoracic aorta and | AB. The two sides of the three-dimensional domain, highlighting
the cross-sectional distribution of elements, will be the areas in which average flow

is calculated and input onto the 0-D compartmental model.
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Figure 7-15: Pressure on aortic root and flow on thoracic aorta, during inflation,
obtained through simulation with standard mesh and refined mesh. As shown, no
mar ked influence is noticed when the mesh elements number isincreased.

In this case there was no change in geometrical distribution of elements
within the 3D domain, but just finer mesh and smaller elements size. Afterwards a
model constituted by 257,810 elements and presenting a non-uniform distribution of
mesh elements, in which finer meshes were close to baloon and aortic wall and
larger elements were in the middle between the two walls, was also tested for
simulating IAB counterpulsation. A representation of the cross-section for this case
isindicated in Figure 7-16. Also in this case the final results do not differ from the
ones of the standard model, as noticeable by looking at Figure 7-17.

Although it should be noticed that the variation in elements size between the
elements close to the walls and the ones between the vessel wall and IAB wall is
large and not gradual. This represents a disadvantage as errors due to discretization
of the space could increase compared to a volume characterized by same number of
elements changing in volume gradualy from the walls towards the inner ring.
However the steepest change in velocity is expected close to the vessel and IAB
wall, and velocity is expected not to change largely in the area characterized by a
coarser mesn. ANSYS solver also showed that a variation in mesh elements
distribution and size did not induce a big change in convergence, as the RMS of
residual's was kept the same (10e”), and it was reached after a comparable number of
3D iterations.
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Figure 7-16: the above image shows the alternative mesh used for the three-
dimensional model of thoracic aorta and IAB, following a non-linear distribution.
The decreased dimension of elements size close to the IAB and aortic walls aims at
better modelling the boundary layer characterizing the flow on the two surfaces.
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Figure 7-17: Pressure on aortic root and flow on thoracic aorta, during inflation,
obtained through simulation with standard mesh and un-uniform distribution mesh.
Also in this case there is no marked influence when using the refined mesh on the
final results.
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7.5.5 Consderationsabout flow development on upstream and downstream

thoracic aorta boundaries

All results in the following section were obtained imposing a feedback
between 3-D and 0-D models at 4 cm (2 x aortic diameter) away from both sides of
the IAB (corresponding to the geometrical irregularities). Hence the domain is
interrupted in an areain which irregularities or backward flow might characterize the
flow field and a consistent amount of information might be lost inducing an incorrect
estimation of velocity and pressure close to the boundaries and, consequently, on the
rest of the fluid domain. Furthermore the pressure imposed in the boundaries
assumed the flow to be developed on the upstream and downstream surfaces, even
though this might not be true, due to geometrical variation in the domain close to the
boundaries.

In order to establish whether this setting induces a consistent error on the
calculation of pressure and flow on upstream and downstream planes, as well as on
the flow distribution within the thoracic aorta, a longer 3-D model of thoracic aorta
including 1AB, with 3-D domain interrupted at 10 cm (5 x aortic diameter) away
from both 1AB sides, has been tested and the results are compared with the ones
obtained using the standard 3-D model developed. Figure 7-18 A compares the
upstream and downstream flow obtained from the two models, together with the one
associated to the 0-D model aone.

The flow rate waveform is, as expected, slightly different in case the thoracic
aorta is resembled as a longer tube, compared to the other two situations. Also
upstream and downstream pressure resulting from the coupling of the 0-D model
with the amended 3-D model vary sensibly, as noticeable by looking at Figure 7-18
B, and specifically a higher difference between the two pressures is obtained during
systolic phase, even though being associated to a lower flow running through the
thoracic aorta. The difference found on the systolic flow, with no IAB movement, is
due to the difference in modeling the thoracic aorta tract between 0-D and 3-D, since

in the 0-D calculation the tract was not modelled 3-dimensionally.
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Figure 7-18: The above pictures show flow waveforms (A) and pressure waveforms
(B) for both standard and long thoracic aorta. A shows the flow in the thoracic aorta
for 0-D model alone (black line), the flow displaced upstream for both models (red
and blue) and the flow displaced downstream for both models (green and magenta).
B shows instead the upstream (blue and black) and downstream (red and magenta)

pressure waveforms for both models.
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Also important differences can be found in the fluid-dynamics within the
aorta. Plotting the velocity field on the longitudinal plane inside the thoracic aorta
(Figure 7-19), for both long and ‘physiologica’ models, different velocity
distribution in the gap between aortic and balloon walls and in the surrounding of the
IAB is noticed. The main differences between the two models are due to the distance
between the areas associated to a pressure equally distributed throughout the area
(upstream and downstream boundaries) and the edge of the IAB, though the values
of the velocity are reasonably similar. Thiswould explain why the areas of backward
velocity due to the presence of the IAB, close to the balloon edges, are wider in case
of longer aorta (Figure 7-19). However, it is important to note that the effect induced
by changing the 3-D model of thoracic aorta on the ascending aorta pressure is
contained (Figure 7-20): systolic peak decreases by 2.2% and diastolic augmentation
due to IAB inflation increases by 8%.

In conclusion, the standard model of IAB was better resembling the
physiological environment, but the inclusion of further elements on both sides of the
thoracic aorta model provides a more correct evaluation of flow field in IAB
surrounding and in the flow displaced upstream and downstream. In the second case,
though, it should be taken into account that the flow calculated in the 3-D model
varied from the one resulting from the use of the 0-D model alone also because of a
different estimation of the impedance associated to the added aortic tract. The values
of flow displaced upstream and downstream changed aso because of the value of
fluid flowing through the thoracic aorta when the IAB starts inflating, which was
different in case the thoracic aorta was modeled with physiological dimensions
compared to when it was modeled with added aortic tracts. It should be noted that,
however, the volumes displaced upstream and downstream did not change
considerably (< 3%) and corresponded to the volume change associated to the IAB
between its deflated and inflated configurations.
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Figure 7-19: The longitudinal velocity field is represented for the standard (A) and
long (B) aorta.
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Figure 7-20: Above the pressure waveform calculated in the aortic root is shown for
both models of thoracic aorta, standard (blue line) and long (red line). The
difference between the two model is contained within 8%.
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7.5.6 Hemodynamic model

Although severa researches have been conducted in regards of the fluid
dynamics of blood in the aorta, it is still not clear to which extend turbulence and
mixed regimes are characterizing the blood flow in the aortic branch. An important
study aiming at characterizing the velocity profile during the cardiac cycle in the
ascending and descending aorta, through a hot-film probe used in anesthetized dogs,
was lead by Nerem et a. in 1972 '®. The study '® is presented in following
paragraphs, and this method will be used for the calculation of the critica Reynolds
number associated to this model. The results are expressed in terms of arterial
velocity waveforms and instantaneous and time-averaged velocity profiles in the
thoracic aorta of dogs. In the study the occurrence of flow disturbances and
turbulence was shown to be related to peak Reynolds number and the frequency
parameter o, depending on heart-rate and size of the aorta.

The truthfulness of the measured peak systolic velocity measured in the axis
of the ascending aorta was verified through the calculation of the velocity itself using
measured pressure and wave speed of 500 cm/s. The result calculated was close to
the one measured. However, three different types of velocity waveforms were
reported, divided into undisturbed, with absence of high frequency components,
disturbed, presenting high frequency components indicating presence of turbulence
at the peak of systole, and highly disturbed, with signs of turbulence throughout the

decelerating part of systole. The three examples are shown in Figure 7-21.
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Figure 7-21. from left to right, velocity profile measured by Nerem et al. and
characterized by no disturbances, disturbances in systolic peak and disturbances in

the decel erating phase of systolic phase.
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The graphs show that turbulence does not depend on Reynolds number alone,
but also on the heart rate characterizing the cardiac cycle. An important graph
aming at involving all main parameters is shown in Figure 7-22, and relates the
Reynolds number characterizing the flow, the frequency parameter a and the level of
disturbance. A genera trend was noticed: by increasing the Reynolds number and
decreasing a leads to a more disturbed condition, and a line can be traced which
discriminates the disturbed or highly disturbed conditions from the undisturbed one,
characterized by equation 7.18.

Re, = 250 o (EQ.7.18)

where Re; corresponds to the critical Reynolds number characterizing a
transition between laminar flow and mixed flow and a is the frequency parameter,

calculated as in equation 7.19.

@ = Ry, ¥ /? (Eq.7.19)

where Ry is the radius of the aorta, f is the heart rate frequency, ¢ is
kinematic viscosity (defined as blood dynamic viscosity over its density) *®. This
parameter defines dynamic behaviors and similarities between different flow
systems, whose flow is characterized by the Navier-Stokes equations simplified into
the equations of motion presented by Womersley (pressure and flow equations
according to Womersley hypothesis).

From a physical point of view the meaning of the equation is clear: with
increasing o, the time between a cardiac cycle and the other decreases, and for
turbulence to develop a higher Reynolds number is required. In our case the

frequency parameter a has a value of 12.9, and hence critical Reynolds number

equals 3225.
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Figure 7-22: The graph, taken from Nerem et al., shows, reported in function of
frequency a and Reynolds number, 1) white dots, measured points of undisturbed
flow, 2) black and white dots, points of disturbed flow, and 3) black dots, points of
highly disturbed flow. A relation can be drawn: disturbed and highly disturbed flow,
presenting turbulence, can be found for smaller Reynolds number at small

frequencies and for higher Reynolds number at higher frequencies.

The Reynolds number for which instabilities inducing turbulent flow arise,
for flow within a duct, has a value of around 2000 **3, although this does not take
into account the cardiac cycle length. In the thoracic aorta peak Reynolds number Re

can be estimated as following:

Re = % = 3180 (Eq.7.20)
in which p is the blood density, 1060 Kg/m***2, v is the maximum velocity in the
thoracic aorta, assumed to be 0.6 m/s ***, D is the hydraulic diameter of the thoracic
aorta, 0.02 m, and p is the viscosity of the blood, 0.004 Pa*s. If turbulent flow is
considered the calculated peak velocity in the descending aorta has a value of 0.56
m/s and Reynolds number would then be 2968. In both cases the value of Reynolds
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number is close to the critical values for transition to turbulent suggested by the
literature ' and close to the critical value of 3225, taking into consideration also
cardiac frequency and aorta diameter, previously calculated. The flow model used
for the simulation was the turbulence k-e. However, also in this case, a simulation
assuming fully laminar flow on the 3-D thoracic aorta has been set up with IAB
modelled as a ssimple cylinder in order to compare the outcome on the results due to
the different assumption.

For a comparison with the used model, the velocity distribution in the
thoracic aorta with counter-pulsating IAB was calculated with a simple cylindrical
model of 1AB counter-pulsating in the 3-D domain, for both laminar and turbulent
flow models. Even though upstream and downstream pressure are most likely to be
different in case of laminar flow, an insight on the changes induced by the different
assumption on the flow model can be provided by using the same pressure on the
boundaries. By imposing a laminar flow in the 3-D fluid domain the velocity and
velocity distribution obtained during cardiac systole present thicker boundary layers
close to the walls and a different velocity field induced by IAB counterpul sation.

Specifically Figure 7-23 shows the differences between the two fluid models,
laminar and turbulent, at different times during counterpulsation. As expected, in the
case where a laminar flow model is imposed the velocity change in the boundary
layer is different, compared to the condition of turbulent flow, because of the higher
influence of the viscous forces. This results in the velocity to have both positive and
negative values along the profile on the gap between thoracic aorta and balloon, in
case of laminar flow, in certain periods during inflation and deflation.

Given the Reynolds numbers previously calculated, 2968/3180, a fully
laminar flow is unlikely to characterize the fluid-dynamic of the aortic tract and a
mixture of laminar and turbulent flow is expected to characterize the fluid-dynamics
within the thoracic aorta. Blood was treated as Newtonian fluid (density 1060 kg/m®
and viscosity 0.004 Pa*s).
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Figure 7-23: The longitudinal velocity field is shown for both turbulent flow (A,
systolic peak, and C, 1AB at the end of inflation) and laminar flow (B, systolic peak,
and D, I1AB at the end of inflation) assumptions.
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75.7 Verification on conservation of mass

Verification of the conservation of mass on the 3-D/0-D interface on the
thoracic aorta sides was also performed: the change in volume of the cylindrical
model of the balloon, from deflated to inflated, should equal the total flow displaced
upstream and downstream, integrated throughout the time of inflation movement of
the IAB, measured on the boundaries of the 3-D domain.

The lAB volumeis:

V = Lrn(R,* — 1,2) = 5.34 * 1075 m3 (Eq.7.21)

where V is IAB volume difference between inflated and deflated
configurations, L is1AB length, R, isIAB radius when inflated and rp, when deflated.

The integration of the flow displaced upstream and downstream during the
time of inflation motion of the IAB, obtained from the two flow waveforms, resulted
in avolume equal to that obtained from EQ.7.21, hence confirming the conservation
of mass on the boundaries of the 3-D model of thoracic aorta and IAB. The
integration was performed using the “poly-area’ agorithm, in Matlab, calculating
the volume included between the flow displaced upstream and flow displaced
downstream curves. In fact the undisturbed aortic flow waveform would be between
the upstream and downstream waveforms after IAB inflation, and variation in flow
towards upstream and downstream can both refer to the reference line provided by
the undisturbed flow waveform. This volumeis represented in Figure 7-24.

It should be furthermore noted that the flow represented is calculated from
the calculated velocity on the upstream and downstream boundaries, which was
averaged throughout the upstream and downstream sections through the “areaAve”
ANSY S CFX algorithm which calculated the area-weighted average of the variable,

taking into account the different element size.

198



= Pressure on the aortic root with |AB counter-pulsation
= Flow on the inlet of thoracic aorta with |IAB counter-pulsation , , :
Flow on the outlet of thoracic aorta with |AB counter-pulsation : : :
— Flow on thoracic aorta without |1AB counter-pulsation
— Pressure on the aortic root without |AB counter-pulsation

B0 oo

100

P{mmHg) - Ql/min)

50

0 0.1 02 03 04 05 06 0.7 0.8 0.9 1
t(s)

Figure 7-24: The above image shows the waveforms of pressure and flow in case of
0-D model, without IAB, and 3-D model with active balloon counterpulsation. The

picture is addressed to indicate the volume integrated to verify that conservation of

mass is maintai ned.

7.6 Resultsand discussion

7.6.1 |AB and thoracic aorta placed horizontally

The pressure waveform obtained in the aortic root and flow waveforms on
upstream and downstream of the thoracic aorta, both with and without
counterpulsation are shown in Figure 7-25. Figure 7-26 presents the comparison of

the pressure waveform measured above the tip of the IAB when counter-pulsating in

the experimental set-up presented in Chapter 4.
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Figure 7-25: Comparison of pressure and flow between 0-D model and 3-D model
with the active balloon. The pressure waveforms (A) shown are the ones calculated
in the aortic root (magenta for model without IAB and red for counter-pulsating
IAB) and the flow waveforms (B) are the ones calculated in the thoracic aorta (black
for model without 1AB, green for downstream flow with counter-pulsating |1AB and

blue for upstream flow with counter-pulsating 1AB).
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Figure 7-26: The pressure waveform measured experimentally from the set-up
presented in Chapter 4. End diastolic pressure presented a lower value and diastolic

pressure lacks of oscillations, if compared to the results of the simulation.

Diastolic pressure lacks the oscillations characterizing the pressure waveform
obtained computationally, and this is probably a result of the different mechanical
characteristics associated to the tube accommodating the balloon, which is elastic in
the experimental model and stiff in the computational model. Also the minimum
pressure value presents a relevant difference, but it should be underlined that in the
computational model the whole systemic tree was modelled, while the test-bed was
not constituted by mock branches simulating the impedances of the main
compartments in the arterial tree. Again, it is important to underline that the aortic
pressure waveform in both cases, computational simulation (Figure 7-25) and
experimental study (Figure 7-26), shows different values in the beginning of the 1%
cycle, where |ABP starts counter-pulsating, and in the beginning of the second cycle
(end of represented waveform in both Figures).

In this simulation, balloon inflation resulted in an increase in maximum
pressure above the tip (pressure on upstream plane) and below the base (pressure on
downstream plane) of the balloon by 41% and 60%, respectively. However, |1AB
inflation trandates to a 9% increase in maximum pressure in the aortic root, while

mean diastolic pressure during balloon inflation was calculated as 120 mmHg.
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Although the minimum pressure on the aortic root, following 1AB deflation,
decreased by 55%, the end diastolic pressure, just before systolic phase, is decreased
by just 5.5%. This is related to the movement of IAB wall, shown in the graph in
Figure 7-3. IAB wall movement is characterized by marked oscillations, especially
on the balloon base, and the result is a pressure waveform on the aortic root
characterized by a damped increase in pressure and oscillations throughout diastolic
phase. Furthermore, also the experimental measurements, as the computational
simulation, the pressure vaue at the end of the 1¥ cycle, when the balloon was
deflated but did not counter-pulsate, is different from the pressure value at the end of
the 1% beat characterized by the balloon activity (highlighted by the arrow in Figure
7-26).

In this case, one single cycle was calculated: thistype of analysis presents the
limitation of reproducibility, as the second beat was not analysed. However the
paragraph 7.5.3 presents the analysis of the model for more beats, and, although the
model was changed in terms of IAB base, tip and centre movement against time,
there was no difference in time steps size, 0D/3D ts and ts, maximum number of
iterations and residuals target. In addition geometry of modelled aorta and mesh
characteristics and size were maintained.

The volume displaced towards the aortic root during inflation, calculated
above the tip of thoracic aorta, corresponds to 61% of the total balloon volume. The
values are comparable with what was found by Biglino et a’* while testing the IAB
in a physiological set-up characterized by physiological pressure and flow
waveforms. However the waveforms of the flow displaced both upstream and
downstream varied markedly, as could be expected from a continuous movement of
the IAB throughout the inflation process. In fact the flow displaced upstream is
related to the movement of 1AB tip and base: specifically Figure 7-27 shows the
flow calculated on the upstream of thoracic aorta together with the difference
between IAB wall movement on its tip and the one on its base, underlying that
especially during the first phase of inflation the flow towards the upstream

circulation is proportional to the difference in diameter between IAB tip and bottom.
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Figure 7-27: Flow displaced upstream (blue line) and the difference between the
movement of balloon tip and the one of balloon base. The first portion of the
inflation phase reveals a direct proportion between the flow and the increase in 1AB

base diameter compared to tip.

Figure 7-28 shows coloured plots of the longitudinal velocity on the central
longitudinal section of the thoracic aorta, in the gap between balloon and aortic walls
during the counterpulsation cycle. Note that the velocity scale is different for each
image, aiming at optimizing the representation of the whole range of longitudinal
velocity values within the thoracic aorta. The velocity profile has also been reported
by Natan et a.* in their study based on the analysis of three dimensional blood flow
associated with intra-aortic balloon counterpulsation. It should be noted, athough,
that their study has been conducted without taking into consideration the effect of
impedance or compliance distally from the balloon on the flow field.

When the |AB is deflated, during the systolic phase, the longitudinal velocity
is amost constant aong the length of the thoracic aorta, except for the region
adjacent to IAB end, close to downstream surface, characterized by a smaller
velocity due to the presence of the balloon (Figure 7-28 A). IAB movement during
inflation phase shows that initially its base is characterized by a bigger diameter
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compared to its tip, and the velocity field in the thoracic aorta is indicated in Figure
7-28 B. Following this phase the IAB presents a decrease in diameter at the bottom
and a simultaneous increase in diameter at the tip, resulting in a higher impedance on
this area of the thoracic aorta, and hence in a decrease of flow towards the upstream
circulation (Figure 7-28 C). Further flow upstream is then generated when the
balloon again inflates on its base while deflating on the tip, probably as an effect of
the reflection of Helium within the IAB chamber (Figure 7-28 D). Deflation is
characterized by a fast, simultaneous decrease in diameter throughout the balloon
(Figure 7-28 E), and this results in high velocity from the system towards the
thoracic aorta from both upstream and downstream circulation, around 2 m/s and 1

m/s, respectively.

To be continued
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Figure 7-28: Velocity field in correspondence of the systolic peak (A). Afterward the

balloon starts inflating (B) till inflation reaches the centre and tip, obstructing the
flow towards upstream (C) and finally inflates again within the base generating
further volume displacement towards the upstream of thoracic aorta (D). Deflation
starts simultaneously throughout the balloon (E).

7.6.2 1AB and thoracic aorta placed at a 45° angled position

A further computational model resulted from the use of counter-pulsating
IAB diameter waveforms obtained through high-speed camera recordings of the
balloon activity a an angle of 45°. The am was to simulate the balloon
counterpulsation a an angle to the horizontal. As a result the waveforms
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characterizing pressure and flow on the aortic root and thoracic aorta were different
from the ones obtained at the horizontal position. As aready explained previoudly, in
this case, the simulation featured a buoyancy model in which the gravity (g = 9.81
m/s?) acting on the fluid field, at an angle of 45°, was taken into account.

Figure 7-29 shows the waveforms of pressure on the aortic root, with and
without counterpulsation, flow on thoracic aorta without counterpulsation, and flow
on upstream and downstream of thoracic aorta with counter-pulsating IAB. Figure 7-
30 presents the pressure waveform measured above the tip of the IAB when counter-
pulsating in the experimental set-up presented in Chapter 4 at an angle of 45 degrees.
Also at an angled position it should be noticed that the aortic pressure waveform, for
the computational simulation (Figure 7-29) and experimental study (Figure 7-30), is
different between the start of the first cycle presenting IABP counterpulsation is and
the start of the second cycle, once the balloon has completed its deflation phase.

This comparison reveals also two main differences. measured diastolic
pressure lacks the oscillations characterizing the pressure waveform obtained
computationally, and, as for the horizontal position, this might be the result of the
different mechanical characteristics associated to the tube accommodating the
balloon, elastic in case of the experimental test and stiff in the computational model;
the minimum pressure value is different between experiment and simulation, and this
could be related to the difference between computational model, in which the whole
systemic tree was modelled, and the test-bed, which did not present mock branches
simulating the impedances of the main compartments in the arterial tree. Although it
should be underlined that both experimentally and computationally the minimum
pressure due to |AB deflation is higher for the angled position.

In presence of an angle the balloon inflation produced an increase in
maximum pressure above the tip (pressure on upstream surface) and below the base
(pressure on downstream surface) of the balloon by 43% and 73%, respectively. The
increase in maximum pressure on the aortic root was instead 18%, and mean
diastolic pressure during balloon inflation was found to be 124 mmHg. Although the
pressure values are generally similar or higher than the ones associated to the
simulated 1AB counterpulsation at a horizontal position, the volume displaced
upstream calculated above the tip of the thoracic aorta was found to decrease from
61% of total balloon volume to 49%.
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Figure 7-29: Comparison of pressure and flow between 0-D model and 3-D model
with balloon counter-pulsating at a tilted position. The pressure waveforms shown
are the ones calculated in the aortic root (magenta for model without 1AB and red
for counter-pulsating 1AB) and the flow waveforms are the ones calculated in the
thoracic aorta (black for model without 1AB, green for downstream flow with

counter-pulsating 1AB and blue for flow displaced upstream with counter-pulsating
|AB).
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Figure 7-30: Pressure waveform measured experimentally from the set-up presented
in Chapter 4, at an angle of 45 degrees. Also in this case end diastolic pressure
presented a lower pressure value and diastolic pressure lacks of oscillations, if

compared to the results of the simulation.

Figure 7-31 indicates the relation between the flow towards the upstream
circulation and the difference between the diameter at the tip of the balloon and the
one at the base. After the starting of inflation the tip of the IAB increases before its
base, and the result is a fast change in flow above the upstream of thoracic aorta
which is then reduced (0.34 s) due to the high resistance of the tip portion of the
device, which is aready inflated, against the flow towards the upstream circulation.

The comparison of the flow waveforms obtained in both horizontal and
angled conditions reveals a marked difference in flow, induced by the different
movement of the IAB, especially in the beginning of inflation (Figure 7-32).
Explanation to this difference can also be exacerbated through plotting the velocity
field for both horizontal and angulated positions, at the same instant during early
inflation: Figure 7-33 A shows the velocity field and shape of balloon at 0.37 s at
45°, while Figure 7-33 B shows velocity field and IAB shape, at 0.37 s, a a

horizontal position.
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Figure 7-31: Shows the flow displaced upstream (blue line) and the difference

between the motion at balloon tip and the one at balloon base, when 1AB

counterpulsation at an angle of 45 degrees is ssmulated. The graph underlines the

effect of the first inflation of the tip part of the balloon, inducing the flow towards

upstream circulation to decelerate in the beginning of inflation (0.34 — 0.37 ).
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Figure 7-32: Flow calculated on the tip of thoracic aorta at a horizontal position

(red line) and angle of 45 degrees (black line). The two waveforms are radically

different once balloon inflation starts, as a consequence of the different wall

movement imposed to the 3-D model of the balloon.
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Figure 7-33: The figure shows the velocity field on the longitudinal plane of the
thoracic aorta, at the beginning of IAB inflation, comparing angled position (A) to
horizontal one (B). The small velocity at the upstream of thoracic aorta at an angled
position is related to the large diameter at the tip of the balloon, which does not
characterize 1AB inflation at a horizontal position, resulting in values of velocity
closeto 0.3 nvs.

At an angled position the diameter at the tip of the IAB is larger than
anywhere else, and the longitudinal velocity upstream of the thoracic aorta was close
to zero; at a horizontal position, instead, the bigger diameter was found at the base of
the balloon and the velocity calculated on the upstream of thoracic aorta was around
0.3 m/s. The deflation phase is also affected by the different movement of 1AB wall
a an angled position. Indeed the minimum pressure calculated on the aortic root,
following |AB deflation, decreased by 36% instead of 55% (horizontal position), and
the end diastolic pressure, just before systolic phase, is increased by 13% rather than
decreased by 5.5%. These data confirm a non-negligible influence that angulation
has on the benefit of 1AB deflation for the ventricular afterload, highlighting the
importance of correct IAB deflation movement for the optimization of the device
benefit.

Also this smulation has the limitation of reproducibility: one single cycle
was calculated, and Figures 7-13, 7-25 and 7-29 show that flow and pressure
calculated are associated to different values between the beginning and the end of the
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cycle. Experimentally recorded pressure, in figure 7-25, and the ssimulation for the
model verification, presented in paragraph 7.5.3, also present a different pressure
value between starting and end of the first cycle, but reproducibility was addressed
through the calculation of a second beat. The model for an angulation presents
different IAB base, tip and centre movement against time, as well as the addition of a
buoyancy model, but there was no difference in time steps size, 0D/3D ts and ts,
maximum number of iterations, residuals target, geometry of modelled aorta and
mesh characteristics and size.

The images in Figure 7-34 represent the velocity field in the surrounding of
the IAB during deflation (0.92 s) at an angle of 45 degrees (Figure 7-34 A) and a a
horizontal position (Figure 7-34 B). The velocity computed resulted to be much
smaller in case of angulation rather than at a horizontal position, closeto 0.1 m/s and
0.4 m/s, respectively. Again the main difference between the two models is in the
diameter waveforms, which consists in the tip of the balloon to be larger in case of

tilted IAB rather than at a horizontal position, asvisible in Figure 7-34.
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Figure 7-34: Velocity field on the longitudinal plane of the thoracic aorta, during
IAB deflation, comparing angled position (A) to horizontal one (B). Due to the
different size of balloon diameter on its tip the velocity characterizing the flow from
the system towards the thoracic aorta is much higher for the horizontal position
(around 0.4 mV/s) rather than for 45° (around 0.1 my/s).
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The differences in pressure and volume displaced upstream between the two
positions, horizontal and semi-recumbent, resembled through different settings on
the computational model, are representative of what was previously measured
through experimental tests. Both volume displaced upstream, calculated above the
tip of thoracic aorta, and deflation pressure pulse at the aortic root were found to
decrease, by 20% and 26.5 mmHg, respectively, when changing position from
horizontal to 45°, decrement close to the ones measured in the IAB shape
comparison experiment designed by Khir and Bruti®® (-24% and — 22 mmHg,
p<0.05), and to the ones measured when comparing IAB shapes in a left ventricular
simulator endued set-up (see Chapter 4) (-23% and -34 mmHg, p<0.005). In both
studies, computational and experimental, inflation pressure pulse was not as
compromised as the deflation pressure pulse, and the maximum change was found to

be 6 mmHg.

7.7 Conclusions

The model presented in the chapter can reproduce pressure and flow
waveforms at the tip of IAB and thoracic aortic root similar to those measured in
vivo. Furthermore a different balloon movement resembling its counterpulsation at
an angle to the horizontal could induce pressure and displaced volume variations
comparable to the ones measured experimentally, both in the works presented in this
thesis and in previous works from our group ®**3, for one cardiac cycle.

This model can be used for smulating balloon activity at an angled position,
resembling patients being nursed at the hospital, and, as a future work, to study the
effect of changes in IAB design on the benefits of this therapy in case of semi-
recumbent position. Moreover the 0-D model parameters can be adjusted to re-create
conditions of diseases or patient-specific models and consequently study the effect of
these changes on the effectiveness of |ABP counterpul sation therapy.
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7.8 Limitations

The significance of the results of the simulation is limited by the following

assumptions:

The 3D thoracic aorta is resembled as a rigid tube with no pressure-
dependent deformations; in addition this aortic tract is cylindrical and
no physiological taper was modelled. This can result in different IAB
volume displaced upstream/volume displaced downstream ratio;

In the ascending aorta and aortic root, velocity radial components are
assumed negligible, while the flow in this tract is strongly influenced
by centrifugal force. However it is beyond the purpose of thiswork to
accurately represent the velocity field in the aortic root and arch, as
instead the am is to estimate the pressure influenced by IABP
counterpul sation;

The interactions between the outside pressure and the balloon wall are
not modelled, even though external pressure changes influences the
IAB trans-mural pressure, hence affecting baloon inflation and
deflation timings and magnitude;

Reynolds number smaller than 2000 has been assumed to characterize
the vessels modelled zero-dimensionally;

The blood is treated as homogenous incompressible and Newtonian
fluid;

Reproducibility of calculated cycle was investigated just on the first
two beats of the computational model, just at a validation stage and
exclusively in terms of aortic pressure; a variable such as shear rate
would provide a more accurate estimate of the variability between
each simulated cycle;

Convergence between 0D and 3D models results was just verified on
two time windows, beginning of cycle and IAB inflation starting:
although these are the most critical periods, convergence should have
been verified throughout the simulated cycle.

Additional limitations associated to the 3D CFX model are due to the

simulation time, and specifically to the manual information transfer between OD and

3D domains. This drawback influenced not only the ts size sensitivity test, but also
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the number of simulated cycles. As aready pointed out, to show full inter-beat
reproducibility of the developed model three or more cycles would have been
necessary to ensure that, after IABP activation, no beat to beat changes would be
perceived throughout the simulation.

However the second beat ssmulated at the verification stage highlighted that
end diastolic pressure reached was in line with the one associated to the first beat. In
addition in the simulated cardiac beat pressure changes during cardiac systole and
IABP counterpulsation did not vary between the first two cycles: this information
can extend the reproducibility shown by the two end-diastolic pressure values to the
whole ssimulated cardiac cycle.

In the results paragraph horizontal and angled situation were presented,
which differed from the model analysed at a verification stage to investigate the
issue of reproducibility, through simulation of two cardiac beats. In the cases
presented in the results one single cardiac beat was ssimulated, hence the issue of
reproducibility was not investigated. This should in fact be confirmed through the
simulation of more consecutive beats, strengthening the significance of the data
obtained in paragraphs 7.6.1 and 7.6.2.

The model presented is a preliminary model which aims at providing results
valuable for following steps. The most relevant results are indeed presented at a
verification stage, where reproducibility of cardiac cycle is better addressed and the
developed model presents encouraging results, which suggests its useful application
on avariety of cases for the development and optimization of IABP therapy.

79 Futureworks

The aim of thiswork was to develop a basic model of |ABP counterpulsation
in the thoracic aorta, and related changes into the cardiovascular bed. The model
should be improved by adding more complexity such as fluid-structure interaction
between fluid and balloon wall, Helium and balloon wall and fluid and aortic wall.
Nevertheless, with the described model it will be possible to impose an established
deformation to the aortic wall to mimic its elasticity and pressure damping effect.
However these improvements should follow an automation of the 0D-3D
interactions, which can result in reduced ts size and increased number of simulated

cycles associated to a greatly reduced operator time.
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The first results of the model are encouraging and, most importantly, they
vary sensibly according to the movement characterizing IAB counterpulsation,
partialy replicating the results which were found experimentally. The model enables
the investigation of the balloon movement effect on all the major compartments and

the distribution of velocity and pressure in the surrounding of the IAB.
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Chapter 8 General discussions
8.1 Chapter outlook

The experimental works presented in this thesis on the IABP dea with
important clinical issues related to the performance of this cardiac assist device.
Investigations on IABP therapy effectiveness and solutions to clinical problems are
presented by testing the standard 1AB, newly designed shapes and by comparing
different pumps and 1ABs currently available on the market. Moreover, a pilot
computational multi-dimensional model of the cardiovascular system with the IAB
was developed to have an understanding of the fluid-dynamics in the surrounding of
the balloon during its counterpulsation. The model could also be used to further
develop different IAB designs and technologies.

In this chapter the main findings of the work will be summarized, categorized
under the following interrelated novelties:

e |ABP performance decreases in case of semi-recumbent position:
scientific explanation through wall tracking and measurements of
pressure and flow (Chapter 3);

e Novel IAB designs to overcome the negative impact of the semi-
recumbent position: theoretical rationale, experimental results and
clinical benefits (Chapter 4 and 5);

e Pump efficiency comparison showed differences in benefits between
IABPs and their settings, addressing the use of different setting
according to patient pathological conditions (Chapter 6);

e Computational model provides afirst platform for the 3-D analysis of
fluid-dynamic field within thoracic aorta and for future studies on
different balloon shapes (Chapter 7).

8.2 I|ABP decrease in performance in case of semi-recumbent position:
scientific explanation through wall tracking and pressure and flow

measur ements

As stated previously (Introduction, Chapter 1), it is common practice in
intensive care units that patients are nursed at a semi-recumbent position, often at an

angle between 30 and 45° %%,
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Previous tests *%"" showed that operating the Intra-aortic balloon at an
angle affects its mechanics of inflation and deflation, hence possibly compromising
the clinical benefits associated to the use of the device, and provided a scientific
rationale to support the decrease in IAB performance. However, the influence of the
angle on inflation and deflation mechanics had not been investigated adequately and
detailed evidence on the phenomenon was not provided. Simultaneous
measurements of balloon diameter and pressure during its activity in a silicone
rubber tube, on different sites along the device, at both horizonta and angled
positions, could address concrete explanations to the change in inflation and
deflation mechanics in case of angle (Chapter 3).

Previous studies already aimed at the recording of 1AB activity with high-
speed camera **®, but balloon wall tracking was not performed. Furthermore, the
set-up used for accommodating the device consisted of a stiff tube with mechanical
properties consistently different from those of a physiological aorta.

The recording of the balloon at a horizontal position in a compliant tube
pointed out one difference in inflation mechanics compared to previous studies. the
balloon starts inflating from the base and, following, in the centre and tip, while
according to previous works on rigid tubes the IAB would commence its inflation on
both, tip and base, and progress towards the centre, generating the so called ‘ trapping
phenomenon’ ®°. The study hence indicates that if the device is activated in a
compliant tube the mechanics of inflation can differ from the one in arigid system.

In addition, the analysis of measured diameter revealed the presence of waves
when the balloon is inflating and deflating, due to Helium bouncing while filling up
(inflation) and emptying (deflation) the IAB chamber. The evaluation of the
distances between the peaks on the diameter waveforms provided an estimation of
the speed of travelling of Helium within the balloon chamber, quantified as 3.92 m/s
and 4.12 m/s at a horizontal and angle of 45° positions respectively.

The most important and clinically relevant finding is the scientific evidence
of decreased performance of balloon deflation in case of angle: diameter
measurements showed that the tip of the IAB remains amost fully inflated till
approximately 0.1 s before following inflation onset, while centre and base are
deflated. This effect could be associated to a slower Helium flow towards the pump
and also alower volume sucked from the upstream circulation because of the higher

impedance constituted by the tip of the balloon. The hydrostatic pressure difference
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between balloon base and tip at an angled position is the main reason for this
behaviour, since it was demonstrated that the base deflates before the rest of the
balloon. Simultaneous pressure measurements showed a related 1AB deflation
pressure pulse decreased by 14.2%. Furthermore, by calculating pressure difference
between the base and the tip of the balloon, no discontinuity is monitored when the
balloon deflates at a horizontal position, while a difference (tip pressure higher than
base one) is shown when the IAB deflates at an angled position, revealing that the

pressure at the base of the balloon starts decreasing before the one at the tip.

8.3 Novel IAB designsto overcome the negative impact of the semi-recumbent
position: theoretical rationale, experimental resultsand clinical benefits

Based on the arguments reported above, a modification on IABP technology
aiming at dealing with the negative effects that the angulation induces on the balloon
inflation and deflation mechanisms is recommended and highly desirable. For this
purpose new designs of IAB were developed and compared to the standard
cylindrical balloon (Chapter 4 and 5). The changes between the differently shaped
balloons relies on the IAB tapered configuration when IAB is inflated: the standard
cylindrical balloon is associated with a uniform distribution of volume and diameter
throughout its central portion, while the tapered balloons present a volume and
diameter distribution higher on one side to influence the inflation and deflation
mechanics; the tip for the tapered increasing in diameter (TID) set and the base for
the tapered decreasing in diameter (TDD) set.

Regarding TDD the modification on shape was designed to induce an
enhanced benefit on both inflation and deflation phases. During inflation the
modified IAB might displace a higher volume towards the upstream circulation
(coronaries) at both horizontal and angled position, because a lower resistance
(estimated in Chapter 4) at the upper portion of the balloon is related to the lower
diameter. This concept was aso explained through theoretical approach (Chapter 4).
During deflation, in case of angulation, the decrease in deflation pressure pulse
(measured in Chapter 3) could be reduced because of the higher concentration of the
volume on the balloon’s base; being this the first part to deflate, most of the volume
would flow from the IAB towards the pump in the beginning of the deflation phase,
differently from the standard cylindrical balloon.
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TID shape was designed with the aim of increasing the performance of the
balloon during inflation. The augmentation of the portion of volume corresponding
to the balloon tip could reduce, in case of angulation, the decrease in volume
displaced towards the upstream circulation. This could happen since, athough the
high resistance associated with the tip of the TID IABs, a smaler portion of I1AB
volume would be displaced after the tip compared to a standard cylindrical balloon.

Aiming at discovering the effects on the fluid-dynamics induced by the
differently designed balloons, and at verifying to which extent the above described
assumptions are correct, the tapered balloons were tested together with the
cylindrical balloon.

Two different tests have been conducted for exploiting the potential benefits
of the TDD and TID balloons: firstly, two totally tapered balloons, were tested while
counter-pulsating in a compliant tube, and compared with the standard balloon,
focusing on the influence of angulation on both volume displaced upstream, during
inflation, and deflation pressure pulse, during deflation (Chapter 4); afterword, 3
TDDs, 3 TIDs, each constituted by a cylindrical portion (2/3, 1/2 or 1/3) and a
tapered one (1/3, 1/2 or 2/3), and a standard balloon, were studied while counter-
pulsating with a left ventricular simulator (LVS) at different inclinations to the
horizontal, in order to investigate the performances of the differently shaped
balloons in case of physiological pressure and flow waveforms (Chapter 5), and in
the attempt of extending the results into clinical outcome. In the second study the
design of the balloons underwent modifications in order to 1) fit the physiological
space and 2) investigate the effect of a different portion of tapered/cylindrical shape
on pressure and flow during cardiac cycle.

8.3.1 Inflation

8.3.1.1 Volumedisplaced towards upstream circulation

As extensively explained, one of the benefits associated to IABP inflation
consists of the hypothetical ** increased provision of oxygen to the heart through
augmented coronary flow, depending on the amount of volume displaced towards
upstream circulation by the IAB. However, this volume can decrease in presence of

62,66,68,71

angulation, as shown by previous tests and confirmed by the studies

conducted: the loss in volume displaced towards coronary circulation over total
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balloon volume (VUTVi), changing position from horizontal to angle 45°, was close
to 25% (both with and without the use of LVS).

The use of tapered baloons without LVS induced an improved benefit in
case the system was tilted: TID and TDD resulted in a VUTVi unaffected and
increased by around 11%, respectively, when the position was changed from 0 to 45°
(Chapter 4). Some of the differently shaped balloons tested in a system provided
with LVS confirmed the encouraging results obtained by using TDD and TID
balloons: TDD 1/2 induced an increase of 13% in VUTVi in case of change in
position from O to 45°, and none of the tested TID showed a decrease in VUTVi
(Chapter 5).

8.3.1.2 Pressurepulse

The inflation pressure pulse has shown to be influenced by the inclination
(Chapter 4 and 5). In al the baloons the pressure difference between tip and base
decreased or became negative when the operating position of the IAB was angul ated.
This effect though could be related to the influence of the hydrostatic pressure
difference on the tube accommodating the IAB rather than on the balloon itself.
Indeed experiments (Chapter 5) showed that the inflation pulse of the balloon
increases with increasing pressure in a silicone rubber tube, due to decreasing the
tube compliance, while dightly decreases in a rigid glass tube. This effect could
explain why the inflation pulse on the bottom area of the balloon, faling under
higher hydrostatic pressure at an angle, is equal or bigger compared to horizontal
position, while it decreases at the IAB tip.

8.3.2 1AB shapeinfluences pressuredistribution along the balloon

For investigating the effect of differently shaped 1ABs on the balloon
counterpulsation the difference between the tip and the base measured pressure has
been calculated and plotted during one cycle for cylindrical, TDD 1/3 and TID 1/3
balloons. At the horizontal position the main difference among the balloons was
noticed during inflation: TID 1/3 is associated to smaller oscillations compared to
the other two balloons, revealing a more simultaneous inflation of the IAB. At 45°,
the main difference between the IABs was found at the onset of deflation: TDD 1/3
presents the highest pressure difference increase among the balloons tested, which

trandates into pressure at the base decreasing more than that at the tip in the
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beginning of deflation (Chapter 5). This effect is related to the higher volume
concentration at the base of TDD 1/3 balloon, which is the first part to deflate when
the balloon istilted.

8.3.3 Deflation

The balloon deflation phase has not been extensively studied in the literature,
and less information is available compared to the inflation mechanism. Nonetheless
the beneficial effect of deflation is crucia for the operating condition of the
dysfunctional heart. Indeed the benefit of IAB deflation is the decrease in end
diastolic aortic pressure, which trandates into a smaller ventricular afterload. In fact
Cheung et a. ®, amongst others, indicated this effect as the main advantage of the
counterpul sation therapy on failing heart.

As previously presented and explained (Chapter 1 and 3) the presence of an
angulation induces a drastic decrease in IAB deflation performance. This was
confirmed on both studies comparing the standard balloon to the differently shaped
ones (Chapter 4 and 5): tilting the system from O to 45° in case of IAB activated
without the use of LV S the decrease in deflation pulse was 22 mmHg, while in case
of counterpulsation with LVS the end diastolic pressure (EDP) increased by 34
mmHg. TID set of balloon are also associated to a consistent loss in deflation pulse
in both experimental set-ups. Differently all TDD balloons showed encouraging
results, containing the deflation pulse loss with increasing angle from 0 to 45° within
amaximum of 10 mmHg.

The reduced EDP shown by tapered balloons compared to the standard one,
by 20 mmHg, is associated to a reduced EDP point in the PV loop. Although it was
not possible to construct an accurate PV loop based on the experimental system, as
the left ventricular pulsation was simulated through a mechanical system activating a
piston pump and based on the piston displacement control, the literature *** showed
how a reduction in EDP influences the stroke volume and left ventricular end-
diastolic pressure and volume, and highlighted that the most immediate and
beneficial effect of IABP therapy was the reduction in end diastolic pressure.

The decrease in deflation pulse is closely related to the reduced volume
sucked from upstream over total balloon volume (VUTVd): al TDDs balloons
performed better than TIDs and cylindrical (Chapter 4). TDD 2/3 resulted, at an
angle of 45°, inaVUTVd 33% higher than that produced by the cylindrical balloon.
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8.3.4 Final considerations

At afirst stage the results obtained from the experiment testing TDD, TID
and cylindrical balloons without LV S underlined the potential benefit of using TDD
on both inflation and deflation, and of using TID for inflation. The results presented
in this Chapter were supported by a simple theoretical approach based on the use of
Poiseulle formulation for describing flow in a conduct (Chapter 4).

Later on the IAB design was further modified, in order to investigate the
effect of adifferent portion of tapered design and for fitting physiological space, and
compared to the standard IAB in a physiological set-up providing physiological
pressure and flow waveforms with the use of a LVS (Chapter 5). Testing the
balloons in a more physiological environment confirmed the advantages of using
differently shaped IABs. Even though this study showed a similar trend with
increasing angle among TDD balloons in regards of the end diastolic pressure
(EDP), aways lower compared to cylindrica and TID balloons, the measured
VUTVi resulted markedly different. Specifically among TDD series, TDD 1/2 was
the only balloon whose VUTVi was not negatively affected by an increase in
angulation of the system.

The use of TID series of balloons negatively affected the EDP with
increasing angle. Nevertheless it should be reminded that this IAB was designed for
bringing an advantage in inflation performance. The cylindrical balloon showed to
induce the highest VUTVi at a horizontal position, but on the other hand VUTVi
associated to TID balloons was not negatively affected by a change in position from
0to 45°.

8.4 Pump efficiency comparison showed differences between |ABPs and their
settings, addressing the use of different setting according to patients with
different pathological conditions

Other than the balloon design, IABP inflation and deflation onsets are
dramatically influencing the fluid-dynamics in the cardiovascular system and the
effective delivery of IABP therapy benefits to the dysfunctional left ventricle ™.
Even though the IABP counterpulsation can be set for the optimization of inflation
and deflation timings, irregular ECG or high heart rate can result in the pump to miss

some of the heartbeats or to miscalculate the onset of inflation and deflation &.
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Consequently, different algorithms have been developed for the maximization of
IABP benefits and for avoiding critica time delays or intra- and inter-operator
variability 3, %, &, 8

A comparison between the two main companies producing IABPs, Teleflex
and Datascope, and between different settings available on the two systems, has been
carried out with the aim of investigating the influence of each configuration (pump
and setting) on the main parameters characterizing the pressure waveform amended
by the IAB (Chapter 6). The indices of interest consisted of the time between systolic
peak and starting of inflation (Rpls), the duration of inflation (Dol) and the ratio
between missed beats and total number of heartbeats (Ratio). A balloon was placed
in a mock aorta and physiologic aortic pressure waveform was generated through a
valve system which was connected to a compressed air source and controlled by
ECG waveforms.

The settings used on each pump varied in terms of source signal for
triggering (ECG, pressure transducer or fibre optic sensor could be selected as
trigger signas, the first one delivering the ECG waveform and the others
transmitting the pressure signal) and of operation mode, determining the level of
operator's freedom of intervention (automatic or semi-automatic on Datascope).
Most configurations were affected by high heart rate and irregular ECG, and this
suggests that different settings should be used according to the patient specific
conditions to maximize the IABP therapy benefit. Overall it was not possible to
determine one configuration or setting which performed better than the others for all
indices, but important observations could be extrapolated from the analysis of the
results.

The use of afibre optic sensor as trigger signal in the Teleflex pump resulted
in a shorter Rpls, revealing a faster response to the signal by IAB. When this
technology is applied by Datascope pump, instead, the advantage to the pressure
transducer signal, in terms of Rpls, is not marked and did not perform as good as the
Teleflex pump. Nevertheless, the use of this setting is not suggested in case of
irregular heartbeat, since it showed to miss and not trigger a high number of beats,
resulting in missed inflation after systolic peak or, more critical, missed deflation
before the systolic phase.
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The meaning of Dol index should be discussed further. Indeed a high value
of Dol index reveals a positive outcome of IAB therapy in terms of assistance to |eft
ventricle due to the inflation assisting a long portion of the diastolic phase and a
higher mean diastolic pressure. Nonetheless, high Dol might also indicate a critical
onset of deflation, triggered in proximity of systolic starting and resulting in a non-
optimal end diastolic pressure decrease. To exploit the advantage of this index
Teleflex machine, when triggering with ECG signal, selects a different algorithm
according to the nature of the signal itself: the agorithm targets Dol maximization
when the ECG is regular, while it ensures IAB deflation when ECG is irregular
triggering it in concomitance with R-peak. On the other hand, it was shown that the
Datascope machine ams at a safe |AB deflation in every case, triggering the balloon
deflation onset in al types of ECGs, and hence generally producing alonger Dol.

The index Ratio indicates the actual efficiency of the IABP therapy, and
reveals the assistance of the pump to the left ventricle compared to the total number
of analysed heart beats. In this case, Teleflex pump showed an exceptional
performance if set on ECG trigger, resulting in triggering all heartbeats of al regular
and irregular ECGs. Secondly, Datascope pump on semi-automatic setting and ECG
as a trigger, showed a good performance with an average of 0.08% missed beats
throughout tested ECGs and settings.

In conclusion, the IABP setting should be selected according to the patient
condition, evaluating the degree and nature of irregularities (Chapter 6). In case of
regular or dlightly irregular ECG, the configuration providing the best indices was
Teleflex pump on automatic mode using fibre optic sensor technology. In case of
highly irregular heartbeats, a common condition for patients treated with |IABP
therapy, Teleflex pump on automatic mode and ECG triggering was the safest and
most advantageous configuration, inducing an excellent value of Ratio index (100%
of analysed beats were triggered) and a safe deflation of the IAB. Moreover, the
analysis showed that Datascope pump performs better in case semi-automatic setting
is selected compared to the automatic one, inducing a higher value of Ratio index

and an optimal Dol.
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8.5 Computational model provided a platform for the 3-D analysis of fluid-
dynamic field within thoracic aorta and for future studies on different
balloon shapes

The experimental studies aiming at the analysis of changes induced by the
Intra-aortic balloon different shapes can provide useful information on the potential
benefits, which could be trandated ‘in vivo', associated to special designed IABs.
The novel designs discussed were developed with the aim of contrasting the
highlighted and discussed critical drawbacks introduced by the semi-recumbent
position at which the IAB generally operatesin the ICUs.

On the other hand, it would not be possible to access 3-D information
characterizing the flow field in the surrounding of the balloon, useful for the
optimization of the design of the device. Furthermore, the different experimental set-
ups used for accommodating the standard and differently designed balloons did not
resemble well the physiological environment, characterized by different branches
and compartments.

For these reasons a computational model (Chapter 7) was developed aiming
at the study of 1) IAB counterpul sation effects on the surrounding of the balloon and
on the main branches of the systemic circulation 2) the distribution of the flow
displaced by the balloon on both sides. Furthermore, it would be possible to analyze
the effect of changes in the design of the IAB on the fluid-dynamic field in the
thoracic aorta and in the systemic circulation as well as to target the development of
additional amendments which could enhance the benefits associated to the
counterpulsation therapy. Nevertheless, the model can be used for analyzing
hemodynamic changes associated to an angulation in the system on both thoracic
aorta and arterial system, and also for the study of the effect of modifying the arterial
tree compartments distal impedance on the fluid-dynamics characterizing the
counterpul sation.

For this purpose the system was modelled as a multi-dimensional
computational model constituted by a compartmental model of the systemic
circulation connected to a three-dimensional model of thoracic aorta with a counter-
pulsating IAB. This structure would enable in-detail analysis of the flow field within
the thoracic aorta, on the surrounding of the IAB, together with information on the

flow and pressure waveforms on different compartments of the arterial tree.
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8.5.1 IAB movementsat a horizontal position

Diameter waveforms as recorded through high-speed camera (Chapter 3)
were used for controlling the movement of IAB wall (Chapter 7). The increase in
maximum pressure on aortic root, due to |AB inflation, was calculated as 9%, whilst
the decrease in pressure due to IAB deflation calculated on the aortic root at the
starting of systole was calculated as 5.5%. The volume displaced upstream
calculated above the tip of thoracic aorta reached 61% of total balloon volume,

L1138 in the

dightly different from the volume measured by Biglino et al.
physiological experiment mentioned in the above paragraph (75%).

This model revealed that the flow displaced towards the upstream circulation
is strongly regulated by the inflation process characterizing the balloon: in fact when
the diameter at the base of the IAB was larger than that at the tip, the volume
displaced upstream increased, and oppositely when the tip was bigger than the base
it decreased.

Another important observation enhancing the usefulness of the model comes
from the possibility of accessing three-dimensional information in the proximity of
the balloon wall. Indeed the plotting of the velocity field on the longitudinal
direction of thoracic aorta shows small re-circulation areas characterizing the model
of 1AB featuring tapering of the two edges. These phenomena should be observed
when defining the shape of a balloon or when assessing the performance of an

already existing design.

8.5.2 IAB movementsfrom high-speed camera recordings, angled position

The simulation of the IAB counter-pulsating at a semi-recumbent position
also underlined the potential of the pilot model, confirming what was previously
measured experimentaly: the benefits of the IAB at an angled position are
compromised in terms of volume displaced upstream, towards the coronary
circulation, and deflation pressure pulse (Chapter 7).

Indeed the volume displaced upstream cal culated above the tip of the thoracic
aortawas found to decrease from 61% of total balloon volume to 49%, resulting in a
20% decrease close to the one measured experimentally both without and with left

ventricular simulator acting on the set-up (-25% and -23%, respectively, p<0.05).
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The deflation pressure pulse calculated on aortic root at an angle, following
|AB deflation, resulted 27 mmHg smaller than in case of horizontal position, and this
outcome also does not differ from what measured experimentally without and with
the use of left ventricular ssimulator (-22 and -34 mmHg, respectively, p<0.05).

The analysis of the fluid-dynamics inside the thoracic aorta confirmed that
both volume displaced and sucked from upstream are dependent on the direction of
inflation and deflation waves while filling up and emptying the balloon chamber,
since high diameter on balloon tip induced a deceleration of flow towards upstream
circulation, during inflation, and of flow from the system towards the aorta, during
deflation.

85.3 Final considerations

The developed multi-dimensiona model of IAB with arterial system can
reproduce the physiological activity of the device with related modified pressure and
flow waveforms. The amended aortic pressure waveform is comparable with the one
measured ‘in vivo'. Furthermore the value of the calculated volume displaced
upstream is close to the one experimentally measured by Biglino et al. ™3,

Accessible information about the changes in velocity field on the balloon
edges while the balloon is inflating are essential and should be taken into account in
case of further modifications of the balloon shape, targeting the maximization of
both volume displaced upstream and decrease in end diastolic aortic root pressure.

Indeed the model can be very useful for studying different angulations of
balloon walls on both tip and bottom sides, together with the influence of the balloon
diameter value on the hemodynamic parameters, aiming at improving the benefits
related to both inflation, (increase in coronary artery flow) and deflation (decrease in
end diastolic pressure and left ventricular afterload).

Furthermore, the model allows the modification of the resistance associated
to different compartments in the arterial system in order to study their influence on
the distribution of flow displaced by the balloon and to characterize the

physiologica bed according to patient specific features and anatomy.

8.6 Limitations

The presented works address a concrete possibility of improvement for the

design and functionality of the Intra-aortic balloon pump counterpulsation therapy,
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through relating important results obtained experimentally to clinical advantages.

Nevertheless, a number of limitations characterizes each experimental study: further

investigations will be needed to strengthen the association between experimental

investigations outcome and clinical benefits.

Cross-linking limitations throughout experimental studies consist in:

The arteria tree anatomy-physiology was not resembled, although the
main am throughout experiments was to better understand the
mechanics of inflation and deflation of standard and differently
designed IABs and their effects on flow and pressure distribution in a
symmetrical set-up;

Water has been used instead of blood or of a liquid characterized by
similar rheology with blood (generally 30% — 70% of glycerin - water

1% " hence both inertial and viscous forces assume a

solution is used
different value compared to the physiological situation, due to
different viscosity. This could have an implication on the relationship
between pressure and flow waveforms. Future tests on both standard
and differently designed balloons on animals will be carried out in
order to underline to which extent the conclusions drawn from the

experiments in thiswork can be associated to clinical benefits.

The developed pilot computational model aso includes a number of

restrictions:

The aorta has been considered a straight rigid tube, hence did not
represent the elastic properties of a physiological aorta. As a
consequence, the pressure inside the aortic branch was influenced by
the balloon inflation and deflation with no changes in the aortic
diameter, resulting in omitting the damping effect due to compliance.
However, the model geometry was similar to that of the aorta and the
compliance was resembled by including alumped component in the O-
D model;

The interactions between the thoracic aorta pressure and the balloon
wall are not modelled, even though they can play an important role in
the regulation of balloon’s inflation and deflation mechanisms,

Wave reflection is neglected, but it might play an important rolein the

228



distribution of volume displaced towards upstream and downstream
circulation. However, pressure and flow distribution on the
compartmental model was similar to the physiologica one,
highlighting the reliability of the O-D model as a method for
establishing boundary conditions on 3-D thoracic aorta;

e Cycleto cycle reproducibility of the model is only partially addressed,
as a maximum of two cycles have been calculated, and as variability
was checked on pressure instead than on a more sensitive variable
such as the shear rate. However, the two cycles present the same end
diastolic pressure and the pressure waveforms and magnitude of
pressure pulses suggest that the third cycle will have the same
characteristics and values as the second cycle;

e 0D and 3D modes convergence was verified on two periods,
beginning of cardiac cycle and IAB inflation starting, which are the
most critical periods throughout the simulated cycle. However
convergence should have been verified throughout the simulation.

The model introduced suggests a novel method of analysis of Intra-aortic
balloon pump effectiveness and can be used aso for the analysis of other cardiac
assist devices. It should be highlighted that the aim was to develop a basic model
which could afterwards be improved by adding more components such as fluid-
structure interaction between fluid and balloon wall, Helium and balloon wall as well

as fluid and aortic wall.
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Chapter 9 Conclusion and future steps
9.1 Conclusions

Although introduced for the first time into clinical practice more than 40
years ago the Intra-Aortic Balloon Pump (IABP) did not undergo relevant changes in
design. Several amendments on IAB designs have been developed and studied
46415152 hut eventually not introduced into clinica practice. Earlier studies
conducted on this cardiac device did not completely address questions involved with
its mechanism of inflation and deflation or with the fluid-dynamics in the thoracic
aorta, where the IAB is placed. An in depth experimental anaysis of these two
phases is needed because of their importance in providing increased coronary flow
(during inflation) and reduced ventricular afterload (during deflation), and because
both of them seem to loose effectiveness at an angulation %% often
corresponding to the patient position when operating with lABP.

From the experimental studies important conclusions can be derived for a
successful development of IABP therapy:

1. Operating the balloon at an angle induces decrease of both inflation and
deflation effectiveness, and can compromise IAB clinica benefit.
Particularly during deflation phase, the waveforms of the measured diameter
during IAB counterpulsation confirmed, at an angle, a delayed deflation at
the tip of the balloon, while at base and centre the IAB was collapsed. This
un-uniform and slower deflation process, related to the hydrostatic pressure
difference between baloon base and tip in case of angled position, is
associated to a decreased deflation pulse (Chapter 3).

2. The influence of angle on balloon deflation effectiveness was shown to
decrease in case a differently designed balloon, tapered from the base
towards the tip (TDD) in order to influence the inflation and deflation
mechanics, and to contain the negative impact of the semi-recumbent
position. In addition a change in the shape of the balloon showed to introduce
important benefits to the inflation phase when IAB operated at an angle from
the horizontal: specifically a differently designed baloon, TDD 1/2,
characterized by half cylindrical portion and half tapered towards the tip, was
associated to an amost unaffected volume displaced upstream in case the
balloon wasttilted (Chapter 4 and 5).
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3. The performance of TDD IABs in maintaining low EDP throughout
angulations at which IABP operated, demonstrated in case of balloon
counterpulsation with an LVAD, can be trandated into a key clinical benefit
of the IABP, highlighted through the use of the PV loop diagram and
addressed by previous researchers 2% 3 %69

4. Improvements during balloon inflation at semi-recumbent position were
noticed when a different tapered balloon, tapered from the tip towards the
base (TID), was tested together with TDD and cylindrical balloons. Volume
displaced upstream indeed was not decremented in case of angulation in
conditions of static pressure as well as in conditions of aortic pressure
waveform characterized by systolic and diastolic pressure phases (Chapter 3
and 4).

5. In addition to the IAB design, IABP setting and mode can be crucia in
defining this therapy clinical effectiveness, according to the regularity of the
ECG and the patient pathologica conditions:

0 The Teeflex pump featuring the new technology introduced through
fibre optic sensor, placed on the tip of the balloon, resulted in the
fastest response following systolic peak compared to other
technologies and pumps in 93% of the cases. This setting was related
to an improved efficacy compared to other settings especialy in cases
of regular or dlightly irregular ECGs,

0 The Teleflex pump and Datascope pump on semi-automatic and ECG
triggering mode resulted in the ratio between number of assisted beats
and total number of heartbeats, a key index establishing the reliability
of the IABP, relevantly lower than all other configurations especially
in dituations of arrhythmia or high heartbeat, enhancing the
importance of targeted setting of the IABP in these situations;

0 The Datascope pump on semi-automatic and ECG triggering mode is
associated to the longest duration of inflation in most of the cases,
although this index does not indicate a specific benefit of
counterpulsation on ventricular recovery, since, although indicating a
higher mean diastolic pressure, it might be associated to a late

deflation and compromise the reduced left ventricular afterload.
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Moreover, through the use of the developed pilot computational model it will be
possible to analyse specifically the changes in hemodynamic induced by variation in
specific parameters on the balloon geometry in case of horizontal or semi-recumbent
position, to optimize the potential benefit of counterpulsation therapy during its
practice in ICUs. An important feature of the computational model consists in the
possibility of varying impedances in different compartments on the systemic
circulation, for instance simulating conditions of vessel disease (g.e. arteriosclerosis
or atherosclerosis) or characterizing the model to meet patient-specific

characteristics.

9.2 Futureworks

Severa paths can be followed to extend experimental conclusions to the
clinical environment:

e Differently designed balloons should be tested, with the standard
cylindrica one, in a system resembling the physiological one,
constituted by a mock tapered thoracic aorta and main arteria
branches. This would enable the analysis of the benefits of each IAB
in aphysiological environment;

e Comparison between the different manufacturers of IABPs on the
market focused on the balloons, by using one singular pump on a
fixed mode and different 1ABs. This study could address the
differences between balloons in terms of material and shape of
inflated balloon and internal catheter;

e An experimental model of the coronary perfusion can be added to the
mock physiological aorta with branches, including a representation of
coronary flow during systole and diastole. This can then be tested
together with IABP in order to investigate the device benefits directly
on coronary flow;

e Visuadlization study on tapered balloons, investigating, through 1AB
wall tracking, the mechanics of inflation and deflation of the

differently designed balloons;
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Also the computational work presents possibilities for further development

and studies:

Cycleto cycle variability of results should be investigated for a higher
number of cycles, and on variables other than pressure aone: shear
rate variations between each cycle would more accurately address the
reproducibility of the model;

The data obtained with the above cited visualization study on tapered
balloons can be used for investigating the IABs performance in the
computational model. Furthermore, it would be possible to study other
amended designs of the balloon and optimize the IAB shape in order
to maximize volume displaced towards coronary circulation and

minimize end diastolic pressure.
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