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Abstract 

Heart failure is a clinical syndrome with a growing prevalence, owing to the aging of our 
population. A wide variety of drugs, devices and surgical approaches are used to treat heart 
failure patients and to establish partial recovery of the failing heart. In this thesis the main topic 
is focussed on assist devices. The general goal of an assist device is to unload the heart and/or 
to improve the organ perfusion and in particularly the coronary perfusion. An Extra Corporeal 
Life Support (ECLS) system is an assist device, which is used as a bridge to recovery or as a 
bridge to transplantation in patients with acute or chronic inadequate tissue perfusion due 
cardiac dysfunction. The most common implementation of an ECLS assist device is collecting 
low oxygenated blood of the venous vessels and pumping fully saturated blood back into the 
arterial vessels. Standard ECLS generates a continuous flow and partially bypasses the heart 
and lungs. A newly developed Extra Corporeal Life Support device, Twin-Pulse Life Support 
(T-PLS) is examined in the present study. This T-PLS system is an Extra Corporeal Life 
Support device generating a pulsatile flow of about 2.2 L/min. Many arguments claim pulsatile 
organ perfusion is preferred above continuous perfusion. Kidneys, lymph vessels and coronary 
vessels are in favour of a pulsatile flow. Coronary perfusion is dependent on the pressure 
gradient between the left ventricular pressure and the arterial pressure, which is the highest in 
the diastolic phase. Extra perfusion can be created by a periodic diastolic increase in arterial 
pressure, without systolic a systolic arterial rise, because that would hinder the pump function 
of the left ventricle. Kidney and lymph vessels receive a higher hemodynamic power per 
volume blood (EEP) during pulsatile perfusion compared to continuous perfusion. 
The veno-arterial femoro- femoral connected T-PLS system collects venous blood out of the 
vena cava inferior and pumps oxygenated blood pulsatile into tre descending aorta. 
Because this device pulsatile partially bypasses the heart, both the left ventricle and the T-PLS 
device are responsible for the resulting blood flow through the circulation. The left ventricle 
and the T-PLS generate pressure pulses moving in the aorta in opposite direction at each side 
of the aorta; the left ventricle generates pressure pulses into the aorta ascendens and the 
pressure pulses generated by the T-PLS are pumped into the aorta descendens. The expectation 
is that the pressU"e pulses generated by the T-PLS can impede the left ventricular contraction 
when arrival at the aortic valve occurs during the systolic phase. 
Synchronisation of the two pressure pulses is necessary to test this hypothesis; only then arrival 
of the T-PLS pressure pulse at the aortic valve during as well the diastolic as the systolic phase 
of the heart can be examined individually. 
Nine calves were implemented with the T-PLS device and in five of them synchronisation of 
the two pressure pulses generated by the left ventricle and the T-PLS was succeeded. Different 
delay times between heart and T-PLS pressure waves are installed in the synchronised 
situation, from zero till 750ms with steps of 50ms. Every possible arrival time of the T-PLS 
pressure pulse at the aortic valve in the cardiac cycle is examined individually. Three delay 
times settings are selected in each animal on grounds of afterload (left ventricular peak 
pressure (PLVpeak)); delay time with the maximum PLVpeak (setting I), the delay time with 
the mean PLVpeak (setting II) and the delay time with the minimum PLVpeak (setting III). 
Delay setting I represents the arrival of the T-PLS pressure pulse at the aortic valve in the 
systolic phase of the cardiac cycle and delay setting III represents generally (except one 
animal) the arrival in the diastolic phase. The arrival of the pressure pulse in the systolic phase 
of the heart causes a higher left ventricular work (L VW) as compared to the diastolic phase 
arrival. The PL Vpeak, stroke work (SW), pressure-volume area (PV A) and the efficiency ratio 
of the heart are all other hemodynamic parameters indicating as well that the workload of the 
left ventricle is the highest in setting I. When comparing setting III to setting I the workload of 
the heart is decreased, which correlates with a reduction of oxygen demand. Although the 
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coronary perfusion remained almost the same in all three settings, the oxygen demand/supply 
ratio (L VW/Qcor) is 63% lower in setting III than in setting I. 
The differences in hemodynamic parameters observed among the three settings indicate that 
diastolic arrival of the T-PLS pressure pulse at the aortic valve (setting 111) is the most 
favourable setting, regarding unloading of the heart and improving the oxygen demand/supply 
ratio. 
In the existing unsynchronised T-PLS system all arrival possibilities of the pressure pulses of 
the T-PLS at the aortic valve can occur in any phase of the cardiac cycle, including the systolic 
phase arrival as in setting I. The rise in workload of the left ventricle is an undesirable aspect 
for an assist device. 
Resulting can be concluded that synchronisation of the pressure pulses generated by the heart 
and T-PLS with a well-chosen delay time is required to accomplish optimal support for the 
patient. 
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Introduction 

Cardiovascular diseases are still the principle cause of death in Europe, the United States and 
Asia and therefore an important clinical, economic and social issue. Acute or chronic reart 
failure is a common complaint and is defined as the inability of the heart to pump blood 
forward at a sufficient rate to meet the metabolic demands of the body, or the ability to do so 
only if the cardiac filling pressures are abnormally high. Diminishing the mortality in that 
group of patients can be accomplished by supporting the pump function of the heart by means 
of an assist device. Unloading of the heart and improving coronary perfusion are two major 
benefits from this kind of support to the heart. 
A new developed assist device, Twin-Pulse Life Support (T-PLS), was examined in the present 
study. This T-PLS is an extracorporeal device generating a pulsatile flow of about 2.2 L/min, 
which implicates partial support of the cardiac output. The T-PLS is connected in a veno
arterial femoro-femoral position. It is generally accepted that the human circulation prefers 
pulsatile flow, as well for a better kidney perfusion as for a better coronary perfusion, although 
this remains a point of debate. The pulsatile flow generated by the T-PLS is pumped into the 
descending aorta. Because the T-PLS partially bypasses the heart, two pressure pulses are 
generated at each side of the aorta and in opposite direction. The amplitude of the pressure 
wave in each location in the aorta can be diminished or increased by the extra pulsatile flow 
from the T-PLS. Synchronisation of the heart and pump rate results in a control of the pressure 
wave and thus control of where and in what phase of the cardiac cycle the amplitude changes. 
The purpose of this study is to examine what kind of support the T-PLS device provides to a 
failing heart and whether synchronisation of the T-PLS device and heart can optimize that 
support. The hypothesis is that fine- tuning the cooperation between heart and pump improves 
support of the T-PLS device. 
First pump characteristics of healthy human heart will be analysed and the importance of 
pulsatile flow for specific organs will be described. The cause and features of heart failure are 
discussed in chapter 2. Chapter 3 discusses two different assist devices, that incorporate the 
fundamental properties of the T-PLS. Then the T-PLS device is explained in chapter 4. In the 
final chapter the experiments and results of those experiments are explained. 
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Chapter 1 

The human pump system 

1.1 Introduction 

The human heart is a natural pump system, which consists of two separated parts. The right 
part pumps the blood into the pulmonary circulation and the left part pumps the blood into the 
systemic circulation as shown in figure 1.1 . 

. Bl@: t.ilri'ylngcatl)<jnd.i9¥!®'in ~1~ 
i Head. 

t ... · .··· · ... .. ·.·.· .. ······ ··· .... 
Blood carrying Ol1¥9.en ln arteries· 

1. Pulmonary 
Circulation 

2. Systemic 
Circulation 

Figure 1.1: Human blood circulation 

Each of these parts consists of a pulsatile two-chamber pump composed of an atrium and a 
ventricle. The atrium acts as filling mechanism with as purpose to collect blood from the veins 
and pump it into the ventricle. The collected blood in the ventricle is pumped out by the 
ventricular pump system in either the pulmonary or systemic circulation. 

9 



1.2 Anatomy of the heart 

1.2. l Heart valves 

Superior 
vona cava ~-~. 

Pulmonary _··· 
valve 

Right •..• ... 
atrium 

Tricuspid 
valve 

Inferior .• --
vena cava 

........... · Aortic valve 

···· Mitra! valve 

· ... ·Left ventricle 

Figure 1.2: Schematic length cross-cut of the heart [I] 

Valves between the chambers are required to achieve the correct flow direction of the blood 
from atria to ventricle and from the ventricle out of the heart. Two types of valves prevent 
backflow in the atria and ventricles; the Atrioventricular Valves (A-V valves) and the Aortic 
and Pulmomry Valves, shown in figure 1.2. The movement of both valves depends on the 
pressure gradient over the valve. They close when a backward pressure gradient pushes the 
blood backward and the valves open when a forward pressure gradient forces blood in the 
forward direction. 
The A-V valves (the tricuspid and the mitral valve) are valves between an atrium and a 
ventricle. They prevent backflow of blood from the ventricles to the atria just after the diastolic 
phase of the cardiac cycle (explained later). The thin filmy A-V valves require almost no 
backward pressure to cause closure. 
The Aortic and Pulmonary valves prevent backflow from the aorta and pulmonary arteries into 
the ventricles just after the systolic phase of the cardiac cycle. Those semilunar valves are 
much heavier and thereby require a strong backflow to close the valve then the A-V valves. 
Not only the weight of the Aortic and Pulmonary valves, but also the smaller size of the 
opening cause an increased velocity of the ejected blood in comparison to the A-V valves. 

1.2.2 Heart muscles 

The wall of the heart is composed of three distinct layers. The outer layer is the epicardium, it 
contains a two layer membrane including blood capillaries, lymph capillaries and nerve fibers . 
The thick middle layer of the heart is called the myocardium. It is composed of cardiac muscle 
tissue and arranged in such a way that the contraction of the muscle bundles results in 
squeezing the heart chambers. The compression of the heart chambers pushes the blood out of 
the atria into the ventricles or out of the ventricles into a circulation. The cardiac muscles 
contract in much the same way as skeletal muscle except that the duration of contraction is 
much longer, because of the presence of slow calcium channels. The inner layer of the heart 
wall, called the endocardium, is continuous with the endothelium of the blood vessels. 
Endothelium tissue contains a lot of elastic and collagenous fibers that provide protection of the 
inner lining of the chambers and valves. 
For an optimal pump function of the heart, contraction of atrial muscles and ventricular 
muscles should be closely regulated. A perfect synchronization with an optimal delay is present 
in a healthy heart. 
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1.3 Heart mechanism 

1.3.1 Cardiac cycle 

Electric rhythmical pulses are generated by the sinus node, located in the lateral wall of the 
right atrium. The sinus fibers connect directly to the atrial fibers, so that any potential that is 
conducted in the sinus node spreads immediately over the atria. The pulse gene rated by the 
sinus node conducts simultaneously over the much faster intemodal pathways to the 
atrioventricular (A-V) node, located in the posterior wall of the right atrium. The A-V node 
passes and delays the pulse to the A-V bundle that conducts the incoming pulse to the Purkinje 
fibers lying in the ventricles. Once the pulse reaches the ends of the Purkinje fibers, it is 
transmitted through the ventricular muscle fibers. Atria 1 contraction is almost immediate after 
pulse generation in the sinus node. Approximately 0.3 seconds after the atria 1 contraction the 
ventricles contract. During the delay time between the atrial and ventricular contraction, the 
atria will passively empty the blood into the ventricles. 
The atria act as primer pumps for the ventricles and the ventricles provide the major source of 
power for moving blood through the vascular system. Each cardiac cycle is initiated by 
generation of an action potential in the sinus node. The cardiac cycle consists of a period of 
relaxation called diastole, during which the ventricles fill with blood, followed by a period of 
contraction called systole, in which the blood in pushed into the systemic and pulmonary 
circulation. 
Phases during the cardiac cycle, shown in figure 1.3 : 

• Diastole 
During ventricular contraction, a large volume of blood accumulates in the atria. After 
the systolic phase, the ventricular pressure drops below the atrial pressure, the A-V 
valves open and blood flows into the ventricles by suction. This rapid passive filling 
lasts not tre complete diastolic phase. At the end of diastole, the atria contract and 
blood is actively pushed in the ventricles (atrial kick). 

• Systole 
lsovolumic contraction 
As the contraction of the ventricles starts, the ventricular pressure rises above the atrill 
pressure, causing the A-V valves to close. The ventricular pressure is still below the 
aortic and pulmonary pressure so the aortic and pulmonary valves remain closed. This 
period of building up pressure without emptying blood out of the ventricles (no 
ventricular volume change) is called the isovolumic contraction. 

Ejection 
When the ventricle pressure rises above aortic or pulmonary pressure, the aortic or 
pulmonary valves open. Ejection of blood into a circulation takes place. During the 
ejection the mlume of the ventricles decreases. 

lsovolumic relaxation 
After ejection, ventricular relaxation begins, allowing the ventricular pressure to drop. 
The elevated pressure in the pulmonary artery and the aorta exceeds the ventricular 
pressure and causes the aortic and pulmonary valves to close. The ventricular pressure 
decreases with no ventricular volume change until the pressure drops below the atrial 
pressure. Then the A-V valves open and diastolic phase starts in a new cardiac cycle. 
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Figure 1.3: Pressures and volumes during a cardiac cycle [1] 

1.3 .2 Diagram of pressures 

During a cardiac cycle pressures and volumes of the left ventricle change over time as shown in 
figure 1.3. All the phases of one cardiac cycle mentioned before: diastole (period of ventricle 
filling), isovolumetric contraction, period of ejection, isovolumetric relaxation, are shown in 
figure 1.3 as well. The volumes and pressures are out-of.phase; because of that phase 
difference a pressure-volume loop (1.4) can be constructed of each heartbeat [2]. 

100 

20 
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Aortk \~alve Closes t4 __ _ 

f 
"' g 

. . . . . . . Stroke. Volume 

t1 Filling 

Mitra! V•lw Ope:::;ns,---+----

20 40 60 
Volume(ml] 

Figure 1.4: Pressure-Volume loop 

Mitra! Valve Cl~s 

80 100 

The variable time is not seen in the loop, bli related to the volume changes the closing and 
opening of the aortic and mitral valve is obvious. At the beginning of the filling phase, the 
mitral valve opens (t1) and the ventricle will be filled (volume starts to increase). At the end of 
the filling phase the mitral valves closes (t2). At the beginning of the ejection phase the aortic 
valve opens (t3) and the wntricle volume starts to decrease. At the end of the ejection phase the 
aortic valve closes (4). The actual starting and ending of the contraction of ventricle is related 
to the changes of the ventricle pressure. The indication for the start of the ventricle contraction 
is the rise in ventricle pressure (t2). A drop in ventricle pressure indicates the beginning of the 
relaxation phase of the ventricle (4). All the four points (t1, t1, t3, 4) are also visible in figure 
1.3 and 1.4. 
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1.3 .2.1 Interpretation of pressure-volume loops. 

Different PY- loop parameters can be obtained and provide information about the pump 
function of the heart. 
Stroke volume: The volume of blood ejected into the systemic/pulmonary circulation by the 
ventricle each heartbeat is called: stroke volume. In the pressure-volume loop stroke volume 
can be seen as the difference between end diastole volume and end systole volume. In figure 
1.4 this blood volume is the volume change between the vertical isovolumetric lines is 
therefore the width of the loop. 
Cardiac output: The cardiac output is the amount of blood ejected into the systemic circulation 
each minute and can be calculated with help of the stroke volume. Stroke volume multiplied 
with the heart rate. CO = SV •HR 
Ejectionfraction: The ejection fraction is defined as the ratio between stroke volume and total 
volume (end diastolic volume). 

Pressure-volume area (PVA): The ventricular pressure-volume area (PVA) consists of two 
components: the work performed by the heart to eject the stroke volume into the circulation, 
named external work (EW) and the additional work that could be accomplished by contraction 
of the ventricle if the ventricle should empty completely, named potential energy (PE) [2]. 

Volume 

Figure 1.5: pressure-volume area (PVA) contains potential energy (PE) and external work (EW). 

The pressure-volume area (PVA) as determined above and shown in figure 1.5 gives 
information about the conversion of chemical energy in the ventricle and therefore correlates 
with the oxygen consumption required for the conversion to mechanical energy and heat 
production. Assuming a fully aerobic metabolism, the overall efficiency of the heart (external 
work divided by oxygen consumption) is about 25% in a healthy heart, the rest of the energy is 
converted to heat. The variable myocardial oxygen consumption and PV A are directly related 
in that matter. 

Preload and Afterload: are the wall stress at end-of.diastole and the wall stress during ejection. 
Because wall stress is related to volume, pressure and wall thickness of the ventricle, a 
common simplification is made: end-diastolic pressure (pressure at t2) is a measure of preload 
and systolic ventricular peak pressure (pressure at 4) is a measure for afterload. Thereby the 
wall thickness is considered a constant factor. 
Contractility: Contractility of the ventricle is the intrinsic strength of the muscles in the left 
ventricle. The contractility of the heart muscles can be considered the slope of the end-systolic 
pressure-volume relation (ESPVR). For every heart the ESPVR and the end-diastole pressure
volume relation (EDPVR) can be generated by a decrease in filling volume, (see figure 1.6) [2]. 
The slope of the ESPVR appears to be a linear line that connects the end-ejection points. 
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Figure 1.6: End Systolic and End Diastolic pressure-volume relation. 

Compliance: The compliance of the heart is a measure of the stiffness of the relaxed ventricle. 
The end-diastolic pressure-volume relation (EDPVR) is considered a measure for compliance 
of the left ventricle (figure 1.6). A steep EDPVR indicates a stiff ventricle, as more pressure is 
needed to fill the ventricle. 

1.3.3 Filling mechanism 

As mentioned above change in filling volume of the ventricle can be determined by the slope of 
ESPVR and EDPVR. An extra clarification could be useful to obtain a better understanding of 
the filling mechanism of the ventricle. 

Volume Volume 

B c 

Figure 1. 7: Effect on pressure-volume loop by increase preload (A), afterload (B) and contractility (C) 

Constant contractility of the left ventricle : 
Increased preload, caused by an increased venous supply. The end-diastolic volume of 
the ventricle increases and the relaxed ventricle muscles are stretched to a greater 
length. A higher degree of stretching of the relaxed ventricular muscles will lead to a 
higher diastolic ventricular tension (load) in the muscles; the contraction power of the 
ventricular muscles increases. The extra filling of the ventricle will have a higher stroke 
volume as a result, because of its increased contraction power. "The more the heart is 
filled, the greater will be the quantity of the blood ejection into the aorta", stated the 
Frank-Starling mechanism 
An increase in filling pressure (preload) affects the pressure-volume loop as shown in 
figure 1. 7 A. Stroke volume as well as the external work of the heart increases. 
Increased afterload that can be caused by an increased systolic aorta pressure. The 
maximum left ventricle pressure is increased, because of the increased pressure gradient 
over the ventricle and the aorta. A higher ventricular pressure is required to open the 
aortic valve and pump the blood into the aorta. The effect on the pressure-volume loop 
is shown in 1.7B. The end-diastolic volume and end-diastolic pressure are not affected 
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by this change in afterload, only the end-systolic pressure am volume have changed 
along the ESPVR line. Stroke volume is decreased and the external work of the heart is 
not changed. 

An enlarged contractility of the heart: 
Constant pre load and after load. A higher contractility of the ventricle corresponds to a 
higher capability of the ventricle muscles to shorten. The ventricle's extra contraction 
power realizes a larger ejection volume of the left ventricle, while the preload and 
afterload remain constant. See figure l.7C. 

1.4 Circulation 

1.4.1 Introduction 

The pump mechanism of the human heart generates a pulsatile flow, initiated by the pulsatile 
contractions of the ventricles. A normal pattern of arterial pressure is shown in figure 1.3, in 
which the pulsations in the blood pressure are clearly visible. All organs will experience this 
pulsatile perfusion. 
A good representation of the level of perfusion is the hemodynamic energy level 
Hemodynamic energy level is measured in terms of hemodynamic \\Ork per volume of pumped 
blood in which the remodynamic work consists of kinetic work and potential work [3, 4]. To 
perform work, energy is required; the kinetic energy and the potential energy summed are the 
total utilized hemodynamic energy. The energy required for blood flowing in axial direction 
through the arteries is considered kinetic energy. Potential energy represents energy stored in 
the vessel wall in distending the vessel from the refere:n;e pressure level to the existing 
pressure level. The instantaneous pressure multiplied by the instantaneous flow results in the 
hemodynamic power (work), which is equal to the energy required to perform the 
hemodynamic work. The hemodynamic work performed during time divided by the volume of 
blood pumped in that time results in the energy required pumping a volume of blood in time. 
The energy gradient can be calculated with the use of Shepard's energy equivalent pressure 
(EEP) [5]. 

~ fpdt) 
EEP=p(mmHg) 

ufdtJ 
(1) 

The EEP is based on the ratio between the area beneath the hemodynamic power curve (?ipdt) 
and the area beneath the flow curve (?fdt) during each pulse cycle, where f is the flow rate (in 
milliliters per second), p is the arterial pressure and the time integral is over one pulse cycle. 
The EEP indicates the total hemodynamic energy transmitted per cross section expressed as the 
ratio of total work done in the vascular bed in a cross section in time, to volume of blood which 
passed through the cross section in the same time. In contrast of the mean arterial pressure the 
EEP illustrates the energy (power) in stead of a pressure as a measure for level of perfusion; 
therefore EEP is considered a better indication of level of perfusion than MAP. For continuous 
flow, energy equivalent pressure is equal to the mean arterial pressure (MAP); when the blood 
flow is pulsatile, the energy equivalent pressure may be very different from the mean arterial 
pressure (see figure 1.8). The cause of this difference is due to the fact that the area beneath the 
power curve ( ?fpdt) can be very different than the power curve (fp) in a pulsatile blood flow, 
see figure 1.8 [3, 4]. The difference between EEP and MAP in a normal human circulation is 
10% [5, 6]. 
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Figure 1.8: Pressure and flow measured in the femoral artery and published before by Mcdonald [7]. The product 
of flow and pressure (pf) represents hemodynamic power. Area under the power curve is represented 
by ?pfdt, and area under the flow curve by ?fdt. Energy Equivalent Pressure is the ratio of the two 
magnitudes at the end of the cycle. 

All orgms including the brain, the kidneys, lymph vessels and the heart itself require some 
level of EEP to function. In Chapter 2 the kidneys, the lymph vessels and the coronary vessels 
are discussed in detail concerning pulsatile flow. In the next two paragraphs the normal 
perfusion of those organs is already discussed. 

1.4.2 Perfusion of lymph vessels and kidney. 

The lymphatic vessels are part of the system that requiring a moderate or high EEP [8]. A large 
lymph flow is necessary to transport large molecules, such as plasma proteins and lipoproteins 
through the capillaries. If the lymph flow is inadequate, these large molecules will accumulate 
in the interstitial spaces and exert oncotic pressures that result in edema. 
Another organ that favors a high rates of perfusion is the kidney [l, 8]. The main function of 
the kidneys is to get rid of waste material and to control volume and composition of the body 
fluids. Glomerular filtration, tubular reabsorption and tubular secretion are the processes that 
can be regulated according to the needs of the body. Because the rates of the first two processes 
are extremely large relative to the rates of secretion, the function of the kidney is most 
influenced by changes in glomerular filtration rate (GFR). A high GFR is desirable to remove 
waste products rapidly and to filter all the body fluids several times a day. Adequate perfusion 
(adequate EEP) is crucial to obtain an adequate GFR. When the average perfusion of the 
kidneys decreases a drop in the GFR can be the result as well as a stimulation of angiotensin II, 
which activates the tubular reabsorption, both causing a reduced kidney function. 

1.4.3 Perfusionof the heart 

The oxygen supply of the heart muscles is regulated by the blood flow through the coronary 
arteries. The right and left coronary artery branch off just after the aortic valve in the aorta. The 
left coronary artery is divided into coronary capillaries and supplies mainly the anterior and 
lateral portions of the left ventricle, whereas the right coronary artery supplies most of the right 
ventricle as well as the posterior part of the left ventricle, see figure 1.9 A 
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Figure 1.9: A : Coronary vessels [l], B: Ascending aortic pressure (Pase) and coronary flow (Qcor) signals in a 
normal healthy circulation in systolic (S) and diastolic (D) phase of the heart. 

The coronary flow is pulsatile just like the flow in the rest of the body, because the reart 
chambers contract in phases. Figure l.9B shows the blood flow through the coronary 
capillaries of tre left ventricle during diastolic (D) and systolic (S) phase. The blood flow in the 
coronary arteries in systole is opposite to the flow in other vascular beds of tre body, because 
during contraction of the left ventricle all the cardiac muscles contract towards the middle of 
the left ventricle and compress the blood out of the coronary arteries. All the cardiac muscles, 
the subendocardial, the intramyocardial and the epicardial muscles, contract towards the center 
of the ventricle. During contraction the pressure in the ventricle rises to push the blood into the 
aorta, and a pressure gradient in the heart muscles itself is the result. The pressure in the 
subendocardia 1 muscle is almost as great as the pressure in the ventricle and the epicardial 
muscle pressure is slightly greater thm the atmospheric pressure. The importance of this 
pressure gradient is that the pressure in the inner layer is so much greater than the pressure in 
the outer layers of the ventricle muscle that it completely compresses blood vessels in the 
subendocardial layer and even epicardial blood vessels are to some extent compressed. So 
during systole the subendocardial coronary arteries are compressed and can't be filled with 
blood, like the rest of the arteries in the body. 
During diastole the cardiac muscles are relaxed, the pressure gradient between the cardiac 
muscles is disappeared and thus perfusion of the subendocardial coronary arteries is possible. 
Thus oxygen and nutrition for all layers of the ventricular muscle tissue are mostly provided 
during diastole. 
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Chapter 2 

Hemodynamic aspects in heart failure 

2.1 Introduction 

Heart failure is a growing disease, owing to the aging of our population and the increasing 
survival of patients due to all modernized drugs, devices, and surgical approaches. 
In this chapter a short summary of the causes of heart failure are discussed and the treatment 
options. 

2.2 Heart failure 

The definition of heart failure is "the inability of the heart to pump blood forward at a sufficient 
rate to meet the metabolic demands of the body, or the ability to do so only if the cardiac filling 
pressures are abnormally high." This definition is rather broad; to be more precise a distinction 
between diastolic and systolic dysfunction can be made. The cause of diastolic or systolic 
dysfunction is shown schematically in figure 2.1 
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Figure 2.1 : Schematic overview of heart failure 
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2.2.1 Diastolic dysfunction 

Ventricular function is highly dependent upon preload, as described before by the Frank
Starling mechanism. The preload depends on the filling pressure and the compliance of the 
ventricle in diastole. Reduction of filling pressure or compliance can therefore result in an 
impaired ventricular filling (diastolic dysfunction). A reduction in ventricular compliance, as 
often occurs in the diastolic dysfunction, will result in less ventricular filling (decreased end
diastole volume) and a higher end-diastolic pressure as shown in figure 2.2 A. 
The pressure- volume loop is diminished and a reduction in stroke volume is inevitable. A 
decrease in stroke volume results in a decrease in external work, but not necessarily causes a 
decrease in ejection fraction. The decreased compliance causes not only a reduction of the 
external work, but also a shift in the PV- loop to the left, which has a decrease in the potential 
energy as a result. A decreased compliance of the ventricle results in a reduction in both 
external work and potential energy and therefore the PVA (as explained before PV A=EW+PE) 
reduces. 
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Figure 2.2: Effect of left ventricular diastolic failure caused by decreased ventricular compliance (A) and effect of 
left ventricular caused by loss of contractility (B). 

2.2.2 Systolic dysfunction 

Impairment of the ventricular contraction is one of the main causes of systolic dysfunction. The 
contractility of a ventricle refers to the ability to pump the blood into the circulation and is 
represented in the pressure-volume loop by the ESPVR line. Decreased contractility causes a 
change of the ESPVR slope downwards, see figure 2.2 B. The pressure- volume loop shifts to 
the right and reduces in size. The exterml work decreases and in contrast to a diastolic 
dysfunction, the potential energy increases due to the PV- loop shift to the right. The amount of 
reduction of external work and the amount of increase of potential energy will determine if the 
PV A will reduce, rise or stay constant; no concrete chmge in PV A is the result by systolic 
dysfunction. Because SV decreases and EDV increases, there is a substantial reduction in 
ejection fraction. 

2.3 Treatment 

Every treatment of heart failure aims to improve the heart function. Different problems require 
different treatment procedures and/or different equipment. Drugs, assist devices and even heart 
transplantations can be the best remedy for heart failure. In this project mainly assist devices 
will be discussed as a treatment for heart failure. The desirable support of assist devices is 
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mainly unloading of the heart or improving the oxygen supply to the heart or a combination of 
both. Various types of assist devices are used nowadays. In a closer look, two assist devices 
provide an impression of the different possibilities of support. Both assist devices show 
resemblance in providing support to the patient with the new T-PLS assist device and will be 
discussed in detail in chapter 3. 

A B 

Figure 2.3: Extra Corporeal Life Support device (A) and Intra Aortic Balloon Pump (B). 

One of the two assist devices: the Extra-Corporeal Life Support (ECLS), figure 2.3 A, which is 
based on unloading of the heart by creating a bypass of the heart. Unsaturated blood is 
collected out of the right atrium and by the use of a membrane oxygenator, saturated blood is 
pumped back into the ascending aorta. This ECLS system as shown in figure 2.3A is a 
complete ECLS, which is referred to as cardiopulmonary bypass (CPB) and is used in operr 
thorax and operr heart surgeries. With the use of cardioplegia, beating of the heart can be 
stopped completely for a period of time and both circulations are completely bypassed. 
The other assist device: the intra-aortic balloon pump (IABP), figure 2.3 B, which is a much 
less invasive assist device compared to the ECLS and whose main focus is to provide an extra 
blood flow to the coronary arteries. A balloon is placed in the descending aorta. This balloon 
inflates and deflates with each cardiac cycle. The balloon inflates during diastole causing blood 
to be forced back toward the proximal side of the heart into the coronary arteries and main 
branches of the aortic arch, the carotid arteries. (The IABP will be discussed in more detail in 
paragraph 3.3). 
The ECLS and the IABP are two extremes regarding tre level of invasiveness and the kind of 
support. All other assist devices are in the middle of the two levels of invasiveness and are 
either one or a mix between the two kinds of support. 

2.4 Pulsatile flow in treatment 

An inevitable fact is that the human heart delivers pulsatile flow to the arterial system. There 
are some arguments to believe that pulsatile flow is necessary for a good functioning of the 
heart and for the rest of the organs. According to those arguments each device trying to support 
the heart should take into account the need for pulsatility. 
Some believe that the statement "nonpulsatile flow is nonphysiological phenomenon" is 
enough to suggest that pulsatile flow is necessary in assist devices. But there are also other 
grounded arguments that demonstrate that pulsatile flow is more desirable than nonpulsatile 
flow. The requirement of a high perfusion for good functioning of the lymph vessels and the 
kidneys and the diastolic perfusion of the coronary arteries are the two arguments that will be 
discussed regarding pulsatile flow. 
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2.4.1 Pulsatile flow in organs 

To discuss the perfusion of the lymph vessels and of the kidneys, Shepard's energy equivalent 
pressure (EEP) is required. The difference between EEP and mean arterial pressure (MAP) can 
be considered as the extra power (energy) generated by a pump system, either the human heart 
or an assist device. This difference in a normal human heart is 10 % as mentioned before in 
paragraph 1.4.1 Cardiac support by an assist device can change tre difference between EEP 
and MAP. If a pulsatile pump is used during cardiopulmonary bypass (CPB) the difference 
between EEP and MAP is reduced to 5%, and with use of a non-pulsatile pump during CPB the 
difference is only 0-1 % [5, 6]. This indicates that pulsatile flow is more beneficial with respect 
to organ flow than non-pulsatile flow. The explanation for this difference between pulsatile and 
non-pulsatile is given by the effect of the baroreflex. The baroreflex is a system that monitors, 
with help of the baroreceptors, the change in blood pressure and minimizes fluctuations in the 
mean blood pressure. When the blood pressure increases or decreases, the baroreflex system 
immediately senses this change and buffers it by altering sympathetic nerve activity. Several 
studies [8-13] demonstrated that the arterial baroreceptor is more sensitive to a pulsatile blood 
flow than to a non-pulsatile blood flow, as a result the sympatretic nerve activity is more 
inhibited during pulsatile blood circulation This reduction of sympathetic nerve activity 
induces vasodilatation, and causes a decrease in systemic vascular resistance (SVR). In a 
constant mean arterial pressure model a reduction in SVR has an increased flow as a result. 

flow= pressure (2) 
SVR 

In summary, pulsatile perfusion inhibits the baroreflex, which induces vasodilatation of the 
vessels and causing a reduction in the systemic vascular resistance. According to equation (2) a 
decrease in the systemic vascular resistance results in an increase in flow that result in an 
increase in EEP (with the reminder that MAP stayed constant); this is according to the several 
studies the reason why the difference between EEP and MAP is larger with pulsatile than with 
non-pulsatile perfusion. 
The consequences of the higher EEP during pulsatile perfusion are mainly experienced by the 
perfusion sensitive organs, like the lymph vessels and the kidneys. As is explained before in 
paragraph 1.4.2, if the lymph perfusion is inadequate large molecules will accumulate and 
edema can be the result. The function of the kidneys will change as well during a decreased 
perfusion; the glomerular filtration rate (GFR) will decrease and the tubular reabsorption is 
instead stimulated by release of an extra amount of angiotensin II. The filtering of the body 
fluids will decrease and possible present waste products are not filtered out as fast as with a 
high perfusion. 
The brain circulation, the cerebrospinal fluid movement and the aerobic tissue metabolism are 
reported to be improved as well with pulsatility [14]. 
Those consequences mentioned above should all be seen in a relative perspective; the existence 
of those consequences is many times confirmed, but the severeness of the consequences, 
caused by a reduction in perfusion using non-pulsatile flow versus pulsatile flow, is unknown. 

2.4.2 Pulsatile flow in the heart 

The perfusion of the coronary arteries occurs mainly during the diastolic phase of the cardiac 
cycle; during systolic phase the coronary vessels are compressed and therefore perfusion is 
restricted. The perfusion during normal heart function is shown in figure l .9B. In the diastolic 
phase of the heart (D) the coronary perfusion is obviously higher in comparison with the 
systolic phase of the heart (S). 
Oxygen demand, supply and consumption are three important parameters containing 
information about the condition of the left ventricle muscles. 
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As explained before in paragraph 1.3.2.1 the oxygen consumption of the heart (the chemical 
energy expended during contraction) is directly related to the total work the heart has to 
perform each cardiac cycle, which is represented by the PV-loop area (PV A). An increase in 
oxygen consumption of the left ventricle muscles causes the demand for oxygen to rise; the 
supply of oxygen should rise as well to maintain a good aerobic functioning of the ventricle 
muscles. 
The supply of oxygen for the heart is mainly provided by the diastolic coronary perfusion. The 
oxygen supply can be increased by vasodilatation of the coronary vessels or by an increase in 
arterial pressure. The increase in aortic pressure causes an increase in diastolic pressure 
gradient between right atrium and the arterial (coronary) pressure that causes an extra diastolic 
coronary blood flow. This last mentioned option is the goal of a lot of assist devices to increase 
the supply of oxygen to the heart. The problem of this option is that an increase in arterial 
pressure during the complete cardiac cycle results in an increased systolic arterial pressure, 
which means a higher left ventricle systolic pressure is required to pump the blood into the 
arterial system. This extra contraction power results in an increase in demand for oxygen and 
the net balance between demand and supply remains unchanged. The best way to improve 
oxygen supply is by temporary increase in diastolic aorta pressure, which can be achieved with 
assist devices producing or creating pressure waves. 
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Chapter 3 

Assist devices 

3.1 Introduction 

Today, there is a wide variety of treatment options for heart failure patients ranging from diets 
and drugs to invasive surgical interventions like: assist devices, remodelling operations, 
implantable left ventricular assist devices (LV AD's) or even full transplantations. At present, 
new and exciting types of treatment are under development. In this report a newly developed 
assist device which is not clinically in use yet is examined. To point out the general mechanism 
of assist devices, two representative existing assist devices, of which the mechanism shows 
resemblance with the new pump, are described in detail. Those two assist devices: Intra Aortic 
Balloon Pump and Extra Corporeal Life Support, are commonly used for patients with 
cardiogenic shock. 

3.2 Cardiogenic shock 

Cardiogenic shock is a major cause of death among patients with heart failure. Cardiogenic 
shock is a state of inadequate tissue perfusion due to cardiac (diastolic as well as systolic) 
dysfunction, usually caused by myocardial infarction or mechanical valve dysfunctions [15, 
16]. The myocardial dysfunction resulting from ischemia can worsen that ischemia to a 
progressive myocardial dysfunction or even death. When the left ventricular myocardium is 
ischemic, stroke volume and cardiac output decreases. This failure of pump function causes an 
increased ventricular pressure by accumulating blood in the ventricle. Myocardial perfusion is 
dependent on the pressure gradient between coronary arterial pressure and left ventricle 
pressure. Due to an elevated left ventricular pressure, the pressure gradient decreases which 
results in a further decrease in myocardial perfusion. Increased heart rate and constriction of the 
vessels are the compensatory systems to increase the arterial pressure; heart rate causes an 
increase in oxygen demand and due to constriction of the coronary vessels the oxygen supply 
decreases. Hereby the inadequate perfusion worsens the ischemia and begins a vicious cycle, 
which can end in death if uninterrupted. 
All the devices reviewed in this project are designed to interrupt this vicious cycle. 

3.3 Intra-Aortic Balloon Pump 

3.3.1 Introduction 

The Intra-Aortic Balloon Pump (IABP) is a common cardiac assist device that is most 
frequently used in patients with a cardiogenic shock [ 17]. The major goal of this assist device is 
to increase coronary perfusion (oxygen supply) and decrease the \\Orkload of the heart (oxygen 
demand), by inflating and deflating a balloon just after the aortic arch as is shown in figure 3 .1. 
The flexible catheter with a balloon mounted at the end is inserted in the femoral artery and 
placed into the ascending aorta just before the aortic arch The balloon is connected to a drive 
console, which consists of a pressurized gas reservoir, a monitor for ECG and aortic pressure 
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wave recording (recorded at the tip of the balloon), adjustments for inflation/deflation timing, 
triggering selection switches and battery back-up power sources. The gases used for inflation 
are either helium or carbon dioxide, because if by accident some gas escapes from the balloon, 
no harm is done to the patient. 

Figure 3.1: Intra Aortic Balloon inflated (left) and deflated (right) 

3.3.2. Functioning 

The intra-aortic balloon exerts its effect by volume displacement initiated by rapidly shuttling 
helium or carbon dioxide gas in and out of the balloon chamber. This principle is known as 
counterpulsation. At a precisely timed interval (explained in detail in paragraph 3.3.3), the gas 
enters the balloon chamber present in the aorta. As the gas is shuttled into the balloon, it 
occupies a fixed volume within the aorta. The sudden occupation of space causes blood to 
move from its original position to the superior and inferior of the balloon. Since the volume in 
the aorta arch as well as in the descending aorta is suddenly increased, a sharp short intra-aortic 
pressure wave is created. With deflation of the intra-aortic balloon, the chain of events is the 
reverse. A sudden fall in aortic volume causes a sudden decrease in aortic pressure within that 
localized area. Displacement of blood volume (both away from the balloon on inflation and 
toward the balloon on deflation) is the mechanism by which the IABP alters the hemodynamic 
state. In order to obtain beneficial hemodynamic changes the inflation and deflation of the 
balloon must occur at specific times in the cardiac cycle (paragraph 3.3.3). Moving a blood 
volume away from the superior position of the balloon by inflation of the balloon should 
provide extra coronary perfusion. The normal perfusion of the coronary arteries is performed 
mainly during the diastolic phase of the heart and very little during systolic phase, because the 
coronary arteries are compressed during systolic phase as explained earlier in paragraph 1.3 .3. 
In figure 3.2 the coronary flow is shown without IABP (balloon off) and with IABP 
implemented (balloon on). 
An extra coronary perfusion can be realized by an increased diastolic aortic pressure with use 
of the IABP. This effect can be achieved with the IABP when inflation occurs at the beginning 
of diastole, so the maximum aortic blood volume is available for displacement. This 
displacement of blood volume causes an augmented diastolic aortic pressure, shown in figure 
3.2. The balloon remains inflated throughout the diastolic phase, so no blood volume can flow 
away out of the coronary arteries. Extra coronary perfusion during the diastolic phase induces 
an extra oxygen supply. 
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Deflation of the balloon will cause a fall in pressure in the aorta. If the deflation occurs at the 
onset of systole the aortic pressure will drop; this results in an aortic pressure reducfon just 
before ejection of the heart. Properly timed deflation will cause a fall in aortic pressure causing 
the left end systolic ventricle pressure ( afterload) to drop slightly, resulting in a small reduction 
of workload of the heart thus reducing the oxygen demand of the heart. 

- {. 

Figure 3.2: Systolic and diastolic phase in balloon off and on setting, Upper figure: coronary flow, 
Bottom figure: Ventricular and aortic pressure. TTI: Tension-Time-Index, DPTI: Diastolic-pressure
Time-Index. 

3.3.3 Timing 

The precise timing of balloon inflation and deflation is essential to achieve the hemodynamic 
effects that increase coronary blood flow and decrease the workload of the heart. 
Synchronisation of IABP and the cardiac cycle is necessary and can be done by using the R
wave of the ECG or the upstroke of the arterial pressure waveform as an identification of the 
beginning of the cardiac cycle [18]. Most common is the use of the ECG as a trigger. 
The aortic pressure of a correct balloon deflation and inflation time is displayed in figure 3.3. 
The heart beats are alternately assisted with the IABP (in a 1 :2 mode) with the inflation time 
just after the systolic phase (begin diastolic phase) and deflation just before systolic phase (end
diastolic phase). 

Figure 3.3: Correct timing of inflation and deflation 
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The next four examples, shown in figure 3.4, demonstrate that the timing of inflation and 
deflation of the intra-aortic balloon are important for achieving the desired hemodynamic 
effects of increased coronary perfusion and reduced workload of the heart. 

a. Early inflation b. Late inflation 

c. Early deflation d. Late deflation 

Figure 3.4: Aortic pressure during early inflation (a), late inflation (b), early deflation (c) and late deflat ion (d) 

A) Early inflation 
The intra-aortic balloon will be inflated during the systolic phase. Due to this early 
inflation the aortic pressure rises above the left ventricle pressure and the aortic valve 
will close prematurely. The cardiac output is reduced. The left ventricle end systolic 
volume rises and the stroke volume is reduced. The volume of blood that remains in the 
left ventricle because of the premature valve closure causes an increased wall stress 
during ejection as well as during the follo\\ed diastolic phase. The resulting increase in 
afterload and preload leads to an increase in workload of the heart. The myocardial 
demand for oxygen will rise in comparison with the optimal timing setting of the IABP. 

B) Late inflation 
The inflation of the intra-aortic balloon is not after closure of the aortic valve but occurs 
almost at the middle of the diastolic phase. The period of balloon inflation is reduced 
and therefore the volume displaced by the balloon is reduced with a reduction in 
diastolic augmentation as a result. In comparison to the optimal timing of the intra
aortic balloon the coronary blood flow is reduced. The myocardial supply of oxygen is 
lower than in the optimal setting. 

C) Early deflation 
Deflation of the intra-aortic balloon is halfway the diastolic phase. The minimum aortic 
diastolic pressure does not reach such low levels as in the optimal IABP timing setting. 
The end-diastolic aortic pressure is higher and can become as high as without support of 
the IABP and therefore the afterload reduction is small or even not present at all. With 
this early deflation there is a potential change for retrograde coronary and carotid flow. 
This together with the shorter inflation time of the balloon will create a suboptimal 
coronary perfusion. In comparison with the optimal timing setting of the IABP, the 
demand for oxygen rises and the supply of oxygen reduces. 

D) Late deflation 
At the beginning of the systolic phase the intra-aortic balloon is deflated. Opening of 
the aortic valve is thereby postponed and the systolic phase of the heart will become 
shorter. The cardiac output of the heart is reduced and the wall stress during ejection 
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(afterload) and thereby workload is increased. Myocardial oxygen demand will increase 
in comparison with tre optimal timing setting of the IABP and even in comparison with 
no assistance at all. 

3.3.4 Summaiy IABP 

The Intra-Aortic Balloon Pump is an assist device that produces a pressure wave in the aortic 
arch by inflation and deflation of an Intra-Aortic Balloon. The quick inflation of the balloon 
displaces the blood volume away from the balloon into the aortic arch and into the descending 
aorta. The pressure wave released into the aortic arch caused by inflation of the Intra Aortic 
Balloon will reach the heart Arrival of the pressure wave at the heart in the diastolic phase will 
provide extra coronary perfusion due to an increase of the pressure gradient between left 
ventricular pressure and coronary arterial pressure, causing the 02-supply to increase. A sudden 
deflation of the balloon causes a pressure drop in the aortic arch and blood is pulled back from 
the aortic arch into the descending aorta. The extra pressure drop just before the systolic phase 
causes a reduction in workload. 
The mentioned benefits of the IABP are indebted to the perfect timing of arrival of a pressure 
wave at the heart. The timing of deflation and inflation of the intra-aortic balloon is crucial. If 
the counterpulsation of the intra-aortic balloon is not perfectly timed, the assist provided by the 
device can change from assistance to the heart to even extra resistance for the heart. Increase in 
afterload can be the result of an inflated balloon in the systolic phase; examples are early 
inflation or late deflation. 

3.4 Extracorporeal Life Support 

3.4.1 Introduction 

ExtraCorporeal Life Support (ECLS) is used as a bridge to recovery or as a bridge to a more 
durable ventricular assist device and is able to support the patient for many hours or even days 
[19]. ECLS provides support for patients with reversible respiratory and/or cardiac failure [20]. 
Once the ECLS circuit is attached and functioning, continuous blood flow through the circuit is 
regulated to support part or all of the circulation and gas exchange. With use of ECLS the 
blood circulation and gas exchange are supported mechanically, the native heart and lungs are 
allowed to "rest". 
Continuous blood flow through tre entire circulation continues heart or lung function to 
recuperate. The volume of continuous blood flow is based on the degree of support required, 
which in turn is based on a series of physiologic monitors in the circuit and on the patient. 
Many days may be required for the native heart or lungs to regain adequate function. 

3.4.2. Description 

The ECLS apparatus consists of a blood pump with two-way tubing, a venous reservoir, a 
membrane oxygenator, and a countercurrent heat exchanger. The blood pump is either a simple 
roller pump (most common) or constrained vortexes centrifugal pump. The oxygenator is 
responsible for exchanging both oxygen and carbon dioxide. After the blood passes the 
oxygenator the blood will be fully oxygenated. The heat exchanger warms or cools the blood 
using a countercurrent mechanism. Blood is exposed to hot water that circulates within metal 
tubing. 
Cannulation of a venoarterial ECLS is generally performed using the right atrium for venous 
drainage and the ascending aorta for arterial return; howe\er, the uniqll! advantage of the 
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ECLS system is that peripheral cannulation is possible as well. Peripheral cannulation may be 
performed via the femoral artery and the femoral or internal jugular vein [21]. The two optims 
are visualized in figure 3.5. 

Figure 3.5: Venoarterial cannulation. A. Peripheral: femoral artery; femoral vein. B. Central: Ascending aorta; 
right atrium. 

Typical scenarios in which ECLS assistance would be required are: postcardiotomy cardiac or 
pulmonary support, cardiogenic shock, primary respiratory failure and after placement of a 
heart or lung transplantation. 
Extra Corporeal Life Support has shown to provide excellent oxygenation and hemodynamic 
support to patients with cardiogenic shock, or postcardiotomy cardiogenic shock (which occurs 
in 1 % of all patients undergoing cardiac surgery [22, 23 ]). 
The centrifugal pump of the ECLS system receives venous blood out of the right atrium or out 
of the femoral vein and pumps the blood back into the arterial system. After the centrifugal 
pump the oxygenator is placed so the generated blood flow into the aorta or the femoral artery 
is fully oxygemted blood. The ECLS is taking over part of the heart function. By maintaining 
an adequate cardiac output and blood pressure the ECLS allows some recovery time for the 
ischemic myocardium. If the damage is irreversible the ECLS can be used as a bridge to L V AD 
implantation or a bridge to transplant. 
As shown in figure 3.5, two ways of venoarterial cannulations are possible; femoral-femoral 
(peripheral) cannulation or aortic arch- right atrium (central) cannulation. The ECLS provides 
different arterial pressures in the two different cannulation methods. The mean aortic arch 
pressure and the pulsations of that aortic pressure signal are the two parameters that are 
different in the two cannulation settings. Central cannulation causes a higher mean aortic arch 
pressure and a stronger extinguishment of the pulsations in the aortic arch pressure signal than 
with the peripheral setting. (see figure 3.6). 
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Figure 3.6: Aortic and left ventricular pressure in peripheral cannulation (left) and central cannulation (right). 

The difference according mean arterial pressure and pressure pulsations between peripheral and 
central cannulation is explained with a model in the next paragraph. 

3.4.3 Model 

A simplified model illustrates the mechanism of an Extra Corporeal Life Support in a healthy 
patient. In figure 3.7 a model is described of a healthy heart with and without use of a partially 
continuous ECLS and in different cannulations settings: cECLSh (£ontinuous blood flow 
generated by an ECLS in case of a !!ealthy heart). The total blood flow through the 
circulatory system remains constant in all three settings. Model A is healthy heart, model B and 
C represent a healthy heart partially bypassed with a continuous EC LS. In model B the ECLS 
is connected with a central cannulation and in model C the continuous ECLS is connected with 
a peripheral cannulation. 

~ 
Heart1 Gain1 Scope1 

Pump2 Gain2b 

Pump3 Gain3b 

A Heart without ECLS 

B Heart plus ECLS 
Central cannulation 

c Heart plus ECLS 
peripheral cannulation 

Figure 3. 7: A schematic model of a continuous Extra Corporeal Life Support in a healthy circulation. ( cECLSh) 
Top: Heart without ECLS (A), Middle: Heart plus ECLS in central cannulation (B), Bottom: Heart plus 
ECLS in peripheral cannulation (C) 

The centrifugal pump of the ECLS generates a continuous flow tlBt can be considered a step 
response (figure 3.7 B, C). The generated flow travels further before reaching the aortic arch in 
a peripheral cannulation setting than in a central cannulation setting; the extra distance need to 
be travelled by the blood flow in the peripheral cannulation, develops a higher resistance. An 
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increase in resistance causes a decrease in pressure according to the equation: V = I * R , 
known from an electrical circuit. 
An increase in resistance results in a lower pressure in the aortic arch in case of peripheral 
cannulation rather than central cannulation. The model is created to show differences in the 
pressure signal in the specific location: the aortic arch. Because the model does not include 
resistance to simulate the extinguishment of the pressure waves, the gain of the step response in 
model C (the peripheral cannulation) is determined lower than in model B (central cannulation) 
to create the same effect as an extra wall resistance. 
The pulsations in the normal aortic pressure generated by the heart can be considered a sine 
wave, see figure 3.7A. In model Band C another difference in gains is installed, this gain 
difference is implemented in the sine wave, simulating the healthy heart. Peripheral cannulation 
results in a lower pressure in the aortic arch than in case of central cannulation, which is 
caused by the increase in resistance as mentioned above. Baroreceptors will capture pressure 
differences and a feedback mechanism will try to remain the same flow and pressure in the 
aortic arch. A healthy heart is able to adjust the cardiac output to keep the total pressure (gain) 
constant. This adaptation of the heart is implanted in the model by a higher gain sine pressure 
wave of the heart in model C to keep the gain constant in all the models. 
Bypassing the heart partially by connecting a continuous ECLS, the amplitude of the pressure 
wave reduces in both the cannulation settings. The generated flow in models B and C, 
representing central and peripheral cannulation, extinguish the pulsations of the pressure wave 
differently. The pulsatility is decreased to a smaller degree in central peripheral cannulation. 
This same phenomenon is shown in figure 3.6. 
This model indicates the loss of pulsations when using a continuous ECLS. 

3.4.4 Summruy ECLS 

The concept of an ECLS system is to provide mechanical cardiac support as well as pulmonary 
support and is thereby used in patients with cardiac failure, cardiopulmonary failure or 
pulmonary failure. 
Cardiac support can be applied in two different ways: unloading of the heart and improvement 
of circulatory perfusion. The ECLS takes over part of or the complete cardiac output and 
thereby decreases the workload for the heart. The diffusion of gases is accomplished by an 
oxygenator in the ECLS system. The partial (or complete) bypass supplies the circulatory 
system with fully oxygenated blood, and thereby contributes to a good organ perfusion. 
The advantages of an ECLS system is in the first place that in acute emergency situation; 
peripheral cannulation is possible and in the second place that the mobile console makes 
support outside the operating room possible. The inactivation of the ECLS support (weaning) 
can be done abruptly, but also gives the possibility to slowly decrease the amount of support so 
the heart and lungs can slowly regain there function. Maybe even weaning training programs 
can be designed to regain extra cardiac muscle strength. 
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3.5 Towards an optimized ECLS system 

The two assist devices described above - the IABP and the ECLS - have advantages as well as 
disadvantages. 

Advantages 

IABP: Generated counterpulsation in the aortic arch causes a reduction of the end 
diastolic aortic pressure which results in decreased workload of the heart. An increased 
diastolic aortic pressure caused by the counterpulsations of the Intra-Aortic Balloon 
increases the coronary perfusion. 

ECLS: Generates a blood flow that partially bypasses the heart and lungs and thereby 
reduces the workload of the heart and perfuses the organs with fully oxygenated blood. 

Disadvantages 

IABP: The counterpulsation in the aortic arch is created with help of the existing 
cardiac output. If the output of the heart is significantly reduced, the support of the 
IABP will not be noticeable. 

ECLS: The pulsations of the aortic pressure are reduced in both cannulation settings. In 
chapter 1 is explained that a pulsatile flow is desirable for a good coronary perfusion 
and for a good functioning of the kidneys. The benefits of the ECLS conflict with the 
consequences of reducing the pulsatility in the pressure. 

A pulsatile ECLS should provide the benefits of both the assist devices; the counterpulsations 
of the IABP and thereby the extra diastolic coronary perfusion, and the cardiac output 
independent generated blood flow of the continuous ECLS, which provides an unloading 
support for heart and lungs by an oxygenated blood flow. 
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Chapter 4 

Twin-pulse Life Support (T-PLS) 

4.1 Introduction 

The T-PLS (Twin-Pulse Life Support) device is an ECLS system with venoarterial femora~ 
femoral cannulation(figure 3.5A). The pump system in the T-PLS device creates a pulsatile 
pressure wave that is pumped into the arterial system of the patient (figure 4.1). The heart 
pumps the blood pulsatile into the aortic arch, the T-PLS device pumps the blood pulsatile into 
the descending aorta. 

4.2 T-PLS pump 

The T-PLS consists of a blood pump, a membrane oxygenator, one pump source and venous 
and arterial silicon tubing with polymer valves, shown in figure 4.1. The pump source is a 
pendulous moving actuator that alternates between compressing the venous and arterial tubing. 
The polymer valves on both sides of the venous tube as well as both sides of the arterial tube to 
determine the flow direction of the blood. The venous tube feeds the membrane oxygenator and 
the arterial tube is located at the outlet of the membrane oxygenator and feeds the arterial 
system with oxygen saturated blood. The actuator compresses alternatively the tubes and 
thereby creating a blood pulse into the oxygenator or into the arterial system of the patient. 

Figure 4.1: Left: Picture of the T-PLS device, Right: Schematic view of the pump mechanism 
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4.3 Circulation Twin-Pulse Life Support 

The common mechanism of the heart as well as from the T-PLS device is that they release 
pressure pulses into the circulation. The peripheral cannulation of the T-PLS device determines 
the difference between the two pumping mechanisms ; they release the pressure pulses at 
different locations and in different directions. The two generated pressure pulses will meet 
somewhere in the aorta. The schematic overview in figure 4.2 shows the total circulation of 
blood in case a T-PLS device is connected to a patient. The black arrows point to the direction 
in which the generated pressure waves travel. 

Heart 
Pressure pulse 

\ )-+B 
Scope 

T-PLS 
Pressure pulse 

Figure 4.2: Left: Schematic overview of the blood circulation of body and pump 
Right: Simulink model of the pressure pulses from part of the circulation: from heart (L V) and arterial 
outlet (T-PLS). 

4.3.1 Model T-PLS pressure waves. 

The confrontation of the two pressure waves is caused by the different location and direction in 
which the pressure pulses are generated. What will happen when the two generated pulses 
meet, is dependent on the amplitude, frequency and phase of the pressure pulses. To determine 
in what way these parameters of the pressure wave influence the circulation, a pulsatile ECLS 
failing heart model (pECLSt) is required. pECLSf: a J!Ulsatile flow generated by an ECLS 
in a failing heart. Two alterations were required to make the correct conversion from cECLSh 
(described in paragraph 3.4.3) to pECLSf simulation. One of the alterations that had to be made 
to convert the cECLSh into a pECLSfis the replacement of the step response of the pump by a 
sine wave; hereby the pulsatile flow generated by the T-PLS is implemented. The other 
parameter that had to change is the gain (amplitude) of the sine wave generated by the heart. In 
cECLSh model C (figure 3.7) the healthy heart was able to maintain a constant pressure in the 
aortic arch (gain of three), because a healthy heart is able to adjust the output (gain) to maintain 
the same aortic arch pressure with or without an assist device. The patients considered to use 
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ECLS support will have a failing heart, which does not have the adjustable power to maintain 
the aortic arch pressure with and without the ECLS. This is the main reason why an assist 
device is required in those patients. Only in the situation that the ECLS is generating a 
significant high flow resulting in an adequate amount of flow for the patient that the heart's 
contribution is not fully needed and the heart is able to "rest". In the next pECLSf model, 
presented in figure 4.3, the gain of the heart, simulated by a sine wave, is considered a constant 
value X. By changing the constant value X, the pECLSf model can represent different levels of 
heart failure. 
The frequency of the created pressure waves in model II and III are fixed in this model 
Model I represents the failing heart, Model II represents an arrival of the two pressure waves in 
the aortic arch, one from a failing heart and one from the T-PLS device, with a phase difference 
of half a sine period (f =p ). Model III represents the same pressure wave confrontation as in 
model II, but with no phase difference. The simulated phase difference between the generated 
pressure waves from heart and T-PLS corresponds with the physiological phase difference in 
the aortic arch. In figure 4.4 the results of the different degrees of heart failure and differences 
between the two different phases between the heart and pump frequency are shown. 

x = 1, 1.5, 2, 2.5 

I. Heart 

II. Heart with 
pulsatile ECLS 
with a phase 
difference f =p 

III. Heart with 
pulsatile ECLS with 
no phase difference 

Figure 4.3: A schematic model of a pulsatile Extra Corporeal Life Support with peripheral cannulation in a failing 
heart situation. (pECLSf). Top: Heart without ECLS (I), Middle: Heart plus pulsatile ECLS and phase 
difference f = p between heart and pump frequency (II), Bottom: Heart plus pulsatile ECLS and no 
phase difference between heart and pump frequency (III). 
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Figure 4.4: Resulting scopes of the different levels of the failing heart and different phase settings. Top row: Heart 
without ECLS (I), Middle row: Heart plus pulsatile ECLS and phase difference f= p between heart 
and pump frequency (II), Bottom row: Heart plus pulsatile ECLS and no phase difference between 
heart and pump frequency (III). The 4 different levels of heart failure are indicated by the heart gain 
and the heart/pump ratio in each row. 

The different gains of the heart correspond with different levels of cardiac output. The pulsatile 
ECLS device distributes the same flow to the body circulation and because of the different 
levels of cardiac output, different heart-pump ratios are the result. In model I the cardiac output 
without use of the pulsatile ECLS is simulated and is shown in the top row in figure 4.4. The 
four scopes in the top row represent the pressure pulses from the heart in different cardiac 
output situations. In model II and III, the effects of the pressure waves generated by the 
pulsatile ECLS are visible in the eight scopes in the middle and bottom row of figure 4.4 in In 
Irodel III (four bottom scopes) no phase difference is installed and hence the amplitude of the 
resulting sine wave is strengthened in each heart-pump ratio composition. The resulting sine 
wave is the pressure wave in the aortic arch in this pECLSf model. 
The opposite response occurs in the model II configuration. For the heart-pump ratio of 1:1 
complete elimination of the amplitude of the resulting sine wave occurs in model II. If the 
heart-pump ratio does not reach 1, the pump's contribution will dominates the heart's 
contribution. 
The phase settings of model II and model III, respectively f = p, 0 = p, are the two extreme 
phase differences that produce the maximum elimination and maximum strengthening of the 
sine wave. All phase differences lying between those two extreme phase values can create as 
well elimination or strengthening of the sine wave, but never in the degree of the two phase 
differences shown in figure 4.4 model (I) and model (II). 
In this pECLSf model the distinction between phase differences, in the two generated sine 
waves from heart and pulsatile ECLS, is illustrated. The frequency of the two created pressure 
waves was considered the same. If no synchronization of heart rhythm and ECLS pumping 
rhythm is accomplished a dissimilarity of the two frequencies can appears. This dissimilarity 
gives rise to a confrontation of the two pressure waves which are not evolving synchronic ly. 
This situation can be analysed as if various phase differences occur in the one sine wave 
period. The two extreme phase differences and every phase difference in between can occur 
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and consequently ewry degree of elimination and strengthening can be developed. In figure 4.5 
the pECLSf model is used in which the gain of heart and pump is equal and various frequency 
differences are visualised. 

Figure 4.5: Simulated aortic pressures with various phase differences between heart and pump 

4.4 Hypothesis T-PLS 

The proposed function of the T-PLS is to create an extra pulsatile flow through the lymph 
vessels, kidneys and through the coronary arteries. The generated flow of the T-PLS of about 2 
J/min partially bypasses the heart and could reduce cardiac output and therefore diminisres left 
ventricular work, which correlates with a diminishing left ventricular oxygen demand. The 
combination of reduced oxygen consumption and an increased oxygen supply to the heart 
favors recovery of the heart in patients with acute heart failure. 
The T-PLS device is an unsynchronised pulsatile ECLS. During unsynchronized pumping of 
the T-PLS, pressure pulses like shown in figure 4.5 can be registered in the aorta. The 
pulsatility of the resulting pressure wave in the aorta does not decrease with use of the T-PLS 
device, but the periodical pressure wave will be lost. The aortic pressure is influenced by the 
extra generated flow by the T-PLS; variations in pulsatility of the aortic pressure signal and as 
well overall increases in aortic pressure are registered. The increased aortic pressure improves 
kidney and peripheral perfusion. Both the kidneys and other organs are not impeded by the loss 
of the rhythmic pulsatile pressure wave. The workload of the heart and the coronary perfusion 
on the other hand are dependent on the rhythmic aortic pressure signal. The loss of periodicity 
in the aortic pressure can be compared with the incorrect timing of inflation and deflation of the 
balloon in the IABP device as mentioned in paragraph 3.3.3. 

Unloading of the heart is obtained by the T-PLS by means of partially bypassing the heart, but 
without synchronisation of heart and T-PLS the unloading can be converted into extra work for 
the heart Non-periodical variations in aortic pressure like in figure 4.5 occur in an 
unsynchronised situation and can cause a high aortic pressure during the ejection phase of the 
heart; the left ventricular pressure during ejection (afterload) has to increase as well to open the 
aortic valve and pump blood into the aorta. To achieve the extra pressure of the ventricle the 
cardiac muscles need to accomplish more work and consume more oxygen. The afterload is 
therefore an important parameter correlated with workload of the heart and ventricular oxygen 
demand. Variations in the end diastolic aortic pressure lead to variation in afterload of the 
ventricle. Synchronisation of the pressure waves can create pressure pulses like in figure 4.4 
model III and the aortic pressure can be low in the cardiac phase that is required to reduce the 
afterload. Reduction of the systolic aortic pressure decreases the systolic left ventricular 
pressure and thus decreases the workload for the heart. 

Because the coronary perfusion is dependent on the pressure gradient between the arterial 
coronary pressure and the ventricular pressure, variations in the aortic pressure will cause 
variation in coronary perfusion. The ventricular pressure is almost zero in diastolic phase the 
pressure gradient between aortic pressure and ventricular pressure is the highest in that phase as 
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well. And in the diastolic phase of the heart the coronary vessels are not compressed, so the 
perfect time for coronary perfusion is during the diastolic phase of the heart. The provided 
support of the T-PLS in an unsynchronised situation is an improvement to coronary, kidney 
and peripheral perfusion, because of the overall increased mean aortic pressure, but the 
diastolic aortic pressure could be low. Synchronisation of both pressure waves, generated from 
heart and pump, acquire the possibility for resulting sinus waves in the aortic arch as in figure 
4.4 model III, where just diastolic rise of the aortic pressure could be created; this way the 
maximum increase in coronary perfusion can be achieved. 

The synchronised T-PLS setting can obtain the best oxygen demand/supply ratio. 

Hypothesis: Optimal support for the heart can be achieved by synchronisation of pressure 
waves generated by heart and T-PLS device. 
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Chapter 5 

Pre-clinical experiments 

5.1 Introduction 

The primary goal of this study is to test the efficacy of the Twin Pulsatile Life support system 
(T-PLS). The features of the T-PLS were outlined in chapter 4. The T-PLS device and the heart 
both release pressure pulses in opposite directions at different frequencies. To examine if 
synchronisation is required to get the optimal support the pressure pulses from heart arrl T-PLS 
device are synchronised in this protocol by triggering the heart rate to the T-PLS rate with a 
pacemaker. If synchronisation is succeeded the heart and T-PLS frequency are the same and all 
possible pressure signals in the aortic arch as in figure 4.4 middle row (model II) and bottom 
row (model III) can be registered. By changing the delay time of the two pressure pulses all the 
variations in arrival of the T-PLS pressure pulse at the aortic valve can be examined. This 
procedure allows to compare unsynchronised and synchronised use of the T-PLS device, and 
thus to study whether synchronisation of the T-PLS device is necessary for optimal support. 

5.2 Methods 

5.2.1 Animal preparation 

Twelve calves with a mean weight of 78 kg (range 40-130 kg) were used in these experiments 
(table 5.1). Arterio- venous cannulation was performed in all animals. 
Calves were chosen to undergo these experiments, because aortic diameter and femoral 
diameter of these animals are comparable to those in humans. Also the proportion of the heart 
and especially of the coronary arteries is humanlike size. Finally rmnitoring equipment used 
during the experiments is easier to place in larger rather than smaller animals. 
To realize the synchronization, the heart will be synchronized to the pump, by focusing the 
heart beat on the pump frequency. 

Table 5.1: Animal data (A= No data available; B =synchronization was not obtained) 
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Animal Weight notes 
No Exp Date (kg) 
1 22-1-2003 80 B 
2 29-1-2003 82 

3 5-2-2003 105 A 
4 6-2-2003 85 B 
5 12-3-2003 80 A 
6 13-3-2003 81 

7 26-3-2003 79 B 
8 27-3-2003 75 B 
9 12-5-2003 130 B 
10 14-5-2003 54 

11 18-6-2003 42 

12 19-6-2003 40 

average 78 

5.2.2 Measurements 

If a well formulated answer to the hypothesis is to be described a lot of parameters of the 
system are required. As mentioned several times before, the pressure waves ofboth heart and 
pump are two important characteristics and therefore both are measured. Those two pressure 
measurement are also required for the triggering mechanism as described in paragraph 5.2.3. 
The place where the two pressures, respectively Pase and POF, are measured is shown in figure 
5.1. All other pressures measured in this experiment are shown as well in the figure: left 
ventricle pressure (PL V), left atrium pressure (LAP) and central venous pressure (CVP). POF 
and CVP are measured with a pressure sensor that is connected to a fluid- filled catheter. The 
other pressures are measured with a pressure catheter in which measurement is based on the 
piezoresistive effect; the resistance of the piezoelement material changes if a mechanical force 
is applied. 
Three flow measurements were done in each experiment as shown in figure 5 .1. The flow 
through the coronary artery (Qcor), the flow pumped out the left ventricle into the ascending 
aorta (Qasc) and the flow generated by the T-PLS device (Qpump or QT-PLS). The quantity of 
Qasc and Qpump determines the bypass percentage of the T-PLS. The perfusion of the 
coronary arteries and thereby the supply of oxygen to the heart is determined by coronary flow 
measurements. 
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Figure 5.1: Schematic overview of all the equipment used in the experiments 

5.2.2.1 Pressure-volume measurement 

The determination of a pressure-volume loop requires simultaneous measurement of ventricular 
pressure and volume over time. The conductance catheter is able to measure volume and 
pressure using a pressure sensor and a segmented volume calculation via the conductance of 
the blood. The conductance method is based on the realization that the conductance G of a 
cylinder with cross-sectional area A, length L made of a homogeneous, pure-resistive material 
with resistivity ? is related to its volume V by the following equation: 

A V 
G=-=-

pL pL2 
(3) 

This concept is applied in the heart by positioning the catheter carrying a sequence of 
electrodes (5.2) in the left ventricle. A known current is applied inside the ventricle via four 
electrodes (CE). The voltage difference is determined across each inner electrode pair and the 
conductance of each particular segment can be calculated. By summing up the individual 
segments, the total conductance and thus volume can be determined with the following 
equation: 

(4) 
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Figure 5.2: The conductance catheter measures the volume of the ventricle by summing up the conductance of 
individual segments. The ventricle is thus modelled as a stack of cylinders. CE=current electrode; 
L=interelectrode distance. 

5.2.3 Data analysis 

Optimal function of an assist device can be evaluated with use of parameters that indicate 
unloading of the heart and/or improved coronary perfusion. In this experiment left ventricle 
peak pressure represents the level of afterload for the heart. In the case of coronary perfusion 
the flow through one of the coronary arteries is measured, which provides a good 
representation of the change in overall coronary perfusion. Additional to the measured 
hemodynamic variables the following indices are calculated. 

The pressure- volume area consists of two different parameters concerning the consumed 
energy by the left ventricle. As mentioned in paragraph 1.3 .2.1, potential energy (PE) and 
external work (EW) are the two compartments of the PV A. 

PVA=EW+PE. (5) 

The figure in paragraph 1.3.2.1 (figure 1.5) demonstrates the two calculated areas. External 
work is the area embraced by the pressure-volume loop and potential energy is the area left of 
the pressure-volume loop embraced by the end-systolic pressure-volume relation (ESPVR) and 
the end-diastole pressure-volume relation (EDPVR). The two compartments are cabulated 
separately and are expressed in Joule (J). To calculate the external work and potential energy in 
Joule, two conversion factors are required. Volume unit is converted from ml to m1 by dividing 
volume with 1 *106

. Pressure unit is converted from mmHg to Pa (Nni2
) by multiplying the 

pressure with the factor 133.32. The two conversions of volume and pressure result in 
3 N 

m •-=Nm=J 
m2 

EW = (EDV -ESV) • ((PLVpeak - PLVed) · 133.32) (J) 
1·106 

1 ESV 
PE= - •--

6 
• ((PLVpeak- PLVed) · 133.32) (J) 

2 1·10 

(6) 

(7) 

Small miscalculations can be made in this method of calculating the PE and the EW, because 
the pressure-volume loop is not perfectly rectangular. Those errors are small so that 
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comparison of various PV A areas gives a good representation of the difference in consumed 
energy of the heart. 
The ratio between EW and PVA is calculated as a measure of ventricular efficiency. 

Efficiency= EW · 100% (8) 
PVA 

Another indication for workload of the ventricle besides the measured left ventricle peak 
pressure is the calculated left ventricular work. The pressure difference the left ventricle has to 
overcome to pump out his stroke volume is the delivered work of the left ventricle every 
heartbeat and is defined as follows [24]: 

60 
LVW=(C0·--

6 
•((PLVpeak-LAP)·133.322)) (J/s). 

1 ·10 
(9) 

Same conversions of volume and pressure as in equation 6 and 7 are used; the extra in equation 
9 is the conversion from m' /min to m' /sec. 

A measure for the balance between oxygen consumption and oxygen supply is defined as the 
ratio between left ventricular work and coronary flow: 

LVW (J/ml). 
Qcor 

5.2.4. Instrumentation 

(10) 

In all calves the protocol as described in Appendix A was performed. A concise version of the 
protocol is given below. 

1. Anesthesia & Analgesia, Mechanical Ventilation 
2. Anticoagulation Therapy 
3. Placement of Sentron pressure catheter via carotid artery in ascending aorta 
4. Venous cannulation in right femoral vein 
5. Arterial cannulation in right femoral artery 
6. Left lateral thoracotomy 
7. Placement of Transonic flow probe around the ascending aorta 
8. Placement of Transonic flow probe around left anterior descending coronary artery 
9. Placement of Sentron pressure catheter directly with purse string on the left atrium 
10. Placement of Sentron conductance catheter via carotid artery in left ventricle 
11. Placement of Swan-Ganz catheter via left femoral vein in right atrium, right ventricle 

and pulmonary artery 
12. Placement of pace leads on left atrium and left ventricle 
13. Connection ofthe venous and arterial carmulas with the T-PLS pump 
14. Measurement during unsupported state (BASELINE MEASUREMENT) 
15. Heart Rate reduction with help of beta-blocker and cooling the heart 
16. Activation of T-PLS pump 
17. Synchronization of heart frequency and pump frequency 
18. Measurements at different delay times between heart output and pump output 

(SUPPORTED MEASUREMENT) 
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5.2.5 Synchronization of heart and pump. 

A schematic representation of the blood circulation with an integrated T-PLS pump is shown in 
figure 4.2. Synchronization of the pulses generated by the left ventricle and by the pump can 
only be obtained if two conditions are met: 

The rate of both systems must be in the same range. The pump rate is limited to 
about 80, because suction in the venous tubing limits the rate of the pumping 
source. The native heart rate in these young animals is about 120 to 130 b/min. The 
heart rate has to be lowered systematically in the animals; to do so Beta-Blocking 
application is used, and - if necessary - forced cooling of the extracorporeal 
circulation. Successful rate reduction could eventually only be obtained in five 
animals. 

Both systems must be tuned. As an example of tuning the IABP application is most 
probably the best known synchronized pump. The route of tuning with the IABP 
starts usually with the ventricular electrical activation (the QRS complex), sensed 
by the pump system. Balloon inflation can than be initiated by varying time delays 
after the sensed signal and subsequently after every QRS complex follows at a fixed 
delay a balloon inflation. This requires a high flexibility of the pump activity. The 
IABP has this high flexibility, whereas the T-PLS has very little flexibility. This 
limitation was solved by converting the route of tuning. As sense signal the pressure 
pulse of the pump was monitored. This sense signal was than used to stimulate the 
heart, using a standard pacemaker. 

If the rhythm of the heart is synchronized with the rhythm of the T-PLS pump, the pressure 
pulses generated by the T-PLS pump will continually arrive at the heart in the same phase of 
the cardiac cycle. To change this arrival time, different delay times for activation of the heart 
by the pacemaker can be installed. In the present study it was necessary to select delay zero 
from functional characteristics. We defined delay zero using the recording of the pressure 
waves in the aorta and the left ventricle. At delay zero the pressure wave of the T-PLS pump in 
the descending aorta is simultaneous with the pressure wave in the left ventricle (figure 5.3). 
Pump rate was in all the experiments eighty beats per minute, because the T-PLS device was 
limited to that rate. This means that one cardiac cycle lasts 750 ms. The delay times will be 
measured from zero till 750 ms with steps of 50 ms. Obviously, at delay time of750 ms the left 
ventricle pressure and the pump pressure will be again in the same position as in figure 5 .3. 

120 

100 
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60 

40 

20 
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Figure 5.3: Definition of delay zero between the T-PLS and the heart. Simultaneous timed waves in the left 
ventricle and in the descending aorta. 
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5.3 Results 

In 3 out of 12 animals the T-PLS could not be installed properly, no recordings were possible 
because the animal passed away before any measurements could be done. In 9 animals the T
PLS plus all the required instrumentation was implemented and measurements of 
unsynchronised use of the T-PLS device was recorded. In 5 out of the remaining 9 animals the 
heart rate could be lowered sufficiently to install synchronization. In each of the 5 animals the 
delay time between pump and heart rate had been gradually increased from 0 to 750 in steps of 
50 msec, so the complete cardiac cycle could be studied. The T-PLS has a maximum pump 
flow of 2.5 I/min, and because the standard deviation of the cardiac output and dPdtmax (table 
5.3) of the five animals were high, two typical experiments will be discussed in more detail. 
One relatively large (81kg) animal with a healthy pump function of the heart, where the pump 
flow had a minor hemodynamic effect and one relatively small ( 40kg) animal with a weakened 
pump function of the heart, where the pump flow had a major hemodynamic effect. 

5.3.1 Unsynchronised T-PLS 
Table 5.2: Hemodynamic effect of the T-PLS. 

Mean N=9, Mean = on versus off p<0.05 (wilcoxon test). 
SD 

PLVed PLVeeak Pase POF LAP CVP Qcor LVW LVW/Qcor dPdtMax 
T-PLS off 9 79 62 67 9 12 61 2237 0.76 890 

4 24 17 18 3 7 36 1298 0.49 355 

T-PLS on 11 98 81 153 9 9 79 3132 0.73 977 
4 27 23 22 3 4 47 2538 0.44 476 

Qasc QTPLS SW co sv ESV EDV EW PVA Efficienc:z: !% l 
T-PLS off 4.4 0.0 2283 3747 32.6 76 104 0.3 0.7 41 

2.9 0.0 1541 2177 19.8 55 67 0.2 0.5 18 

T-PLS on 3.7 1.9 3210 3964 38.5 70 105 0.4 0.9 42 
2.4 0.3 3553 2567 35.9 35 62 0.5 0.7 18 

Switching on the T-PLS resulted in all 9 animals in a pump flow of 1.9±0.3 L/min (Table 5.2). 
This flow appeared to increase the total flow (Qasc + QTPLS) from 4.4±2.9 L/min to 5.6±2.4 
L/min and reduced the average left veitricular output (Qasc), although both changes are not 
significantly. Activation of the T-PLS significant increased left ventricular peak pressure, aorta 
ascending pressure and coronary flow. These three important parameters provide respectively 
information of afterload, peripheral perfusion and coronary perfusion. Coronary and peripheral 
perfusion show a significant improvement between the on and off setting of the T-PLS device. 
Because the PLVpeak (afterload) can be considered a parameter indicating the workload of the 
heart, significant enlargement of that parameter points to a significant increase in workload. A 
more precise parameter for workload is the left ventricular work (L VW) and pressure-volume 
area (PV A). The L VW shows an increasing trend. The change in PV A shows the same rising 
trend between on and off setting of the T-PLS as the LVW, but as well not statistically 
significant. The ratio of oxygen demand (afterload, L VW) and oxygen supply (Qcor) calculated 

by L VW , does not differ between the on and off setting of the T-PLS. The efficiency ratio 
Qcor 

EW /PV A indicates no change, which is explaned by a little increased PV A and an increase as 
well in the external work or stroke work, shown in table 5.2. 
Both the demand/supply and the efficiency ratio do not show any change by switching on the 
T-PLS device. 

47 



In table 5.2 average values of multiple beats before and after the switching on are presented. A 
beat to beat approach can provide good information of the variom arrival times possible. 
Figure 5.4 five selected heartbeats are shown of unsynchronised pumping of the T-PLS. The 
frequency of heart and pump rate differ about 10%, which causes a small shift in the arrival 
time of pressure pulse of the T-PLS at the aortic valve. The small shift can be observed in the 
consecutive 5 beats shown in the top graph of figure 5.4. The arrival of the pump pressure 
pulse in beat A occurs in the systolic phase of the heart and beat D is a beat whereby the 
pressure pulse arrives in diastolic phase. 

80 

70 

Ci 60 
::c 
E 50 
E -e 40 
:::I 
II) 30 II) e 

20 Q. 

10 

350 
300 
250 - 200 c .E 150 -E 100 -;,: 50 

0 
ii: 0 

-50 
-100 
-150 

s 

70 

Ci 60 
::c 
E 50 

.§. 40 

e 
:::I 30 
II) 
II) 20 e 

D.. 10 

D s D 

A B 

-Pase -PLV 

s D s D 

c D 

Time 

-Beat A 
-BeatB 
- eeatC 

Beato 

O+-~...-~"""T""~--.-~-..~---.~~...----. 

Volume(ml) 

Figure 5.4: Top: Unsynchronised pumping of heart and T-PLS. S=Systole, D=diastole. 
Bottom: pressure-volume relation of unsynchronised pumping 

Considering the two main goals of this assist device: higher coronary perfusion and unloading 
of the left ventricle, the consecutive beats show a diversity in those two parameters. In the 
systolic arrival time (beat A), the unloading of the left ventricle and the coronary perfusion are 
both lower than in the diastolic arrival (beat D). The registered pressure-volume loops of the 
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consecutive beats shown in figure 5.4 demonstrate a variation in stroke volume between the 
beats. Examination from beat A to beat D respectively shows an increase in stoke volume, 
which indicates the greatest cardiac ol.tput in beat D. The greatest output of the heart, the best 
coronary perfusion and the lowest afterload are measured in beat D, which indicates that arrival 
of the T-PLS pressure wave in diastolic phase of the cardiac cycle generates the most efficient 
support of the heart. 

5.3.2 Synchronised T-PLS. 

Results of each animal, with successful synchronisation of heart and pump, are listed in 
appendix B. Numerical data and trends of each animal of all the delay times are also displayed 
in appendix B. In this shrly the value of the left ventricular peak pressure (PL Vpeak) is used to 
determine the best and the least favourable arrival time of the pump pulse at the heart. The left 
ventricular peak pressure correlates with the afterload and the delay time with the lo west left 
ventricular peak pressure is the delay time with the lowest workload for the heart is. To 
determine if the delay time with the lowest afterload indeed has got the lowest workload, and to 
determine if coronary perfusion, the efficiency ratio of tre heart and the oxygen demand-supply 
ratio are the most favourable as well that setting, three delay times are selected in each animal 
for comparison: delay time with the maximum PL V peak (I), the delay time with the mean 
PL V peak (II) and the delay time with the minimum PL V peak (III). Table 5.3 shows the mean 
values of the five animals in the three selected delay times. 

Table 5.3: Hemodynamic effects of synchronised pumping of the T-PLS in three delay time settings, !=maximum 
PL Vpeak, II=mean PLVpeak, IIl=minimum PLVpeak. 
Mean, n=5 

SD 

PLVed PLVpeak Pase POF LAP CVP Qcor LVW LVW/Qcor dPdtMax 
9 70 51 145 15 12 33 1916 0.62 563 
3 36 23 27 2 7 36 3397 0.53 282 

II 6 53 52 142 12 12 34 1575 0.47 492 
4 35 27 29 2 6 45 3030 0.42 352 

Ill 6 45 46 136 12 12 31 1390 0.38 431 
4 35 20 26 2 6 41 2801 0.41 337 

Qasc QTPLS SW co sv ESV EDV EW PVA Efficiency 
1.9 2.0 2624 2643 34 96 123 0.4 0.7 28 
4.2 0.4 4997 3387 44 41 69 0.7 1.0 22 

II 1.9 1.9 2336 2554 33 67 94 0.3 0.5 34 
4.3 0.4 4586 3582 47 45 80 0.6 0.9 23 

Ill 1.7 1.8 2072 2431 31 61 89 0.3 0.5 45 
3.9 0.4 4184 3479 45 49 78 0.6 0.8 27 

Comparing the II-setting and the III-setting with the I-setting, looking at the pressure volume 
area and the left ventricular work, workload seems to decrease. Coronary perfusion also shows 
a decrease, but not as dramatic as the decrease in workload. The extra reduction in workload is 
noticeable in the oxygen demand-supply ratio, which demonstrates despite a decrease in 
oxygen supply a decrease in LVW/Qcor ratio. The efficiency of the T-PLS pump calculated as 
EW/PVA is the highest in setting III. Because synchronisation only succeeded in five animals 
none of the data is significant with use of the statistical wilcoxon test, and all changes 
measured between the settings can be considered a tendency. 
Two of the five animals will be discussed more closely to explain the main differences in the 
arrival times of the pressure pulse generated by the pump and the consequences of those 
differences. 
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Two typical animals are selected to show the effect of the pump: one animal with minor effect 
of the T-PLS pump (animal 6) and one animal with a prominent effect of the T-PLS pump 
(animal 12). A recording of the three chosen delay times in the two animals is presented in 
figure 5.5. The difference between the two animals can be noticed in the difference in values of 
the left ventricular and ascending aorta pressure between the two animals ; the pressures in 
animal 12 are half of the pressures in animal 6. The effect of the cardiac output on the 
ascending pressure is also very different in the two extremes; in animal 12 the main provider of 
ascending aorta pressure is the T-PLS pump and in animal 6 the left ventricle produces the 
major contribution to the aorta ascending pressure. 
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Figure 5.5: Ascending aorta pressure (Pase) and ventricular pressure (PLV) in the three delay settings I, II and III. 
Left: Animal 12; Right: Animal 6 

The three delay settings, respectively I, II and III, are chosen on the maximum, minimum and 
mean peak left ventricle pressure. For that matter in one particularly setting, not all arrival 
times of the pressure pulse from the T-PLS at the heart have to be the in the same phase of the 
cardiac cycle in all animals. In most animals the bypass quantity of the T-PLS pump is around 
40% or higher and in those animals the least favourable setting (III) indicates an arrival time in 
the systolic phase of the cardiac cycle and an arrival time in the diastolic phase is the best 
setting (I). In figure 5.5 and the figures in appendix B, the two arrival times of setting II and III 
of animals 6 are contradistinctive to those two settings in the other 4 animals. The arrival time 
in diastolic phase is in this animal in setting II in contrast with the other animals in which this 
particularly arrival time occurs in setting III. The bypass quantity of the T-PLS in animal 6 is 
less than20% and the consequence is that the extra energy provided by the T-PLS pump is 
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very small compared to higher bypass quantities. The left ventricle in animal 6 is not much 
interfered by the arriving pressure pulses from the T-PLS. The arrival time dusing the systolic 
phase causes a small increase in afterload, but besides the systolic arrival delay time the left 
ventricle is not required to raise the left ventricular pressure. The difference in peak left 
ventricle pressure between the II- and III-setting is very small (figure 5.5) and could be caused 
by other factors than the pressure pulse from the T-PLS. 
The pressure-volume loops in all three setting (I, II and III) of the animal 12 and 6 presented in 
figure 5.6, underline the differences between the two extremes of animals once more. 
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Figure 5.6: Pressure-volume loops in the three delay time's settings. 
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The external work of the left ventricle (area of the pressure-volume loop) changes dramatic in 
animal 12, and changes in animal 6 are smaller. The pressure volume area (PVA) changes in 
animal 12 are even more pronounced than the changes in the external work. 

As mentioned before, coronary perfusion, peripheral perfusion and left ventricle workload are 
important specifications that can indicate the quantity of support and in which way support is 
provided by an assist device. In these experiments coronary flow (Qcor), aorta ascending 
pressure (Pase) and peak left ventricle pressure (PLVpeak) as well as left ventricle workload 
(L VW) are respectively the parameters used to describe the support of the T-PLS device. In the 
two graphs in figure 5.7 and the graphs in appendix B, the parameters Qcor, Pase, PLVpeak 
and L VW are displayed in all the delay time settings. All parameters are compared to the 
average of all settings and presented as percentages of the average. 
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Figure 5.7: Delay time dependent parameters expressed in percentages of the mean value of all delay time settings. 

Again the difference between tre two typical animals is shown, as the percentages in animal 6 
are clearly lower as in animal 12. The height of percentages indicates the animal's sensitivity to 
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the various arrival times of the T-PLS pressure pulses. As was mentioned before the delay 
times II and II in animal 6 were contradictive compared to the rest of the animals; in figure 5.7 
is shown that the difference in PL Vpeak values do not show much diversity and only delay 
time I measured a 15% increase in PL Vpeak. Delay times II and III change less then 2%, which 
could also be caused by other factor than the pressure pulses of the T-PLS. 
Because the selection in the three settings is based on left ventricular peak pressure, as shown 
in figure 5.5, the afterload is the highest in setting I. The demand for oxygen is correlated to the 
workload of the heart and therefore the demand will be the highest in all animals in setting I. In 
animal 6 at delay time I where the workload of the left ventricle is the highest, the coronary 
flow is clearly lower than with use of the delay settings II and III. The ascending aortic 
pressure is in animal 6 as well higher in the settings II and III as with use of delay time I. This 
indicates that coronary arteries and peripheral tissue are best perfused in setting II or III in 
animal 6. The parameters Qcor and Pase show in animal 12 the complete opposite for the three 
delay settings. With delay setting I in animal 12 where the afterload (as in all animals) is the 
highest, the coronary flow and the ascending aortic pressure are the highest as well. As with 
regards to those three parameters, mixed opinions of best settings are raised. In animal 12 in 
setting III the workload of the left ventricle is lowest. The perfusion parameters in this animal -
Qcor and Pase - indicate the most advantageous delay time setting is setting I. 
The parameter L VW/Qcor, that indicates the ratio between oxygen demand and oxygen supply, 
is in all animals the lowest in setting III. This implicates that setting III is in all five animals the 
most favourable setting when looked at oxygen supply in contrast to the oxygen consumption. 

5.4 Discussion 

5.4.1 Unsynchronised T-PLS 

Switching on the T-PLS device without synchronisation generates pressure pulsations, which 
arrive at the left ventricle randomly during the cardiac cycle. Whereas the frequency of the T
PLS pump does not change in time, the heart rhythm can change and therefore every possible 
pressure waveform can be created in the aorta. In figure 4.5 some possible pressure waveforms 
are simulated. Independent on heart rate, switching on the T-PLS results in a significantly 
better perfusion for the coronary arteries as well as for the peripheral tissue. The T-PLS 
provokes an increase in workload of the heart (PL Vpeak 23. 7%, L VW 40%, PV A 31.5%) and 
thereby increases the demand of oxygen, while on the other hand the supply of oxygen (Qcor) 
increases with 29%. Elevated coronary flow is the main support of the unsynchronised T-PLS 
device. The increase of the workload for the left ventricle is the opposite effect of what is 
pursued with an assist device. The extra oxygen supply to the heart by support of the T-PLS is 
completely consumed by the heart, which is shown in the unchanged demand-supply ratio 
(LVW/Qcor). In figure 5.4 the extra oxygen supply is probably acquired in beat D by the 
increased diastolic coronary flow. Beat A shows an obvious increase in afterload, implying 
extra workload and thereby causing an extra consumption of oxygen. 
The delivered support of the T-PLS in the unsynchronised setting is not optimal, because of an 
unwanted increase in workload. 

5.4.2 Synchronised T-PLS 

Synchronisation of heart and pump is necessary to clarify the difference in arrival times of the 
pressure pulses generated by the T-PLS device. In figure 5.5 and in appendix B there is an 
obvious difference visible in the time delay between the left ventricle pressure and the aorta 
ascending pressure in the three settings, selected by maximum (I), mean (II) and minimum (II) 
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left ventricle peak pressure. Setting I implies the arrival of the generated pressure pulse of the 
T-PLS device at the aortic valve in the systolic phase. The left ventricular pressure in setting I 
is the highest of all settings and therefore more work is required to pump the blood out of the 
left ventricle into the aorta, which implies a higher systolic wall stress (afterload) in setting I. A 
higher external work and a higher potential energy is found in all five animals in setting I, 
although the quantity of increase was different in all animals; especially animal 6 was an 
outsider in this matter. The increase in PVA (EW+PE) in animal 6 in setting I compared to 
setting II and III, is caused by an increased external work; the potential energy remained 
unchanged in the three settings (figure 5.6). In all other animals both parts of the PVA 
experienced the highest quantity in setting I. The difference in bypass percentage (output T
PLS compared to the heart output in percentages) can be the explanation for the small elevation 
of the EW in animal 6 in setting I. The T-PLS contribution to the total flow is just 20% in 
animal 6 and all the other animals experienced a bypass percentage of more than 50%, causing 
the effect of the pressure pulses generated by the T-PLS to be stronger if the cardiac output is 
less than the output of the T-PLS. 
Other effects like change in the PL Vpeak and the L VW /Qcor are bypass percentage dependent 
as well, as shown in figure 5.8. 
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Figure 5.8: Difference in the LVW/Qcor parameter between setting I and setting III in animals with different 
bypass percentages 

In each animal the ratio of L VW/Qcor is lower in setting III than in setting I. This indicates a 
better oxygen demand-supply ratio in setting III. The difference of this parameter between 
setting III and I varies in all animals, but in the animal with 20% bypass the smallest difference 
in the L VW /Qcor ratio between the delay time settings is registered. The left ventricle is in the 
20% bypass setting less influenced by the pressure pulses generated by the T-PLS. As a result 
the change in workload between the delay time settings is small. 
Although almost all the animals with a higher bypass percentage than 50% experienced a 
reduction in the coronary perfusion when C0111Jaring setting III to setting I; the extreme 
reduction in workload between those two delay time settings still results in a noticeable 
reduction of the L VW /Qcor ratio. 
The left ventricle of animal 6, which has the 20% bypass percentage of the T-PLS, is not that 
much influenced by the pressure pulses of the T-PLS. Nonetheless a decreased workload and 
an increased coronary perfusion are registered during an arrival of the T-PLS pressure pulse at 
the aortic valve in the diastolic phase (II and III) compared to systolic phase arrival (I). In 
figure 5. 8 the L VW /Qcor ratio is reduced in setting III compared to setting I, the smallest 
change ofLVW/Qcor ratio is visible in animal 6 (20% bypass). 
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In the other four animals the bypass percentage of the T-PLS was very high; three animals even 
had an almost 100% bypass percentage. The workload of the left ventricle, PL Vpeak as well as 
LVW are in the high bypass category animals almost 50% lower in diastolic arrival (setting III) 
than in systolic arrival (setting I) in those animals; also shown in the figures and tables in 
appendix B. The absolute quantity difference in PLVpeak between setting III and setting I is all 
four animals less than in animal 6, but the relative difference in left ventricle peak pressure is 
higher than in animal 6. Another remarkable aspect of the setting difference for animals with 
almost 100% bypass is the influence on the coronary perfusion. The arrival time of the T-PLS 
pressure pulse does have an influence, but another one than previously expected and as 
observed in animal 6. In the systolic arrival phase the coronary perfusion is the highest in 
animals with almost complete bypass of the T-PLS because the flow of the T-PLS is the 
limiting factor. Every small increase in aortic pressure increases the pressure gradient between 
the aorta ascending and the left ventricle and thereby increasing the coronary perfusion. The 
left ventricle pressures are very low in the three animals with almost 100% bypass of the T
PLS and an increase the aortic pressure in any time delay in the cardiac cycle causes an 
increase in the aortic pressure- left ventricular gradient; causing a better coronary perfusion at 
any arrival time in the cardiac cycle of the T-PLS pressure pulse at the aortic valve then 
without use of the T-PLS. During the systolic arrival of the T-PLS pressure pulse (delay setting 
I), the afterload is increased; the aortic pressure is in delay setting I not only increased by the 
pressure pulse of the T-PLS but as well by the extra pressure generated by the left ventricle. 
The pressure gradient between aortic pressure and left ventricular pressure is in delay time 
setting I the highest and therefore the highest coronary flow. The limiting factor in this matter 
is the generated flow by the T-PLS. Strong suction forces in the venous tubing of the T-PLS 
causes the venous tubing to collapse. This limits the movement of the pump source of the T
PLS and no higher pump rate can be achieved and no higher flow than 2 L/min can be 
generated. If this problem would not be an issue and the flow generated by the T-PLS would be 
sufficient, the coronary perfusion would be higher in a 100% bypass situation. And different 
arrival times of the pressure pulses would probably not generate a different coronary perfusion 
because the extra left ventricle pressure would not become higher than the ascending aortic 
pressure. As a result no higher pressure gradient between the aorta ascending and the coronary 
pressure would be created to raise the coronary perfusion. 
But as mentioned before, the ratio L VW /Qcor in all animals decreased comparing setting I with 
setting II and III, which indicates in all animals as well as in the almost 100% bypass animals 
that although the coronary perfusion is the highest in setting I the workload increased 
dramatically more in that setting. 
The efficiency ratio of the heart is the highest in setting III as presented in table 5 .3. The PV A 
is the lowest in setting III, which is mainly caused by the lowest potential energy in that setting, 
because the external work does not show many alterations between the settings. 

5.5 Conclusion 

The bypass percentage plays a role on the effectiveness of the T-PLS, but still the average of 
each parameter as shown in table 5.3 can determine if synchronisation is required 
independently ofbypass percentage. The left ventricle peak pressure is a parameter that in each 
animal is the highest during systolic arrival of the T-PLS pressure pulses. The afterload is 
elevated the most during systolic arrival and causes the highest external work during the 
systolic phase. The parameter PV A implies not only external workload, but also the potential 
energy. The PVA is in all five animals the highest during the systolic arrival of the pressure 
pulse, which indicates that workload for the left ventricle is the highest during that pulse arrival 
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time. The calculated parameter L VW demonstrates once again that the accomplished work for 
the left ventricle is the highest during arrival of the T-PLS pressure pulse in systole. 
The three parameters: left ventricle peak pressure, PV A and L VW all specify the increase in 
workload for the heart during the systolic T-PLS pressure pulse arrival and thus causing an 
increase for demand for oxygen during the systolic arrival time. All five animals show a 
reduction of L VW /Qcor ratio when comparing diastolic to systolic arrival. This indicates a 
better demand/supply ratio during diastolic arrival than during systolic arrival of the pressure 
pulses generated by T-PLS. 
The reduction of workload and L VW /Qcor ratio when comparing diastolic with systolic arrival 
of the T-PLS pressure pulse implies that the conditions for the heart concerning accessibility of 
oxygen are the best during diastolic arrival. If optimal support from the T-PLS is to be 
accomplished, then synchronisation is required to ensure only T-PLS pressure pulse arrivals 
during the diastolic phase of the heart 
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Chapter 6 

Discussion 

In the synchronised setting the heart rate is synchronised to the pumping rate of the T-PLS 
device. This non-clinical application of synchronisation of the two pressure pulses was 
required, because no direct rate control input of the T-PLS was present. 
Another unexpected feature of the T-PLS device was an unknown feedback mechanism, when 
suction in the venous tubing occurred the rate of the alternating compressing venous and 
arterial tubing actuator was reduced. In al animals the suction in the venous tubing was an 
inevitable event and reduced the maximum T-PLS pumping rate to 80 beats/min. The 
synchronisation procedure of heart and T-PLS rate was become even more difficult with not 
only a non-clinical synchronisation method, but as well with an extra handicap of a limiting 
rate of the T-PLS device. The heart rate of the animals had to reduce below the maximum of 80 
beats per minute. 
For reduction of the heart rate cooling and application of B-blockers were used to obtain the 
necessary rate. In some animals this method did not deliver the desirable result and even ended 
in death for two animals. 
In five animals synchronisation was succeeded. Three of the five animals almost had no cardiac 
output after synchronisation. This tremendous low cardiac output could be caused by a 
reduction in contractility of the heart. No vena cava occlusions were performed before or after 
the synchronisation to determine the contractility with help of the end-systolic pressure-volume 
relation (ESPVR). The best available parameter for contractility of the heart is the dPdtmax 
(the slope of the left ventricle pressure in the isovolumetric contraction). The unsynchronised 
measurements were done before cooling or application of B-blockers and represent the healthy 
animal contractility shown in table 5.2. After the synchronisation succeeded the measurements 
in table 5.3 were performed. When comparing the situation before and after synchronisation, 
the average contractility of the heart (dPdtmax) is decreased by almost 50%. The three animals 
with almost no cardiac output the dPdtmax was decreased 50% to 70% and the one animal with 
80% cardiac contribution to the blood circulation did had no reduced dPdtmax. The reason of 
the almost none cardiac output is probably caused by the dramatic drop in contractility of the 
heart. 
Comparing animals in which the standard deviation of some parameters is very high can result 
in inadequate cone lusions, because not only the intervention but as well as the variation of 
those parameters can have caused the result. 
In this project the high standard deviations in dPdtmax and cardiac output were reason for 
discussing two animals with extreme values of dPdtmax and bypass percentage individually to 
point out the difference. 
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Chapter 7 

Conclusion and Recommendations 

7.1 Conclusion 

Experiments in animals with use of the T-PLS device were accomplished. In five animals 
synchronisation ofT-PLS pressure pulses and heart pressure pulses succeeded. The results of 
the unsynchronised experiments indicate an improvement of coronary perfusion after turning 
on the T-PLS device. At the same time left ventricle workload increases excessively that causes 
a decreasing trend of the LVW/Qcor ratio, which implies that the demand-supply ratio of 
oxygen in the left ventricle is not improved by T-PLS support. The support with the 
unsynchronised setting consists of extra coronary perfusion and not in unloading of the left 
ventricle. 
Synchronisation of pressure waves of the T-PLS pump and of the heart offer the opportunity to 
examine each arrival time possible in five animals. The findings of these experiments can only 
show a trending, because not enough animals could be obtained for significant results. The 
arrival times are selected on the basic of the peak left ventricular pressure (afterload). The 
diastolic arrival time (minimal peak left ventricle) seems to be the most favourable in terms of 
the decrease of workload (LVW, PVA), increase in coronary perfusion (Qcor) and therefore 
also the best demand-supply oxygen ratio (LVW/Qcor). The controlled different arrival times 
in those five animals indicate that synchronisation can provide the optimal support for the 
heart. 

7.2 Future design for a new T-PLS 

The optimal setting of the T-PLS device is a setting in which heart and pump rate are 
synchronised with a well chosen time delay between the two generated pressure pulses. In the 
animal experiments synchronisation was obtained by synchronisation of the heart rate to the 
established pump rate. In patients however this technique is not a possibility for 
synchronisation; the pump rate should be synchronised to the variable heart rate. The design of 
the existing T-PLS device is not suitable for synchronisation, because no feedback control 
system of the actuator (pump source) is present. 
To acquire a perfect synchronised T-PLS device some modifications are required. First a 
detection mechanism should be installed. The IABP device can detect the heart rhythm by 
means of the ECG or the aortic blood pressure. The same technique could be useful, although 
detection of the blood pressure signal is not the most perfect detection, which is also proven by 
the IABP detection method. The IABP as well as the T-PLS generate pressure pulses in the 
aorta, which cause a change in the characteristic aortic pressure signal. Some characteristics 
like for example: the dicrotic notch, the zero slope in the aortic signal where the transition from 
diastolic to systolic phase takes place or the peak value of the aortic signal in which the slope is 
zero as well, can be lost if an extra pressure pulse generate by an assist device influences the 
original aortic pressure. Without maintenance of one of the characteristic in the aortic signal 
during support of a pulsatile assist device, detection of the correct the heart rhythm with help of 
the aortic pressure signal is insecure. Detection of the heart rhythm by ECG is much more 
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stable method of detection during pulsatile support. R-wave detection is an already proven 
good method, in which the R-wave characteristic is not influenced by the pulsatile support. If 
the R-wave is detected in the ECG signal the actuator of the T-PLS system should with a well
chosen delay time compress the arterial tubing of the T-PLS to generate a pressure pulse into 
the descending aorta. The delay time between detection of the R-wave and the compression of 
the arterial tubing should be determined in each patient, because the length of the aorta is 
various among the population it is not possible to choose an average delay time in advance. 
The biggest problem for turning the existing T-PLS into a synchronised T-PLS device is the 
construction of the mechanical actuator (pump source). The actuator alternately compresses the 
venous and arterial tubing's with a particular rate that can be altered by the menu on the 
display. The flow output cannot be altered and is dependent on the venous return and by 
suction in the venous tubing the rate is adjusted by an unknown mechanism ofthe T-PLS. Of 
course that mechanism should be adjusted if synchronisation wants to be achieved, because 
sudden unwanted alterations in pump rate interrupt the synchronisation between the heart and 
the T-PLS system. 
The mechanical actuator can probably be synchronised with the heart rate but cannot react as 
quick to changes in heart rate as the IABP. One or two beats are required to adjust to a different 
heart rate, because of two reasons. One reason is the distance the generated pressure pulses of 
the T-PLS have to travel before reaching the aortic valve. When a different heart rate is 
detected a pressure pulse is already moving in the aorta and cannot be altered anymore. The 
second reason is the slow reaction of the mechanical pumping mechanism. When a different 
heart rate is detected the actuator is still moving at the previous rate; slowing down or 
accelerating the actuator is not done in milliseconds. 
Probably a feedback mechanism can be designed in which the T-PLS can adjust to a different 
heart rate is a couple of beats. The afterload and workload rise during those couple of not 
perfectly timed pressure pulse arrivals at the aortic valve will negligible compared to perfectly 
timed arrivals of the pressure pulse during use of the T-PLS of a day or even weeks. 
If such a feedback mechanism is implemented in the T-PLS system, more animal studies can be 
performed and a statistically proven comparison between systolic and diastolic arrival of the T
PLS pressure pulse can be performed. 
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Appendix A. Experimental protocol 

General 

Femoro-femoral veno-arterial ECMO (ECLS) 
'NewHeartBio Twin-Pulsatile Life Support system', 
Duration Acute 
Dates 22/01/2003; 29/01/2003; 05/02/2003; 06/02/2003; 12/03/2003; 

13/03/2003; 26/03/2003; 27 /03/2003; 12/05/2003; 14/05/2003; 
18/06/2003; 19/06/2003. 

Animal Calf, mean 78 kg (range 40-130) 

Anesthesia & Sacrifice 

• Anesthesia [Atropine 0.05 mg/kg s.c.; Nesdonal 20 mg/kg i.v.] 
• Respiration [02+N20 (1 :2); Halothane ~ 1.5%] 
• IV [Heparine 10.000 IE i.v. bolus; 5.000 IE per 500 ml Lactetrol, ACT> 400 s] 
• Medication [pre-/perop. Temgesic O.Olmg/kg i.m.] 
• Thoracotomy [muscle relaxant Suxamethonium 1 mg/kg i.v.] 
• Sacrifice [euthesate overdose Pentobarbital 20ml i.v.]. 

Instrumentation 

1 ECG 
1 Transonic flow probe (dia: ~ 12mm; outflow T-PLS) [QTPLS] 
1 Transonic flow probe (dia: ~ 4mm; coronary) [Qcor] 
1 Transonic flow probe ( dia: ~ 23mm; aorta ascendens) [Qasc] 
2 Sentron catheter tip pressure catheter [LAP, Pase] 
1 Sentron conductance catheter [PL V, VL V] 
1 Swan-Ganz catheter [CVP, Ve] 
2 Baxter pressure sensor [POF, CVP] 
3 Sentron pressure- interfaces 
1 Leycom Sigma 5-DF conductance interface 
2 Transonic flow 2-channel processor 
1 Hemochron ACT unit+ tubes (diatomaceous earth; 12 mg) 
1 Blood gas analyser 
1 Triggerable pacemaker with pace algorithm+ pacing lead (synchronisation with T-PLS 

pump, Laptop, ADC/DAC, Lab VIEW custom program) 
1 Infusion pump (50ml syringe) 

Inderal B-blockers 
Contrast agent (Hexabrix) 

1 NewHeartBio T-PLS system (final setup by perfusionist) 
32-channel acquisition EMKA 
(16-channel acquisition Conduct-PC) 

Surgical placement and preparation 
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Device Measurement site Introduction Size Variable 

ECG 4 plate electrodes extremities ECG 

Extracorporeal transonic arterial line T-PLS 12mm QTPLS 
flow probe 
Transonic flow probe coronary artery (LAD/Cx) 4mm Qcor 

Transonic flow probe aorta ascendens 23mm Qasc 

Sentron conductance LV left carotid artery 8 Fr PLV, VLV 

Sentron pressure catheter aorta ascendens left carotid artery 8 Fr Pase 

Sentron pressure catheter left atrium left atrial appendage LAP 
purse-string 

Baxter pressure transducer arterial line T-PLS POF 

Baxter pressure transducer venous line T-PLS I SG CVP 
central lumen 

T-PLS arterial line femoral artery right femoral artery 21 Fr 

T-PLS venous line RA right femoral vein 23 Fr 
(and jugular vein) 

Swan-Ganz (SG) catheter RA- RV- pulm. a. jugular vein I left 8 Fr 
femoral vein 
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Appendix B. Individual animal data (Synchronous measurements) 

Contents per animal 

Numerical data + trends** 
Left ventricular/aortic pressure curves + PY- loops 

Abbreviations 

Short Full Units 

PLVed end-diastolic left ventricular pressure mm Hg 
PLVpeak peak left ventricular pressure mm Hg 
dP/dtMax maximum left ventricular pressure derivative mmHg/s 

Pase mean ascending aortic pressure mm Hg 
POF mean pump outflow pressure mm Hg 
LAP mean left atrial pressure mm Hg 

CVP central venous pressure mm Hg 

Qasc ascending aortic flow (left ventricular output) I/min 

QTPLS TPLS flow I/min 
Qcor mean coronary flow ml/min 
co conductance derived cardiac output (LV output) I/min 

sv left ventricular stroke volume ml 
ESV left ventricular end-systolic volume ml 
EDV left ventricular end-diastolic volume ml 

SW left ventricular stroke work g.m 
LVW left ventricular work J/s 
LVW/Qcor oxygen demand/supply ratio J/ml 

EW external work J 
PE potential energy J 
PVA pressure-volume area J 

Efficiency efficiency of the left ventricle % 

Remarks 

1. Means calculated over at least 5 stable, consecutive beats (~5). 
2. DCF calculated from: 100 ·(Diastolic coronary flow)/(Diastolic+Systolic coronary 

flow), in%. 
3. CO and SV calibrated by matching to Qasc data at baseline. 
4. SW: Pressure-volume (loop) area. 
5. **Trends with synchronization (Numerical data) calculated as follows. Per delay time td 

, per variable X, the relative decrease or increase with respect to delay 0 is: ~e1(1d = k) = 

100 · ( X(1d = k) - X(1d = 0) ) I X(1d =0), in%. This yields a trend with td on the x-axis 
(ms), and relative changes of X on y-axis(%). 

Then the trend is offset by its mean value ~el,mean, in%. ~el,mean = SUM( Xre1 (1d = k), for all 
k) I number of points). k = {0,50,100, ... ,750}, in ms. This yields a trend with td on the x-axis 
(ms), and (relative changes of X - average relative change) on y-axis (% ). 
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CALF2 29/01/03 82kg 

Numerical data+ trends 
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PLVed PLVpeak Pase POF LAP CVP Qcor DCF 

0.4 16 29 113 13 21 14 104 

0.6 15 27 111 13 20 15 75 

8.8 16 27 111 13 20 15 44 

2.5 24 27 108 14 20 14 53 

3.6 28 26 110 16 20 11 47 

2.1 24 27 115 15 21 13 78 

1.1 21 27 110 13 21 13 131 

0.8 19 27 109 13 21 12 161 

0.7 17 27 108 13 21 11 153 

0.6 17 27 107 13 21 11 149 

0.5 17 27 105 13 21 11 130 

0.7 15 27 104 13 21 12 126 

0.4 14 27 104 14 21 12 124 

0.4 14 27 105 14 21 12 116 

0.5 14 28 107 14 21 14 105 

n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

Qasc QTPLS SW co sv dPdtMax ESV EDV 
-0.1 2.6 106 646 8.4 264 110 119 

-0.1 2.6 90 680 8.8 248 116 123 

-0.1 2.6 90 743 9.7 257 117 126 

-0.1 2.5 96 754 9.8 306 126 136 

-0.1 2.6 124 712 9.2 363 133 142 

-0.1 2.6 177 765 10.0 339 124 133 

0.0 2.5 173 776 10.1 329 120 128 

0.0 2.5 152 764 9.9 305 117 126 

-0.1 2.5 137 746 9.6 270 116 124 

0.0 2.5 133 738 9.6 260 114 123 

-0.1 2.4 133 741 9.6 262 113 121 

0.0 2.4 112 707 9.2 238 115 123 

0.0 2.4 111 707 9.2 236 115 122 

-0.1 2.4 109 707 9.2 220 115 123 

0.0 2.5 109 725 9.4 234 115 123 

n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

LVW/Qcor max at Delay time 200 =.201 

75 

~ 55 
-; 35 
i 15 i -5 
c.-25 

-45 

-65 
L VW /Qcor min at delay time 650 = -104 

-PLV peak% 

mQcor% 
- Pase% 

- LVW/Qcor% 
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0.03 

0.03 

0.01 
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Efficiency 

n.a. 
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CALF2 29/01/03 82 kg 

Left ventricular/aortic pressure curves+ PV-loops 
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CALF6 13/03/03 81 kg 

Numerical data+ trends 
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CALF6 13/03/03 81 kg 

Left ventricular/aortic pressure curves+ PV-loops 
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CALF 10 14/05/03 54kg 

Numerical data+ trends 
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CALF 10 14/05/03 54kg 

Left ventricular/aortic pressure curves+ PV-loops 
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CALF 11 18/06/03 

Numerical data+ trends 
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CALF 11 18/06/03 42kg 

Left ventricular/aortic pressure curves+ PV-loops 
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CALF 12 19/06/03 40kg 

Numerical data+ trends 
PLVed PLVpeak Pase POF LAP CVP 
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