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Preface
The master phase of Medical Engineering required to do some assignments in collaboration
with medical doctors or researchers from the Academic Hospital in Maastricht. My assigment
was to write an m-file to simulate different phases of heart failure. This is where I first met
Erik van der Veen and Koen Reesink, from Cardio-Thoracic Surgery (CTC). We did not
have much contact, but during the presentation there was some interaction. After the report
was presented to them, I continued with other schoolwork. A few weeks later Loes Sauren, a
BMT student that was graduating at CTC, came to me to ask if she could have a copy of that
report. We talked for a bit and she explained what it was she did within CTC. Apparently she
mostly did preclinical experiments to answer questions that came directly from the Academic
Hospital Maastricht. This interested me, and I went there to see everything with my own
eyes. The questions they tried to answer where challenging, because they had some medical
aspects but also a lot of technical aspects. Just the questions a medical engineer was trained
to answer. I liked that and I tried to find out if there was a possibility for me to do my master's
project there. There were some options, but to find out what project I could participate in
I had to come back in a few months, after my external internship in San Diego. So I did;
it was September 2003 and they told me that I could start off with the project "Weaning
strategies". I wrote the DEC-protocol, and it was accepted. But 57 animals were needed,
and this would take to much time, and my graduation project was supposed to be only one
year. So in Januari 2004, I changed to a new project that came up: the combination of
extra-corporeal life support (ECLS) and intra-aortic balloon pumping (IABP). This was very
interesting and for this we only needed 9 animals. I have always worked on the project with
pleasure, sometimes a pause when we had the chance to go to Paris for a conference or to
Aachen, and I also had to do some other training. During my time there I had a lot of
freedom to set my direction regarding my project. During the reading of numerous articles
and publication there were a lot of interesting theories I wanted to look into, besides the
main project (ECLS and IABP). And so I did, I defined my own second project and tried
to do some investigation into that, parallel to the main project. For technical questions I
could go to my internal supervisor Hans Blom from Eindhoven University of Technology, but
I did not do that much, because Koen Reesink helped me out if I needed that. After a lot of
programming in Matlab and a lot of laughing, in the beginning with Jack and Wim, and later
with Loes and Joep, and solving some intersecting problems like the Monty Hall dilemma,
with Tomas, I finished my report in February 2005. I had a good time at CTC, so thanks to
all for that.

Samenvatting
Extra intra-aortic balloon pumping (IABP) tijdens extra-corporeal life support (ECLS) zorgt
voor ontlasting van het hart in zeven gezonde schapen, in termen van tension-time index
(TTl) and pressure-volume area (PVA), vooral tijdens femorale ECLS cannulatie. Tijdens
aortale ECLS cannulatie veranderde TTl van 15.0 (baseline) naar 17.5 (ECLS) naar 16.6
mmHg·s (ECLS+lABP). En PYA daalde van 2320 naar 2110 naar 1880 mmHg·ml. Tijdens
femorale ECLS cannulatie veranderde TTl van 15.0 naar 17.5 naar 15.4 mmHg·s. En PYA
daalde van 2320 naar 1910 naa 1680 mmHg·ml. Extra lABP zorgt ook voor extra zuurstof
aanbod naar het hart in termen van coronair perfusie (Qcor). Tijdens aortale ECLS cannulatie steeg QCor van 125 naar 130 naar 143 ml/min. Tijdens femorale ECLS cannulatie steeg
coronair flow echter niet.
Bepaling van contractiliteit aan de hand van de helling (EEs) van de end-systolic pressurevolume relation (ESPVR) is verschillend wanneer aorta occlusie wordt vergeleken met Vena
Cava occlusie. EEs = 1.12 mmHg/ml tijdens de preload interventie, en 1.82 mmHg/ml tijdens de afterload interventie. Dit demonstreert de afhankelijkheid van contractiliteit van
parameters zoals preload en afterload. Verder onderzoek laat ook zien dat het blangrijk is om
een duidelijke definitie te geven van contractiliteit voordat er conclusies getrokken worden bij
een contractiliteit gerelateerd onderzoek.

Abstract
Additional intra-aortic balloon pumping (IABP) on top of extra-corporeal life support (ECLS)
provides unloading of the heart in seven healthy sheep, in terms of tension-time index (TTl)
and pressure-volume area (PVA), especially during femoral ECLS cannulation. During aortic ECLS cannulation TTl changed from 15.0 (baseline) to 17.5 (ECLS) to 16.6 mmHg·s
(ECLS+lABP). And PYA decreased from from 2320 to 2110 to 1880 mmHg·ml. TTl during
femoral ECLS cannulation changed from 15.0 to 17.5 to 15.4 mmHg·s. And PYA decreased
from 2320 to 1910 to 1680 mmHg·ml. Additional lABP also provides extra oxygen supply to
the heart in terms of coronary flow (Qcor). During aortic ECLS cannulation QCor increased
from 125 to 130 to 143 mljmin, During femoral ECLS cannulation, coronary flow did not
increase due to lABP.
Contractility assessment by determining the slope (EEs) of the end-systolic pressure-volume
relation (ESPVR) is different when occluding the aorta compared with occluding the vena
cava, in seven healthy sheep. EEs = 1.12 mmHgjml during preload intervention, and 1.82
mmHgjml during afterload intervention. This demonstrates the dependance of contractility
on parameters like preload and afterload. Further investigation also demonstrates the importance of having a clear definition of contractility before conducting contractility related
research.
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Introduction
Heart disease is the most common cause of death in the Western world. Efforts to develop
mechanical cardiac assist devices (CADs) began around the 1950s. Nowadays, numerous
devices have been developed for acute circulatory support (e.g. intra-aortic balloon pump
(IABP), extra-corporeal life support (ECLS)). This group of support devices is applicable
for immediate support during cardiogenic shock, because, despite maximal inotropic drugs,
intubation, and control of cardiac rhythm, some patients remain hemodynamically unstable.
This instability also occurs during surgery, when the heart is to weak to provide the organs
and other tissue with enough blood, or post-operative when weaning from cardio-pulmonary
bypass is not directly possible. In all of these cases cardiac assist devices can be life saving.
This masters thesis will handle mostly about the cardiac assist devices IABP and ECLS
and the surrounding cardiovascular physiology. Two main questions form the bases of this
thesis. The first is: What is the effect on the heart's workload/afterload (oxygen consumption)
and coronary flow (oxygen supply) when additional IABP support is used on top of ECLS as well in femoral ECLS as aortic ECLS cannulation mode? And following, per mode: Is it
desirable to use IABP on top of ECLS? And the second one: Is it possible to use IABP to
change afterload and thereby asses myocardial contractility by means of ESPVR analysis. To
answer these questions and explanation is given in chapter 1 about the cardiovascular physiology. This chapter handles in particular about the function of the heart, pressure-volume
loops, contractility and myocardial oxygen consumption/supply. In chapter 2 the IABP and
all its facets will be outlined, especially the effect of IABP on coronary flow and afterload will
be extensively discussed. Subsequently, chapter 3 will be an explanation of ECLS: brief history, indications, and its use. And the last theoretic chapter will be chapter 4 which explains
the expected effect of the combination of ECLS and IABP on the heart. Chapter 5 will be
the first experiment chapter, in this chapter the main experiment - IABP in combination with
ECLS - will be outlined, followed by the results, discussion and conclusion. Chapter 6 is the
second experiment chapter, in this chapter the second experiment, assessment of contractility,
is described, also followed by results, an elaborate discussion and conclusion. The last last
chapter will be a brief evaluation of both the theory and experiments.

4

Chapter 1

Cardiovascular Physiology
1.1

Introduction

This chapter will outline the fundamental cardiovascular physiology that is needed to understand the rest of the report, especially chapter 6. Firstly, the basic function of the heart and
circulation will be explained. Secondly an explanation will be given about the construction
and analysis of pressure-volume loops. Subsequently, starting from section 1.4 the traditional
concepts about contractility or inotropy will be outlined. This will be followed by theories and
explanations that oppose these concepts, and their arguments. In section 1.5 and 1.6 determinants of myocardial oxygen supply and consumption will be outlined; this is mainly important
for the chapters about IABP and EeLS. The last sections deal with energy conversion and
myocardial efficiency.

1.2

Basics

The heart is functionally divided into a right side and a left side. Each side may be subdivided
into a ventricle and an atrium. The primary role of each atrium is to act as a reservoir and
booster pump for venous return to the heart. The primary physiologic function of each
ventricle is to maintain circulation of blood to the organs of the body. The left heart receives
oxygenated blood from the pulmonary circulation and contraction of the muscles of the left
ventricle provide energy to propel that blood through the systemic arterial network. The
right ventricle receives blood from the systemic venous system and propels it through the
lungs and onward to the left ventricle. The reason that blood flows through the system is
because of the pressure gradients set up by the ventricles between the various parts of the
circulatory system [23J [32J.

1.3

Pressure-Volume loops / ESPVR

The cardiac cycle is divided into two major phases: systole and diastole. These two can be
divided into to 2 minor phases. This is shown below:
• Isovolumetric contraction phase (nr.1 in figure 1.1)
• Ejection phase (nr. 2 in figure 1.1)
• Isovolumetric realaxation phase (nr. 3 in figure 1.1)

5
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Figure 1.1: Cardiovascular parameters: Coronary flow, Aortic pressure, LV pressure, LV volume, ECG and
Heartsounds plotted as function of the time (2 heartbeats). The following moments can be distinguished:
A: End-Diastole, B:Aortic valve opening, C: End-Systole, D: Mitral valve opening. And the following phases
can be distinguished: 1: Isovolumetric contraction, 2: Ejection, 3: Isovolumetric relaxation, 4: Filling

• Filling phase (nr. 4 in figure 1.1)
In figure 1.1 the left ventricular pressure (PLV) and the left ventricular volume (V LV) are
plotted as function of time. Another intelligible way of representing the cardiac cycle is to
plot the PLV as function of the V LV. This is shown in figure 1.2. The four phases are shown
in this figure too. This loop is called the pressure-volume loop (abbreviated PV loop). As
time proceeds, the PV points go around the loop in a counter clockwise direction. The point
of maximal volume and minimal pressure (the bottom right corner of the loop) corresponds to
time A on figure 1.2, the onset of systole. During the first part of the cycle, pressure rises but
volume stays the same (isovolumetric contraction). Ultimately PLV rises above PAo, the aortic
valve opens (B), ejection begins and volume starts to go down. With this representation, PAo
is not explicitly plotted; however as will be reviewed below, several features of PAo are readily
obtained from the PV loop. After the ventricle reaches its maximum activated state (C,
upper left corner of PV loop), PLV falls below PAo, the aortic valve closes and isovolumetric
relaxation commences. Finally, filling begins with mitral valve opening (D, bottom left corner)

[9].
Several cardiophysiological parameters can be obtained from the PV-loops. For example
the pressure volume area (PVA), stroke work (SW), End-Systolic Pressure-Volume Relation
(ESPVR) and the End-Diastolic Pressure-Volume Relation (EDPVR). Special attention will
/ department of medical engineering
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Figure 1.2: PV-Ioop of the left ventricle, the 4 distinct phases are stated.

be given to the ESPVR. This because the slope of the ESPVR is considered to be a good index
for contractility [52]. At the end-systole instant of the cardiac cycle (point C), the muscles are
in their maximally activated state, on that moment the LV is at its stiffest. If you imagine the
heart frozen in this state of maximal activation, you have a point with a certain pressure and
volume, the end-systolic pressure-volume (ESPV). This is the maximum pressure the LV can
generate at that given volume. Now you need more ESPV points to construct the ESPVR.
So you need to alter the end-systolic volume by manipulating cardiophysiologic parameters,
without changing anything of the intrinsic strength of the muscle. There are two ways in
Change in
Afterload Resistance

Change in
Preload Volume

150

150

50

100

LV Volume (ml)

50

100

150

LV Volume (ml)

Figure 1.3: Assessment of contractility (Ees) by means of the ESPVR. by preload changes (left) or afterload
cha nges (right)

which this can be achieved. The first is to change preload, and the second is to change the
afterload. Both situations are shown in figure 1.3.

Preload is defined as the hemodynamic load on (or stretch of) the myocardial
/ department of medical engineering
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wall at the end of diastole just before contraction begins. For the ventricle, there
are several possible measures of preload: 1: EDP, 2: EDV, 3: wall stress at
end-diastole and, 4: end-diastolic sarcomere length. Sarcomere length probably
provides the most meaningful measure of muscle preload, but this is not easy to
measure in the intact heart. In the (pre)clinical setting, EDV probably provide
the most meaningful measure of preload in the ventricle.
Afterload is the hydraulic load imposed on the ventricle during ejection. This
load is usually imposed on the heart by the arterial system. There are several
measures of afterload that are used: 1: aortic pressure, 2: EDP, 3: myocardial
wall stress 4: maximal LV pressure 5: Tension-Time-Index (this wi! be explained
in chapter 2).
To change preload (see figure 1.3 right) mostly Vena Cava Inferior clamping is used [2][15][33].
This reduces the flow into the right atrium and eventually into the left chamber. And thus
decreases LV EDV. This way other EDPV points are seen in the PV-Ioop, and a line can
be drawn between them. Assuming that the first part of the ESPVR is linear, which is a
reasonable approximation [52], the line can be drawn until intersection with the volume-axis.
The ESPVR intersects the volume axis at a slightly positive value (Vo), indicating that a finite
amount of volume must fill the ventricle before it can generate any pressure. This is shown
in figure 1.4. EES means end-systolic Elastance. This means essentially the same thing as
15
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Figure 1.4: The slope of the ESPVR is called Ees (End-Systolic Elastance). the cut-off with the x-as is

called

va,

the minimum volume needed to be in the LV before pressure can build up.

stiffness and is defined as the change in pressure for a given change in volume (dpjdv) within
a chamber; the higher the elastance, the stiffer the wall of the of the chamber. Maximum
elastance is achieved during end-systole.
To change afterload (see figure 1.3 left) it is possible to occlude the aorta with a string [2][10].
But when an Intra-Aortic Balloon is inserted it may also possible to intelligible inflate and
deflate the balloon to acquire different afterloads [5]. This is further explained in chapter 2.
In the same way as with preload changes, an ESPVR can be drawn based on the acquired
different ESPV points; this can be seen in figure 1.3 to the right.

/ department of medical engineering
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1.4
1.4.1

Ventricular performance and Contractility
Contractility

Contractility (or inotropy) is the intrinsic strength of the cardiac muscle (in this case we focus
on the ventricle). Intrinsic strength means those features of the myocardial contraction that
are intrinsic to the ventricle and are traditionally assumed to be completely independent of external conditions exposed by either heartrate, preload or afterload [9]. With this traditional
interpretation, the possibility to change contractility is unique to cardiac muscle. Skeletal
muscle, for example, cannot alter its intrinsic inotropic state. Changes in inotropy result in
changes in force generation, which are independent of preload (i.e., sarcomere length).
There is a general consensus that contractility is the intrinsic strength of the muscle, but
the independence of preload, afterload and heartrate is not generally accepted anymore. The
concept that contractility increases when sarcomere length increases [35], the Anrep effect
[54][33][10] and the Bowditch effect [32][33], all show that contractility is not as independent
as is always assumed. These three effects are further explained in section 1.4.5 and 1.4.6.
In any case, the most important mechanism regulating inotropy are the autonomic nerves.
They achieve more effect than preload, afterload and heart rate effects do. Sympathetic nerves
playa major role in inotropic regulation of the ventricles and atria, while parasympathetic
nerves have a significant negative inotropic effect in the atria but only a small effect in the
ventricles. Under certain conditions, high levels of circulating epinephrine augment sympathetic adrenergic effects.
In addition to these physiological mechanisms, a variety of inotropic drugs are used clinically
to stimulate the heart, particularly in acute and chronic heart failure. These drugs include
digoxin (inhibits sarcolemmal Na+ /K+-ATPase), beta-adrenoceptor agonists (e.g., dopamine,
dobutamine, epinephrine), and phosphodiesterase inhibitors (e.g., milrinone). Figure 1.6
shows the factors that regulate the contractile state of the heart. Change due to inotropes
can be seen in a change of the slope of the ESPVR (EES) as shown in figure 1.5.
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Figure 1.5: Positive inotropes increase the slope (Ees) of the ESPVR, while negative inotropes decrease
the slope.

Most of the signal transduction pathways that stimulate inotropy ultimately involve Ca2+,
either
1. by increasing Ca2 + influx (via Ca2+ channels) during the action potential

/ department of medical engineering
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Figure 1.6: Factors that regulate contractility; + means increased contractility, - means decreased. In
the upper blue part are the traditionally accepted factors, and in the lower red part the new factors that
regulate inotropy are displayed.

2. by increasing the release of Ca2+ by the sacroplasmic reticulum,
3. or by sensitizing troponin-C to Ca2+.
1.4.2

Frank-Starling

The heart has the intrinsic capability of increasing its force of contraction and therefore
stroke volume in response to an increase in venous return. This is called the Frank-Starling
mechanism in honor of the scientific contributions of Otto Frank and Ernest Starling. This
phenomenon also occurs in isolated hearts, and therefore is independent of neural and humoral influences. Increased venous return increases the ventricular filling (EDV) and therefore
preload. Myocyte stretching increases the sarcomere length, which causes an increase in force
generation [23]. This mechanism enables the heart to eject the additional venous return,
thereby increasing stroke volume (SV).
The mechanical basis for this mechanism is found in the length-tension and force-velocity relationships for cardiac myocytes. It is traditionally taught that the Frank-Starling mechanism
does not result in a change in inotropy [9][32], although there is a change in force generation; however, because increases in preload are associated with altered calcium handling, a
clear distinction cannot be made between length-dependent and length-independent changes
in contractile function in terms of whether or not these are inotropic changes or non-inotropic
changes. This will be further explained in section 1.4.4.
Frank-Starling curves show how changes in ventricular preload lead to changes in stroke
volume. Frank-Starling Curves (or Cardiac Function Curves) are based on the relationship
between ventricular filling pressure (EDP) and Cardiac output (CO). Actually it is better to
replace CO by Stroke Volume (SV) to filter out the heart rate. A family of curves is shown
in figure 1.7. It is shown that when the filling pressure increases, the SV increases too (this
is logical because there has to be fluid in the chamber before something can be pressed out).
But not infinitely; there is a maximum SV the heart can generate (this is seen in the plateau
at pressures higher than 15 mmHg). The maximum SV at a certain EDP is dependant on
/ department of medical engineering
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the contractility of the ventricle. A higher contractility results in a higher SV at a certain
pressure. (figure 1.7 left) But not only contractility changes the maximum SV: the afterload
has an influence on this too. A higher afterload decreases the maximum SV at a certain
EDP. So there it is never clear whether a change in the maximum SV is a result of altered
contractility or altered afterload or a mix of both. This is why Frank Starling Curves are not
the best approach to measure intrinsic ventricular performance. These graphical representa-
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Figure 1.7: Frank Starling curves or Cardiac function curves (5V as function of preload (EDP)): Increase
in afterload means a decrease of maximum 5V, while an increase in contractility means an increase 5V. It
is hard to to tell which of the two is happening

tions do not show how changes in venous return affect end-diastolic and end-systolic volume.
And it does also not provide a way to draw a ESPVR. In order to do this, it is necessary to
describe ventricular function in terms of pressure-volume diagrams. This way you measure
the maximum pressures the ventricle can produce at different volumes. As explained above
the slope (EES) of the ESPVR is then a measure for contractility or inotropic state of the
ventricle.
1.4.3

Excitation-Contraction Coupling

Excitation-contraction coupling (ECC) is the process by which an action potential triggers
a myocyte to contract. Calcium ions enter the cell via the T-tubule; this calcium triggers
a subsequent release of calcium that is stored in the sarcoplasmic reticulum (SR). Calcium
released by the SR increases the intracellular calcium concentration from about 10- 7 to 10- 5
M. The free calcium binds to troponin-C (TN-C). This allows troponin-I to expose a site on
the actin molecule that is able to bind to myosin-ATPase located on the myosin head. The
resulting energy allows a movement (ratcheting) between the myosin heads and the actin, such
that the actin and myosin filaments slide past each other thereby shortening the sarcomere
length. The complete process is shown in figure 1.8. Myofilament Ca2 + sensitivity is enhanced
dynamically by stretching the myofilaments (filling phase), resulting in a stronger contraction.
This is an important autoregulatory mechanism by which the heart adjusts to altered diastolic
filling (the classic FrankStarling response which is explained in the previous section).
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3Na

Figure 1.8: Cardiac excitation-contraction coupling. Ca2+ transport in ventricular myocytes. Inset shows

the time course of an action potential, Ca2+ transient and contraction measured in a rabbit ventricular myocyte at 37.7°(, NCX = Na+ ICa2+ exchange; ATP = ATPase; PLB = phospholamban; SR = sarcoplasmic
reticulum; EM = positive membrane potential. After Bers [6]

1.4.4

Length-Tension relation

When the properties of isolated cardiac muscle are studied in the laboratory, it is found that
if the muscle is stimulated to contract at small resting lengths (low preloads), the amount of
force developing possibilities is relatively small. If the same experiment is repeated with the
muscle at a longer preload length, the force that is developed is greatly increased [35]. If this
experiment is done at several different fiber lengths, and the force or tension is plotted as a
function of muscle length, we find the relationship shown in figure 1.9. This plot is called
the length-tension diagram. In summary, increases in preload lead to an increase in active
tension; thus an increase cardiac performance. Furthermore, not only is the magnitude of
active tension increased, but also the rate of active tension development. The increase in
cardiac function caused by stretching of myocardial fibers, on cellular level, are caused by
an increase in the number of actin and myosin crossbridges formed, which depends on the
sarcomere length. And are also caused by increased sensitivity of troponin C to Ca2+. Thus,
contractility or intropic state can no longer be considered independent of muscle length as
was traditionally thought to be the case. In fact the Frank-Starling relation can be described
entirely in terms of length dependent excitation-contraction coupling. That is, the entire
effect of increased preload on cardiac performance can be ascribed to increases in contractility
induced by increased calcium availability and/or increased sensitivity of the myofilament to
calcium [35] [33].
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Figure 1.9: Length-tension relationships in isolated rabbit papillary muscle with isometric (blue continuous
line) and isotonic (red dashed line)contractions, showing the phenomenon of shortening deactivation. Due
to fibre shortening the force developed at end-systole is less than generated by isometric contractions.
Modified after Baan [2].

1.4.5

Anrep effect or homeometric autoregulation

It has been observed that an increase in afterload causes an increase in ventricular inotropy
[54][33][1OJ. This is called the Anrep effect or homeometric autoregulation - as the term 'homeometric' already states, this effect occurs independently of the length of myocardial fibers, in
contrast to 'heterometric' autoregulation which is dependent on fiber length. This phenomenon is observed in denervated hearts as well as in intact hearts; therefore, it represents an
intrinsic change in inotropy. The actual mechanism, however, is unknown. A possible explanation could be a local effect induced by the increased afterload. The increased end-systolic
pressure, even without changes in ventricular volume, causes an increased wall tension. It is
hypothesized that the stimulus for homeometric autoregulation resides in mechanical stretchactivated channels in the ventricle wall [43J. The importance of the Anrep effect is that the
increased inotropy partially compensates for the increased end-systolic volume and decreased
stroke volume caused by an increase in afterload. Thus by this mechanism the heart tries to
maintain stroke volume as much as possible despite of the higher afterload.

Another type of homeometric autoregulation is the Bowditch effect. An increase in heartrate
causes an increase in myocardial contractility. This rate dependent, enhanced contractility
helps to offset the decreased ventricular filling time at higher heart rates by shortening the
length of systole, thereby increasing the proportion of time the cardiac cycle is in diastole.
This phenomenon is probably due to an inability of the Na+ /K+-ATPase to keep up with the
sodium influx at higher heart rates, which leads to an accumulation of intracellular calcium
via the sodium-calcium exchanger. The Bowditch Effect is sometimes called Treppe [32][33J.
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Shortening deactivation

Another effect that needs to be explained before the experiment chapters are easy readable
is shortening deactivation. A rapid change of fibre length applied during contraction of
cardiac muscle may result in developed tension less than appropriate for the new length
because of "deactivation" of the contractile system. The amount of shortening deactivation
is directly related to both the time during the contraction when the length change occurs and
to the extent of fibre shortening. If the muscle is forced to shorten early in the contraction,
the developed tension will be appropriate to the new length as predicted from the classic
Frank-Starling relationship. However, the same length change, which is imposed later in the
contraction, results in a developed tension that is less than predicted. Furthermore, a greater
change in length results in less tension being developed than if a smaller length decrement is
applied at the same time during the contraction. It has been demonstrated that the reduced
tension during active muscle shortening is associated with reduced affinity of troponin C for
Ca2 +. The free Ca2+ is then picked up by the Sarcoplatmatic Reticulum (SR), thus less
Ca2 + is available for tension development until the subsequent contraction [36]. The effect of
shortening deactivation in length-tension relationships can be seen in figure 1.9.

1.5

Determinants of Myocardial oxygen consumption

There is a difference between myocardial oxygen demand en oxygen consumption, although
many use these terms randomly. It is important to make it possible for the heart to consume
the amount of oxygen it demands, but if coronary flow is limited this is not possible - this is
often the case in patients with coronary artery disease. Oxygen consumption rate (MV0 2 )
can be described by formula 1.1 [32].
(1.1 )
with
oxygen consumption of the heart (ml/min)
coronary flow (ml/min)
ml O 2 per ml arterial blood (ml/ml)

lIlI O 2 per ml venous blood (ml / ml)

Contraction of myocytes determines myocardial oxygen consumption (above the passive level
of consumption). Therefore, factors that enhance tension development, the rate of tension
development, or the number of tension generating cycles per unit time will increase oxygen consumption - doubling heart rate approximately doubles oxygen consumption, because
myocytes contract 2 times more per minute. Increasing inotropy will also increase oxygen
consumption because the rate of tension development as well as the magnitude of tension
increases. This increases ATP hydrolysis and oxygen consumption. Increasing afterload, because it increases tension development, also increases consumption 1:1. Increasing preload
however increases oxygen consumption too, but not as much as afterload; this can be seen
in the La Place formula (1.2). The LaPlace formula states that wall tension (T) is proportional to the product of intraventricular pressure (P) and ventricular radius (r) [32]. For
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Figure 1.10: Energetics of the left ventricle. After Westerhof [55].

convenience, wall thickness is left out of the formula.

(1.2)

Texp·r

If the heart is assumed to be a sphere then the radius is proportional to the volume as
described in the following equation.
rex

W

(1.3)

So this gives that wall tension (as measure of oxygen consumption) is only proportional to
the 3th root of the volume.

T exp'

W

(1.4)

with
T

Wall tension (Pa)

p

Pressure inside the cavity (Pa)

r

Radius (m)

V

Volume (m)

This is the reason that wall tension, and therefore a large part of the oxygen consumption, is
less sensitive to changes in ventricular volume than pressure. So for patients with heart failure
is of major importance to decrease afterload. This can be done for example with Intra-aortic
balloon counterpulsation (IABC) [4][44]. Another way to represent the myocardial oxygen
consumption is by the following formula according to historical work by Suga [51].

(1.5)
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with

MV02

EM

EGG
PE
EW
I

CS

oxygen consumption of the heart (ml/min)
Basal metabolism (J)
Excitation-Contraction Coupling (J)
Potential energy (J)
External work (J)
conversion factors (ml / min/ J)

Formula 1.5 combined with figure 1.10 show thats oxygen consumption per beat is linearly
related to PYA (PE + EW). The intercept with the MV02 axis is the unloaded oxygen
consumption, found when the heart is not allowed to develop pressure so that the PYA is
negligible. The unloaded oxygen consumption consists of two parts, activation and basal
oxygen consumption. The first depends on excitation-contraction coupling, see section 1.4.3
and is proportional to cardiac contractility. For a muscle at rest the PYA and the oxygen
cost of activation both are zero. The remaining part results from the basal metabolism, in
fact these are all other processes requiring oxygen, such as ion pumps. When inotropy, or
contractility, of the heart increases, the oxygen cost of activation increases in a proportional
manner but the slope of the relation between PYA and oxygen consumption stays the same.
The relation between PYA and MV02 holds for all types of contractions, from isovolumic to
isobaric (unloaded) contractions. Isovolumic contractions correspond to the largest PYA and
thus the largest oxygen consumption. You can see that external work (stroke work) is not a
good measure of oxygen consumption, because isovolumic contractions cost a lot of energy
en thus oxygen, but no work or output has been produced. Many other relations between
oxygen consumption and mechanical or hemodynamic parameters have been proposed, e.g.
Tension-Time Index (TTl), this will be further explained in chapter 2.

1.6

Determinants of Myocardial oxygen supply

As can be derived from formula 1.1, formula 1.6 gives the myocardial oxygen supply.
(1.6)
with
oxygen supply ofthe heart (ml/min)
coronary flow (ml/min)
Arterial oxygen content (ml 02/ml blood)

As this formula shows, coronary flow is of extreme importance in determining if the heart's
oxygen supply can be matched with the demand. Assuming that A0 2 is fairly constant,
coronary flow is the only determinant of myocardial oxygen supply. IABC also provides a
way to increase coronary flow. This will be further explained in chapter 2.
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1.7
1.7.1

Thermodynamics and Efficiency
From Oxygen Consumption to External Work

Chemical energy obtained from the oxygenation of nutrients is stored in adenosine triphosphate (ATP). This oxygenation is not 100% efficient and energy is lost in the form of heat.
ATP is used to provide the energy for excitation-contraction coupling, to provide stroke work
and also for the basal metabolism. Eventually all energy will convert to heat, but not before
it kept the human circulation running. The whole process is shown in a diagram in figure.
1.11.
MV02

ECC

•

';,

Figure 1.11: Conversion of chemical energy (nutrients) to external work. No conversions are 100% efficient,
thus a lot of energy is lost in the form of heat.

1.7.2

Mechanical effeciency

The term mechanical efficiency originates from the motor industry, and is defined as the ratio
of external work (stroke work) and oxygen consumption, in the cardiovascular world. This
represented in formula 1.7.

ME-

EW

(1.7)

-a· MV02

with

ME

Mechanical efficiency (-)
Conversion factor (= 1 mini J Iml)
External Work (Stroke Work) (J)
Oxygen consumption of the heart (mllmin)

Usually this mechanical efficiency is about 20-25% [53]. To present relative changes in this
mechanical efficiency, the ration of external work and PYA can be used. Asumming that basaland ECC related energy stay constant, which is a reasonable assumption in most cases.
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Contracti Ie efficiency

The contractile efficiency or myofibrillar efficiency is defined the inverse of the slope of the
MV0 2 PVA relation (figure 1.10). This contractile efficiency is in the order of 40 50% [55].
The less energy is needed for ECC and BM the more there is left for PYA.
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Intra-Aortic Balloon Pump
2.1

Introduction

The Intra-Aortic Balloon Pump (IABP) is the most common cardiac assist device. It is
developed in the 1960s and is used presently to assist over 100,000 patients annually [4J.
• Prior to surgery, intra-aortic balloon counterpulsation (IABC) is most frequently used
in patients with cardiogenic shock or ongoing myocardial ischemia refractory to medical
therapy
• IABP also used to provide support during high-risk percutaneous coronary angioplasty.
• After surgery the IABP is used in patients who cannot be weaned from cardiopulmonary
bypass (CPB) in spite of maximal pharmacologic inotropic support.
• Finally the IABP is an important means of hemodynamical support in the postcardiotomy period for patients with low cardiac output or persistent ischemia [4J [29J.

2.2

History

The concept of increasing coronary blood flow by retarding the systolic pressure pulse was
demonstrated by Kantrowitz around 1960, using an electrically stimulated muscle wrap
around the descending thoracic aorta to increase diastolic aortic pressure. In 1961 Clauss used
an external counterpulsation system synchronized to the heart beat to withdraw blood from
the femoral artery during systole and reinject it during diastole. One year later Moulopoulos
produced an inflatable latex balloon that was inserted into the descending aorta through the
femoral artery and inflated with CO 2 . Inflation and deflation were synchronized to the ECG
to produce counterpulsation that reduced end-systolic arterial pressure and increased diastolic
pressure. In 1968 Kantrowitz reported survival of one of three patients with postinfarction
cardiogenic shock refractory to medical therapy using an intra-aortic balloon pump. These
pioneering studies introduced the concept of supporting the failing circulation by mechanical means. Currently intra-aortic balloon counterpulsation is used in over 100,000 patients
annually [28J.
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System Description

After correct placement of the intra-aortic balloon (lAB), in the descending aorta with its tip
at the distal aortic arch (below the origin of the left subclavian artery) the balloon is connected
to a drive console. The console itself consists of a pressurized gas reservoir, a monitor for
ECG and aortic pressure wave recording, 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 [29].

2.4

Physiology

Due to the in the introduction mentioned reasons the heart has a hard time pumping sufficient
blood trough the body. The IABP can aid the heart in its pump function. The primary goals
of IABP therapy is to support the heart by doing the following:
1. Increasing myocardial oxygen supply. This is achieved by inflating the balloon in diastole, just after the dicrotic notch, and thereby increasing diastolic pressure, which
results in augmented coronary perfusion. This is shown in figure 2.1. When IABP is
turned on (first peak in the lAB pressure curve) the diastolic aortic pressure increases
in comparison to IABP off. This means a higher coronary flow during diastole (see the
upper curve in figure 2.1). A higher coronary flow means more oxygen supply to the
heart.
2. Decreasing myocardial oxygen demand. This is achieved by deflating the balloon immediately prior to the beginning of the systolic phase of the cardiac cycle, to decrease
afterload, and thereby decreasing myocardial work. This deflation is shown in the lAB
curve of figure 2.1. In the aortic pressure during systole, following the deflation of lAB
(normal line), it can be seen that the maximum pressure is lower in comparison to
IABP off (dashed line). This means that the afterload is less and therefor ventricular
wall tension can be less. This results in lower oxygen consumption.
Secondary, the following happens:
1. Increase of cardiac output (CO),

2. Increase of ejectionfraction (EF),
3. Increase of systemic perfusion,
4. Decrease of heart rate,

5. Decrease of pulmonary capillary wedge pressure and
6. Decrease of systemic vascular resistance

2.5

Indications

Nearly 90% of patients who receive intra-aortic balloon counterpulsation have various manifestations of ischemic heart disease, sometimes with valvular heart disease. Patients with
valvular heart disease without coronary disease who receive an intraoperative IABP generally
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have mitral valve disease. A few patients have IABP for end-stage cardiomyopathy, acute
endocarditis, or before or after heart transplantation [38].
The timing of IABP insertion varies widely between reports. The overwhelming reason
for intraoperative use of the IABP is failure to wean from cardiopulmonary bypass. Approximately 75% of intraoperative balloon insertions are for this reason. Preoperative low cardiac
output and postinfarction angina are additional indications for intraoperative insertion of the
IABP [24].

2.6

Complications

Complication rates of the IABP vary between 12.9% and 29% and average approximately 20%.
Life-threatening complications are almost never seen. Leg ischemia is by far the most common
complication (incidence 9% to 25%); other complications include balloon rupture, thrombosis
within the balloon, septicemia, infection at the insertion site, bleeding, false aneurysm formation, lymph fistula, lymphocele, and femoral neuropathy [38].
Balloon rupture occurs in approximately 1.7% of the patients and usually is indicated by
the appearance of blood within the balloon catheter and only occasionally by the pump
alarm. Although helium usually is used to inflate the balloon, gas embolism has not been
a problem. If rupture occurs, the balloon should be deflated forcibly to minimize thrombus
formation within the balloon and promptly removed. Although the incidence of clinically
significant lower leg ischemia varies from 9% to 25% of patients, up to 47% have evidence of
ischemia during the time the IABP is used.[20].
Approximately 1% of the patients develop false aneurysms at the femoral puncture site either
in the hospital or shortly after discharge, and rare patients develop an arterial-venous fistula
[38]. Bleeding produces a local hematoma that is not evacuated unless skin necrosis is likely.
Bleeding from transaortic insertion is uncommon (3% to 4%) [24]. Septicemia occurs in up to
1% of patients, but the risk increases with the duration of IABP. Septicemia is an indication
for IABP removal, but if the patient is balloon-dependent, a replacement balloon catheter is
inserted in a new site.

2.7

Aortic pressure

As shown in figure 2.1 when the IABP is on, it increases maximum diastolic aortic pressure
and decreases the maximum pressure in the left ventricle. The increase in mmHg of the
maximal aortic pressure and the decrease of maximum LV pressure is the clinical standard
for a measure of effectiveness of IABP - where an effective therapy has an as high a possible
increase in myocardial oxygen supply and an as low as possible myocardial oxygen demand In figure 2.1 absolute pressure differences between IABP on and off are visible.

2.8

DPTI/TTI

Maximum aortic pressure is a measure for oxygen supply as it partly determines coronary
flow. A better measure for oxygen supply to the heart than maximum aortic pressure is
the area under the aortic pressure curve (coronary flow would be an even better measure
but is a lot more difficult to measure, due to the invasiveness). This can be explained in a
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Figure 2.1: Waveforms of lAB pressure, Aortic and LV pressure, ECG, heartsound, and LV volume. Extra
zoom to see time delay from R-top of the ECG till the opening of the aorta valve. The IABP is turned on
at beat 2.

simple example. Let's say the aortic pressure rises quickly to a high value an falls quickly
after that; this obviously doe not produce a high coronary flow. But according to pressure
measurements only, you would say that pressure was high and conclude that oxygen supply
should have been high. But if you measure the area under the aortic pressure curve you will
conclude that this brief pressure increase did not increase coronary flow, and thus oxygen
supply, much at all; because the increase was so brief this did not significantly increased the
area under the aortic pressure curve. This makes the area under the aortic pressure curve
a better measure for oxygen supply than the maximum aortic pressure. The same principle
hold for the oxygen demand: this is better described with the area under the LV pressure
curve than the maximum pressure.
Tension-Time-Index (TTl) is an important measure of myocardial oxygen demand; it is
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defined as:

TT I

=

J

(2.1 )

PLv(t)dt

with

TTl

Tension-Time-Index (P a· s )

PLV(t)

Left ventricle pressure (Pa)

t

Time (s)

In words this is the area under the left ventricular pressure curve, which is in fact a measure
for the time the ventricle is under pressure (wall tension) multiplied by the mean pressure.
This is shaded in figure 2.1. Myocardial wall tension uses approximately 30% of myocardial
oxygen demand.
Diastolic-Pressure-Time-Index (DPTI) as measure of myocardial oxygen supply, is defined
as:

DPTl

=

l

t2

(PAo(t) - PLv(t))dt

(2.2)

tI

with
Diastolic- Pressure-Time-Index (Pa· s)
Aortic pressure (Pa)
Opening of the aorta valve
Closure of the aortic valve

In words this is the area under the aortic pressure curve minus the area under the left ventricle
pressure curve during diastole. This is also shaded in figure 2.1 The following will explain
why this is a reasonable measure.
To do work the heart needs oxygen (and nutrients). This is almost all delivered by the
coronary flow during diastole. The pressure gradient between the aortic root and the right
atrium causes this coronary flow. This is shown in formula 2.3.

t) _ PAo(t) - PRA(t)
qcor ( R(Ptr(t))

(2.3)

with
Coronary flow (m 2 )

PAo(t)
PRA(t)
R(A(Ptr(t)))

Aortic root pressure (Pa)
Right atrial pressure (Pa)
The resistance of the coronary vessels as function of the cross-sectional area (r2)

R is not only a function of A but also of the viscosity of the blood (1]) and of the length ofthe

~
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A(m"

Figure 2.2: The cross-section of a vessel (A) as function of the transmural pressure (Ptr). Flows through

deformable airways, O.E.Jensen

coronary vessels (I), but these are assumed to be reasonably constant. The complete formula
for R is given in formula 2.4.
(2.4)
with
Tf

Viscosity of the blood (Pa· s)

I

Length of the vessel (m)

A(Ptr(t))
Ptr(t)

cross-sectional area of the vessel as function of Ptr (m 2 )
Transmural pressure =

PintraCoronary - PextraCoronary

(Pa)

When the fibers in the wall of the myocardium contract the pressure builds up inside the
ventricle. But not only inside the ventricle, also inside the ventricle wall the pressure rises,
this is the intramural pressure (PextraCoronary). An intramural pressure higher than the intracoronary pressure causes the coronary vessels to collapse (i.e. during systole of the ventricles).
The relation between the transmural pressure (Ptr = PintraCoronary - PextraCoronary) and the
cross-sectional area of the vessel (A) is shown in figure 2.2.
Because the intramural pressure is proportional to the PLV this and above explains why
DPTI is not just the area under the aortic pressure curve during diastole, but the area under
the aortic pressure curve minus the area under the left ventricle pressure curve during diastole.
The efficacy of the ballonpump can be described with the DPTI/TTI ratio.
the ratio the higher the efficacy.
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Timing

Correct timing of lAB inflation and deflation is crucial. As explained above, deflation should
occur prior to the beginning of the systolic phase (taken into account the time needed for the
lAB pressure wave to travel from balloon to aortic valve) and inflation just after the dicrotic
notch in the pressure signal. To achieve this, it is necessary to synchronize the balloon pump
with the cardiac cycle. This can be done by:
1. R-wave sensing from an electrocardiogram (ECG)

2. arterial pressure pulse detection
Most common is the use of the ECG as trigger. But for patients with arrhythmias it is better
to use the arterial pressure signal, because the R-peak-intervals vary to much and are sometimes not even detectable.
In the following subsections possible timing errors will be explained and the waveform characteristics will be shown in figures. The dashed line represents correct/optimal timing ofIAB
inflation/deflation and the normal line represents the timing error curve [1].

2.9.1

Early inflation

The waveform characteristics of lAB inflation prior to aorta valve closure, are shown in figure

2.3.
diastolic
augmentation

assisted
aortic EDP

Figure 2.3: lAB inflation prior to aorta valve closure

Furthermore the following physiologic effects may happen:
• premature valve closure
• increase of myocardial energy demand
• higher LV wall stress and/or afterload
• aortic regurgitation
• increase in LVEDV and/or LVEDP

2.9.2

Late inflation

The waveform characteristics of lAB inflation markedly later than aorta valve closure, are
shown in figure 2.4.
Furthermore the following physiologic effects may happen:
• suboptimal coronary perfusion
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Figure 2.4: lAB inflation markedly later than aorta valve closure

2.9.3

Early deflation

The waveform characteristics of lAB deflation premature in diastolic phase, are shown in
figure 2.5.
diastolic
augmentation
unassisted
systole

assisted

aortic EOP

Figure 2.5: lAB deflation premature in diastolic phase

Furthermore the following physiologic effects may happen:
• suboptimal coronary perfusion
• potential retrograde coronary and carotid flow
• angina may occur
• suboptimal afterload reduction

2.9.4

Late deflation

The waveform characteristics of lAB deflation late in diastolic phase, as the aorta valve is
beginning to open, are shown in figure 2.6.
Furthermore the following physiologic effects may happen:
• Afterload reduction is essentially absent
• Increase of myocardial energy demand
• Inflated lAB may impede LV ejection and thus even increase afterload
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Figure 2.6: lAB deflation late in diastolic phase

2.10

Contractility estimation by means of afterload changes with IABP

As explained in section 1 it is possible to estimate contractility (EBS) based on different ESPV
points. These can be obtained by changing afterload with the IABP. This could be an easy
way to assess contractility during interventions in which IABP is used, and no open-thorax is
present. So this mostly comprises interventions done by the cardiologist. During open-thorax
surgery IABP for contractility assessment is only useful when for some reason, occluding the
Vena Cava is not possible. An easy way of changing afterload with IABP will be described
below.
It is possible to transient inflate the balloon manually during 5-10 beats. This way it is
possible to get an enormous afterload change because the thoracic descending aorta is occluded for 5-10 beats, and this while the heart is still pumping. This way 5-10 ESPV points
can be acquired. This method is essentially the same as occluding the Vena Cava inferior.
However, there may be some differences. This time preload is increased indirectly by increasing afterload and thereby decreasing SV and increasing EDV. Further, the occlusion is
in another volume domain in the PV area, and the ESPVR is not completely linear. The
discussion whether or not afterload changing with the lAB is the same as a preload changing
with respect to ESPVR generation will be discussed extensively in chapter 6.

/ department of medical engineering

TU/e

Chapter 3

Extra-Corporeal Life Support
3.1

Introduction

Despite advances in surgical techniques, postcardiotomy cardiogenic shock occurs in approximately 4% of patients undergoing myocardial revascularisation or valve operation. With
the use of IABP and inotropes 80% of this population can be weaned from cardiopulmonary
bypass (CPB). The hospital survival of these patients is 55%. Nevertheless 1% of the patient
population will not respond to this treatment and need more aggressive treatment [29]. For
the recovery of this stunned myocardium, Extra-Corporeal Life Support (ECLS) can be used.
The portability of these small ECLS pumps and the ease of peripheral cannulation, make
these pumps ideal for use temporary mechanical support in patients following cardiac arrest
or in acute cardiogenic shock. ECLS is also used for ventilation purposes, but this will not
be discussed here.

3.2

History

By the 1960s it was clear that CPB was not suitable for patients requiring circulatory support for several days to weeks. The development of ECLS as a temporary assist device (also
referred to as extracorporeal membrane oxygenation, or ECMO) is a direct extension of the
principles of cardiopulmonary bypass and follows the pioneering efforts of Bartlett [58] in
demonstrating the efficacy of this technology in neonatal respiratory distress syndrome.
There are several differences between CPB and ECLS. The most obvious difference is the
duration of required support. Whereas CPB is typically employed for several hours during
cardiac surgery, ECLS is designed for longer duration of support. With ECLS a lower dose of
heparin is used, and reversal of heparin is not an issue because a continuous circuit is used and
areas of stasis have been minimized. In addition, the membrane oxygenator allows for longer
duration of support. These differences are thought to reduce the inflammatory response and
the more pronounced coagulopathy that can be seen with CPB [45].
The University of Michigan experience with extracorporeallife support (ECLS) in 1000 consecutive patients between 1980 and 1998 is the largest series at one institution in the world.
Among this patient population, survival to hospital discharge in patients with respiratory
failure was 88% in 586 neonates, 70% in 132 children, and 56% in 146 adults. Survival in
moribund patients with cardiac failure was 48% in 105 children and 33% in 31 adults [3].
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In our own patients, in the Academic Hospital Maastricht, we observed a mean bypass time
of 70 hours [17].

3.3

System description

The ECLS unit is a highly technical modified cardiopulmonary bypass unit. The ECLS
principle is relatively simple but the support unit is an extremely advanced system. The basic
unit consists of venous drainage cannula, reservoir, centrifugal or roller pump, oxygenator and
an arterial return canula. As shown in figure 3.1 cannulation is usually performed using the
right atrium for venous drainage and the large arteries (arteria carotis, arteria femoralis,
aorta) for arterial return.

~ -_ _iiiIIIlnIkIw

.........

(a) Placement of the outflow cannula in
the Arteria Carotis

~

(b) Placement of the outflow cannula in
the Arteria Femoralis

Figure 3.1: Two different types of cannulation of EClS; in both cases the inflow cannula is in the right
atrium
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Physiology

ECLS is made for patients described in the introduction. They all have a low Cardiac Output
(CO) in common. This means that ECLS's main goal is to support the pump function of
the heart by means of volume unloading the heart and taking over (a part of) the CO and
thereby augmenting the systemic perfusion. This should be done in a way that the combined
CO is sufficient for the patient to supply the organs with enough oxygen (and nutrients). The
venous inflow cannula sucks blood from the right atrium and that way reduces end-diastolic
volume of both left and right ventricle (lowering of preload). Subsequently the arterial outflow
cannula pumps the blood into one of the main vessels, like the aorta, and thereby increasing
afterload on the left ventricle. This increase in afterload is not desirable for the heart (only
maybe as training), but this high aortic pressure, is the reason for the improved systemic
perfusion.

3.5

Indications

There are a lot of individual ECLS inclusion criteria in use, but most centers use ECLS
once maximum treatment and supportive efforts, have failed. There is general consensus
regarding the following exclusion criteria: presence of contraindications for anticoagulation,
severe irreversible injury of the central nervous system with poor neurological prognosis, severe
chronic pulmonary disease, left ventricular failure with poor prognosis due to an underlying
disease.

3.6

Complications

The experience in adults with ECLS for postoperative cardiogenic shock is limited because
of nearly universal bleeding problems associated with the chest wound in combination with
heparin anticoagulation with the ECLS circuit. This has prevented widespread acceptance of
ECLS. Pennington reported massive bleeding in six of six adults supported by ECLS following cardiac surgery. Even without the chest wound, bleeding was the major complication in
a large study of long-term ECLS for acute respiratory insufficiency [56J. Magovern treated
persistent bleeding by replacement therapy and did not observe evidence of intravascular
clots; two patients developed stroke after perfusion stopped. Other important complications
associated with ECLS using heparin-coated circuits included renal failure requiring dialysis
(47%), bacteremia or mediastinitis (23%), stroke (10%), leg ischemia (70%), oxygenator failure requiring change (43%), and pump change (13%) [37J. Intracardiac thrombus may form
within a poorly contracting, not ejecting left ventricle or atrium because little blood reaches
the left atrium with good right atrial drainage. Intracardiac thrombus have been observed
in heparinized patients and those perfused with pulsatile devices and a left atrial drainage
cannula [7J. The problem, therefore, is not unique to ECLS or the location of the drainage
catheter, but is related to the left ventricular function.

3.7

Cannulation

The device implantation is typically performed on cardiopulmonary bypa.'is. Inflow can be
accomplished by cannulation of the atria or the ventricles. For right atrial cannulation, the
cannula can be inserted into the middle right atrial wall and directed towards the inferior vena
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cava (IVC) , or via the right jugular vein or a femoral vein, via the Vena Cava to the right
atrium. The outflow cannula can be placed inside the aorta or a femoral artery. Depending
on the type of operation the patient is undergoing.

3.7.1

Aortic cannulation

Aortic cannulation is used (peri- and) post-operative when the patient receives open-heart
surgery. This means mainly Coronary Artery Bypass Grafting (CABG) and valve replacements. In this mode blood flows into the circulation on the same place as usual, the aortic
root. The high pressure in the aortic root may have its advantages on coronary flow and
carotids flow. Further, no leg-ischemia will be present. A disadvantage of the high aortic
pressure may be the increased afterload; to overcome this pressure the LV needs to generate
higher pressures, which costs more energy.

3.7.2

Femoral cannulation

Patients that receive femoral cannulation are patients that are hospitalized for Percutaneous
Transluminal Coronary Angioplasty (PTCA). In these patients the chest is not opened. In
this mode blood flows into the circulation fairly far away from the heart and the brains. This
may be not favorable, because the driving pressure for coronary flow and flow to the brains is
limited. Further an extra femoral artery has to be opened for insertion of the cannula, which
can cause leg ischemia. On the other hand afterload will probably be lower than in aortic
cannulation mode, so the heart is better unloaded. In chapter 4 and 5 the two cannulation
modes will be discussed extensively.
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Chapter 4

IABP & EeLS
As explained in chapter 2, lABP support is a not so aggressive therapy to support patients
with a weakened heart. ECLS on the other hand is a more aggressive form of therapy, see
chapter 3.
During or after surgery, patients whom hearts fail to pump enough blood, are helped in
the first place by inserting an lABP and giving intropes. But when this is not enough (with
respect to unloading, CO augmentation or coronary flow augmentation), it is necessary to use
ECLS as well. During open heart-surgery cardio-pulmonary bypass (CPB) is used. After the
procedure is done, the patient must be weaned from this CPB, if this it not directly possible,
an lABP system will be connected. Subsequently the large CPB unit will be disconnected
or, if necessary because the heart is still to weak (even in combination with lABP), changed
for an smaller, more mobile ECLS unit. This means that in these situations both lABP and
ECLS are often used at the same time. Off course it is possible to remove the lABP and use
ECLS alone, but in critical situations this has no priority and even more important: maybe
extra lABP support on top of ECLS is favorable.
As explained in chapter 3 the outflow canula of the ECLS device can be placed inside one
of the femoral arteries (outflow below lAB) or in the the aortic root (outflow above lAB). It
has not yet been investigated what effects combined ECLS and lABP has on the heart (with
respect to afterload/workload and coronary perfusion).

4.1

IASP

+ EelS

outflow cannula in femoral artery

As explained in chapter 3 ECLS outflow canula placement can be done in the femoral artery
or aortic root. This section discusses femoral artery placement. As explained above, ECLS
parallels the pump function of the heart and in that way generates an extra amount of flow.
Primarily, pressure in the abdominal aorta will rise. Extra use of lABP on top of femoral
ECLS is expected to have the advantage of reducing the increased afterload caused by ECLS
alone, and still have the extra circulation. During diastole the lABP (almost) occludes the
aorta so ECLS outflow will not go back up the aorta. This means that coronary perfusion
will not favor that much, but the systemic circulation below the lAB will be augmented.
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4.2

IASP

+ EelS outflow cannula

in aortic root

Placement in the aortic root, which is done during cardio-thoracic surgery, means that ECLS
outflow occurs above the lAB. This increases aortic root pressure and as a result the ventricular afterload. But because the lAB deflates at the onset of systole afterload can be reduced.
And because of the lowered pressure downstream of the ECLS outflow canula, during systole
there will be a gradient which is beneficial for systemic perfusion (This is not the case when
ECLS outflow canula is placed in the femoral artery). In diastole lAB inflates which causes a
pressure buildup in the aortic root, which is even higher due to ECLS outflow. This causes a
high gradient between aortic root and sinus coronarius, which augments coronary flow (more
than when IABP is placed without ECLS). This happens in diastole, the period when the
diameter of the coronary vessels is largest.

4.3

Summary

The above expected advantages and disadvantages of the different methods will be summarized below:

4.3.1

IABP alone

• Augmented coronary perfusion during diastole
• Decreased afterload (systole)

4.3.2

Femoral EClS

+ IABP

• 'IABP alone' effects
• Augmented systemic perfusion, during diastole
• Little augmentation of coronary perfusion, during diastole, as a result of aortic occlusion
due to lAB inflation
• Backward aortic gradient, during systole, which is not favorable for forward aortic blood
flow

4.3.3

Aortic EClS

+ IABP

• 'IABP alone' effects
• More augmentation of coronary flow, during diastole, as a result of lAB inflation during
diastole.
• Enhanced systemic perfusion, during systole, due the forward gradient in the aorta
created by high pressure at the outflow canula and the low pressure at the lAB site
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Chapter 5

Study 1: Combined ECLS and
IABP
5.1

Introduction

As part of this master's thesis two studies were conducted. In this chapter the major study
will be described. Firstly the questions regarding this research will be described in section 1.2.
Secondly the followed protocol will be outlined. Subsequently the results will be displayed,
followed by the discussion. This discussion will be an interpretation of the results and also a
comparison of the results with other publications. This section also gives extra information
about certain animals which did not respond like the majority, and explains a theory that
training instead of unloading is better for the heart on the long term. The last section will
be the conclusion, were an answer will be provided to the questions from the section 1.2.

5.2

Questions

What is the effect on the heart's workloadjafterload (oxygen consumption) and coronary flow
(oxygen supply) when additional IABP support is used on top of ECLS - as well in femoral
ECLS as aortic ECLS cannulation mode? And following, per mode: Is it desirable to use
IABP on top of ECLS?

5.3

Methods

Eight healthy sheep of 85 ± 11 kg were used to answer the questions. The sheep carne from
regular farmers and had no known deficiencies. During the 12 hours before the operation,
they were sober. The more detailed procedures are described chronologically in the following
subsections.
5.3.1

General Procedures

First general anesthesia (SOP 1, Appendix B) has been used to anaesthetize the sheep.
Secondly the sheep was surgically preparated and instrumentated (SOP 4, Appendix B).
Subsequently the lAB (40cc, DataScope, Fairfield, NJ, US) was inserted, via the formal
artery, followed by connection of v-a ECLS. The arterial ECLS cannula is placed in both
aortic root as in the femoral artery, via a Y-connector switch. The venous cannula was placed
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2 min

4mln

6 min

8 min

10 min

12 min

14 min

16 min

18 min

20 min

22 min

24 min

Figure 5.1: Flowchart of the protocol. First baseline is measured, subsequently ElCS, followed by IABP
on top of EClS.

in the right atrium. Subsequently the protocol has been started. This is further explained in
section 5.3.3.
5.3.2

Physiological focus

The following primary hemodynamic variables were recorded continuously at a sample frequency of 500 Hz: PLY, V LV , PLA, PAo, PCV, PPA, QPA, QCor, QPump(ECLS). The main
focus was on the following indices:
• LV Afterload: TTl and PLV,max
• LV Work: pressure-volume areas (SW and PVA)
• LV Pump function: CO, PAo, SV
• Coronary perfusion: QCor, DPTI
5.3.3

Protocol

The protocol started with a baseline measurement, during this measurement ECLS and IABP
were both turned off. Secondly, one of the two arterial ECLS cannulas was clamped. In
animal 1 first the femoral cannula was clamped, and in animal 2 first the aortic canula was
clamped, etcetera. ECLS flow was set to approximately 50% of the animal's own baseline
cardiac output. After each intervention the animal was given one or two minutes time to
stabilize. IABP was set up according to clinical protocol, and was finetuned so that afterload
reduction and diastolic augmentation was maximal. After 'ECLS alone' measurements were
done, ECLS still kept pumping and IABP was turned on for 1 minute, and then off again for
1 minute, then on again, etcetera (4 times on and off again). After a few minutes rest this
on-off switching was repeated for 2 or 3 times per animal. Figure 5.1 shows a flowchart of the
protocol.
5.3.4

Data Analysis

Data Recording

During all the experiments we used a Pentium III workstation, with 512 MB internal memory
and a 40 GB harddisk. Proprietary acquisition software, IdeeQ 1. 70 (Instrument Development
AzM, Maastricht, NL) was used to real-time display and record all parameters continuously at
a sample frequency of 500 Hz. Another dedicated workstation (samplefrequency 250 Hz) was
/ department of medical engineering
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used to record and display the pressure-volume loops, that were acquired with the conductance
catheter.
Data Processing

Dataprocessing was performed using Matlab 6.5 (Mathworks, Natick, Massachusetts, US).
Custom routines (m-files) were developed for the following purposes.
• Low-pass filtering data with high frequency noise.
• Calculating TTl, DPTI and Diastolic Coronary Flow Time-Index (DCFTI) from PLV,max(t) ,
PAo(t) and QCor(t).
• Statistical analysis (see next subsubsection).
• Production of synoptic tables and figures.
• Exporting Matlab tables en figures to LaTeX environment,
These routines considerable speed up the whole data analysis process and prevent numerous
human mistakes. The m-files used for this report can be found in appendix B. For the analysis of the conductance measurements (pressure-volume data) Circlab 2004 (Paul Steendijk,
Leiden, NL) was used.
Statistic Analysis

To test for significant difference between data sets, the non-parametric Wilcoxon signed rank
test as well as the student T-test were used. The student T-test assumes that the dataset is
normally distributed, and has a high sensitivity when this is the fact. The Wilcoxon signed
rank test does not assume normal distribution, but has a lower sensitivity, therefore this test
is preferred when the datasets are not normally distributed. In our case the datasets were
too small (7 animals) to ascertain that they were normally distributed. Due to this fact, we
assumed significant difference only when both tests had a p-value less than 0.05 (=a).

5.4

Results

First the overall results will be outlined. This will be followed by a subsection of pressurevolume loops for illustrating purposes. The overall results will be shown by a number of tables
and figures. Only figures of the most important indices will be shown in this section. Also
in the text only the most important results are pointed out. Table 5.1 and 5.2 show mean
values of the measured indices during respectively aortic and femoral ECLS cannulation. All
values have a standard deviation in the column beside them and a also a p-value indicating
whether or not the change, by turning on one of the pumps, was significant in comparison
with one column to the left. A p-value smaller than a (=0.050) shows statistical significance.
Figure 5.2 (upper part) shows a realtime-recording of turning on IABP during aortic ECLS.
The moment IABP is turned on, a increase in diastolic aortic pressure and a decrease in left
ventricular pressure (afterload) is seen. Also an increase of diastolic coronary flow is seen,
combined with an increase in pulsatility. In figure 5.2 (lower part) mean values per beat are
shown. Clearly visible in this figure is the increase in DPTI, PAo, QCor and DCFTI, when
IABP is turned on; and the decrease in TTl and PLV,max'
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Figure 5.2: Real-time registration of PLV, PAo and QCor' IABP is turned on at 4s/beat 8.

5.4.1

Aortic cannulation

Table 5.1 shows that EeLS increased mean aortic pressure (PAo) with 11 mmHg, and also
increased afterload (increase of TTl with 2.5 mmHg's, not significant increase of PLV,max with
5.5 mmHg). The PAo and TTl increase can be seen in figure 5.3. On the other hand SW
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Index
(mmhg)
PAo
TTl
(mmHg·s)
(mmHg)
PLV,max
(mmHg)
PES
(ml/min)
QCor
DCFTI (ml)
DPTI
(mmHg·s)
(min-I)
HR
SV
(ml)
CO
(ml/min)
dp/dt max (mmHg/s)
SW
(mmHg·ml)
PYA
(mmHg·ml)

Aortic root ECLS cannulation
Baseline
ECLS
(12.2)
62.6 (10.0) 0.016*
51.6
15.0
(4.5)
(3.4)
0.016*
17.5
63.6
(14.7)
69.1 (11. 7) 0.109
51.3 (20.3)
64.8 (13.6) 0.016*
125.2
(45.0)
129.7 (35.9) 0.578
0.88
(0.26)
0.96 (0.28) 0.938
14.1
(5.4)
18.5
(5.1)
0.016*
99.6
0.375
(10.2)
101.3
(6.1)
(11.9)
0.109
41.4
31.0
(8.9)
(959)
(847)
0.109
4057
3209
(335)
1068
(279)
0.578
1153
2033
(875)
(690)
0.469
1799
2323 (1013)
(755)
0.578
2109

ECLS+IABP
66.9 (10.0) 0.016*
16.6
(3.6)
0.031 *
66.7 (12.1 ) 0.078
59.3 (14.5) 0.016*
143.4 (41.8) 0.016*
1.12 (0.35) 0.016*
(5.5)
0.016*
21.9
101.8
(6.2)
0.219
29.3
(9.8)
0.047*
3039
0.047*
(929)
1137
0.031*
(338)
1652
(676)
0.016*
1880
(769)
0.016*

Table 5.1 : Aortic root EClS cannulation. Means (standard deviation) of the 7 animals. The tiny value
in the two columns to the right is the p-value indicating whether or not the change, by turning on one of
the pumps, was significant in comparison to 'without that particular pump'). A p-value smaller than 0:
(=0.050) indicates significance; these are marked with an star (*)

and PYA appear to have decreased which indicates an decrease in workload; although these
changes are not significant. These last two decreases are a result of the the decrease of SV with
10.4 ml. Coronary flow (Qcor), which is a major determinant of oxygen supply to the heart,
slightly increased from 125 ml/min to 130 ml/min. This increase is not significant due to
one animal that, in contradiction with the other six, reduced coronary flow enormously when
the ECLS system was turned on (see figure 5.3: purple lines). Diastolic Pressure Time-Index
(DPTI) increased from 14.1 to 18.5 mmHg·s. Heart rate stayed relatively constant when
ECLS was turned on. Mean values of Stroke Volume (SV) and Cardiac Output (CO) on the
other hand were reduced; however not significantly due to one animal in which SV and CO increased. This is the same animal which had the highest increase of TTl (again see figure 5.3).
When IABP is turned on, on top of ECLS, the following happens (table 5.1). PAo is increased even more: 67 mmHg (IABP+ECLS) vs. 63 mmHg (ECLS Alone). The increase in
TTl of 2.5 mmHg·s by ECLS, decreased with 0.9 mmHg's due to additional IABP support
(figure 5.3). PLV,max and PES decreased too. QCor, which is the most important determinant
of IABP functionality, increased with 13.7 ml/min (see figure 5.3). This is 3 times the increase ECLS alone achieved (table 5.3). This increase is mainly achieved in diastole, which,
in normal physiologic situation, is always the moment most of the QCor is present. This can
be seen in figure 5.3 which shows the Diastolic Coronary Flow Time-Index (DCFTI). DPTI
increased from 18.5 to 21.9 mmHg's, which means that in diastole PAo is increased with 18%.
SV and CO are reduced only marginally, and not significant. The two determinants of workload, SW and PYA respectively decreased with an extra 60% and 100% of the decrease that
ECLS alone achieved.
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5.4.2

Femoral cannulation

Index
(mmhg)
PAo
TTl
(mmHg·s)
(mmHg)
PLV,max
(mmHg)
PES
(ml/min)
QCor
DCFTl (ml)
DPTl
(mmHg·s)
(min-I)
HR
(ml)
SV
CO
(ml/min)
dp/dt max (mmHg/s)
(mmHg·ml)
SW
(mmHg·ml)
PYA

Femoral Artery
Baseline
51.6
(12.2)
15.0
(4.5)
63.6
(14.7)
51.3
(20.3)
125.2
(45.0)
0.88
(0.26)
(5.4)
14.1
99.6
(10.2)
41.4
(11.9)
4057
(959)
(279)
1068
(875)
2033
2323 (1013)

ECLS cannulation
ECLS
60.9 (10.4) 0.016*
(4.2)
0.016*
17.5
66.7 (12.3) 0.297
61.5 (14.2) 0.031*
125.2 (32.2) 0.938
0.93 (0.23) 0.578
(5.5)
0.016*
18.7
97.6
(5.5)
0.297
28.7
(9.4)
0.016*
2851
0.016*
(820)
1002
(236)
0.375
1608
(694)
0.078
1910
(819)
0.219

ECLS+IABP
59.7 (11.1) 0.219
0.016*
15.4
(4.4)
60.2 (12.6) 0.016*
54.4 (14.4) 0.016*
126.0 (32.5) 0.688
1.01 (0.28) 0.813
20.3
0.016*
(6.0)
97.9
(5.4)
0.156
29.2
(9.9)
0.156
2897
(849)
0.109
982
(226)
0.156
1488
(704)
0.016*
(786)
0.016*
1675

Table 5.2: Femoral artery EClS cannulation. Means (standard deviation) of the 7 animals. The tiny
value in the two columns to the right is the p-value indicating whether or not the change, by turning on
one of the pumps, was significant in comparison to 'without that particular pump'). A p-value smaller than
a (=0.050) indicates significance; these are marked with an star (*)

In this case again ECLS increased mean aortic pressure (PAo) with 9.3 mmHg. Looking
to afterload indices, TTl increased with 2.5 mmHg·s and PLV,max (not significant) and PES
respectively with 3.1 and 10.3 mmHg. QCor is not increased at all when ECLS is turned on.
DPTI on the other hand increased from 14.1 to 18.7 mmHg·s (33%). HR remains the same,
but SV and CO are reduced with respectively 31 % and 30%. This obviously is because ECLS
takes over part of the CO. SW and PYA are both decreased with respectively 21 % and 18%
IABP on top of femoral ECLS gave no extra change in PAo, but effectively reduced afterload (TTl: 15.0 (baseline) to 17.5 (ECLS) to 15.4 mmHg·s (ECLS+IABP), PLV,max: 64 to
67 to 60 mmHg). QCor on the other hand is not or hardly improved, only 1 ml/min more,
and not significantly. DCFTI slightly increased, but not significant. The last two sentences
combined show that IABP support may result in increased diastolic flow and decreased systolic flow. This is seen in all registrations (also in aortic cannulation+IABP); flow became
more pulsatile. DPTI increased with 1.6 mmHg·s on top of 'ECLS alone'. This also demonstrates that lAB Counterpulsation (IABC) results in higher aortic diastolic pressures, which
subsequently results in higher diastolic coronary flow. SV and CO do not change as result
of additional IABP support This in contrast to energetic indices of the heart: SW and PYA,
these are decreased due to IABP support, respectively with 28% and 57%.
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5.4.3

Aortic versus femoral cannulation

To compare the additional effect of IABP (when it is combined with ECLS) on the heart and
circulation between the two ECLS cannulations it is convenient represent this in another table. In table 5.3 the first column is filled with the absolute change of the baseline indices due
to ECLS support (aortic cannulation). The second is the change of additional IABP support
in comparison to 'ECLS alone'. In the third column the relative change of ECLS+IABP in
percentages of 'ECLS alone' changes are displayed (e.g. suppose 'ECLS alone' change for
PAo is 10 mmHg, and 'ECLS+IABP' change on top of 'ECLS alone' is 30 mmHg then the
percentage in the 3rd column is 300%.) This is the same for column the fourth fifth and sixth
column, only then for femoral cannulation mode.
Index
PAo

TTl
PLV,max

PES
QCOT

DCFTI
DPTI
HR
SV
CO
dpjdt max
SW
PYA

Unit
(mmHg)
(mmHg·s)
(mmHg)
(mmHg)
(mljmin)
(ml)
(mmHg·s)
(min-I)
(ml)
(mljmin)
(mmHgjs)
(mmHg·ml)
(mmHg·ml)

ECLS alone
+11.0
+2.5
+5.5
+13.5
+4.5
+0.07
+4.4
+1.7
-10.4
-848
+85
-234
-214

Aorta
ECLS+IABP
+4.3
-0.9
-2.4
-5.5
+13.7
+0.17
+3.4
+0.5
-1.7
-170
-17
-148
-229

(% of ECLS)

(39%)
(36%)
(43%)
(41%)
(302%)
(226%)
(79%)
(30%)
(17%)
(20%)
(20%)
(63%)
(107%)

ECLS alone
+9.3
+2.5
+3.1
+10.2
+0.05
+4.6
-2.0
-12.7
-1206
-66
-425
-412

Femoralis
ECLS+IABP
-1.2
-2.1
-6.5
-7.1
+0.8
+0.08
+1.6
+0.4
+0.5
+45
-20
-120
-235

(% of ECLS)

(13%)
(83%)
(206%)
(69%)
(- )

(161%)
(35%)
(18%)
(4%)
(4%)
(30%)
(28%)
(57%)

Table 5.3: Data which shows the effect of 'EClS+IABP' support displayed as percentages of 'EClS alone'
effect. The first column is the absolute change due to 'EClS' support. The second column is the absolute
change in comparison with 'EClS alone' due to 'EClS+IABP'. And the third column is the change of
'EClS+IABP' expressed as percentage of 'EClS alone' change.

Comparison of aortic cannulation mode with femoral cannulation mode in table 5.3 shows that
in aortic cannulation mode, the most important effect of extra IABP support is improvement
of QCor (mainly during diastole) with more then 300% of the improvement achieved by 'ECLS
alone'. In femoral cannulation mode there is no improvement of QCor at all, probably due to
the fact that the inflow cannula is a lot further away from the coronary arteries compared to
aortic cannulation.
In aortic cannulation there is also a decrease of workload due to IABP support compared
to 'ECLS alone'. SW and PYA both decrease with a little less as 'ECLS alone' support was
able to do. In femoral cannulation this is about the half. This is mainly due to the fact that
in femoral mode the heart itself already has less CO than in aortic mode, due to 'ECLS alone'
support and consequently also a more decreased SW and PYA. So the extra IABP support
on top of ECLS is more useful at reducing workload in aortic cannulation mode, because the
'ECLS alone' effect is less than in femoral mode.
In femoral mode the afterload reduction due to IABP is much better than in aortic mode.
It almost completely cancels the increased afterload due to 'ECLS alone' support (83%). In
aortic mode this is only 36%.

/ department of medical engineering

TU/e

43

Chapter 5. Study 1: Combined EClS and IABP

5.4.4
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Figure 5.5: Pressure-Volume loops of all aortic cannulated sheep. The dotted line represents the baseline
pV-loop, the blue striped line represents the pV-loop when EClS is turned on, and the red line represents
the pV-loop when EClS+IABP are on.
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Figure 5.6: Pressure-Volume loops of all femoral cannulated sheep. he dotted line represents the baseline
pV-loop, the blue striped line represents the pV-loop when EClS is turned on, and the red line represents
the pV-loop when EClS+IABP are on.
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Clearly visible from the pV-Ioops is that ECLS support reduces SV as well in aortic
cannulation mode (figure 5.5) as in femoral cannulation mode (figure 5.6). The increase of
maximum ventricular pressure (PLV,max) due to ECLS is also clearly visible, as well as the
subsequent decrease due to extra IABP support. The last decrease is twice as much in femoral
cannulation mode compared to aortic cannulation mode. Additional IABP on top of ECLS
also decreased preload. This can be seen in the pV-Ioops as the decrease in EDV. In figure
5.5 and 5.6 all seven sheep are displayed. Loops for baseline, ECLS alone and ECLS+IABP
support are shown per sheep.

5.5
5.5.1

Discussion
Interpretation of the results. with respect to the questions

To summarize, Aortic ECLS cannulation alone increased coronary flow with 4% and also
increased afterload (TTl) with 17%. Stroke work decreased with 12%, mainly due to volume
unloading 1 . IABP on top of ECLS increased coronary flow even more with 12% (3 times as
much increase as 'ECLS alone' induced increase). Extra IABP partly cancels the negative
effect of increase of TTl due to ECLS (36% of the induced increase by 'ECLS alone' is cancelled). And Stroke work is decreased with an extra 12% (=60% of the decrease by ECLS
alone).
Femoral ECLS cannulation, increased afterload with 17%. QCOT is hardly increased. The
heart's own SV and CO decreased with about 30%. Energetic values, SW and PYA are
also decreased (not significant). Additional IABP results in the almost complete cancellation
of the increased afterload, and also decreases SW and PYA. QCOT is barely increased by IABP.
The 2 paragraphs above answer the initial question What is the effect on the heart's workload/afterload (oxygen consumption) and coronary flow (oxygen supply) when additional IABP
support is used on top of ECLS. But for the question Is it desirable to use IABP on top of
ECLS? some extra information is needed. This will be discussed in the following subsubsections.

5.5.2

Comparison with other publications

Bavaria [5] studied the effect of circulatory assist devices on left ventricular function, in 8
sheep. They combined ECLS and IABP in a similar way it was done in our experiment.
But they also measured oxygen consumption. They found an increase in coronary flow of 6.2
± 18.2 due to ECLS support and of 17.8 ± 23.1 due to ECLS+IABP in comparison with
baseline (:::::J 100 ml/min). Clearly from the standard deviation is that there is a large variety
in reaction between the different animals. These results are different from our results: in
femoral cannulation mode we observed no increase in coronary flow (table 5.2), although we
did measure an increase during aortic cannulation mode (table 5.1). PLV,max increased with
1.7 ± 6.2 during ECLS and decreased with 2.0 ± 7.6 during ECLS+IABP. This in comparison with baseline of approximately 57 mmHg. During femoral cannulation we measured an
increase of 3.1 mmHg due to ECLS and a decrease of 3.4 mmHg compared with baseline of
1 It is important to remember that ECLS takes over about 50% of the circulation, making sure enough
oxygen is supplied to the organs and other tissue. This is the main function of the ECLS
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approximately 64 mmHg. So Bavaria's results are in consensus with our results regarding
the PLV,max, but not regarding coronary flow. Bavaria measured another parameter, namely
LV oxygen consumption. This parameter decreased with 9% during ECLS and also with 9%
during ECLS+IABP, both in comparison with baseline of 80 J.d/100g/beat. This decrease
seems in contradiction with the increased wall stress they measured during ECLS. In our our
experiment we find similar results: TTl as measure of wall stress increased during ECLS, and
PVA as measure of oxygen consumption decreased. This may be explained by the volume
unloading effect of ECLS.

5.5.3

IABP: pros and contras

Before an answer to the second question from section 1.2 is possible it is important to discuss
the arguments pro and contra the use of IABP on top of ECLS. Aortic cannulation is used
(peri- and) post-operative when the patient receives open-heart surgery. This means mainly
Coronary Artery Bypass Grafting (CABG) and valve replacements. Briefly summarizing the
results, gives that aortic ECLS cannulation and i.c.w. IABP support increases coronary flow
with 13% and decreases afterload (TTl) with 6%. These values combined with the fact that
these types of patients benefit from increased coronary flow (increased oxygen supply) and
decreased afterload/workload (oxygen consumption) might imply that additional IABP support should always be used. But there are more things to consider. One important thing is:
What is the chance on complications due to additional JABP support? Meco [40] reported
16.3% of 116 patients, in which IABP was used, had major vascular complications; 10.3%
due to limb ischemia. Sanfelippo [50] reported 11.1% of 596 patients in which major vascular
complications, mainly due to limb ischemia occurred. Although balloon removal, followed by
thromboembolectomy, restored limb viability in the majority of cases.
Patients that receive femoral cannulation are patients that are hospitalized for Percutaneous
Transluminal Coronary Angioplasty (PTCA). In these patients the chest is not opened. These
PTCA patients have diminished flow trough the coronary arteries (less oxygen supply). This
experiment shows that there is no increase in QCor, due to additional IABP, but only a 12%
decrease in afterload. But this decrease also reduces the heart's oxygen demand, and hence
can be just as important as increasing the oxygen supply. But the problem is that a second
femoral artery has to be opened, because the other one is in use by the arterial ECLS cannula.
So in this case there are two limbs with possible ischemia. Maybe the decrease in afterload is
not an even match for the possible chance of ischemia in both legs. Although as states above
balloon removal restored limb viability in most cases. And surely inviable limbs are of less
importance than overall inviability (death) which can occur when these critical patients do
not receive adequate cardiovascular support.

5.5.4

Exceptional effects

In our experiments there are some animals that respond different to ECLS and/or IABP
support than the majority. These will now be discussed. Animal 'red' is special because
ECLS support increased stroke volume from 26.0 to 39.5 ml (52%). Also SW and PVA increased, respectively from 770 to 2180 and 813 to 2524. Also visible is an enormous increase
in dp/dt max . The other indices of animal 'red' have a normal course compared to the other
animals. TTl and QCor both are increased most in this animal, but not exceptional. The
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reason for this increased SV may be ascribe to the fact that this heart was already ischemic.
Due to ECLS support coronary flow went up, which is equivalent to more oxygen supply. Due
to this extra oxygen SW, PYA, TTl and also dpjdt max increase, which implies that the heart
is now able to work harder, and that is why SV volume increases to.
But in femoral cannulation mode none of this is the case. In this mode this animal behaves just like you would expect. Maybe femoral cannulation mode is not able to increase
coronary flow, and that is why the heart, in this mode, can not produce more work per stroke.

5.5.5 Workload and afterload
In almost all of the seven sheep we see that afterload during as well femoral ECLS as aortic
ECLS, afterload increases compared to baseline, but workload decreases. One might expect
that due due a higher afterload (TTl, PLV,max) wall tension also increases, because the heart
has to eject against higher pressures, and thus workload increases too. However, the ECLS
takes over a large part of the circulation and thereby decreasing preload to the heart. In that
way ECLS unloads the heart. Combining the volume unloading and the pressure loading,
apparently volume unloading has the dominant effect. And that is in accordance with with
the decrease of SW and PYA.

5.5.6

Femoral cannulation (dis)advantages

During femoral cannulation there is no increase in afterload due to ECLS and also none due
to ECLS+IABP. This probably arise due to the fact that the outflow cannula is in one of the
femoral arteries. This means that the place of outflow is about 50 cm away from the entrance
of the coronary arteries. The resistance of the intermediary vessels plays an important role,
just like the opposite direction of the normal blood flow. Another thing is the inflation of
lAB during diastole. This almost occludes the aorta, so resistance of the intermediary vessels
during diastole is even more at that moment. And diastole is the usually the moment of the
beat when the coronary artery diameter is the largest. All this makes sure that no extra
coronary flow is produced. These negative effects on coronary flow, however, are the reasons
for a positive effect on afterload. When femoral cannulation is used, afterload is twice as
much reduced compared with aortic cannulation.

5.5.7

Extra: Unloading versus training

Despite of the fact that is not necessary to answer the questions of this research, it can be
useful for other circumstances to discuss the option that fully unloading (FU) the heart is not
the best thing for the overall condition of the heart on the long term. On the short term, perior directly post-operative, it is evident that unloading the heart by means of extracorporeal
life support is important, because the vital organs (and also other tissue) need to be well
perfused. But on the long term it might be better to train the heart instead of unloading
it, just like with skeletal muscles [16][39]. The idea of training is letting the heart function
at its maximal capacity (Maximum Cardiac Contribution (MCC)). This means giving only
extra support to fill up that part of the Cardiac Output that the heart is not able to do in
its 'sick' condition. This way you make sure the organs are sufficiently perfused and the heart
has to function at its maximum capacity. Further, when the heart starts to strengthen, you
need to turn down the extra-corporeal flow so that the heart can start to generate more flow
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to maintain the same aortic pressure and again has to function at its new MCC point.
Another option is to use interval training. This has been proven to help with skeletal muscles [39], so this may also work with heart muscle. Although the heart is a different type
of muscle than skeletal muscle, this may be the best way to wean the heart off the ECLS.
Interval training is a combination of FU and MCC. The ECLS unit must be set to FU for a
few minutes and then changed to MCC for a few minutes/hours, then back to FU for a few
minutes/hours and subsequently to MCC, etcetera.

5.6

Conclusion

In the following two paragraphs the effect on the heart's workload/afterload (oxygen consumption) and coronary flow (oxygen supply) of additional IABP on top of ECLS - as well
in femoral ECLS as aortic ECLS cannulation mode is outlined.
During aortic ECLS cannulation, afterload significantly increases. TTl from 15.0 to 17.5
mmHg·s and PLV,max from 63.6 to 69.1 mmHg. This increase was partly annihilated by
additional IABP support. TTl decreased from 17.5 to 16.6 mmHg·s and PLV,max from 69.1
to 66.7 mmHg. And coronary flow significantly increased from 125 to 130 to 143 ml/min.
Further SW and PYA decrease respectively from 2033 to 1799 to 1652 mmHg·ml and from
2323 to 2109 to 1880 mmHg·ml.
During femoral ECLS cannulation in combination with IABP afterload is reduced twice as
much as during aortic cannulation. TTl from 15.0 to 17.5 to 15.4 mmHg·s and PLV,max from
63.6 to 66.7 to 60.2 mmHg (Baseline - ECLS - ECLS+IABP). But there is no increase in
coronary flow at all. SW and PYA decrease from 2033 to 1608 to 1488 mmHg·ml and 2323
to 1910 to 1675 mmHg·ml. Additional IABP support in this cases requires a second femoral
artery to be clamped.
With this experiment is proved that when ECLS is used, additional IABP is desirable, in
both ECLS cannulation modes, because additional IABP only has positive effects on cardiovascular parameters and no negative effects. The only things that need to be considered are
the vascular complications like limb ischemia, that can occur due to insertion of the lAB.
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Study 2: Contractility assessment
6.1

Introduction

As part of this master's thesis two studies were conducted. In this chapter the second protocol
will be described. Firstly the questions regarding this research will be described in section 6.2.
Secondly the followed protocol will be outlined. Subsequently the results will be displayed,
followed by the discussion. This discussion will be an interpretation of the results and also
a comparison of the results with other publications. The last section will be the conclusion,
were an answer will be provided to the questions from the section 6.2.

6.2

Question

Is it possible to use IABP to change afterload and thereby asses myocardial contractility by
means of ESPVR analysis? And can myocardial contractility still be seen as an independent
parameter?

6.3

Methods

Eight healthy sheep of 85 ± 11 kg were used to answer the question. The sheep came from
regular farmers and had no known deficiencies. During the 12 hours before the operation,
they were sober. The more detailed procedures are described chronologically in the following
subsections.
6.3.1

General Procedures

First general anesthesia (SOP 1, Appendix B) has been used to anaesthetize the sheep.
Secondly the sheep was surgically preparated and instrumentated (SOP 4, Appendix B).
Subsequently the IABP was inserted, via a. femoralis, followed by connection of v-a ECLSI.
A string as placed around the Inferior Vena Cava (IVC) and also around the aortic root.
Subsequently the protocol has been started, this is further explained in section 6.3.3.
luse of EeLS was not necessary for this experiment, but was needed for the major experiment described
in chapter 5.
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Physiological focus

The following primary hemodynamic variables were recorded continuously at a sample frequency of 500 Hz: PLV, V LV, PLA, PAo, PCV, PPA, QpA, QCor, QPump(ECLS). The main
focus was on the following indices:
• LV pV-Ioops: ESPVR, EES
• LV Loading conditions: preload (EDV) and afterload (PLV,max)
• LV Work: pressure-volume areas (SW and PYA)
6.3.3

Protocol

The protocol started with a baseline measurement. After this three different interventions
were done to asses the end systolic pressure volume relation. One preload intervention and
two afterload interventions: Firstly an IVC occlusion was done by clamping the IVC with a
string (occlusion holded for 10-15 beats). This IVC occlusion was repeated 4 times. After
1 minute rest an aorta occlusion was done, by clamping the aorta with a string (occlusion
holded for 10-15 beats). Again, this was repeated 4 times. Subsequently the animals were
given one minute rest before another intervention took place: occlusion of the aorta by means
of manually inflating the 40cc lAB (DataScope, Fairfield, NJ, US) with a syringe (occlusion
holded for 10-15 beats). Again, this was repeated 4 times. The full protocol was repeated
two times per animal.
6.3.4

Data Analysis

Data Recording

During all the experiments we used a Pentium III workstation, with 512 MB internal memory
and a 40 GB harddisk. Proprietary acquisition software, IdeeQ 1.70 (Instrument Development
AzM, Maastricht, NL) was used to real-time display and record all parameters continuously at
a sample frequency of 500 Hz. Another dedicated workstation (samplefrequency 250 Hz) was
used to record and display the pressure-volume loops, that were acquired with the conductance
catheter.
Data Processing

Dataprocessing was performed using Matlab 6.5 (Mathworks, Natick, Massachusetts, US).
Custom routines (m-files) were developed for the following purposes.
• Low-pass filtering data with high frequency noise.
• Calculating EES from ESPVR of pV-Ioops.
• Statistical analysis (see next subsubsection).
• Production of synoptic tables and figures.
• Exporting Matlab figures to LaTeX environment,
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These routines considerable speed up the whole data analysis process and prevent numerous
human mistakes. The m-files used for this report can be found in appendix A. For the analysis of the conductance measurements (pressure-volume data) Circlab 2004 (Paul Steendijk,
Leiden, NL) was used.
Statistic Analysis

To test for significant difference between data sets, the non-parametric Wilcoxon signed rank
test as well as the student T-test were used. The student T-test assumes that the dataset is
normally distributed, and has a high sensitivity when this is the fact. The Wilcoxon signed
rank test does not assume normal distribution, but has a lower sensitivity, therefore this test
is preferred when the datasets are not normally distributed. In our case the datasets were
too small (7 animals) to ascertain that they were normally distributed. Due to this fact, we
assumed significant difference only when both tests had a p-value less than 0.05 (=a).

6.4

Results

Firstly, a comparison will be given which shows the differences between the three types of
occlusion. This will be followed by a subsection with pressure-volume loops to illustrate differences between aorta and vena cava occlusions, subsequently the change of some important
indices, during the occlusion, will be shown.

6.4.1

Occlusions

In figure 6.1, the three different interventions to asses the slope of the ESPVR are displayed.
IVC occlusion as well as aorta occlusion with the lAB succeeded in 7 amimals. Aorta occlusion
by clamping the aorta was only done in four animals. Mean end-systolic elastance for the IVC
occlusion was 1.12 mmHg/ml, whereas for aorta occlusion (with lAB) this was significantly
higher namely 1.82 mmHg/ml. The mean EEB of the four animals in which aorta occlusion
with a string was done was not significant different from aorta occlusion with the lAB. Mean
EEB was here 1.80 mmHg/ml.

6.4.2

Complete pV-loops

PV-Ioops, during the occlusions are shown in figure 6.2. The loops of the 'IVC occlusion' as
well as the 'aorta occlusion with lAB' are shown for all seven animals. By drawing a line
through the different end-systolic pressure-volume points, the ESPVRs were assessed, and
the EEBS were determined. In all sheep, the EEB during the afterload intervention (aorta
occlusion) was higher than the EEB during the preload intervention (Vena Cava occlusion).
The 'afterload loops' were more to the right in the pV-plane than the 'preload loops'. As
result of the last two findings the VO (unloaded volume of the LV) was higher during afterload
interventions than during preload interventions.

6.4.3

Change of important indices during occlusions

During occlusion, the changes of the following indices have been recorded: end-diastolic
volume, end-systolic pressure, maximal slope of LV pressure, stroke work, pressure-volume
area and stroke volume. These indices were recorded for all seven animals. These are shown
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Wilcoxon test: p:::: 0.016

,

1.5

0.5

Student I-test: p = 0.001

na Cava

t

Wilcoxon test: p:::: 0.625
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Figure 6.1: End-Systolic Pressure-Volume Relation, values of EEs for the three types of interventions,
which illustrates the difference between them. Left: Inferior Vena occlusion, with a string; Middle: Aorta
occlusion by means of lAB inflation; Right: Aorta occlusion with a string

in figure 6.3 and 6.4. In figure 6.5 the same data is plotted, only with some modifications.
Firstly, in this figure the data were normalized. Indices just before intervention (baseline)
are set to 100%. Any change in the next 14 beats is given as percentage of the baseline.
A best linear fit of every index for every animal was calculated. Subsequently the mean
values of these seven animals were plotted in figure 6.5. Some striking changes of indices
will be pointed out here, the others can be looked up in figures 6.3, 6.4 and 6.5. Except
for SV, all indices decrease during the Vena Cava occlusion and increase during the aorta
occlusion. SV decreased in both cases. Most prominent change was the change of PYA.
PYA decreased with 65% during the Vena Cava occlusion and increased with also 65% during
the aorta occlusion. An interesting change is the change of dp/dtMax (one of the measures
of contractility), which occurred during the interventions. dp/dtMax decreased with 28%
during the Vena Cava occlusion and increased with 13% during aorta occlusion. Further
EDV volume increased during the afterload intervention with 40% en decreased during the
preload intervention with 73%. Although there is a decrease in stroke volume during the
afterload intervention, still stroke work is increased: this can be attributed to the enormous
increase of ESP (62%). During the preload intervention the decrease of stroke work can be
attributed to the combined decrease of SV and ESP.
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Figure 6.2: Preload interventions versus afterload interventions. The blue loops and ESPVR are measurements during afterload interventions and the red loops en ESPVR are measurements during preload

~rventions

/ department of medical engineering

rUle

54

Chapter 6. Study 2: Contractility assessment

Vena Cava occlusion
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Figure 6.3: Vena Cava occlusion. End-diastolic volume (V ED ), end-systolic pressure (PED), maximal
slope of LV pressure (dpjdtMax), stroke work (SW), pressure-volume area (PVA) and stroke volume (SV)
during 15 beats Vena Cava occlusion.

Aorta occlusion
11 0 r;::r:=~~~=j'"---.--.---r-rl

23456789101112131415
Beat Number

2 3 4 5 6 7 8 9 101112131415
Beal Number

Figure 6.4: Aorta occlusion. End-diastolic volume (V ED ), end-systolic pressure (PED), maximal slope of
LV pressure (dpjdtMax), stroke work (SW), pressure-volume area (PVA) and stroke volume (SV) during
15 beats aorta occlusion.
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Figure 6.5: Normalized intervention data. Shows difFerence between preload intervention (Vena Cava
occlusion) and afterload intervention (aorta occlusion) of 6 important parameters.
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6.5
6.5.1

Discussion
Contractility - Independence versus Dependance

To answer the question "Can contractility be assessed by the slope of the ESPVR?" we
first need to (re)define contractility. As outlined in chapter 1, contractility is the intrinsic
strength of the cardiac muscle. But its independence of afterload, heartrate and even preload
is not generally accepted anymore. When afterload increases, contractility increases, which is
defined as the Anrep effect or homemetric autoregulation [54] [33] [10]. When heartrate is increased contractility increases too, this is called the Bowditch effect [32] [33]. The dependence
of contractility on preload is something different [35]. This is merely a question of definition.
It is widely accepted that and increase in preload is followed by an increase in active tension,
this called the Starling effect, and can be well seen in length-tension plots. The question is:
is this increase in active tension a result of increased contractility? This is a difficult question
because it depends on complete on the definition of contractility. Below a few definitions of
contractility will be given:
• The capability or quality of shrinking or contracting, especially by muscle fibers and
even some other forms of living matter [42].
• Systolic stiffness of the heart [Coelho].
And the definition of contraction as follows:
• a shortening or tensing of a part or organ (especially of a muscle or muscle fiber))
According to the first definition of contractility, it is increased when preload is increased.
Because during the increased preload the capability of shrinking and contracting is enhanced,
because tension that is generated is higher. Thus contractility must be seen as a more dynamic, time varying, parameter. dp/dtMax in figure 6.5, as measure of contractility, shows
that contractility increases during the afterload ESPVR measurements, and decreases during
the preload ESPVR. But again, other investigators see this as a phenomenon of the Starling
effect, which is true, but do not call this an contractility increase/decrease. The EES however
stays constant over a broad range of LV volume (figure 6.2, especially sheep 5 till 7) which
demonstrates the independence of EES on preload (EDV), at least on that domain. So this
is contradictory with above mentioned definition of contractility. Sumarizing dp/dtMax is
dependent of preload and EES is not.
Another way to see contractility is as the spare capacity of the heart. Because the capability, as it says in the definition, can also be seen as potentiality [42]. And a value for this
can only be found when the heart is forced to contract at the limits of its capability, meaning
one should volume overload the heart and see what the maximum achievable force (or pressure) the heart is able to generate.
Another important aspect is that during ESPVR analysis, hysteresis is seen, meaning that
the ESPVR is steeper when preload is increased and less steep when is decreased. Vena Cava
occlusions decrease preload, and the heart reacts different to that than to an increase. What
we ant is to see the reaction of the ventricle to an increase; thats gives information about how
contractile the ventricle is. The preload decrease gives more information about how good the
heart is able to adjust to less load, which is apparently not the same as how good the heart
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is able to adjust to an increase in load. Aorta occlusions however, are in this way a better
intervention to assess the ESPVR because with this intervention, the reaction of the heart to
an increased load (as well volume load as pressure load) can be seen.
This subsection is meant to outline the difficulty of assessing contractility, because there
is no clear consensus about its definition. Before one tries to assess contractility, first the
definition that is going to be used must be clearly given. Whether or not people see the
increase in force generation, as result of increased preload, as a rise of contractility, the fact
remains that that contractility is also dependent on afterload and heartrate (see chapter 1).

6.5.2

Contractility assessment by means of

EES

Whether or not it is called a contractility increase, it is true that active pressure in the LV
increases when preload increases. And the steepness of the slope in which this happens does
say something about the strength of the heart; and the capability to adjust itself to higher
preloads. But before this slope can be accepted as 'THE' contractility of a patient a few
things have to be considered.
Firstly for the ease of calculating the ESPVR is considered to be linear. Actually it is
proven that this is not true, and in fact the ESPVR is curvilinear [22]. But for a small range
of ESPV points linearity can be reasonably assumed. So when you want to draw the ESPVR
by afterload interventions and compare them to preload interventions, you have to be in the
same volume domain. This is a difficult task, because preload interventions generally occur by
clamping the Vena Cava. This means preload decreases from the point where you started the
first loop. When you do an afterload intervention with lAB, this means the same as clamping
the aorta and preload increases due to the fact that SV decreases. This different working
domain can be seen in figure 6.2. However, because the curvilinearity you would expect a
lower EES during afterload interventions compared with preload interventions, based on the
curvilinearity alone. But this is not the case, and actually is the other way around. So this
is not the reason for the different EES in figure 6.2.
So the first thing is not the reason that a different EES is seen during preload versus afterload interventions. This brings us to the second thing that has to be considered: the
afterload dependency. The Anrep effect shows that at higher afterload, the heart reaches
an higher contractile state. Klautz [33] showed that the Anrep effect was present when afterload was increased and allowed to stabilize for a few minutes. But in our experiment we
see an increase in EES directly after changing the afterload (an increase in comparison with
the preload intervention), without time to stabilize. This means that the heart would able
to adjust (increase) its contractility to the new afterload within seconds. And then, it is
also likely that the heart decreases its contractility when the preload intervention is done,
because afterload decreases then too. The beat-to-beat change of contractility however, is
only seen when looking at dp/dtMax; EES does not change beat-to-beat. Actually as can be
seen, preload increases too when the afterload intervention is done, this is annoying, but can
be overcome by occluding the vena cava at the same time and in that way keeping preload
constant. So only afterload increases. Thus, this way the possible contractility increase can
be fully ascribed to the afterload increase. This is done by Kass [30], and resulted in an EES
of 4.9 ± 0.5 during vena cava occlusion, and an EES of 7.7 ± 1.5 during aortic occlusion. On
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the other hand afterload cannot be held constant during preload interventions. Thus, during
Vena Cava occlusions not only preload is changed but also afterload. This cannot be changed
because afterload cannot be held constant because ESPVR determination depends on it.
To summarize, EEs is lower when acquired with preload interventions (Vena Cava occlusion) in comparison with afterload interventions (aorta occlusion). In a beat-to-beat analysis
is can bee seen that dp/dtMax increases beat-to-beat with higher EDV and/or PES, however
this not seen in a beat-to-beat increase in EEs. But this can be attributed the fact that that
we assumed the ESPVR to be linear. Maybe not the first but the second derivative of the
ESPVR should be consider constant.

6.5.3

Left ventricular pressure and contractility

As stated by formula 1.2, oxygen consumption, is less sensitive to changes in ventricular
volume than pressure. So one would expect that, if the hypothesis that the stimulus for
homeometric autoregulation resides in mechanical stretch-activated channels in the ventricle
wall, that a LV pressure rise is the best indirect indication for a contractility rise. When we
look at 6.1 we see that EEs during preload intervention is 1.12 mmHg/ml, whereas for afterload intervention, EEs is significantly higher namely 1.82 mmHg/ml. During the 15 beats
preload intervention, mean pressure was 47 mmHg (figure 6.3). And during afterload intervention this was 69 mmHg (figure 6.4); this is a factor 1.5 more than the 47. The measured
EEs of 1.82 and 1.12 differ a factor 1.6. Thus it could be possible that the higher PLY indeed is
the reason that we measured a higher contractility during afterload than during preload interventions. But in this experiment during the afterload interventions preload changed and visa
versa. So the preload could contribute to this too. However, Kass [30] reported, differences
in EEs during preload interventions and afterload inventions, with constant preload. During
afterload interventions EEs also was a factor 1.6 higher than during preload interventions.

6.5.4

Double change of dpjdtMax

Another remarkable difference that can be seen in figure 6.3 and 6.4 is the dynamic change
of dp/dtMax during the interventions. During the aorta occlusion dp/dtMax increased from
1170 to 1320 mmHg/s which is 13% and during the vena cava occlusion dp/dtMax decreased
from 1209 to 860 which is a decrease of 29%. Thus, looking at this parameter it seems that
contractility is more sensitive for volume unloading than to pressure loading. But during
the aorta occlusion stroke work did not increase that much because stroke volume decreased.
Thus, maybe changes in stroke work are also somehow involved in the process of the changing
contractility. Mean dp/dtMax during Vena Cava occlusion was 1050 mmHg/s and during
aorta occlusion this was 1250 mmHg/s and. This is a factor 1.2 higher

6.5.5

Preload versus afterload interventions

Results from this experiment clearly indicate that measures of contractility (EES and dp/dtMax)
are significantly higher during afterload interventions in comparison with preload interventions, most likely due to the Anrep effect. However, most contractility measurements in the
clinic are done to compare the post-operative and pre-operative strength of the heart, or to
determine whether or not contractility has increased peri-operative. Thus, as long as one
chooses one of the two interventions (preload, afterload) and consequently keeps doing this in
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that subject, there is no reason to suspect that the relative change of contractility will differ
depending on the type of intervention chosen. To research this, contractility measurements
during gradually induced ischemia (or after injecting inotropes or calcium into the circulation)
and precise vena cava occlusions should be compared to contractility measurements during
gradually induced ischemia and precise aorta occlusions.

6.5.6

lAB for aorta occlusion

Figure 6.1 shows that there is no difference in slope of the end-systolic pressure-volume relation. EES with IABP was 1.80 and with a string was 1.82 mmHgjml. Thus, manually
inflating the lAB to occlude the aorta generates the same effect as occluding the aorta with
a string, and is thereby an convenient way to change afterload without the chest having to
be opened.

6.6

Conclusion

To answer the question Is it possible to use IABP to change afterload and thereby asses myocardial contractility by means of ESPVR analysis?, first off all we have to say that it is
indeed possible to use the IABP to change afterload (6.2). The possibility to assess absolute
contractility is a harder question. Because contractility can no longer be considered independent of heartrate, preload and especially afterload. By changing afterload contractility is
already changed too, so this might not be the best way to acquire the ESPVR, however it is
the question whether changing preload is an unbiased way to acquire the ESPVR, because of
hysteresis. Decreasing preload generates a lower ESPVR than increasing preload. Based on
hysteresis, an afterload intervention would be a better way to assess the heart's capability to
adjust to a higher load (volume as well as pressure).
To assess relative contractility however - by this is meant the contractility de- or increase
in comparison with an earlier measured value - afterload interventions may be just as good
as preload interventions, because in all measurements the contractility dependance is presence. So by comparing two measurements this effect is annihilated. This should be further
examined at different grades of ischemia, or after injecting inotropes or calcium.
Concluding, contractility is not an independent parameter, thus preload and afterload are
of major importance when assessing the intrinsic strength of the heart.
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Evaluation
This report has given more insight in the way the heart and circulation work, especially in the
way measurements are done to assess the function and strength of the heart. In the two experiment chapters, chapter 5 and 6, answers are provided to the questions which are described
in the introduction. In chapter 1 important theories and physiologic processes are rephrased
and discussed - e.g. excitation contraction coupling, the Frank-Starling effect, length-tension
relations. Further, in chapter 1 and 6 has been outlined why the traditional believed independence of contractility is wrong, and contractility should be seen as a dependant parameter;
dependant of preload, afterload and heartrate. Chapter 2 elaborately described the way in
which the intra-aortic balloon pump supports the heart by decreasing afterload and increasing
coronary flow, complete with all timing errors, supported by mathematic formulas. Concluding, this thesis should have given the reader an overall idea of the complexity of the heart
and circulation.
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Matlab files
A.I

Introduction

Following are the source codes of the three most important m-files used to analyze and
calculate data needed for the research: loaddata7.m, difpot5sub.m and loadin2.m. Files are
all written by Jasper SeIder.

A.2

loaddata7.m

function loaddata(data);
close all;

=============================================' )

%disp( ,
%disp( J
%disp( J
%disp( J
%disp( ,
%disp( ,
%disp( ,
%disp( ,
%disp( ,
%disp( ,
%disp( ,
Xdisp( J
%dispC'
%disp( ,

%
%

%

=============================================' )
Time')
Ply')

Pao_l' )
Pao_2' )
Pia')
Qpa')
Qpump')
Qcor')
Vlv')

========== ===================================' )

LOAO DATA

=========================
M

7.

The file should have been saved in IdeeQ with ')
the following properties in the given order: J)

=

dlmread(data. '\t' ,16,0);

INTERPOLEREN

=========================
xi=l: 0 .5: length(M);
M=interp1(M,xi) ;

%
%

BENOEM KOLOMMEN UIT MATRIX N

============================
Time
Ply
Pao_1
Pao_2
Pia
Qpa
Qpump
Qcor
Vlv

%
7.

= M(;, 1) ,
= M(:,2),
= M(; .3);
= M(: .4);
= M(: .5);
= M(:.6),
= M(:. 7) ,
= M(:.8),
= M(:.9),

VERWIJDER OFFSET TIME

=========================
Time=Time-Time (1);

%
%

PAO_1 OFFSET VERWIJDEREN en TRESHOLO dPlv vaststellen

============================
disp(' J);
disp(' ADJUST Aorta PRESSURE');
Pao_1offset=input(' How many mmHg should it be lowered? (0) I);
if length(Pao_1offset)==Q
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Pao_loffset=O;

end

disp('
diBp('

J);

ADJUST dPlv TRFSHDLD');
tresbold=input (, What should dPlv Tr9shold be? (15) J);
if length(treshold)==Q
tresbold=15 ;
end

%
%

FILTEREN

================================
=

Time

j

= 2;

Wn
[b,a]
Y
Time

x

0.05;
X(Wn=2*cuttofffreq!sampleRate)
= butter(n,Wn);
= filtfilt(b,a,X) j
= Yi Time(l):O.O;
=

= Pao_i;
= 2;
= 0.03 j
%(Wn=2*cuttofffreq!sampleRate)
= butter(n,Wn);
= filtfilt(b,a.X) j
= Y;
= Pao_2;
= 2;

= 0.05 j
%(Wn=2*cuttofffreq!sampleRate)
= butter(n,Wn) j
= filtfilt(b,a,X);

= Y;
=

PIa;

n

=

2;

Wn
[b,a]
Y
Pla

0.05
%(Wn=2*cuttofffreq!sampleRate)
butter(n,Wn) i
= filtfilt(b,a,X) j
= Y;

n

= 2;

Wn

= 0.05

[b,a]
Y
Plv

= butter(n,Wn) j
= filtfilt(b,a,X):

=

=

=

Ply;
j

%(Wn=2*cuttofffreq/sampleRate)

= Y;

= Qpa;
=

Wn
[b,a]
Y
Qpa
X

n
Wn
[b,a]
Y
Qpump

2;

= 0.05

%(Wn.::2*cuttofffreq!sampleRate)
butter(n,Wn);
= filtfilt(b,a,X);
= Y;
=

= Qpump;
= 2;

0.1;
%(Wn=2*cuttofffreq!sampleRate)
= butter(n,Wn) j
= filtfilt(b,a,X);
= Y;
=

= Qcor;
n

= 2;

Wn
[b,a]

= 0.1;
'Y.(Wn=2"'cuttofffreq!sampleRate)
= butter (n, Wn) ;
= filtfilt(b,a,X);
= Y;

Y
Qcor

=

n

Wn
[b,a]
Y
Vlv

%
%

VIvj

: 2;
= 0.1 i

%(Wn=2"'cuttofffreq!sampleRate)
= butter (n I Wn) j
= fiItfilt(b,a,X) j
= Y;

Pl v OFFSET VERWIJDEREN

============================
minPIv=min(PIv) j
PI v=PI v-minPI v j
Pao_l=Pao_l-minPlv j
dt=Time (end) !length(Time);

%
%

Detect1e Begin ventrikel contractie
dPIv=diff(PIv)

(SYSTOLE HARKER 1)

j
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ddPlv=diff(dPlv) ;

plot(20*d.Plv.' g')
z=find(20*dPlv>treshold) ;
i=l ;
nearity=50j
while i<length(z)
if z(i»(z(i+1)-nearity)
z(i+l)=[]; i=i-l;
end
i=i+l j
end
A=z;

Detectie Eind Ventrikel relaxatie

(SYSTOLE MARKER 2)

indexmini 7= [] ;
for i=1 :length(A)-l
[mini J indexminJ = min (
Plv(A(i)
indexmini6=indexmin+A(i) ;
indexmini1= [indexmini 7; indexmini6] i

»;

A(i+l)

end

%plot (indexmini7 .0.' g.') ,hold on, plot (PI v. 'r I) ,plot(Pao_1) ,plot (A,D,' r')
Al=indexmini7(1: end-l) ;
A2=indexmini 7 (2: end) ;

%

%

SYSTOLE INFO
=================================

disp(> ')
disp(' SYSTOLE DETECTION')
i f Al(l»A2(l)
A2(l)=[] ;

a=l j
disp('

- Removed

ODe

end-systolemarker at beginning.')

end
i f Al(end»A2(end)
Al(end)=[] ;

b=l;
disp('

- Removed one begin-systolemarker at end.')

end

i f a==O &: b=:::O

diap( I

-

No systolemarkers removed')

end

systolemarkers= [Al,A2] ;
disp( ['
- Found 1 .int2str(length(systolemarkers».

%
%
%

J

systoles. ']);

Detectie Dicrotic Notch and minimal difference Pao_1 and Ply
(DIASTOLE MARKERS)
==================================================================================

indexmini3= [] ;
indexminiS= [] ;
dif=abs(Pao_1-Plv) ;
for i=l :length(systolemarkers)
[mini.indexmin] = max (
dPlv(systolemarkers(i,l)
systolemarkers(i .2»
);
indexmini2=indexmin+systolemarkers(i, 1) ;
indexmini3= [indexmini3; indexmini2] j
end

for i=l: length(systolemarkers)
[mini. indexmin] = min (
dPlv(systolemarkers(i ,i)
systolemarkers (i, 2»
);
indexmini4=indexmin+systolemarkers(i, 1);
indexminiS= [indexminiS; indexmini4] ;
end

%
%

DIASTOLE INFO
=================================

disp(' J)
disp(' DIASTOLE DETECTION')
if indexmini5( 1) >indexmini3( 1)
indexmini3(1)= [] ;
a=l ;
disp('
- Removed one end-diastolemarker at beginning.')
end

if indexmini5(end) >indexmini3(end)
indexminiS(end)= [] ;
b=l j
disp( J
Removed one begin-diastolemarker at end.')
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end
if a==O It b==O

disp('
- No diastolemarkers removed')
end
%plot(indexmini5 ,0, 'b*'), hold on, plot (indexmini3. 0 , 'k*')
diastolemarkers= (indexmini5, indexmini3J j
disp( [J
- Found ',int2str(length(diastolemarkers»,' diastoles. J]) ;
disp(J J)

%

CALCULATE TIl and DPTI

~.

=================================

for i=1 :min(length(systolemarkers»
TIl (i)=sum(Plv(systolemarkers( i .1) : systolemarkers(i. 2) )*dt)
end

j

for i=l :min(length(diastolemarkers»
OPTl (i)=sum(dif(diastolemarkers(i, 1) : diastolemarkers(i ,2) )*dt) ;
end

%
%

CALCULATE MAX DIASTOLIC AORTIC PRESSURE
=======================================

for i=1 :min(length(diastolemarkers»
maxPao_l (i)=max(Pao_l(diastolemarkers(i ,1) : diastolemarkers( i. 2») ;
end

%
%

CALCULATE MIN DIASTOLIC AORTIC PRESSURE
=======================================

for i=1 :min(length(diastolemarkers»
minPao_Hi)=min(Pao_l(diastolemarkers( i ,1) :diastolemarkers( i I 2») ;
end

%
%

CALCULATE MAX LV PRESSURE
=======================================

for i=l :min(length(systolemarkers»
maxPlv(i)=max(Plv(systolemarkers (i .1) : systolemarkers(i. 2»);
end

%
%

CALCULATE Qcor

- surface under the curve

=========================================

for i=l :min(length(diastolemarkers»
Qcor _surf (i)=sum(Qcor(diastolemarkers(i .1) :diastolemarkers(i, 2) )*dt);
end

%%%%%%

%

CALCULATE MEANQCOR2

=========================================

for i=l :min(length(diastolemarkers»
meanQcor2 (i) =:mean (Qcor (systolemarkers (i .1) : systolemarkers (i ,2» ) ;
end
%%~.%%%

%

CALCULATE MEANPAO_l

=========================================

for i=l :min(length(diastolemarkers»
meanPao_12(i)=mean(Pao_1(systolemarkers(i ,1): systolemarkers(i ,2»)
end

%
%

j

INVERT Qcor (if necessary)
=========================================

i f mean(Qcor_surf)<O

Qcor=-Qcor j
Qcor_surf=-Qcor_surf;
meanQcor2=-meanQcor2 ;
end

%
%

PLOTJES
=================================

Bubplot(2.1.1)
plot(Time,Pao_l,'r').hold on
plot (Time .Plv, 'b')
xlabel('time (s)'); ylabel('Pressure (mmHg)')
title (' Ply I Pao
+
Sys- and Diastole detection',' fontsize' ,
11, 'fontweight', 'bold')
plot( (systolemarkers(l,l): systolemarkers(l. 2» Ilength(Time)*Time(end) ,
zeros(1,length(systolemarkers(1,l) : systolemarkers(l. 2») -4.'k' ,'linewidth' ,3)
plot «diastolemarkers (1,1) :diastolemarkers (1.2) ) Ilength(Time) *Time (end) ,
zeros (1 ,1ength(diastolemarkers(1,O :diastolemarkers(1, 2» )-5, ' g' , 'linewidth' ,3)
legend( 'PlY' ,'Pao\_l' , 'Systole' , 'Diastole')
for i=2 :length(systolemarkers)
plot( (systolemarkers(i ,1)+50: systolemarkers(i ,2» Ilength(Time)*Time(end) •
zeros(l,length(systolemarkers( i ,1)+50: systolem::ttkers( i. 2» )-4. 'k' ,'linewidth' ,3)
end
for i=2: length(diastolemarkers)
plot «diastolemarkers (i,O : diastolemarkers (i. 2) ) Ilength (Time) *Time (end) ,
zeros(1,length(diastolemarkers(i ,i) :diastolemarkers(i. 2» )-5,' g' .' linewidth' ,3)
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end
for i=1 :length(diastolemarkers)
text «diaatolemarkers (i .1) -200) /length(Time) *Time(end) ,mean(Plv) ,num.2str(i»
end
i f max(Qcor)-min(Qcor»12

subplot(2,1,2)
plot (Time. Qcor)
xlabel('time (5) J); ylabel( 'Flow (ml/min) J)
title( 'Qcor J J 'fontsize' ,11, 'fontweight J • 'bold')
else

subplot(2,l,2)
text (0.3,0.5. 'No Qcor data', 'fontsize' ,10, J font weight ' , 'bold')
title( J Qcor' • 'fontsize' ,11,' fontweight' • 'bold ')
end
figure
subplot(2.3,1)
plot (TIl. 'marker' • '0 J ,'markersize J ,6. 'markeredgecolor' • 'k' •
'markerfacecolor' J 'r'. 'linestyle'. J: J . 'color'. Jr', 'linewidth' ,2)
xlabel('Beat number'); ylabel('TTI (mmHg-s)'),title('rrI',
'fontsize J ,11. 'fontweight' , 'bold')
subplot (2 ,3 ,2)
plot (DPTI,' marker' " 0' ,'markersize' ,6, 'markeredgecolor' , 'k' ,
'markerfacecolor' , 'b' , 'linestyle' , I : ' , 'color' , 'b' , 'linewidth' ,2)
xlabel('Beat number')j ylabel('DPTI (mmHg-s)'), title('DPTI',
'fontsize' ,11, 'fontweigbt' ,'bold')
sUbplot(2,3,3)
plot (maxPlv, 'marker', '0', 'markersize' ,6, 'markeredgecolor', 'k',
'markerfacecolor' , 'g' , 'linestyle' " : ' " color' ,'g' " linewidth' ,2)
xlabel('Beat number'); ylabel('maximal PlY (mmHg)'), title('maxPlv',
'fontsize' ,11, 'fontweight' , 'bold')
sUbplot (2,3.4)
plot (meanPao_12, 'marker', '0', 'markersize' ,6, 'markeredgecolor', 'k',
, markerfacecolor , I 'y', 'linestyle',':', 'color', 'y', 'linewidtb' ,2)
xlabel( 'Beat number'); ylabel( 'Mean aortic pressure (mmHg)'),
title(' meanPao\_l 2',
'fontsize' ,11, 'fontweight' , 'bold')
sUbplot(2.3,5)
plot(meanQcor2, 'marker' ,'0' ,'markersi2e' ,6, 'markeredgecolor' , 'k' ,
'markerfacecolor' , 'm' , 'linestyle' , , : ' , 'color' ,'m' , 'linewidth' ,2)
xlabel( 'Beat number'); ylabel ('Hean Coronary flow (ml/min)'),
title('meanQcor2', 'fontsize' ,11, 'fontweight' ,'bold')
subplot(2,3.6)
plot (Qcor_surf, 'marker' " 0' , 'markersize' ,6, 'markeredgecolor' , 'k' ,
'markerfacecolor', Ie', 'linestyle',':', 'color', 'c', 'linewidth' ,2)
xlabel( 'Beat number'); ylabel( 'Surface under Qcor (ml/min-s) '),
title (' Qcor\_surf' , ' fontsize' ,11,' fontweight' , 'bold')

%
%

GEEF BEATS AAN WAAROVER GEMIDDELDE WAARDES BEKEREND HOETEN WORDEN

================================================================
disp('
disp('

')
DETERMINE MEAN VALUES FOR IABP ON and IABP OFF')

off_begin
off_end
on_begin
on end

::input( ,
=input( •
=input ( ,
=input ( ,

IABP off
IABP off

IABP on
IABP on

first beat
last beat
first beat
last beat

');
');
');
.);

%

SAVE DATA naar file

%

================================================================
meanTIloff=mean(TII (off_begin:off_end));
meanTIlon=mean(TTI (on_begin: on_end)) ;
meanDPTloff=mean(DPTI (otf_begin:off_end));
meanDPTlon=mean(DPTI (on_begin : on_end) ) j
meanmaxPIvoff=mean(maxPIv( off _begin: off _end))
meanmaxPIvon=mean (maxPlv (on_begin: on_end)) j

j

meanmaxPao_loff=mean(maxPao_l (off _begin: otf _end))
meanmaxPao_lon=mean(maxPao_l (on_begin: on_end)) ;

j

meanm1nPao_loff=mean(minPao_l (off _begin: off _end)) ;
meanminPao_lon=mean(minPao_l (on_begin: on_end)) ;
meanQcor _surfoff=mean (Qcor _surf (off _begin: off _end)) ;
meanQcor_surfon=mean(Qcor_surf (on_begin: on_end)) ;
meanQcor20ff=mean(Qcor (systolemarkers(off_begin, 1) : systolemarkers(off_end, 2»));
meanQcor20n=mean(Qcor(systolemarkers(on_begin, 1) : systolemarkers(on_end,2))) i
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meanPao_12off=meanCPao_l (systolemarkers(off_begin, 1): systolemarkexs (off_end, 2») ;
meanPao_12on::m.eanCPao_l (systolemarkers(oD_begin ,1): systolemarkers (oD_end. 2»);
[a. b] =max (diastolemarkers ( : .2»;
[c.d] =min(systolemarkers(: ,1» ;
fact=(c-a)! (d-b);
meanPao_loff=m.ean(Pao_l (round(off_begin*fact-Q. 5*fact) :round(off_9Dd*fact-O. 5*fact»);
meanPao_lon=m.ean(Pao_l (round (oD_begin.f act-O. 5*fact) :round(oD_end*f act-O. 5*f act») ;
meanQcoroff=mean(Qcor(round(off_begin*fact-Q. 5*fact) :round(off_end*fact-O. 5*fact») ;
meanQcoron=mean(Qcor(round(oD_begin*fact-O .S-fact) :round(oD_end*fact-O. 5*fact») ;
means_off

[
meanTIIoff ; meanDPTIoff j meanmaxPlvoff j meanmaxPao_loff
10ff ; meanQcor_surfoff ; meanPao_loff ; meanPao_120ff
meanQcoroff
means on
[meanTTIon
meanDPTIon; meanmaxPlvon
; meanmaxPao_lon
meanminPao_lon
meanQcor_surfon
meanPao_lon
meanPao_120n
meanQcoron
=

meanm~nPao

meanQcor20ff

] i

meanQcor20n

] ;

filename==data(1: 12);
a==exist ([filename,' . txt']) j
fid == fopen( [filename, J .txt'], 'a') j
if a====O
fprintf(fid, '\nIABP t ECLS data
(c)2004 Jasper\n');
fprintf (f id, , ==================================\n\n \n' ) ;
fprintf(fid, 'Each table in this file contains values in the following order:\n\n');
fprintf(fid,' [ meanITIoff ; meanDPTIoff ; meanmaxPlvoff
meanmaxPao_loff ; meanminPao_loff ; meanQcor_surfoff
meanPao_loff
meanPao_12off
; meanQcoroff
meanQcor20ff] \n') ;
fprintf(fid,' [meanITIon
; meanDPTIon
meamnaxPlvon
meanmaxPao_lon
i
meanminPao_lon
; meanQcor _surfon
meanPao_lon
; meanPao_120n
; meanQcoron
meanQcor2on] \n') ;
fprintf (fid, '\n\n\n');
end
fprintf(fid,
fprintf(fid.
fprintf (fid,
fpr1ntf(fid,
fprintf(fid,
fclose(fid) j

A.3

[data(14:end-4), '\n']);
'%.2f\t' ,means_off);
'\n') j
'Y..2f\t' ,means_on);
'\n\n') j

loadin2.rn

clear all close all a = dlmread('contractiliteit\C0526PS1.IN1','
',4,0): [h,b]=size(a); IN1(1,1,1:h,1:b)=a;
a = dlmread('contractiliteit\C0526AS1.IN1',' , ,4,0);
[h, b] =size(a); IN1(1,2 ,1 :b,1 :b)=a:
a = dlmread(' contractiliteit\C0622PSl. IN1' "
[h, b] =size(a) j IN1{2 ,l,l:h, 1 :b)=a;

, ,4,0);

a = dlmread('contractiliteit\C0622AS1.IN1',' , ,4,0)
[h,b]=size(a): IN1(2,2,1:b,1:b)=a;

j

a = dlmread('contractiliteit\C0623PL1.IN1' "
[h, b] =size (a): IN1(3 ,1,1:b ,1 :b)=a;

',4,0)

j

a = dlmread('contractiliteit\C0623AL1.IN1' "
[h,b]=size(a); IN1(3,2,1:b,1:b)=a;

, ,4,0);

a = dlmread('contractiliteit\C0921PL1.IN1',' ',4,0);
[h, b] =size(a); IN1{4 , 1,1:b, 1 :b)=a;
a = dlmread('contractiliteit\C0921AL1.IN1',' , ,4,0);
[b,b]=size(a); IN1(4,2,1:h,1:b)=a;
a = dlmread('contractiliteit\C0922PL1.IN1',' , ,4,0);
[b,b]=Bize(a); IN1(5,1,1:h,1:b)=a;
a = dlmread('contractiliteit\C0922AL1.IN1',' ',4,0);
[b,b]=size(a) j IN1{5,3,1:b,l:b)=a;
a = dlmread('contractiliteit\C0922SL1.IN1',' ',4,0);
[h,b]=size(a) j IN1{5,2,1:b,l:b)=a;
a = dlmread('contractiliteit\C1006PL1.IN1',' ',4,0);
[b,b]=size(a); IN1{6,1,1:b,l:b)=a;
a = dlmread('contractiliteit\C1006AL1.IN1',' ',4,0);
[b, b]=Bize (a); IN1(6 ,3 ,1 :b,1 :b)=a;
a = dlmread('contractiliteit\C1006SL1.IN1',' ',4,0);
[b,b]=Bize(a); IN1(6,2,1:h,1:b)=a;
a = dlmread(' contractili teit\CI007PLl. IN1' "

',4,0);
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[h, b] =size(a); IN1(7 ,1,1 :b,l :b)=a;

a = dlmread('contractiliteit\C1007AL1.IN1',' ',4,0);
[h, h] =sizo(a): IN1(7 ,3 ,1 :h,l :h)=a:
a = dlmread('contractiliteit\C1007SL1.IN1',' ',4,0),
[h, b] =size(a), IN1(7,2,1 :h,l :b)=a,

IN2(:,:,: ,O=IN1(:,:,: ,5): IN2(:,:,: ,2)=IN1(:,:,:, 7):
IN2(: , : , : ,3)=IN1(:, : , : ,9): IN2(:,:,: ,4)=IN1(: , : , : ,14):
IN2(:,:,: ,5)=IN1(:,: ,: ,17): IN2(:,:,: ,6)=IN1(:,:, :,3):
for k=1:2j

for m=1:6j
for i=1:7
part1(:, :)=IN2(: ,k,: ,m):
a=min(find(part1(i. : )<=0» j a=a-l;
i f longth(a)==O
[a,c]=size(part1) j
ond
part2=part1(i ,1: a):
x=1:longth(part2) :
y=part2:
cl (i,1: 2 ,m,k)=lsqcurvefit (lOfunjap2. [60 ,OJ ,x, y) ;
ond
ond
ond
for i=1:7
for j=1:15
for k=1:2

for m=1:6
i f IN2(i,k,j ,m)==O
IN2(i,k,j ,m)=c1(i .1.m,k)+cl (i ,2 ,m,k)*j j
ond
ond
ond
ond
end IN2=IN2(:,1:2,1:15,:); a=mean(IN2,1);
moanIN2(:,:, :)=a<:,:,:,:) h=std(IN2,O,O: stdIN2(:,:, :)=h(:,:,:,:)
for j=1:15
for k=1:2

for m=1:6
meanIN3(j ,m,k)=meanIN2(k.j ,m)
stdIN3(j ,m,k)=stdIN2(k,j ,m)
ond
ond
ond
x=1:15: al=subplot(1,2,l): all=plot(x,moanIN3(: ,3:5,0)
sot (all (1) ,'Color', [1 0 0]): sot(all(2), 'Color', [0 0.75 0.75]):
set(al1(3),'Color',[O.75 0 0.75]); set(all,'Linewidth',2)
a12=logond( 'dp/dt_ {HAX} [mmHg/s]', 'SW
[mmHg\cdotml]', 'PYA
[mmHg\cdotml] , ,2); set (a12. 'FontName' • 'Courier New',' FontSize' ,11)
sot(al, 'xtick', [1 2 3 4 567 8 9 10 11 12 13 14 15])
set(al,'ygrid','on') set(al,'xgrid','on') axis([115 500 4000])
xlabel ( , Beat Number')
a2=subplotO, 2 ,2): a21=plot(x, [moanIN3(: ,1:2,0 ,meanIN3(: ,6,1)])
set(a21(1), 'Color', [0 0 1]); set (a21(2) , 'Color', [0 0.5 0]);
set(a21(3),'Color',[0.75 0.75 0]); set(a21,'Linewidth',2)
a22=legend('V_{ED} [ml]','P_{ES} [mmHg] ','SV __ [ml]',2):
set (a22. 'FontName' ,'Courier New',' FontSize' ,11) set(a2, 'xtick' • [1
23456789101112131415]) set(a2,'ygrid','on')
set(a2,J xgr id','on') axis([l 15 10 110]) xlabel('Beat Number')
text(-5, 115, 'Vena Cava occlusion', 'Fontsize' ,14)
%=====
figure a3=subplot(1,2,1) j a31=plot(x,meanIN3(: ,3:5,2»
set (a31.' Linewidth' .2) set(a31(1), 'Color' , [1 a 0]) j
set(a31(2),'Color',[0 0.75 0.75])j set(a31(3) ,'Color' ,[0.75 a
0.75]): a32=logond('dp/dt_{MAX} [mmHg/s] ','SW [mmHg\cdotml]','PVA
[mmHg\cdotml] , ,2) j set(a32, 'FontName' ,'Courier New',' FontSize' ,11)
sot(a3,'xtick',[12 3 4 56789101112131415])
set(a3, 'ygrid', 'on') set(a3, 'xgrid', 'on') axis([l 155004000])
xlabel( 'Beat Number')
a4=subplot(1,2, 2): a41=plot(x, [moanIN3(: ,1: 2,2) ,meanIN3(: ,6,2)])
set(a41(1), 'Color', [0 0 1]) ~ set(a41(2), 'Color', [0 0.5 0]) j
set(a41(3), 'Color', [0.75 0.75 0]); set(a41, , Linewidth' ,2)
a42=legend('V_{ED} [ml]','P_{ES} [mmHg]','SV __ [ml]',2);
set(a42, 'FontName' ,'Courier Nev',' FontSiz8' ,11) set(a4, 'xtick' , [1
2345678910 1112 13 14 15]) set(a4,'ygrid'.'on')
set(a4,'xgrid','on') axis([115 10 110]) xlabel('Beat Number')
text( -5,115,' Aorta occlusion', 'Fontsize' ,14)
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A.4

difplot5sub

%this file should be runned from difplot (not directly)
statplacel=Q.3; statplace2=O. 7 i
xl1=figurej set(xl1. 'Position', [8. 40, 750,415])
set(x11.' PaperOrientation' .' portrait')
set (xli,' PaperPositionMode I,' auto')
%ferta
Yo==============================================
base=baseline(: • i) i ao=aorta(:. i); aoi=aortaiabp(:. i);
fe=femo(: ,i); fei=femoiabp(: ,i);
axl=axes; plot ( [0.2 0.4]' [base fe]); hold on; plot ( [0.2 0.4]' [base
fe], 'marker'. ' . ' . 'markersize' ,5, 'linewidth' ,2); plate [0.6 0.8]. [fe
fei])jhold on; plot([O.6 O.8l,[fe
fei]. 'marker'. ' . ' . 'markersize' .5, 'linewidth' .2) j

yup=max([base jao jaoi ife ;fei]); ydown=min([base; ao; aoi ;fe
; fei]); bereik"'yup-ydotrn; ydown=ydown-O.23*bereikj
yup=yup+O .OS"'ben:lik;

hold OD, X=[O.l 0.5 0.9]j Y=[mean(base), mean(fe), mean(fei)]j
L=[std(base). std(te), std(fei)]; han=errorbar(X,Y,L.'dk')j
set(han(2) , 'MarkerFaceColor' ) 'k') set(han(2), 'LineWidth' ,1.2)
set(han(l), 'LineWidth' ,1.2) set(han(2), 'MarkerSize' ,5)
set(han(2), 'MarkerEdgeColor', 'k')
set(han(1), 'MarkerEdgeColor' , 'k')
set(han(1), 'MarkerFaceColor' , 'k')
format short g r2d=round(Y(1) *100) 1100 j
text(O.l ,r2d+0. 08*bereik ,num2str(r2d), 'HorizontalAlignment' " center' , 'BackgroundColor' , [1
1 1], 'FontSize' ,14, 'EdgeColor' , 'k'); r2d=round(Y(2) *100)/100,
text(0.5,r2d+0.08*bereik,num2str(r2d), 'HorizontalAlignment', 'center', , BackgroundColor , ,[1
1 1], 'FontSize' ,14,' EdgeColor' , 'k'); r2d=round(Y(3)*100) 1100;
text(O. 9 ,r2d+0.Oa*bereik ,num2str(r2d) , 'HorizontalAlignment' " center' , 'BackgroundColor J , [1
1 1], 'FontSize' ,14,' EdgeColor' , 'k');
r3d=round(stat_meanU ,1) *1000) 11000; i f r3d<0 .001
text(statplacel,ydown+O.ll*(yup-ydown), ['Student t-test: p < 0.001'], 'HorizontalAlignment' ,'center', 'BackgroundColor', [1 1 1], 'FontSize J ,14);
else
text(statplacel,ydown+O. l1*(yup-ydown) , ['Student t-test: p = ',num2str(r3d)], 'HorizontalAlignment' , 'center' , 'BackgroundColor' ,[1 1 1],' FontSize' ,14)
end r3d=round(stat_mean(i, 3) *1000) 11000; i f r3d<0 .001
text (statplacel.ydown+O. 04* (yup-ydown) ,[' Wilcoxon test: p < 0.001'],' HorizontalAlignment' " center' , 'BackgroundColor' ,[1 1 1], JFontSize' ,14) ;
else
text(statplacel,ydown+O. 04* (yup-ydown) ,['Wilcoxon test: p = ',num2str(r3d)], 'HorizontalAlignment', 'center' ,'BackgroundColor', [1 1 1], 'FontSize' ,14);
end

r3d::round(stat_mean(i .2) *1000) /1000; i f r3d<0.001
text(statplace2.ydown+0. l1*(yup-ydown) , ['Student t-test: p < 0.001'], 'HorizontalAlignment' , 'center' , 'BackgroundColor' • [1 1 1], 'FontSize' ,14);
else
text (statplace2,ydown+0 . 11* (yup-ydown) • ['Student t-test: p = ',num2str(r3d)], 'HorizontalAlignment I,' center' , JBackgroundColor' , [1 1 1], , FontSize ' ,14)
end r3d=round(stat_mean(i,4)*1000)/l000j if r3d<0.001
text (statplace2,ydown+0. 04*(yup-ydown) , ['Wilcoxon test: p < 0.001 J] , 'HorizontalAlignment' ,'center' , 'BackgroundColor J ,[1 1 1], 'FontSize ',14) ;
else
text (statplace2 ,ydown+O. 04* (yup-ydown) , ['Wilcoxon test: p::' ,num2str(r3d)], 'HorizontalAlignment', 'center'. 'BackgroundColor', [1 1 1], 'FontSize' ,14);
end

set(axl. JXTick', []); set(axl, 'YLim', [ydown yup]) set(axl, 'XLim', [0
1]) ylabel(Ylabel, 'FontSize' ,14) ax2 =
axes( 'YLim' ,get (axl, 'YLim'), 'Position' ,get (axl, 'Position') , 'YAxisLocation' , 'right' , 'Color' ,Jnone' , 'Xtick' , []) ;
ax3 =
axes( 'YLim' ,get (axl, 'YLim'), 'Position' ,get (axl, 'Position'), 'YAxisLocation' , 'right J • 'Color' ,'none' , 'Xtick' , []) j
set(ax2, 'XTick' , [0.5]); set (ax3, 'XTick' , [0.9]) ;
set(ax3, 'XTickLabel' , 'ECLS+IABP' , 'FontSize ',14) j
set(ax2,' XTickLabel' , 'ECLS' , 'FontSize' ,14) ;
set(axl, 'XTick' ,[0.1);
set(axl, 'XTickLabel' .' BASELINE' , 'FontSize' ,14) j
title (Title, 'Font Weight , , 'Bold' • 'FontSize J ,16)
print ('-depsc2', [Title, 'f'])

j
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Appendix B

Standard Operating Procedures
B.1

sOP 1: Anesthesie

• Premedication: Atropine s.c. 0.05 mg/kg
• Introduction: Nesdonal Lv. 20mg/kg
• Intubation
• artificial respiration: gas 02+N20 (1:2) and Isofluraan: 1.0-2.5
• Venous drip: Lactetrol 500 ml / Haemacell
• Medication pre- en peroperative: Temgesic 0.01 mg/kg (i.m.)
• Heparine based on Activated clotting time (ACT).

B.2

SOP 2: Euthanasia

After the experiment, the animal is sacrificed by means of injection of an overdose of pentobarbital, 220 mg/kg living weight.

B.3

SOP 3: Thoracotomy

Subsequently the muscle relaxer Suxamethonium is injected Lv., 1 mg/kg. After that the
thorax is opened via the 4th intercostal space to the left. Next, the pericard is opened and
the aortic arch is exposed.

B.4

SOP 4: Instrumentation

Basic hemodynamics (Numbers correspond to numbers in figure)
1. Sa02 Continuous coronary oxygen saturation (cardiac venous blood) (Abbott Labs
opticath/Oximetrix 3 or other). In Sinus Coronarius. Via v. jugularis
2. Ppa+Pcv Swan-ganz for saline injection, pulmonary artery pressure; and Central
Venous pressure (Sentron). Via v. jugularis
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3. Vlv+Plv Left ventricle Volume and pressure Sentron 8-10mm segment integrated
pressure-conductance catheter Via a. carotis
4. Pao_l Aortic pressure (just above aortic valve), by catheter tip (Sent ron) via Yconnector femoral outflow cannula
5. PIa Left atrial pressure (Sentron). Via LA pursestring
6. Qao Pulmonary artery or Aortic root flowprobe (Transonic)
7. Qcor Coronary flowprobe (non-occluded branch, Transonic)
8. Qpump Flowprobe around ECLS outflow cannula (Transonic)
9. Ppump_l Pressure transducer in ECLS outflow cannula (Baxter)
10. Pao_2 Aortic pressure (at renal arteries), by catheter tip (Sentron). Via Y-connector
femoral outflow cannula
11. Ppump_2 lAB tip pressure transducer via balloon lumen (Baxter)

8.4.1

Assist systems

• IABP: Lumen pressure sensor (Baxter or proprietary Datascope). lAB 40cc standard.
In Aorta just below the left subclavian artery. Via a. femoralis
• ECLS: Maastricht Dept. of ECC custom setup (Biomedicus + Medtronic oxygenator)
or other. Minimal specs: Full adult human support capability. Inflow cannula in RA
via v. femoralis. Outflow cannula 1 in a. femoralis. Outflow cannula 2 in a. carotis or
aortic arch.

8.4.2

Physiological focus

• LVafterload: TTl, PlvMax
• LV contractility: LV dP /dt, ESPVR, Ees estimates
• LV work: pressure-volume areas (External work (EW), Potential energy (PE)
• LV pump function: CO, AoP
• Coronary perfusion: Coronary flow, DPTI
• Oxygen consumption: SCS02 measurement, PVA
• Efficiency: EW/PVA

B.5

SOP 5: Anti-coagulation

Anti-coagulation by means of heparin injection based on ACT ( every half hour). ACT must
be held above 300 seconds. Standard before catheterization a bolus of 10.000 IE heparin is
injected. And after that, 5.000 IE heparin is injected into the dripper per 500 ml Lactetrol.
If ACT drops below 300 s, a bolus of 10.000 IE of heparin is given.
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Figure B.1: Instrumentation, during ECLS+IABP preclinical study. Numbers corresponding to numbers
in section 4.
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